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Abstract: In this paper a comparison of numerically determined and measured electro-
magnetically exited noise of an induction motor is presented. The calculations are ac-
complished using FEM for an example motor, which is a 290 kW inverter-fed asynchro-
nous machine. The approach starts with the electromagnetic and mechanical considera-
tion. The focus is set on acoustic considerations, which contain the 3D-FE-model and
measurement setup in the sound chamber.
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1. Introduction

Calculating the noise emission of electrical machines has been very important for decades
now. In [5, 8] for example basic considerations and efforts to deduce the noise emission have
been performed. The air-gap field has also been investigated in [1, 4, 7]. However, the in-
creasing use of inverters has drastically increased the relevance of these investigations. Up to
now, the calculation has been based on analytical methods. However, to establish the transient
behavior and to take the geometry and non-linearities into account, it is necessary to use the
finite element method.

In the first step, the electromagnetic model and calculation of the forces acting on the
stator core are described. The forces are presented as rotating force waves up to 10 kHz. A dis-
tinction is made between feeding the motor with sinusoidal and inverter currents.

The second step presents a three dimensional mechanical model, which is used to calculate
the surface vibration of the machine. This is a very detailed model, including stator core, slot
filling, shields and enclosure. Verification has been done by comparing numerical and experi-
mental modal analyses. An extract of the measurement results is presented.
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The third step deals with the acoustic 3D FE calculations and the comparison between the
calculated and measured noise emission of the asynchronous machine.

2. Electromagnetic considerations

The determination of induction and force waves up to 10 kHz requires a well-designed
modeling. Especially the air-gap needs a very fine mesh, which is able to build up the rotor
steps at the chosen time step of 5 pus. This can easily result in a huge computational effort.
Figure 1 shows the electromagnetic model in Flux2D to calculate the force waves up to
10 kHz.

Fig.1. Electromagnetic model to calculate the force waves up to 10 kHz

This model includes nearly fifty thousand nodes, and as can be seen in the diagram, the air
gap has a very fine mesh.
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Fig. 2. Coupling circuit to inject any voltage curve
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It is also important to couple the FE domain to an additional network as shown in Figure 2.
This network is used to realize different types of feedings for the asynchronous machine,
inverter-feeding or sinusoidal voltage source-feeding. In Figure 2 the sinusoidal voltage
source-feeding is presented. The resistance of each phase can be specified in the coupling
elements. The series-connected inductances include the end winding inductance. Resistances
R are just elements to simplify the post processing.

It is necessary to use a transient calculation to take the rotor rotation into account. This
simulation leads to the induction in the middle of the air-gap as a curve over the time and
location in the air-gap. Using the two-dimensional Fourier-Transformation it is possible to
decompose the curve into radial induction waves [2], which can be analysed.

For the resulting matrix B,,; a two-dimensional fast Fourier transformation is performed.
Therefore, different basics of frequency analysis are needed [2]. The transformation of the
columns results in the frequency peaks, whereas the lines result in the harmonic number on the
circumference. For example, a wave described by /=50 Hz and =2 is a wave with two full
sine waves on the circumference and every point oscillates at 50 Hz. The result is a rotating
wave.

Table 1 shows the induction waves in the air gap, which are caused by the stator when fed
by a sinusoidal voltage source. The comparison is made between rated and no-load operation.
Amplitudes are given in percent based on the fundamental for rated operation. Only ampli-
tudes larger than 1% of the fundamental are considered. Two categories of waves can be seen.
Those with a frequency of 50 Hz are caused by the stator winding and slots. The harmonic
number is given by [1]

vi = p-(6n+1), wheren € Z\{0}. (1)

In this formula p is the number of pole pairs. The most pronounced waves are those that
also contain the slot harmonics, where the slot number is 72. In addition to the 50 Hz waves,
150 Hz and 250 Hz waves can be seen. These represent the 3™ and 5™ saturation harmonics. In
analytical considerations, usually just the 3™ order wave is calculated. The calculation shows
that this is not a valid simplification, because the 5™ order wave has similar amplitude to the 3™.

The comparison of the two operating conditions shows that most waves — except the fun-
damental and slot harmonics — decrease by almost 50 %.

