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Abstract: The aim of this paper is to use an analytical multi-physical model —
electromagnetic, mechanic and acoustic — in order to predict the
electromagnetic noise of a permanent magnet synchronous machine
(P.M.S.M.). Afterwards, the experimental design method, with a particular
design : “trellis design”, is used to build response surfaces of the noise with
respect to the main factors. These surfaces can be used to find the optimal
design or more simply, to avoid unacceptable designs of the machine, in term
of noise for a variable speed application.
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I. Introduction

The majority of the electric machines operate at variable speed. In most
of cases, it involves a generation of noise and vibrations, for a given speed
and frequency.

For industries of manufacture, but also with the increasingly rigorous
European standards, it is necessary to take into account the noise and the
vibrations from the design stage.

A classical method used to study electromagnetic phenomena is the
finite element method (F.E.M.) in magneto-dynamics including the coupling
with electrical circuits. However, in the case of strong coupling, taking into
account the electromagnetic, vibro-acoustic, and thermic models in the same
time would need a considerable computing effort. This would make the
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structure optimization practically impossible. In order to solve this problem,
an analytical approach is considered instead.

The aim of this work is to develop and use an analytical multi-physical
model — electromagnetic, mechanic and acoustic — of a synchronous machine
with permanent magnets. The complete model is coded using the data-
processing tool MATLAB®™, making possible the determination of fast and
simple prediction models of the acoustic noise.

In order to reduce noises and vibrations, two main ways can be
considered: by the control of the machine excitation [1], or by modifying the
system structure. In this work, only the second solution is explored.

Three models are presented : electromagnetic, mechanical of vibration
and acoustic. For each of them, comparisons with F.E.M. and experiments
have been made.

Lastly, a study of sensitivity is presented in order to deduce the
influential — or significant — factors on the noise. For that, the technique of
the experimental designs is used. More particularly, the modeling of the
noise will be achieved thanks to the new “trellis” designs.

Several response surfaces are given; they represent the noise according to
influential factors, with respect to different speeds of the machine.

These surfaces are useful to deduce the parts of the design space to
avoid.

Il. Presentation of the synchronous machine

This machine is composed of eight rotor poles and 48 stator slots.
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Figure 1. 1/8 of synchronous machine with magnet characteristic

The power of this machine is about 250 kW.

1. Analytical models
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The vibration analysis of electrical machines is a rather old problem.
During the 40s and 50s, it was deeply studied by various researchers [2] to
[5]. Vibrations of electromechanical systems are due to excitation forces.
Some of them have a magnetic origin. Other sources of vibrations, such as
aerodynamic conditions, bearings, etc., will not be considered in this paper.

An analytical model, considering electromagnetic phenomena,
mechanical vibrations and acoustic noises, was developed to take into
account the overall noise produced by a variable induction in the air-gap [6]
to [9] and by forces applied to the various structures.

A. Electromagnetic model

It is assumed that forces in the air gap of the machine are the main
mechanical excitation. To characterize induction in the air-gap, the proposed
method is based on the calculation of the air-gap permeance (P.) and the
magnetomotive force (mmf) [6], [7] and [8]. To establish the analytical
expression of the permeance, some assumptions are made :

- the magnetic circuit has a high permeability and a linear
characteristic,

- the tangential component of the air-gap flux density is negligible
relative to the radial component.

Results are given in reference [10] and just a comparison is recalled by
the following figures.

Using the finite element software OPERA-2D [11], the air-gap
induction created by the magnet rotor as a function of space and time has
been also calculated. In figure 2, a comparison on induction wave shapes
versus the angle is presented. The comparison results are very satisfactory,
the induction distribution and the harmonic values determined analytically
are validated numerically, as shown in ref. [6] and [12].
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Figure 2. Comparison of the form induction and FFT

The fft of the radial forces versus time (t) and angle (0) is presented
below in figure 3 :
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Figure 3. FFT 2D of radial force (fr = pxN)
B. Vibratory model

Vibrations are the consequence of the excitation of the mechanical
system by electromagnetic forces. Once the forces applied to the stator have
been determined, the study of vibrations is possible. They correspond to the
deformations whose amplitudes have to be calculated. For that purpose,
some parameters have to be determined :

the damping,

the mode shapes and resonance frequencies for each mode.

