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Induction Machine Modeling With Saturation and Series Iron Losses Resistance

been noted that saturation effects in induction machines can Abstract-Subject of this paper is induction machine modeling introduce cross-coupling effects that are not predicted by including magnetic saturation and iron core losses. For this simplified linear model [2]. The saturation is assumed to be purpose, the space vector theory is used. At first, three models are entirely in the mutual inductance. Hence, different models have reviewed: the first one is the linear model that assumes the entire been developed to obtain differential equations for analysis of simplified hypothesis, the second model yields for magnetizing a saturated induction machine. flux saturation and the third one takes into account iron losses.

Another area of improvement has been the incorporation of Then, in the proposed model, a more generalized approach to .

. . induction machine modeling, which account for both iron loss and induction motde inge[4-6]. Noadas,mo saturation, is presented. The developed model is simulated for induction motors are supplied by PWM inverters. The use of both saturated and unsaturated operating at no load and even in static converter for electrical drives leads to iron loss increase load. The proposed model is validated by comparing simulated [7]. The iron core losses are normally modeled with an and experimental.

equivalent resistance RFe that represents the power dissipated in the core and it can be identified experimentally from Index Terms Induction machine, magnetic saturation, iron standard no-load test. Different models have been developed, losses, modeling the approach used, in general, to include iron loss in the induction machine model is to connecting RFe in parallel with I.

INTRODUCTION

the magnetizing branch [4-5]. However, it was shown in [START_REF] Jung | A vector control scheme for EV induction motors with a series iron loss model[END_REF] Induction machines are widely used in the industry because that by appropriate modification, the obtained sixth order of their simplicity, reduced maintenance requirements and low model can be reduced to a fourth order model, in which a serial cost, volume and weight per kilowatt. Computationally, the q-d resistance that accounts for iron loss is introduced. model is the well suited to induction machine analysis since The main objective of this paper is to develop a new model that simulations using this class of model execute very rapidly by simultaneously includes both magnetic saturation and iron comparison to time domain Finite Element models.

losses. The resulting model needs to transform iron losses However, due to the nonlinear relationship between flux and representation from parallel form to serial form. The proposed currents, the conventional linear modeling fails to deliver model is more accurate than the simplified model in predicting accurate results and makes performance predictions almost the induction machine characteristics. The validity of the impossible in a number of operating conditions and deviates proposed model is verified by comparison and consideration from the actual quantitatively. The deviation cause may be due through simulation and experiments over a large range of to the assumption made in neglecting saturation effect, iron operating poits. losses and heating, etc. However, the saturation effect has been suspected as a prime cause for the disparity between the II. INDUCTION MACHINE MODELING simulated and experimental results [1,2]. So, analysis of induction machine operations should be performed by means A Induction Machine Model IncludingIron Losses of suitable non linear models that take into account saturation phenomena.

As illustrated in Fig. 1, a resistor RFe coupled to the A major research area has been in incorporating main-axis magnetizing branch is added to incorporate iron losses. This magnetic saturation into the model. Several modeling resistor can be used to take into account core losses in stator techniques have been proposed in the literature, based mainly iron. The equations that describe the induction machine model on modifications of the equivalent circuit and the d-q model, can be conveniently expressed in synchronous reference frame incorporating the dependency of mutual and leakage by [START_REF] Levi | Iron loss in rotor flux oriented induction machines: Identification, Assessment of detuning and APPENDIX compensation[END_REF][START_REF] Moulahoum | An approach to an induction machine L11j 155 mH Temn =[END_REF]: inductances on the flux or magnetizing currents [1-3] 

+j(WsiLGrIr + (jWSJlLM + RFr)(Is + 'r)

