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Abstract. One of the main noise sources in the reciprocating compressor used in domestic refrigeration system is the
electric motor. Through this electrical machine the necessary energy to the piston compress the refrigeration fluid is
transferred to the reciprocating compressor. The main noise and vibration source in an electrical machine is the actuation
of the electromagnetic field present during the machine operation. The electromagnetic field produces excitations that
induce vibration on the structural elements of the compressor, such as stator tooth, windings among others. The objective
of this work is to model the magnetic field, obtain the magnetic excitations and analyze the contribution of this source on
the compressor noise. A finite element model of the magnetic system is used to obtain the magnetic field and through the
Maxwell Tensor the forces are acquired. A numerical model of the mechanical system was constructed to get the dynamic
response of the system as well. The excitations obtained were close to the analytical expectations and forced the stator to
vibrate in some specific frequencies. The knowledge of which frequency the stator core is excited is important since these
forces could be close to the resonance frequency of other compressor component.
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1. INTRODUCTION

One of the main source of vibration and noise on hermetic compressors is the induction motor (Carneiro, 2008; Carmo,
2001). The vibration and noise sources of these machines can be divided in three categories: mechanical, acrodynamical
and magnetic (Gieras et al., 2006). The aerodynamic vibration and noise is associated with flow of ventilating air through
or over the motor. The mechanical sources are associated with the mechanical assembly. Finally, the electromagnetic
vibration and noise source are associated to parasitic effects due to higher space and time harmonics, eccentricity, magnetic
saturation and magnetostrictive expansion of the core laminations.

Even though the induction motor is recognized as one of the main vibration and noise source on the hermetic compres-
sor, only few works were committed to investigate this phenomenon. In his book about reciprocating compressors, Soedel
(2007) give some information of the critical frequencies of the induction machine. Paiotti (2002) modeled the induction
machine of a commercial hermetic compressor using FEM and obtained the magnetic forces. From this work it was
concluded that the normal components of the magnetic forces have higher magnitudes than the tangential components. It
was also found that the tangential forces become more relevant with the increasing of the frequency.

The objective of this work is to obtain the mechanical excitations that results from the presence of the magnetic
field during the operation of the induction motor. The numerical model was constructed using the finite element method
(FEM). Through this numerical model the magnetic distribution is obtained and then the resultant forces through the
Maxwell Tensor Method.

2. MATHEMATICAL METHODOLOGY

As it was cited before, the noise produced by the operation of electric motors is caused by three sources: electromag-
netic sources, mechanic sources and aerodynamic sources. In this work the electromagnetic and the structural systems
were modeled as can be seen in the topics below.

2.1 Electromagnetic modelling

The electromagnetic field produced by the electric excitation can be obtained from using of the Maxwell equations
(Roivainen, 2009). These equations is a set of laws that in addition with constitutive laws of the magnetic material can rule
the electromagnetic phenomena such as the propagation of the electromagnetic waves and the magnetic field generated by
a permanent magnet. The equations that characterize the electromagnetic problem are shown below (Kalluf et al., 2010):

oD

vV-B = 0 2)
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where H is the magnetic field, B is the magnetic flux density, E is the electric field, J is the electric current density and
D is the electric flux density. The constitutive relations of the magnetic material are:
B = iH “4)
J = oE (5)
where p is the magnetic permeability and o is the electric conductivity. In this work is used the A-formulation, where the
magnetic vector potential (A) and the scalar electric potential (¢) are described as:
B = VxA ©6)
E = —-Vo¢ @)
For the frequency range that is encountered our problem, the polarization and displacement currents are assumed to
be small compared with the conductive currents in the conductor (Arkkio, 1987), then:

D
% << J. ®)

Manipulating the equations described above the magnetic vector potential and the electric scalar potential can be
obtained by (Arkkio, 1987):

Vx(1VxA)+JaA+JV¢O 9
I ot
A (0%?) +V-(oVgp) =0. (10)

In this work a two-dimensional analysis was applied. This simplification can be used when the electrical machine is
homogenous in the axial direction and of which the axial dimension is sufficiently large compared to its diameter (van der
Giet et al., 2008). Using this approach it is assumed that the geometry and the material quantities don’t vary significantly
along the axial direction of the motor. Assuming that the zy-plane is cross-section plane of the induction motor and the z
axis is in parallel to the axial direction of the motor, the vector potential and the current density are given by:

A=A(x,y,t)e, (11

J=J(z,y,t)e, (12)
where x and y are the cartesian spatial coordinates and e, is the unit vector parallel to the z-axis.