For the damping coefficient, we have used the experimental
measurements and the software PULSE [13] to determine the resonance
frequencies, the mode shapes and the damping. For example, figure 4, some
results are detailed:

Figure 4. Mode shape, resonance
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frequencies with (damping coef.)
obtained by measurements

The studied analytical model takes into account the yoke, the frame, the
teeth and the winding. The self vibration modes of the stator structure are
determined, in various configurations: yoke only, yoke + teeth, yoke + teeth

+ carcass and yoke + teeth + winding + carcass [14].
Some results are presented in table I, with an experimental comparison.

Table 2. Resonance frequencies (Hz) for each mode
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(voke & teeth only)

(Complete stator : yoke & teeth &

winding, + carcass)

Resonance frequencies of the stator have been obtained by impact testing
measurements, realized thanks to the impact test method. The comparison of
the results with the analytical model are very satisfactory.

Let us note that the damping coefficient &, cannot be given theoretically.
However, JORDAN [4] considers that for a synchronous machine, it stands
between 0,01 and 0,04. The total vibratory spectrum obtained by our
analytical model is presented above (figure 5).

The simulation results agree well with the theory. In addition, the
proximity of the frequency of excitation mode 0 with the frequency of the
resonant mode 0 (at 2844 Hz) explains the vibration peak located around
2900 Hz. However let us point out that precautions must be taken when
analyzing the results.
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Figure 5. Total analytical vibratory spectrum with 3555 rpm.

Table 2. Main Characteristics of the machine

Speed 3555 rpm
Frequency of the supply f, 237
Rotational frequency fi 237/p
Frequencies of components of h.237
forces (multiple of 2f) (h=2,46 ...)

The model giving the induction values is not perfect (the saturation
phenomenon is neglected) and the formulae of TIMAR [3] giving the
vibrations are also approximated. What is of interest is to determine the
frequency of the main peaks and to be able to range their amplitudes.
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Figure 6. Vibratory spectrum measured with 3555 rpm with 1/12 of octave

In order to study the vibrations generated by the operating conditions, an
accelerometer is positioned on the frame of the machine. It measures the
deformations of the frame. The vibratory spectrum gives lines identical to
those obtained by the noise measurement; it displays a dominant line situated
at 2900 Hz, that corresponds to the theoretical excitation mode 0 predicted at
2844 Hz (Figure 6).

C. Acoustic model

Acoustic intensity /(x) can be written as a function of the frequency, the
amplitude of vibrations, the mode order and the stator surface [5], [9] :

_ 08200 £.2Y,2, S.
IO =" (2m+1)

The coefficient o is called factor of radiation. It represents the capacity
of a machine to be a good sound generator and can be calculated through
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two different ways according to whether one assumes the machine to be a
sphere or a cylinder. o is a factor which varies with A (wavelength) and the
diameter of the machine. It also depends on the mode shape [3]:

o=flzly, 2 =fLr

¢ : Traveling speed of sound (344m/s); f.: Vibration frequency.

It appears that /(x) is inversely proportional to the order of the mode, in
addition the acoustic intensity is proportional to the square of the vibration
amplitude. In general, we define / and W in decibels. We thus define the
levels of acoustic pressure, acoustic intensity and sound power as follows:

Ly = 20 log(%)a L =10 1og(1170), L = 10 log({1)
with :
R =20 pPa, Lo=10" W/m?, Wo = 10" W

The spectrum of the total noise obtained by our analytical model is
presented below (figure 7).
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Figure 7. Spectrum of the noise of the simulated P.M.S.M.

Figure 8 presents the measured acoustic noise spectrum at the same speed
(3555 rpm). Lines are located at the same frequencies as in the vibration
spectrum.
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Figure 8. Spectrum of the noise of P.M.SM measured with 3555 rpm (1/12 octave)

The first line determined by measurements is located at 2900 Hz (12f). In theory,
the harmonic of teeth (12f) is located at 2844 Hz.

The lines at low frequencies (between 24 Hz and 459 Hz) are not found in
theory, because they are mainly related to the background noise. They are not
generated by the P.M.S.M., but by the driving motor and the ventilator (Figure 9).
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Figure 9. Spectrum of the noise of driving motor & ventilator measured
with 3555 rpm (1/12 octave)

After this comparison, the permanent magnet synchronous machine was
tested at various speeds, that allowed us to highlight a particularly dangerous
speed. Moreover, some results are over-estimated but the quality of those is
respected (Figure 10). In spite of the inaccuracies, major lines appear, which
is of primary importance in view of noise reduction.
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Figure 10. Level of the 12th harmonic vs. rotation speed - Vibratory comparisons

To know which lines to reduce does not require to know its amplitude
precisely. Its frequency, on the other hand, must be well given. Lastly,
taking into account the complexity of the studied phenomena and the many
steps of calculations making it possible to lead to the results, the latter seem
very satisfactory.

