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Abstract. Improper operation of the traction machine of faihstallation causes energy waste,
vibrations and noise. The design of the machinet ine®ptimum if energy efficiency and comfort
specifications have to be satisfied. The vibratiand noise frequency spectra of electrical machines
present manifest peaks at certain frequenciesjptadtof the fundamental electrical frequency, that
depend on the machine topology and its rotatioroogl. Changes in its topology or in its
mechanical properties (geometry, size, materialswugt be done in order to reduce the magnitude
of peaks at certain excitation frequencies or taie the excitation frequencies far from the natura
frequencies of the structure or the lift instatbati Machine designers need tools to calculate their
vibroacoustic response once a certain design has pmposed, so they can modify it before a
prototype is built in case the response is not @etde. Numerical and analytical models to
calculate the vibroacoustic response of electritathines have been developed and experimentally
validated. In this paper, the authors summarisestag of the art in modelling the vibroacoustic
performance of electrical machines and show sontkeeofesults obtained in their research work.

1 INTRODUCTION

The traction machine of a lift installation is auste of vibrations and noise that cause discontéort
the lift passengers and of the neighbours livintiedis close to the lift well. Therefore, the mawahi
design must be optimised (power, size, cost, vitmatand noise...) in order to conform to the
riding comfort standards. Furthermore, the mackimauld not be designed without considering the
lift installation, the whole assembly, because afions generated at the machine are born through
the structure to the cabin. Consequently, the mmachiesign is also conditioned by the lift
installation in which it will be placed.

Tools to predict the vibroacoustic performance ofedectrical traction machine in a certain lift
installation are necessary to achieve an optimusigdeand to avoid, as much as possible, the
prototyping stage. The first step is to predictpgsformance on a test bench but the final goalt mus
be to predict it in the installation.

This document reviews the state of the art cormedipg to that first step and describes the
procedure to be carried out to compute the vibrosiio performance of an electrical machine.

2  VIBROACOUSTIC PERFORMANCE OF AN ELECTRICAL MACHINE

Vibrations and noise of an electrical machine camhginated by the electromagnetic forces at the
air-gap, by mechanical defects associated to ttagimg parts (bearings, shaft), or by the air flux,

when the machine has a fan for cooling purposesKgg 1). Below 1000 Hz and in low to medium

speed rated machines, electromagnetic forces arm#éin sources of vibrations and noise [1]. The
frequency spectra of electromagnetic vibrations amide are very tonal and particularly annoying
for lift passengers and neighbours close to théalilasion. This paper reviews the procedure
followed to calculate the vibroacoustic response etdctrical machines due to the radial

electromagnetic forces generated at the air-gap.
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Figure 1: Noise generation and transmission in electrical machines[2].

The procedure consists of three parts (see FigFi®t: calculating the radial electromagnetic
forces. Second: applying them to the machine stratimodel to obtain the vibratory response of
its outer surface. Finally, computing the acougtiwer it radiates [2].

Voltage, Current

- Electromagnetic

S0~ | Model (FEM)

4
“ ‘

-

Electromagnetic Force

I

I

|

]

: e (o

| tructura Model Testing
]

I

Model (FEM) _
Model Update

CHICj

i Vibration Velocity
Acoustic field or

Acoustic Power

Measurements Acoustic - Sound Radiation
Model (BEM) |4 Validate Efficiency

Measurements
Q> Qcoustic Field & Acoustic Powea

Figure 2: Procedurefor predicting acoustic power from an electric machine[2].
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2.1 Computing the Maxwell Forces

According to Le Besnerais, Maxwell forces [3], natno the front surface of the stator teeth, are
the main contributors to the machine vibrations, [particularly in Permanent Magnets
Synchronous Motors (PMSM) [5], very common in lifstallations. If the rotor is not skewed and
the end effects are neglected, the pressure distibis independent of the motor axial direction.
The electromagnetic field at the air-gap is cal@daeither by Finite Element Models (FEM) or
analytical ones, and a reasonable agreement betiveenis achieved [6]. Next to be calculated is
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the pressure applied on the surfaces at the ajrelygpto the electromagnetic field. The pressue, b
the two-dimensional Fourier transformation, is cened into separate rotating force waves, defined
by frequency, spatial harmonic number on the cifememce, amplitude, phase angle, and rotation
direction [7].