The symbols Is,Ir denote the stator and rotor currents, Knowing that generally RFe y onsLm the serial mutual respectively, Vs, Vr stator and rotor voltages. (tsA(tr and (tm are inductance LM is given by: stator, rotor and airgap flux linkages in two axis rotational s~~~~~~~~~~~~~~~~~~~~~~~~( d-q) reference frame. RS, Rr are stator and rotor resistance and L R Fe Lgyr LGr, Lm are stator, rotor leakage inductances and LM t2er fs2p 2 oLm (11) magnetizing inductance, respectively. The reference frame, the r Fe +rame, Lm rotor and the slip speeds are denoted as o(, Or and a Symbol P represents the number of pole-pairs, and Tern is the RFS and RF. are, respectively, equivalent serial resistances electromagnetic torque. Fe is the index associated to iron loss associated to stator and rotor that are given by: branch. Consideration of iron loss leads to an increase of the system order and introduces additional mutual coupling between the R d2 Lm2 RFe _ d_I_Lm2_ r2 axis components d and q. To reduce the system order, the RFV s ()m-Lm2 parallel to aserial form [START_REF] Jung | A vector control scheme for EV induction motors with a series iron loss model[END_REF]. Substituting ( 5) into (4) gives:

RFr= Rsl +, Lm 2R , (

(=LI + ( m(m+ (4)s

In addition we have:

It is assumed that the rate of change of 'm is small compared with the terms in [START_REF] Benhaddadi | Iron core Rs 2[END_REF]. Hence, equation ( 7) can be writing as:

RFS -RFr = Cs)5 Lm2 RFe < 05Lm RF << L (14) mFeR FeO=LL m'dt+Irj [START_REF] Moulahoum | An approach to an induction machine L11j 155 mH Temn =[END_REF] s Isl RFe2 + )s2Lm 2RFer dILm Mdq = (Mdy -Lm)cosocsinoc +jo)SlLc7r 'r + (jo3S1LM + RFr )(IS + Ir) Mdy and Lm are the dynamic and the static mutual

The equivalent circuit is shown in Fig. 2. Equations (15-16) inductance's, respectively. Mdq is the term that explains the show that, with consideration of iron loss the order of the "cross effect" between the axis in quadrate.

system does not change compared to the simplified model.

C Proposed Induction Machine Model including Iron Losses

B. SaturatedModel andSaturation

The treatment of saturation has been considered in detailby

In practice, magnetic saturation and iron loss occur

The treatment of saturation has been considered in detail by smlaet;hne h nuto ahn ed ob a number of authors, and numerous methods with varying level smoled w'ithanaporte modelthat accont for mi fu of complexity are available. In this paper, Saturation effect in saturation and iron losses. Therefore, an approach for including induction machines is associated with the magnetizing flux. of saturation in induction machine modeling is proposed in this The induction machine model equations are transformed for subsection. In the proposed model, the principles of currents as state variables and can be written as [START_REF] Levi | A unified approach to main flux saturation modeling in d-q axis current. However, if there still remain some discrepancies in models of induction machines[END_REF][START_REF] Willimason | Space vector representation of advanced saturated model compared to the unsaturated model. motor models for vector controlled induction motors[END_REF]: magnetizing flux saturation modeling and derivation procedure remain the same as for induction machine without iron loss.

But the function Lm=F(Im), which models saturation, is applied

[V] = [L][I]+ [R][I]
(17) to equations (9-10) instead of equations (1-5) used in [START_REF] Moulahoum | An approach to an induction machine L11j 155 mH Temn =[END_REF]. The model selected is the one with stator and rotor current d-q axis

Where:

components as state-space variables. It may be given in matrix form as: If the condition of substituting equation [START_REF] Benhaddadi | Iron core Rs 2[END_REF] to equation [START_REF] Moulahoum | An approach to an induction machine L11j 155 mH Temn =[END_REF] Transient Current (A) is taken into account, the function Lm=F(Im) can be applied to the set of equations (15-16) instead the set (9-10) and the 40 matrix [L] takes the form of (22). However, the matrix [R] 0 remains still valid. From a practical point of view the proposed model can be -40easily used. It requires only a preliminary experimental evaluation of the no-load magnetizing characteristic of the 0.00 0.50 1.00 machine and the equivalent iron loss resistance. The evaluation Time (s) can be made by performing a standard no-load test on an Steady state Current (A) induction machine and measuring the corresponding power, 