IV. Screening analysi's

Once the different models finalized and assembled into a single “coupled
model”, it becomes possible to study the variations of the main variables
representing the vibration sources. This is achieved by the building of
response surfaces, and by the launching of optimizations. The privileged tool
employed is the Experimental Design Method [15], [16].

A. Classical screening analysis

First of all, a sensibility analysis using the global coupled model is
described.

The overall audible noise produced by the synchronous machine stands
as the studied variable (the response). An analytical relation linking the noise
amplitude with five variation sources (the factors) has been established :

- the stator slot opening (Ise) ;

- the height of the yoke (hyoke) ;

- the opening of permanent magnet (alp) ;

- the width of the air-gap (e) ;

- the height of the permanent magnet (hmag).

A screening design [17] is calculated. It gives the ability to determine the
influent factors, with respect to the response, inside the design space. This



10 S. VIVIER, M. HECQUET, A. AIT-HAMMOUDA, P. BROCHET

domain is implicitly defined by the intervals of variation, for the five factors
(Table I1I).

Table 3. Intervals of variation — Screening analysis

Factors Lower bound Upper bound
Ise Lg min L. min +20%
hyoke hyoke min hyoke min + 20%
alp 30° 32°
e € min € mint20%
hinag 10 mm 12 mm

The following figure (Figure 11) gives a representation of the influence
of each factor on the noise.

Firstly, it shows that the opening of the permanent magnets (alp) is a very
influential factor, since its variation from its middle value (31°) to its upper
limit (32°) makes the noise increase by about 15 dB.

The height of the yoke (hyck.), the width of the air-gap (e) and the stator
slot opening (Ise) are also significant factors according to this figure, since
they all exceed the two 95% significance levels. It means that the probability
to declare these factor influential although they are not, is equal to 5%. They
all have a negative influence on the noise variations: their values have to be
increased to reduce the noise amplitude.

The height of the magnets (hy,,) is not considered as an influent factor, if
the same significance level is used.
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Figure 11. Factor influences on the noise amplitude

It is important to keep in mind that these conclusions only hold inside the
design domain.

The previous results have been obtained for a fixed rotor speed (3000
rpm). Imposing different speeds do not change the relative influence of the
factors. However, one can say that effect values increase for speeds around



Experimental Design Method applied to a multiphysical model: 11
“trellis” designs for a multidimensional screening study

3000 rpm. This aspect will be confirmed by through the research of the
optimal conditions.

B. Multi-space screening analysis

B.1. Introduction

The previous study deduces the influence of the factors over the
conception domain, through the computation of effects. These values can be
deduced if each factor takes, at least, two different level within its
corresponding variation interval. Mostly, these two levels correspond to the
lower and upper boundaries of the variation interval. The positive effect of a
factor stands as the increase of the response when this factor goes from its
lower value to its upper limit, while the other factors take their mean values.
Hence, it appears that the effect of a factor depends on the definition of its
variation interval, and on the mean values of the other factors. The way the
conception domain is defined is therefore a very important matter.

So, one understand that, if the conception space is large enough,
quadratic effects can appears, that is the influence of some factors may
change.

In order to lower the impact of the conception space definition, it is
sometimes advantageous to cut this domain into slices, according to each
factor. The original space is then reduced to elementary sub-spaces, in each
of which a screening analysis is calculated.

For this study, the following factors have been considered.

Table 1. Factor characteristics

Factors Lower bound Upper bound Unit
Ise Ise min Ise min +20% | mm
hyoke hy ke min hyoke T 50% mm
alp 26 34 °

e € min e min + 50% mm
N 3500 4500 rpm

For the five factors, five different levels, regularly distributed between
the lower and upper corresponding limits, will be considered. Taking an odd
number of levels allows to take account of the central value; it will be shown
that this aspect is quite important when considering the permanent magnet
opening (alp) in particular.
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Defining five levels for each of the five factors, leads to 5°=3125
experiments. This is a relatively large problem; it can then be interesting to
take advantage of the “trellis” design [].

B.2. Presentation of Trellis designs

Trellis designs can be conceived as multilevel factorial fractional designs,
or in an equivalent way as fractional grid designs.

