60 Journal of Electrical Engineering & Technology, Vol. 3, No. 1, pp. 60~67, 2008

Electromagnetic Model to Estimate the Vibrations of a Switched
Reluctance Machine on the Basis of the Electric Power Supply

Benabdallah Mohammed Badreddine*

Abstract — The vibrations and noise origin in electric material is due to several coupled physical
phenomena. The revolving electric machine complete modeling is complex; it does not allow simple
parametric machine structure studies for various operation modes. This work presents a simple
electromagnetic model which makes possible the machine principal parts flow estimation from flux
density. Special interest is given in determining Switched Reluctance Machine (S.R.M) radial
acceleration in accordance with the current supply.

Our focus will be only on the magnetic origin efforts that are dominating in the S.R.M. The efforts
calculation versus the current is presented in the case of a machine with a linearized rate. These efforts
are considered as a tangential force producing the torque and a radial force that generates no torque.
The application is realized on a 6/4 low power S.R.M type (6 stator tecth and 4 teeth rotor). The
mechanical response is substituted in a transfer function. The model takes account of the power supply
of the machine, the relation between the current supply and the efforts as well as the vibratory response
of the machine to these efforts. Finally, the model is validated by comparison with similar

experimental results within the framework of the definite assumptions.
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1. Introduction

The operation of the electric machines is always
followed by vibrations of their structure and acoustic
cffects. The consequent deformations can involve
deteriorations of the material and thus affect reliability.
Moreover, vibrations of the external surface of the machine
cause motion of the air and thus create an acoustic noise.
This sound noise harms, by its intensity and especially by
its frequencies, the user comfort. The evolution of the
power electronics enhances interest of the Switched
Reluctance Machine (S.R.M) because it maximizes its
performances and confirms its use, but its impulse supply
contains static inverters that accentuate the vibrations.
Indeed, these converters deliver the harmonics signals able
to excite one or more machine frequencies of unspecified
power. The dynamic tests and the static allow the
identification of the noise sources of the rotating machines
and electromagnetics (electromagnetic strains,
magnetostriction, Laplace forces). But, because of the
multiplicity of the sound sources it is difficult to separate
the mechanical and eclectromagnetic causes in normal
operation. The electromagnetic causes are dominant and
obtain a high level vibration with S.R.M and are clearly
identifiable [1, 2]. These electromagnetic efforts deform
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the magnetic circuit and vary the pressure of the air on its
surface thus generating the sound wave. The rotor, being
more rigid and of radial surface lower than that of the stator,
is less effective in causing air vibration, which moreover is
confined inside the machine. The rotor thus produces a
secondary power sound. Experiments show the strong
dependence between the radial vibrations of the stator and
the sound level of pressure statement close to the machine.

2. Magnetic Efforts

The deforming electromagnetic causes of the stator are:
» electromagnetic efforts on the magnetic circuit
» Laplace forces on the conductors

The efforts on the conductors are less than the magnetic
efforts. The magnetostrictive deformations are much lower
than the deformations due to these efforts in the case of the
S.R.M. A different model exists for the computing these
efforts. However, as long as the magnetic circuit remains
without saturation, these models show that there are not big
forces and that the surface forces are normal with the
transition between two different magnetic mediums. The
calculation model of the local efforts is based on the
method of the virtual work applied to the case of a material
linear that is homogeneous, isotropic and incompressible.
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The local effort is then characterized by a pressure, Pn,
which is normal to the transition in two materials, and
directs the material of the highest permeability towards the
material of the weakest permeability (Fig. 1):

P, =%(33[L—LJ—H3(M—#2)] M
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Where:

Pn: normal electromagnetic pressure (N.m2),
Bn: normal induction (T),

Ht: tangential field (A.m-1),

ul and p2 permeabilities of Materials 1 and 2
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Fig. 1. Electromagnetic pressure at transition point of two
materials transition

Fig. 2. Magnetic model for various rotor positions.
a. aligned b. middle ec. unaligned

The magnetic stresses are obtained by calculating the
flux density in the principal parts where we consider the
machine supplied by a single-phase current with constant
current I. These magnetic sizings are given for various
positions of the rotor (Fig. 2).