[V]= [VSsVqs,oo}T [I]= ds,Iqs,Idr,Iqr}l [V] = [L][i]+ [R][I] (19) 

III. SIMULATION AND EXPERIMENTAL RESULTS I

A 5.5 kW induction machine is used for simulation and experimental investigations. In order to verify the proposed model, we carried out two start-up tests at no load. The 0 - machine is fed from a balanced sinusoidal three-phase voltage supply and the frequency is equal to 50 Hz. The stator voltages and currents are detected at every sampling instant through i Hall-type sensors and the speed is measured by a pulses/revolution rotary encoder (Fig. 3).

The two tests were carried out with two levels of saturation obtained for two voltage levels: the first test was carried out -5 with a reduced fed voltage which corresponds to an 1.60 1.65 1.70 unsaturated operating, whereas, the second test consists to fed Time (s)

the machine with a nominal voltage where the machine is Speed (rad/s) strongly saturated. Fig. 4 and Fig. 5 show the obtained results at 150 no load. Where, transient stator current during start up, steady state stator current and speed are visualized. From Fig. 4, as one can see, for a reduced fed voltage, proposed and simplified models give practically the same results both in transient and in 100 steady state because the machine is not saturated yet. nominal Load under Nominal fed voltage (low) Speed (rad/s) 150 -From Fig. 5, we can observe that there is a good agreement between the simulated current resulting from the proposed // model and the measured one in steady state. So, the proposed model adapts itself to saturation level changes that make it 100 - possible to predict operating characteristics with much of precision. However, in transient, simplified and proposed models give the same current responses since the machine is not completely saturated. 50 //Because the magnetizing current, which is the interaction 50 between the stator and rotor currents, is small at start up and then increases gradually to magnetize the machine and the machine is saturated progressively. In transients the first peak current predicted by simulation is smaller than the 0 I l experimentally recorded value. This discrepancy can be 0.00 0.50 1.00 justified by a decrease of leakage inductances for the important Time (s) values of stator current whereas they are supposed to be Fig. 5. start up of 5.5 kW induction machine under nominal sinusoidal fed costn intedvlpdmdl lo antcstrto a voltage of 235 V: Simulated current and speed with the simplified model be reviewed as reducing the value of the mutual inductance and (blue line), simulated current and speed with the proposed model (red line) thus increasing the magnetizing current and consequently the and Experimental recorded current and speed (black line) increase of the stator current. In addition, the power increases to overcome iron loss, as a result, the torque increase compared 0.20 to that in simplified model. Fig. 6 show simulated and experimental steady state current at load operating with the two E 0.15 ---_ voltage levels. It is evident that same conclusions can be outlined.

IV. CONCLUSION p0.05

The mathematical model developed and presented in this paper includes both iron loss and magnetic saturation. It is 0.0 more accurate than the simplified model in every facet of the m current (A) prediction of machine performance. The developed model is based on modification of iron loss consideration. And next, the 
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 12 Fig. 1. Equivalent circuit of an induction machine by considering iron losses Fig.2. Modified equivalent circuit by considering iron losses

( 1 )

 1 equivalent circuit of Figure.1 can be transformed from the RFe +d Lm c 9Fe

  Where [R] and [L] are given by (20) and (21). Equations (18) remain valid in the same form.

Fig. 6 :

 6 Fig.3. Experimental setup (red line) and Experimental recorded current and speed (black line)

Fig. al :

 al Mutual inductance versus magnetizing current derivation procedure, which account for saturation, is applied. Verification of the developed model is done by performing a REFERENCES simulation and experimental investigation of an induction
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