Table 2 shows the waves that are caused by the rotor. The harmonics can be categorized in

e rotor slot fields,
* rotor winding fields,
» residual rotor fields.
Where v, is the harmonic number of the wave, which is given by [1]

vy = p+kaNy, wherek, € Z\ {0}, ()
In these equations, f is the frequency of the current fed to the motor, N, the number of

rotor bars and s the slip. The induction waves, whose frequency vary from these can be
identified as residual rotor fields.
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Table 1. Induction air gap waves caused by the stator using sinusoidal voltage sources under rated and
no-load operation. Amplitudes are given in percent based on the fundamental for rated operation

Harmonic |Frequency| B, rated B,,qno-load Deviation for
number r | | f[Hz] operation [%] | operation [%] | no-load operation [%]

2 50 100.00 102.17 2.17

10 50 2.58 1.50 -41.78

14 50 1.70 0.87 -48.89

26 50 1.25 0.66 -46.88

34 50 1.65 0.83 -49.62

38 50 1.60 0.80 -49.97

62 50 1.62 0.86 -47.10

70 50 14.99 12.57 -16.15

74 50 9.55 7.33 -23.21

142 50 6.46 6.51 0.80

146 50 5.01 5.28 5.52

6 150 1.30 0.74 -43.10

10 250 1.47 1.19 -19.11

These result from the induced fields with respect to each field that is applied to the rotor.
These can be calculated using [1]

1% =V1+k2N2, (3)

k2N2

fvz:fv1+ '(I_S)'fl’ “4)
where k) € Z\ {0} Further v and f,, are the frequency and harmonic number of the ex-
citing stator induction wave.

The previous results give an impression of which waves are expected and the influence of
the actual operating condition. The influence of the inverter is now considered. Overall, the
waves which have already been shown do not vary significantly. Because of this fact, the
focus will be on the additional induction waves. The inverter is pulsed with 1250 Hz under no-
load operating conditions.

Table 2 shows the relationship between the two largest current harmonics caused by the
inverter and the resulting induction waves. Although these two currents have amplitudes of
approximately 9% of the fundamental, the resulting waves only reach about 0.5%. This is
caused by the induction in the rotor cage. On one hand, the high frequency leads to higher
induction. On the other hand high frequency waves rotate faster so that the slip is nearly equal
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to one. For example, harmonic simulation using a current source has shown that at same cur-
rent amplitude and same mechanical rotational speed, but for a current frequency of 1150 Hz
instead of 50 Hz, only a 6.5% air gap induction is obtained. Although these waves are very
small, as the force waves are calculated by multiplying the induction waves, many more force
waves are obtained than when compared to sinusoidal currents. This will be shown in the next
chapter.

Table 2. Induction air gap waves caused by the inverter under no-load operating condition.
Amplitudes are given in percent based on the fundamental

Frequency Cl.lrrent Harmonic number Directifm B,y [%]
f[Hz] amplitude [%] rll of rotation
50 100.00 2 1 100.00
-1 0.25
10 1 0.19
1150 9.00 14 -1 0.13
70 1 0.40
74 -1 0.35
-1 0.41
1 0.35
30 -1 0.17
1350 8.70 30 1 0.15
66 -1 0.28
66 1 0.36
78 -1 0.17

The comparison of rated and no-load operation as well as consideration of inverter-fed has
been presented in [6]. Further the calculation of the force waves using Maxwell’s stress tensor
and the transition to the mechanical model has been shown in [6], too.

3. Mechanical considerations

To determine the surface vibrations, which are the input values for the following acoustic
calculation, it is necessary to build up a three-dimensional structural model (Fig. 3). This
model is very detailed to approximate the real vibrational behavior of the machine very well.

Modal analysis is one of the most important methods to verify models in different
disciplines. In this case, a three dimensional finite element modal analysis has been performed
for rigid and soft foundations. For these two cases, an experimental modal analysis has also
been performed. Additionally, a comparison of the measurement was made, including stator
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core, winding and housing with measurements taking only the shields or shields and rotor into
account.

