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The paper presents a system that allows the passive reduction of noise and vibration of a three-phase induction machine with a stator damper winding connected to capacitors. This is a simple and effective system for reducing the flux density harmonics of a machine. The theoretical study is based on the equivalent circuit of a machine equipped with the damper winding and the modeling is based on the analogy with a singlephase two-winding electrical machine. Analysis of the equivalent circuit allows to identify opportunities to reduce the flux density harmonics. Finally, an experimental validation is done.

I. INTRODUCTION

For user comfort reasons, the audible noise of electrical machines has become a fundamental aspect to be treated from conception [START_REF] Besnerais | Optimal slot opening width for magnetic noise reduction in induction motors[END_REF]. It is also a parameter to consider in many areas, such as the military one for example where the acoustic discretion is required [START_REF] Coat | Discrétion électromagnétique des machines électriques tournantes[END_REF], [START_REF] Borisov | Experimental investigation of a naval propulsion drive model with the pwm-based attenuation of the acoustic and electromagnetic noise[END_REF]. Moreover, vibration problems can cause disruption of the surrounding environment or premature mechanical wear. The overall noise level of an electrical machine results from three main sources: mechanical, aerodynamic and magnetic [START_REF] Timar | Noise and vibration of electrical machines[END_REF]. That paper will essentially focus on the magnetic one which can be predominant especially when the machine is powered by a Pulse Width Modulation (PWM) inverter [START_REF] Besnerais | Reduction of magnetic noise in PWM-supplied induction machines -low-noise design rules and multi-objective optimization[END_REF].

Actually, the magnetic noise is generated by the magnetic forces in the machine. Maxwell forces that attract the stator and the rotor cause deformations of the stator, and therefore noise and vibrations. They are related to the presence of flux density harmonics in the air gap. These harmonics may be generated by the slotting effect, saturation, eccentricity or by harmonics due to PWM power supply. These can lead to a significant specific noise.

Various methods are available to reduce the noise of an electric machine:

• When the machine is fed by the network, the design must respect the rules of construction of the machines [START_REF] Jordan | Geräuscharme elektromotoren[END_REF] by choosing an adequate number of stator and rotor slots. On the other hand, previous work suggested, for example, to reduce the noise by injecting a harmonic current system in the windings, thus creating opposing forces with those naturally generated by the machine [START_REF] Cassoret | Magnetic noise reduction of induction machines[END_REF]. These harmonic currents can also be injected into an auxiliary winding [START_REF] Lecointe | Analysis and active reduction of vibration and acoustic noise in the switched reluctance motor[END_REF]. Another method suggests to use piezoelectric actuators to reduce the vibration produced by the machine and therefore reduce the overall noise level [START_REF] Ojeda | Piezoelectric actuator design and placement for switched reluctance motors active damping[END_REF].

• When the machine is PWM-fed, the most common method is to increase the switching frequency beyond the audible range, but it affects the loss and heating of electronic components. Moreover, this is not possible for high power machines.

The method proposed in this paper is based on the generation of currents induced in auxiliary windings connected to passive elements. We will start with the description of a prototype including this technology and a theoretical analysis highlighting the resonances. Then we will conclude with experimental results demonstrating the validity and the effectiveness of the method.

II. TECHNICAL DESCRIPTION OF THE SYSTEM

A. General Description

The proposed system allows the passive reduction of air-gap flux density harmonics in an induction machine. The idea is to add into the slots a second three-phase winding superimposed to the stator winding, but electrically independent as shown in Fig. 1. This one will be named the damper or the auxiliary winding. The main principle is that the flux density harmonics create induced currents in the auxiliary windings, which in turn create flux density waves opposed to the cause that produce them.

At low supply frequency (typically 50 or 60 Hz, or less in variable speed), capacitors have a high impedance so that the induced currents in the auxiliary windings keep low values. Depending on the value of the capacitors and the number of turns of the auxiliary windings, these currents at supply frequency can, however, create a part of the reactive power required for the magnetization of the magnetic circuit and reduce the magnetizing current absorbed by the stator and the associated Joules losses (power factor improvement) [START_REF] Nicolae | Electric motor performance improvement using auxiliary windings and capacitance injection[END_REF]- [START_REF] Obe | Steady-state performance of a line-start synchronous reluctance motor with capacitive assistance[END_REF].

At high PWM frequency, unwanted flux density waves create high frequency induced currents in the auxiliary windings, for which the impedance is low. Therefore, the flux density in the air-gap becomes more sinusoidal.