2.2 Structural Mode

The electrical machine is composed of static (statodings) and rotating parts (shaft-rotor). The
transversal section of the stator is constant énakial direction and has a particular shape with a
number of teeth and slots, where the windingsraserted.

Regarding the mechanical behaviour of electricalchires, it is worth mentioning some
particularities.

The stator and rotor consist of a stack of lammagdectrically isolated, and consequently they
show an orthotropic behaviour. Because of thisatrtipic nature, there is uncertainty in the values
of some mechanical properties. Axial stiffness loé stator increases if the clamping pressure
applied when joining them is increased [8]; highahstiffness implies high values of the natural

frequencies associated to the axial modes; howeatural frequencies of the radial modes hardly
vary [9].

In addition, there is no elastic connection betwadjacent stator sheets and some slip is allowed
between them. The slip is the main contributoramging, not only in the case of the axial modes
but also in that of the whole structure [10]. Dangpis another key parameter, uncertain as well,
that is expected to affect the amplitude of vilmadgi.

Some authors [8, 9] provide approximate valueshoké uncertain parameters of the machine;
otherwise, the model of the structure can be updbssed on the results obtained from common
modal analysis [9, 11], which provides the natimedjuencies and mode shapes of the structure (see
Fig. 3).

Figure 3: Modal shapes of the structure[11]

When the windings are added to the stator, theega@f the natural frequencies of the assembly
decrease, but they increase again when the assenivigregnated with the isolation varnish [8].

With respect to modelling the mechanical structerther finite element (FE) or analytical models

have been proposed. FE models are closer to thestregture, but they require much bigger

computation effort than analytical models. In cansnce, analytical models could be convenient
for machine design optimisation purposes, althdaghk accurate.

A number of analytical models have been proposedhe literature to calculate the natural
frequencies of electrical machines. The stator-wmigsl assembly is commonly modelled as a
lumped parameter model, with two circular cylindeatached to each other, one of them
corresponding to the stator and the other one @aedhth-windings part [2]. For the case of short
machines (the machine length to diameter ratiotleess or equal to one) [2], the axial dimension is
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negligible and a two-dimensional ring model canused. If the machine is not short enough,
instead of as a double ring, it is modelled as @btiocylinder, either of infinite [2] or finite lgth
[12, 13].

Mechanical properties are commonly assumed to dieofsc. The values assigned to the material
of the outer ring are those of the steel, but tressegned to the inner ring are estimated. A more
accurate model should consider that the comporaeterthotropic and assign different values to
the radial and axial elasticity moduli. For a laated structure, the elasticity modulus in the axial
direction is much smaller than that in the circurafdial direction [15].

Two-dimensional models neglect several aspects hase-dimensional mode shapes, axial
vibrations and rotor vibrations, and, consequegtie inaccurate results in the case of machines
with significant axial and rotor vibrations [14]oFthese cases FE models can be more appropriate,
as they allow considering other components as biedds [15], the rotor [16], the frame or the
support, and provide the possibility to assign atribpic properties to the materials (see Fig. 4).

Figure 4: a FE model of the whole machine.

Once the structural model has been developed, quslyi computed forces are applied on the
surfaces of the teeth and poles, and the vibratsgonse of the outer surface of the machine is
obtained. The modal superposition theorem [17]sisduto compute the global displacement of a
certain point of the outer surface. This theoremsubte mode shapes as a vector basis to calculate
the response of the system to a harmonic forciag lector. The method allows computing the
global displacement of a given point by summing displacements caused by individual modes
[18].