Fig. 3. Mechanical FE-model

Fig. 4. Experimental modal analysis. Test setup and » = 2, n = 0 mode visualized
in the measurement model

Fig. 5. Numerical modal analysis. Model and » = 2, n = 0 mode visualized in ANSYS

Figure 4 shows the test setup. The vibrations have been measured on the teeth at 35 points
and outside on the enclosure ribs at 35 more points. To visualize the results a model had to be
programmed in the software. The model and the »=2, » =0 mode can also be seen in
Figure 5. It contains 12 nodes on the circumference, of which 7 are really measured (master)
nodes. The 5 other nodes are interpolated slave nodes to refine the visualization. 5 planes are
measured in axial direction.
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Table 3 shows the natural frequencies of the modes being considered in the case of a rigid
foundation and the difference between the numerical and experimental results — taking the
shields and rotor into account. It can be seen that the frequencies are in a maximum tolerance
band of 17%. Further, the » = 0 modes are in a band of 3%.

Table 3. Comparison of the natural frequencies determined with the numerical and experimental modal
analysis for a rigid foundation The frequencies are given in p.u. based on the FE Eigen frequency of the
7 =2, n=0mode. This is the mode with the lowest frequency

Mode FE results Measurement Difference

shape [p.u.] including rotor [p.u.] [Yo]
r=0, n=1 4.30 4.15 -3.5
r=0, n=2 4.85 4.83 -0.53
r=2, n=0 1.00 0.90 -9.54
r=2, n=1 1.61 1.34 -16.67
r=3, n=0 243 2.06 -15.16
r=3, n=1 3.55 3.25 -8.37

The previous results and comparison show that the mechanical model delivers very good
results. Remarkable is that for the » = 0, n = 2 mode the deviation is less than 1%. These
results lead to the conclusion that the FE-model approaches the real vibrational behavior of the
machine very well and is used to determine the surface vibration for the following acoustic
simulations.

The next section discusses the calculation of the surface vibrations.

Up to now, only the radial waves of the flux density have been evaluated. This simplifi-
cation can be made as the tangential component of the flux density is less than 10% of the
radial component. Another aspect is the very small air gap, which reinforces an approximately
pure radial field. The force density can be calculated from this using the Maxwell stress tensor
in [4]

Orad = - (5)

This shows that if the air gap field is described by the sum of many induction waves, the
whole sum has to be squared to calculate the force waves. The force calculation can be deter-
mined from this as follows

1 ~ 2
Grad:m'[zi (Bt'Sln(2”ﬁ't+ri'X)+¢i)] , (6)

This equation shows that also induction waves with small amplitudes can lead to signifi-
cant force waves, if they are multiplied by an induction wave with large amplitude. To avoid
errors caused by limiting the induction waves to a minimum peak height, the whole transient
3D curve is squared and Fourier transformed.
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The forces were impressed on the outer edges of each of the 72 teeth. This results in 144
interpolation points to build up each wave. For example, to impress a 100 Hz, » =4 force
wave, every line is allocated the same amplitude, but the phase is distributed by

0

p=r-x,

where x is the position on the circumference. Figure 5 shows the distribution for the wave
mentioned above. In this diagram, x is replaced by the line number on which the force is
impressed. The lines are in the same order as the position on the circumference.
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Fig. 5. Amplitude and phase of the forces to impress an r = 4 rotating force wave. Each tooth has two
edges. A force is impressed on each edge. For 72 teeth, this results in 144 edges or interpolation points

But as the consideration of the force waves has shown, it is possible that several force
waves with different harmonic order exist at one frequency. To impress the sum of these
waves, all waves with the same frequency — but different areal harmonic numbers — have to be
summed complex. This leads to different amplitudes at each point and different phases. The
sum is the desired superposition. The resulting distribution is shown in Figure 6, as example
for the sum of the following three force waves:

Fig. 6. Amplitude and phase of the forces to impress » =4, r = 16 and = 0 rotating force waves
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If the forces were to now be considered in the complex plane, the force vector would not
move on a circle, but on a pattern which is shown in the following Figure 7.

This method to impress the force waves can be applied to a 3D or 2D model. The only dif-
ference is to impress the forces on the outer points or outer lines of each tooth.

Fig. 7. The pattern along
which the force vector moves s
seen on the circumference for
the sum of =4, r =16 and

r = 0 rotating force waves

A few possibilities can be considered in order to analyse the result. On one hand a Fourier
transformation in the different planes can be performed. On the other hand, a modal decompo-
sition could be useful to describe the excited mode shapes. Further, a comparison between the
two-dimensional results, which are calculated without enclosure, can be made.