The calculation of the magnetic pressure on the interior
stator surface shows that these efforts are primarily
localized on the teeth of the excited phase, and that the
efforts tend to minimize the length of the field lines in the
air (Figs. 3a, 3b, 3¢) [3, 4]:

By rotative action of the rotor to bring a rotor tooth in
the opposite direction (creation of torque);

By deformation of the stator (force not creating any
torque).

3. Calculation of the radial and tangential Forces

The decomposition of rotation efforts and deformation
brings the projection of these efforts in reference frame
(radial-tangential) (Fig. 3d).

The quantitative study of the field of vectors formed by
the radial and tangential pressures (and their effects) are
not simple and examination will be limited only for their
resultant Fr and Ft which have the same mechanical effects
on the surface of the stator in order that the points of
observation are suitably spaced from the points of load
application (principle of Saint Venant). They are defined
by:

F6,.1), = [gP.as . F(0,.1), = B.ds @)

Where:

Fr: radial force (N),

Pr: radial pressure (N.mm-2),

Ft: tangential force (N),

Pt: tangential pressure (N.mm-2),

Om: mechanical angle (rad),

I: phase current (A),

S being the surface defined by the contour of the excited
tooth and the active length of the machine.

In the case of the rotor of the machine having 4 teeth,
these forces have a periodicity of n/2. By calculating the
torque created by the phase, Ns/q =2, and by considering
the local pressure, the expression torque is [2]:

N

T =2t _[Pn ArdS 3)
q s

Where:

NS: the number of stator teeth,
q: phase number,

S: the surface of the tooth,

r: radius of the tooth (Fig. 3d).
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Fig. 3. Electromagnetic stress
a) aligned b) middle c) unaligned d) stress projection

The result of the tangential and radial forces calculation,
with constant current, on only one of these teeth is
represented in Fig. 4b according to the mechanical angle
Om.

The result is compared with that obtained by the
application of virtual work in a total way in linear mode

(Fig. 4)
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Where:
W' em: represents magnetic Co-energy,
L: is the phase inductance

The torque obtained in Fig. 4b is acceptable but since it
is being obtained from the pressure, Pn, it must be done
carefully [4, 5, 6]:

The calculation of Pn is carried out with the transition
from two different materials. Otherwise, the numerical
calculation by finite elements ensures that Figs. 3 a, b, ¢
cannot maintain the continuity of Bn and HT
simultaneously.

The torque is essentially created in the vicinity of the
teeth ends where the numerical effects of the point are
significant during the calculation of the magnetic sizes.

4. Forces with Variable Current

To determine the forces under normal operation it should
be noted:

The magnetic field H and flux density B are proportional
to the absorbed current for a given position and a linearized
magnetic material (Fig. 4).

The torque T is proportional to the square of current /
under normal operation,
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Fig. 4. Magnetic energy and torque

a) Magnetic energy and co-energy versus flux and Amperes
turns.

b) Comparison of calculated torque by different methods
with constant current versus mechanical position.
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The magnetic pressure Pn, the radial forces Fr, and the
tangential Ft are also to the square of current [:

T'(I’Hm)zTVO(em)]2 I-—Pr(l’em):}?roz(gm)l2 (5)
Where:

To (6m) and Fro(@m) are the torque and the radial force
respectively with / = ] 4

4.1 Radial acceleration.

The efforts are calculated before exciting the structure of
the stator. The vibrations of this structure thus depend on
the requests on the mechanical system implemented by a
transfer function. The modal analysis allows the study of
the complete mechanical system: the deformation in each
point of the stator is then the sum of the deformations due
to each mode of resonance at this point. These modes are
characterized with:

Space deformation

Resonance frequency

Damping coefficient [2].

Our attention will be focused only on the point of the
machine which vibrates more on the stator. This point,
located in the axis of the tooth of the excited phase, is
identifiable in the experiments. In this case, each mode can
be characterized by a transfer function of the second order
and the frequential relation between acceleration in this
point and the radial force is given by Equation 5:

P
p) _ _ o (6)
R i

Where:

v radial acceleration,

o resonance pulsation of mode i,
mi, damping coefficient of mode i.