2.3 Acoustical Modd

If the vibratory response of the outer surfacehef machine is known, the acoustic power radiated
by it can be obtained. The key parameter to deterrthie acoustic power is the sound radiation
efficiency, defined as the ratio between the adoysiwer and the radiation power of the surface
[19].

If the geometry of the machine is idealised, amedytexpressions to obtain the sound radiation
efficiency are available. If the length of the miaehis similar to its circular section diameter, an
acoustic spherical model can be assumed (the eadsdund waves approximate to the spherical
waves radiated by a vibrating sphere) [20]. If ldr@gth to diameter ratio is much bigger than one,
an infinitely long cylindrical model can be used.]J2If it is not so big, the finite length circutar
section cylindrical shell model [22] is usually etter approach.

To deal with complex topologies and to take endeslaand other details into account, numerical
methods have to be used to calculate the soundti@diefficiency and radiated acoustic power
[23].
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3 ACCURACY OF SSIMULATION RESULTSAND CURRENT RESEARCH

From a quantitative point of view, there are usualifferences between the computed and
measured acoustic power spectrum, at least atircehiad-octave bands, due to the assumptions
considered at the modelling phase. There is unngrtaegarding the electromagnetic forces
applied; validation tests reported in the literatare commonly based on vibration measurements
but not on measurements of the forces themseluesel structural model, there is uncertainty too
regarding certain mechanical parameters (elastimiodulus, damping...) and in the boundary
conditions assumed. Nevertheless, the developésl poovide interesting results regarding relative
analysis, that is to say, to compare different giesi to make sensitivity analysis, to understand
which modes are excited by which forces, to chabedest slot pole combination...

Let us show some results for the sake of illusttatihe previous paragraph. Fig. 5 shows an
experimental set up to test vibrations of the maehn operation. Fig. 6 shows the comparison
between the power spectral densities (PSD) of teasored (blue line) and calculated (green line)
accelerations (by a FE model) at the top surfack@imachine. We have orders in the horizontal
axis instead of frequency. One order correspondshéo rotation frequency of the machine
multiplied by the number of pole pairs. Only viboais of electromagnetic origin are calculated but
all vibrations are measured, including those of maadccal origin.
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Figure5: Experimental set up.
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Fig. 6: Comparison between measured (blue) andledéée (green) accelerations.

The model identifies the vibration frequency comgrats with the highest amplitudes (orders 6 and
12), although there are considerable differenceéseramplitudes of most of the peaks. Close to the
two highest orders smaller peaks can be observesly @re due to certain eccentricity of the axis.
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Eccentricity always causes the increase of the iumdpl of the peaks, particularly at the main
orders. As the measurement includes all vibratimot Enly that of electromagnetic origin), its
spectrum was expected to be over that one of tleilated vibration at all intervals between
orders.

With respect to the results provided by the anedytmodels compared to those provided by the
FEM (displacement vs. orders), see Fig. 7, wheee vibration responses provided by several
models of only the stator-windings assembly ofrtrechine are compared. The continuous red line
corresponds to the FEM. Three analytical modelsHaeen used: a double ring of circular shape
(ring means that axial modes are not consideredingle cylinder (including stator and windings
whose properties have been assigned average vaodsa double cylinder. All properties are
assumed to be isotropic.
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Figure 7: Comparison between analytical and FEM models.

There are considerable differences in the amplguafethe peaks, but it can be observed that the
results of the models considering axial modes lsec to the FEM.

To conclude, it seems difficult to obtain accuratedels from a quantitative point of view, but
interesting conclusions can be obtained from aitgti?e one (main frequencies, shape of the
response, comparison between different designs...).

The final question is how the machine will operatee it has been installed, because a discarded
machine, based on tests carried out on a test peoald behave properly in a certain installation.
Thus, any tool developed to compute the machinawetr should consider the whole assembly it
belongs to.

Consequently, nowadays, there are two main areaseérch: improvement of the machine models
regarding all uncertainty aspects previously memtand behaviour of the whole installation due
to electromagnetic excitations generated at thgagrof the machine.
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