In addition to these considerations, which are based on the two and three-dimensional
curves, the vibration of the whole machine including enclosure can be visualized.

Figure 8 shows the resulting deformation under no-load operation, and when fed by an
inverter and by a sinusoidal source. It can be seen that the deformation is different. However
this deformation consists of the superposition of many deformations. Especially at high
frequencies, a small deformation can lead to unpleasant noise emission, because the sound
particle velocity is crucial.

o]
o
32

[3) = N4

Deformation [um]

e -..0.3
~-100 014 02

" Position on axial [m]

Deformation [um]

Position
on circumference [°]

O T
Positon ~ -100 01 02 .
on circumference [°] Position on axial [m]

Fig. 8. Deformation at all frequencies on the outer circumference of the stator core under no-load
operation except the 100 Hz component for: a) when fed by an inverter, b) when fed by a sinusoidal
source

Figure 9 shows the forced mode shape at 3100 Hz when fed by an inverter. This diagram
shows an example of one of the many excited mode shapes.
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Fig. 9. Forced mode shape at 3100 Hz when fed from an inverter

4. Acoustic Considerations

Even for the acoustic considerations, very detailed measurements have been accomplished.
The example motor has been measured in no-load operation for sinusoidal voltages and
inverter-fed motor. Further weak foundation (Fig. 10a) and rigid foundation (Fig. 10b) has
been considered. The measurement has been performed using the enveloping surface method
according to ISO 3744. Therefor 14 microphones have been used.

a) weak foundation b) rigid foundation

Fig. 10. Measurement setup in the sound chamber

Figure 11 presents the Campbell diagram for no-load operation and with sinusoidal vol-
tages fed motor. The sound pressure level is visualized using the colorbar whereas the fre-
quency and rotational speed are shown on x-axis respectively on y-axis. The red diagonal pro-
gressions display the noise components which depend on the rotational speed.

Comparing the results of Figure 12 to the results of Figure 11 it becomes obvious that the
influence of the inverter is visible. The pre-existing components are still present but with
a lower amplitude. In addition more or less vertical bars with clearly higher amplitude are
visible at the inverter clocking frequency and it’s multiple.

In Figure 13 the model used to calculate the noise emission in different bands up to 10 kHz
is presented. The size of the shown enveloping body has to be the minimum of either to factor
0.5 larger than the calculated body, or the maximum considered wavelength. Therefore to re-
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duce the calculation time the frequency band has been split in 0-2 kHz, 2-5 kHz and 5-10 kHz.
Furthermore the model consists of a coupling surface, which is the surface of the motor. Based
on this the finite element domain is defined, which is the enveloping body. Then on the enve-
loping body infinite elements are chosen. Last the post mesh or any points are set as micro-
phones.

rotational speed [rpm]

1 2 3 4 5 6 7 8 9
frequency f [kHz]

Fig. 11. Measured sound pressure level dependent on the rotational speed and sound
frequency for sinusoidal voltages

rotational speed [rpm]

1 2 3 4 5 6 7 8 9
frequency t [kHz]

Fig. 12. Measured sound pressure level dependent on the rotational speed and sound
frequency for inverter-fed motor at 1250 Hz inverter clocking

a) 0-2 kHz b) 2-5 kHz ¢) 5-10 kHz

Fig. 13. Acoustic FE-models for the three frequency bands

Finally numerical results of the radiated noise are compared to the measured noise. This is
presented for inverter-fed machine at no-load operation in Figure 14. It can be seen that in sum
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a good agreement results over a wide frequency band. Some amplitudes are determined too
low because of the neglected tangential component of the force.

I|
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frequency f [Hz]

sound pressure
level [dBA]

sound pressure
level [dBA]

0
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frequency f [Hz]

Fig. 14. Comparison of the measured noise (black line) and for discrete frequencies
numerically determined noise (blue bars)

5. Conclusion

The previous sections have shown that the calculation of radial force waves can be per-
formed with an acceptable effort. Transient simulations are required, which allow any current
curves to be obtained. To allow a comparison between different cases or to analytical calcula-
tions, the transient curves have to be transformed into force and induction waves.

For the mechanical part, the modal analysis has shown that the created model is close to
the real machine.

At last the acoustic considerations have shown that the numerical results lead to a good
agreement to the measured noise. This follows that in future the FEM can be used more often
to design new prototypes.
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