B. Studied Prototype

The results presented in this paper are relative to a 4kW prototype of induction machine with damper windings. Its characteristics are: 230/400 V -15.3/8.8 A -1435 rpm -p=2 pole pairs.

The damper or auxiliary winding is clearly visible in Fig. 2, it is wound at the top of the slots, over the stator winding and near the air-gap. Arbitrarily, the number of turns and the pattern of the two three-phase windings are equivalent, each of them has 26 turns per slot; only the section is different. The section of the stator winding is about 1 mm 2 while the section of the auxiliary one is 0.159 mm 2 . This section was chosen in order to obtain a maximum fill factor. In this case, the damper winding takes up less than 15% of the total available space into the slots. One can also distinguish in Fig. 2 an exploring coil (in yellow) following the path of one turn of the stator winding. This coil allows us to visualize the image of the electromotive force of the machine, proportional to the derivative of the flux density in the air gap.

III. SINGLE-PHASE TWO-WINDING ELECTRICAL MACHINE MODELING

The single-phase equivalent circuit is given in Fig. 3. This is the classical single-phase equivalent circuit of the induction machine in which is added an auxiliary branch including the resistance and the leakage inductance of the winding as well as the capacitor connected in series therewith. All the physical variables and parameters are brought back to the stator.

The analogy of our system with the single-phase twowinding transformer allows one to create a simple analytical model and thus to understand the behavior of the various involved variables. For this, we consider the equivalent circuit presented in Fig. 4, where the influence of the rotor and the iron losses are neglected. Indeed, the damping effect of the rotor is less than that the auxiliary one which has a lower leakage inductance l a .

The supply voltage V s of the induction machine corresponds to one harmonic voltage of the PWM inverter at ω angular Let define:

• ω: angular frequency such as ω = 2πf with f the frequency; • r s , r a : stator and auxiliary winding resistances; • l s , l a : stator and auxiliary leakage inductances;

• n s , n a : numbers of turns of the stator and auxiliary windings;

• C a = C a ( n s n a
) 2 : capacitor in series with the auxiliary winding brought back to the stator; • L µ : magnetizing inductance;

• L s , L a : magnetizing inductances of the stator and auxiliary windings such as

-L s = L µ -L a = L µ ( n s n a ) 2 
• M : mutual inductance between the two windings such as M = L s L a ; • Φ: common magnetic flux to the both windings and channeled by the magnetic circuit such as Vµ = jωn s Φ.

The equivalent complex impedance of the electrical machine taken from the stator is expressed by:

Zeq = 1 r a + j (L s + l a )ω - 1 C a ω × r s r a + L s ( 1 C a -l a ω 2 ) -l s (L s + l a )ω 2 - 1 C a + j(r s (L s + l a )ω - 1 C a ω + r a (L s + l a )ω) (1) 
The study of this impedance shows the existence of two resonances:

• a series resonance f rs which can be expressed by:

f rs = 1 2π L s + l s C a (L s l s + l s l a + L s l a ) ≈ 1 2π 1 C a (l s + l a ) (2)
Neglecting the product of leakage inductances l s l a and assuming that L s +l s is about the same as L s we highlight the series nature of this resonance where C a resonates with l s in series with l a .

• a parallel resonance f rp done by [START_REF] Borisov | Experimental investigation of a naval propulsion drive model with the pwm-based attenuation of the acoustic and electromagnetic noise[END_REF], where C a mainly resonates with L s : The following numerical applications relate to the 4 kW machine previously described, whose main characteristics are given in Table I. One can notice that r a is higher than r s because the wire section of the auxiliary winding is smaller than that of the stator winding.

f rp = 1 2π 1 C a (L s + l a ) (3) 
The frequency response of the currents shown in Fig. 5 illustrates these two resonances. The parallel resonance f rp at 217 Hz leads to a minimum current in the stator winding while the series resonance f rs at 620 Hz leads to the maximum.