The five levels per factor implicitly define four contiguous intervals per
dimension, that is 4°=1024 adjacent five-dimensions sub-spaces.

Instead of defining a full factorial (2°) design inside each of these sub-
domains, fractional designs are preferred. By this choice, the grid design
becomes a trellis design, which combines a lot of advantageous properties.
The most important is certainly the possibility to divide the initial number of
experiments needed by the corresponding grid design, by 2, 4, 8 etc.
according to the fractional design chosen for the building of the trellis
design. Other important properties will be presented afterwards.

An important matter concerns the definition of the fractional designs, for
each sub-domain. Generally speaking, one must decide of a reference sub-
space, inside which a reference fractional design is set. This elementary
design is naturally and fully described by its independent generators that
define the experiments to be calculated. For instance, the following figure
gives an illustration of a 2*' fractional design (that is an half of a full
factorial design 2°):

A
Factor 3

Factor 3

»

Factor 1
Figure 12. Fractional factorial design (2*" — Generators: /=abc)

The reference design is used to deduce the definition of the other
elementary fractional designs making up the trellis design.

The reference fractional design will then be bordered by an other
elementary design of the same type, but with different generators. Indeed, it
is necessary to adapt the definition of the generators in order to maximize the
number of experiments shared between the two adjacent sub-spaces. This is
illustrated by Figure 13.

In this example, the reference design is defined by the generator /=abc.
The second design must adopt the generator [=-abc, unless existent
experiments can not be re-used.
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A

Factor 3 znd design
A
\\ # 7
1* design A
(reference design) ‘/"\ >
4 Factor 2
Factor 1

Experiments shared between
the two fractional designs
Figure 13. Example of experiment sharing between two fractional designs (2*)
(left: I=abc — right: I=-abc)

It can easily be demonstrated that if a new elementary fractional design
must be added along the “a” direction (in other words, along the dimension
of the first factor), one must change any “a” in the independent generator
writing by “-a”. This is a general rule.

One gives below the representation of two trellis designs, having the
same properties, except the definition of the independent generators used
inside the reference sub-domain. This slight change leads to define two

designs with different number of experiments.

A x5 A X5

X5

1 X
Figure 14. Two identical trellis designs with different values
of the reference fractional design generators
(left: I=abc : 22 experiments— right: /=-abc : 23 experiments)

B.3. Effective trellis design

In the framework of our study, the trellis design is defined as follows.
Each of the five factors takes five different levels. The reference fractional
design is a 2°7, that is a quarter (1/2%) of a full factorial design (2°). The
independent generators of this reference design are /=-abc=-ade. The trellis
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design counts then 795 experiments (approximately a quarter of the number
of experiments needed by a 5-level grid design (3125); in other words 5°/2%).

It takes approximately 16 hours to compute these 795 experiments on a
PC, under the Matlab environment.

B.4. Multi-zone screening analysis

Since a 277 fractional design is defined in each sub-domain, 4°=1024
independent screening analyses can be calculated inside the trellis design,
thanks to its 795 experiments. One can notice here, that the amount of
information deduced by this method is far more important than the initial
cost.

This approach is interesting because it allows powerful graphical
representations. For example, one can plot the evolution of the permanent
magnet opening influence with respect to its own values:

E(alp)

alp

Figure 15. Variations of the permanent magnet opening (alp) effect, over the noise creation
for different intervals of values of this same factor (alp)
(1: 26° to 28°; 2: 28° to 30°; 3: 30° to 32°; 4: 32° to 34°)

V. Resear ch of optimal conditions

Once more time, the particular and interesting properties of the trellis
design will be used, in order to make the response variations easier to
understand. No additional experiment is needed for that.
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Hence, the previously used trellis design is now used to build response
surfaces.

In a second stage, our purpose was to “model” the part of the conception
domain in which the global audible noise produced by the P.M.S.M. was
smaller than a predefined limit: 80 dB was considered as the maximal
admissible noise intensity. This frontier for the noise — the response — has
been computed with respect the same factors except the height of the
permanent magnet (hm,g) and in addition, the motor speed (N).

These factors have been selected thanks to screening analyses realized
with the complete coupled model. Their intervals of variation are given by
Table IV.