The uniqueness of the solution requires that a value must be given to the divergence of the vector potential. In solving
the Equations 9 and 10, the following boundary conditions are applied (Maliti, 2000):

1. Dirichlet condition: (A = «p), i.e., the vector potential is constant on the external boundary I" of the cross-
sectional domain €. In this work A = ag = 0 was selected.

2. Neumann condition:

0A

-0 13
on (13)
where n is a unit vector normal to the external boundary I'.

3. Periodicity condition:
A(r,0) = A(r,0 + 6p) (14)

where 7 and € are cylindrical coordinates, and 6y is the period of A.

The magnetic density distribution causes a mechanical excitation on the structure. There are several methods to obtain
these forces generated by the magnetic density. One of the most popular is the Maxwell Stress Tensor. This method is
applied on the edge between iron and air gives a magnetic force density which can be written as (da Costa Neves et al.,
1999):

1
o= — (n.B)B—lBQn (15)
Ho 2

where 1 is the permeability of the air, B is the air side magnetic density and n is the vector normal to iron. Once the
mechanical forces are obtained they are transfered to a structural model as shown in the Fig. 1.
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Figure 1: Simulation process adopted in this work

2.2 Structural modelling

The magnetic force obtained through the electromagnetic model is imposed as an excitation for the structure-dynamic
simulation, which is governed by:

(K —w?M) = F, (16)

where K is the stiffness matrix, M is the mass matrix, u is the time harmonic displacement vector, and F is the load
vector which is computed be projecting the electromagnetic forces from the 2D electromagnetic mesh to a 3D structure
dynamic mesh (van der Giet et al., 2008).

3. Results and discussion

As cited before, a model using the FEM was developed to represent the electromagnetic phenomena and the resultant
mechanic forces. The commercial software ANSYS Maxwell was used to construct and to solve the equations. The 2D
model developed is shown in the Figure 2. Considering the symmetry of the induction machine, only half of the motor
was considered and an antiperiodicity condition was assumed. As a boundary condition is assumed V - A = 0 at the
external boundary of the domain. The moving band technique (Sadowski et al., 1992) was also implemented to model the
rotation of the rotor in relation to the stator.

. Teeth #7
Moving band V.A=0

Teeth #1

/

N\

Anti-periodicity
Figure 2: Induction machine model developed by the using of FEM.

The main characteristics of the numerical model of the induction motor are presented in the Table 1.

Table 1: Main characteristics of the numerical model of the induction machine.

Number of stator slots N 24
Number of rotor slots N, 28
Pole pair number P 1
Slip n | 0.018
Source frequency fi | S0Hz
Number of elements 7254
Total period of analysis | T 0.2s
Time step At | 5e-5s

A non-linear curve of B — H shown in the Figure 3 was used to represent the iron used in the stator and the rotor.
From the nonlinear relation of the curve B — H arises spatial harmonics of the B along the gap due to magnetic saturation
(Maliti, 2000). The bars of the rotor were modeled with aluminum material and the coil with copper.
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Figure 3: Nonlinear relation between B and H of Iron of stator and rotor.

The circuit equations that feed the coils of the FEM model were considered and a strong coupling was implemented.
The electric circuit used in the analysis is shown in the Figure 4.

LabellD=V12 ‘
D P -
[ c10

Figure 4: Electric circuit used in the analysis.