The resulting magnetic flux Φ in the iron core can also be expressed by:

Φ = L s I s n s - M I a n s = M I s n a - L a I a n a = V µ n s ω (4) 
Fig. 6. shows this flux (solid line) as a function of the frequency for C a = 4 µF. The magnetic flux that would naturally exist without the presence of the auxiliary winding (dashed line), is also presented. We can notice that for low frequencies, and particularly at 50 Hz, these two magnetic flux are similar and therefore the system does not disturb the normal running of the machine. However, there is a frequency range around 600 Hz for which the system amplifies the flux. It is therefore necessary to choose the value of C a with attention. For higher frequencies, here from 710 Hz, the flux Φ is less than the initial one, highlighting the fact that the auxiliary winding is opposed to the harmonic effects. Consequently, the system will be beneficial when the switching frequency of the PWM inverter 

IV. COMPARISON OF THE DAMPER WINDING WITH AN ANTI-HARMONIC FILTER

Usually, unwanted frequencies due to PWM power supply at the origin of magnetic noise are mitigated using a passive filter, also called anti-harmonic filter. Depending on the used technology, this type of filter can also limit the premature aging of the conductors due to voltage front edge. The proposed damper winding operates in a similar manner. It requires to have enough space in the slots but the advantages of using a three-phase damper winding wound into the slots of the machine are real.

First of all, from a user point of view, the proposed solution offers an easy commissioning and maintenance. Its compact size is a non negligible advantage in comparison with a filter that often requires its own electrical cabinet. One can imagine that the capacitors could be included in the terminal box of the machine and thus become transparent to the user.

On the other hand, if the addition of copper can appear as a constraint, the economy is done on the volume of iron. Indeed, the auxiliary windings take advantage of the existing magnetic circuit. In the same time, the addition of an inductance which is likely to be noisy is avoided.

Finally, since the system is inside the machine, it also makes it possible to act on the frequencies due to internal phenomena such as slot harmonics in the case of a sinusoidal power supply. This is of course not possible with a filter placed upstream.

V. EXPERIMENTAL RESULTS

A. Test Bench Presentation

The machine used for the following experiments is presented in Fig. 8, its characteristics are detailed in section II-B. The latter is PWM-fed by an inverter whose possible switching frequencies are 3, 4, 6 and 8 kHz. One can notice the capacitor box whose size is similar to that of the terminal box of the machine. Three switches allow us to easily open or close the auxiliary circuit. The capacitors used have a value of 4 µF.

B. Sinusoidalization of the Flux Density in the Air-gap

The exploring coil wound into the slots of the studied machine and described previously in the paper gives us the opportunity to measure the electromotive force.

The machine is PWM-fed with a switching frequency of 8 kHz. In this way, it is shown in Fig. 9 and Fig. 10 that this physical quantity becomes more sinusoidal thanks to the damper windings and its three 4 µF capacitors. Since the electromotive force is proportional to the derivative of the flux density in the air-gap, the flux density harmonics are reduced, and therefore magnetic noise and vibrations. 

C. Noise Spectra

Noise measurements have been performed in a semianechoic chamber on the 4 kW three-phase PWM-fed induction machine with a microphone at a distance of 1 m. The switching frequency is 8 kHz and the presented spectra use a weighting coefficient to take the sensitivity of the human ear into account (A weighting).

Fig. 11 and Fig. 12 clearly show that the lines around the switching frequency, which are predominant in the spectrum, are greatly mitigated thanks to the damper system. The line at 7850 Hz decreased from 68dB(A) to 52dB(A) and the overall sound pressure level is reduced by more than 8.5dB(A) in this case.

D. Influence of the Speed on Noise Reduction

In order to highlight the influence of the speed on the effectiveness of the system, the overall sound power level has been measured for several speed values. The machine operates at no-load but the PWM inverter, whose switching frequency is now set to 4 kHz, allows us to vary the speed. One can notice in Fig. 13 that the noise reduction is more important at 500 rpm. Actually, since the magnetic noise is predominant in the spectral content of the machine at low speed, the effectiveness of the system is optimal for this operating point.

Noise reduction can even be observed when the machine is stopped but fed by the PWM inverter.

E. Vibration spectra

Vibration measurements have been performed with an accelerometer fixed on the housing of the machine, under the same conditions as for noise measurements. Fig. 14 and Fig. 15 show the considerable decrease of the vibrations acceleration. In this case, the overall vibration level decreased from 52.6 m/s 2 to 13.7 m/s 2 . 

VI. CONCLUSION

The proposed system can significantly reduce the magnetic noise passively, without using complex electronics and without any regulation. The obtained reduction is stable over time, even when the machine speed varies. A wide range of capacitor values is suitable. The system has the disadvantage of requiring space in the slots to add the auxiliary windings. Nevertheless, the latter are carrying low currents and require less space than the original windings.

The model presented in this paper provides an understanding of the parameters that affect the behavior of the system. It also allows to optimally size the windings and the capacitors for a given machine.
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