Table 4. Intervals of variation — Modeling stage

Factors Lower bound Upper bound
Ise Iy, min Iy min +20%
hyoke hyoke min hyoxe min +50%
alp 26° 34°
e € min € min T 50%
N 3500 rpm 4500 rpm

Since we want to have a good description of the variations of the noise
with respect to the five factors, it is necessary to increase the number of the
different levels taken by each factor. Considering 5 levels is in general
enough. Such a configuration leads to 5°=3125 experiments with the use of a
grid design — that is a multi-level full factorial design. This number of
evaluations of the coupled model is relatively large, and it can be interesting
to take advantage of the new “trellis” deigns [17].

Trellis designs can be described as multi-level fractional grid design.
They are build from fractional 2-level factorial designs judiciously
superposed (Figure 12). For this reason, under important hypotheses, they
keep their interesting mathematical characteristics, such as for instance the
orthogonality property.

v

Figure 12. Example of experiment sharing between two fractional designs (2*)
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When 5 factors are present, it is possible to use the 2-level fractional
factorial design defined as 2°7, that is the quarter (2°=4) of the corresponding
full factorial design 2°. When this design is used to build the trellis design, it
leads to definition of a 5-level incomplete grid, with only 795 experiments —
instead of 3125 with a complete grid. It takes approximately 16 hours to
compute this trellis design on a PC.

Instead of using the 795 values of noise directly, we have exploited the
interesting relative location of the experiments inside the design domain: an
iterative procedure has been applied to estimate the noise values for each of
the 3125-795=2330 initially non-evaluated experiments. It has been shown
that the overall error made for these 2330 interpolations, realized thanks to
the 795 initial experiments, is lower than 0.8%.

The different results that follow are deduced from the 795 first
experimental points mixed with the estimated ones.

It quickly appeared that the opening of the permanent magnets (alp) and
the motor speed (N) were the two most influential variables over the noise
production. The following response surface shows the corresponding
variations, as shown in figure 13.

It is very clear that the noise is strongly reduced when the permanent
magnet area — in fact the corresponding angular opening — is equal to 30°.
This result is confirmed by practical considerations.

The rotor speed has also a neat influence over the noise production. A
resonance phenomenon is visible near the speed value 3500 rpm, whatever
the factor alp values.

‘\\\\“\\\\\\ / i
\\‘\\‘t‘\\\\\\\% L /I/ /

il
\\\ \\\////%%////I’/{’
L ¢

32 2500 3000 N (rpm)
alp (%) 34

Figure 13. Noise variations vs. ‘alp” and ‘N’
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The influence of the three other factors are relatively small in
comparison. However, we can notice that the decrease of hy. leads to move
the resonance point towards lower rotation speed values.

The 80 dB limit can be graphically represented with respect to alp, N and
hyoke, thanks to iso-value surfaces (figure 14).

Two iso-value surfaces are represented: one showing the noise equal to
80 dB, and the other to 84 dB. The graphic is nearly symmetrical: 30°
standing as the central value for the magnet opening (alp). Then, the
admissible sub-space of the conception domain is modeled by the zone
delimited by the two central 80 dB surfaces. This indicates that it is always
possible to conceive a P.M.S.M. generating a noise lower than 80 dB,
provided that the magnet opening is chosen between 28.5° and 31.5°. This
interval can be extended for particular rotor speeds greater than 4000 rpm or
lower than 2700 rpm.

4500
= 300

3000

2500 .|
0.024
0.022

0.0z

hyoke ~ 0.018 = 0
0.016 4 2

26
alp
Figure 14. Noise iso-value surfaces (80 and 84 dB) versus ‘N’, ‘hyq.’ and ‘alp’

V1. Conclusion

The purpose of this work is to present some results obtained from the
exploitation of a complete coupled model of a permanent magnet
synchronous machine. Different multi-physical aspects are considered:
electromagnetic, mechanic and acoustic phenomena are taken into account
thanks to a single analytical model.
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The Experimental Design Method is the privileged tool used to make the
complex relationships between the main variables appear.

The first study — a screening analysis — shows that, whatever the rotor
speed considered, the angular opening is a very influential factor: the
particular value 30° is certainly the best choice. It is more difficult to set the
other factors, since the rotor speed interacts with them. However, the height
of the permanent magnets is declared non significant in term of acoustic
noise.

The second study is designed to work on more precise data. For that
purpose, a trellis design with five levels per factor and only 795 experiments,
is computed. The advantageous properties of this type of design allow the
subsequent evaluations of 2330 other points, with an excellent accuracy,
leading to practical design choices for lowering the limited noise.
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