After the electromagnetic model is developed, the model is processed. With the results of the magnetic field on the
electromagnetic model, the magnetic forces are obtained with the using of the Eq. 15. The results of main characteristics
of the motor are shown in the Fig. 5. These results were close to the experimental test results. From the experiments
it was obtained that the maximum torque is 4.7 kgf-cm with a current of 1.1 A, which are very close to the numerical
results. The Figure 6 shows the equipotential lines of A and the rotational movement of the rotor for a instant. Applying
the Maxwell Tensor Method on the tooth #1 and #7 the results of mechanical stress are shown in the Figure 7. Through
the Figure 7a can be seen that the resulting stress on the tooth are similar, despite of the expected phase between them.
It can be also observed that they present some harmonics which are summed to the fundamental harmonic component.
The Figure 7b shows the magnitude of the stress in the frequency domain. As the time domain it is observed that the
stress on both teeth is very similar. It is also noted significant stress magnitudes for the resonance frequencies 100 Hz,
1250 Hz, 2500 Hz and their harmonics. These harmonics were expected to be encountered with the using of the analytical
procedure (C. Schlensok and Hameyer;, 2007). A summary of the resonance frequencies for induction machines and the
respective results for the studied electrical machine are presented in the Table 2.

Table 2: Predicted ressonance frequencies of the magnetic forces.

Double stator frequency 2f1 100 Hz
1st rotor-slot harmonic Nyn 1375.1 Hz
2nd rotor-slot harmonic 2N, n 2750.2 Hz
1st stator-slot harmonic Ngn 1178.6 Hz
Modulated 1st rotor-slot harmonic Nyn+2f; 1475.1 Hz
Modulated 1st rotor-slot harmonic Ny.n —2f; 1275.1 Hz
Modulated 2nd rotor-slot harmonic | 2N,n + 2f; | 2850.2 Hz
Modulated 2nd rotor-slot harmonic | 2N,n — 2f; | 2650.2 Hz
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Figure 5: Results of the main characteristics of the induction motor.

Figure 6: Equipotential lines of A obtained by the FEM model.
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Figure 7: Results of stress obtained from FEM model.

This information is relevant because it is desired to avoid excitations with frequencies close to the structural resonances.
The next step after obtaining the magnetic forces that are acting on the tooth is transferring them to a structural model.
For the mechanical model the software COMSOL was used. The model of the laminated stator is presented in the Fig. 8.
A equivalent orthotropic property informed by David Franck (2010) was used and the it is shown in the Tab. 3.
In order to validate the numerical model an experimental frequency response function (FRF) was acquired. A shaker
was used to insert vibrational energy on the stator. The transmitted force and the acceleration were acquired by an

impedance head and an accelerometer, respectively. The Fig. 9a shows the experimental setup. The resulting FRF is
shown in the Fig. 9b.
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Table 3: Properties of the equivalent material of the laminated stator.
FE, (GPa) | 212.7
E. (Gpa) 26.3
0.4
Vg 0.14
Gy, (GPa) | 90.2

Vay

Figure 8: Numerical model of the laminated stator.
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(a) Experimental setup (b) FRF from experiments.
Figure 9: (a) Experimental setup of the test and (b) resulted FRF of the laminated stator.

The results of the structural resonance frequencies for the in-plane modes obtained from the numerical model were
compared to the ones obtained experimentally in the Tab. 4. Additionally the expected natural frequencies from the
analytical model proposed by Anwar (2000) is also included. It can be seen a good agreement of the resonance frequencies.
The knowledge of this information is important to the designer of the electrical machine avoid excitations with resonance

frequencies close to the structural ones.
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Table 4: Comparison of the in-plane structural ressonance frequencies of the laminated stator.
Mode | Analytical | Nummerical | Experimental
1 3881 Hz 3717 Hz 3754 Hz
2 9921 Hz 9461 Hz 9568 Hz

4. CONCLUSIONS

The magnetic excitations originated from the magnetic field produced during the operation of the induction machine
were numerically obtained. The field equations and the circuit equations were coupled and the 2D FEM was used to model
the operation of induction motor. The frequencies of the magnetic forces obtained by the Maxwell Tensor were compared
to the analytical methods and a good agreement was observed. A structural model was also developed to represent the
laminated stator. To represent the laminated stator an orthotropic equivalent material was used. Comparing the numerical
results to experimental results it was noted a good concordance. This numerical model will be used to receive the magnetic
forces and acquire the dynamic response.
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