The frequential relation above is a total of strongly
resonant high-pass functions. The direct measurement of
this transfer function is not possible because the radial
force Fr is not accessible.

The proportionality between this force and the square of
the current (Fr(I,0m)=Fro(6m)I2)) permits to identify in
experiments the coefficients of different high-pass [6].

The identification is carried out in conjunction where
Fro (8m) is maximum. H(p) is then identified by:

G 1 )
H6)= 5 0y Fa 0 ”

where L represents the Laplace transform.

5. Complete modelization

The complete model consists of three blocks (Fig. 5):
. Electromagnetic block

. Mechanical block

. Electric block

The electric equation of the SRM phase is:

do(i,6,)

V(t)=Ri(t)+Q -

(®)

Where:
V (t) represents the terminal voltage,

@ s the flux phase.

Assuming the rotational velocity constant, this equation
becomes:
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Fig. 5. Complete vibratory modelisation of the SRM

6. Validations

For a point in rotation operation, that is to say a power,
the vibrations are evaluated by the model of the efforts and
are compared with indirect measurements of the torque and
the radial force [8, 9]. The studied SRM is three-phase of
type 6/4 and its principal characteristics are 6 stator teeth
and 4 rotor teeth with an external diameter of 63 mm,
length of 60 mm, diameter of air-gap 34 mm, air-gap with
the ray 0.4 mm, and 40 whorls per phase. The SRM is fed
by a three-phase inverter with half asymmetrical bridges.
This machine remains without magnetic saturation as long
as the current does not exceed ten amps.
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Constant current torque expression

The SRM is fed with constant current I and is driven by
a motor with D.C. current at constant speed Q. The
rotational emf is:

dr(é,)

E=QI (10)
de,
The torque is:
1
T =—EI (1n
2Q

6.1 Expression of the radial force with constant current

The measurement of the torque can be done directly
using a sensor, but the radial force requires an
indirect measurement: the radial acceleration is measured

under known exciting conditions to find the vibrating force.

The idea is to supply the machine with constant current and
to maintain a constant speed. But due to the mechanical
response of the structure being a high-pass type, the radial
acceleration is then of very low and unusable amplitude.
To avoid this, the amplitude modulation principle of the
radial force with a sinusoidal constant current Fro (6m) is
introduced. The SRM is then fed by a sinusoidal current at
frequency fl, such that the stator is not in resonance, and
the machine is loaded at the speed Q.

w2
am (rad)

Fig. 6. Theoric and measured radial acceleration by
differents representation
a) Frequency b) Mechanical position

Fig. 6 indicates the radial acceleration measured with a
regulated current with an amplitude of 0.8 A. The
rotational speed is 260 r.p.m. The radial force is according
to the model and the amplitude modulation is Fro(6m).

Indeed: if
i(t) = I.cos(27f}t)

>

then
F(6,.i(t))=F,(6, )iz(t), so:

F,(em,,-(t))io%l’i(ncos(z(z;;fl)z)) (12)

This relation shows that the spectrum of the radial force
is composed of two terms:

one centred around the frequency f = 0, representing the
spectrum of

Fyo0n)I”
2 3

one centered around the frequency f= 2 f;, representing the
same spectrum but shifted by »4; (3.7 kHz).

The position of these terms in the spectrum depends on

the rotational frequency
Q
"om

These two terms are converted in the mechanical
transfer function before being estimated on the radial
acceleration spectrum [8, 9].

The first being at low frequency is eliminated by the
filter of the mechanical transfer function.

The second is amplified by a constant profit (without
being deformed) if the transfer function H(f) is considered
constant in the spectral band of the second term. This helps
to impose a low rotational speed and to choose the electric

frequency F so that the frequency 2f avoids resonance.
In this situation, the measured radial force (represented in
Fig. 7) is obtained by demodulating the radial acceleration
measured and then by dividing it by the profit of the
mechanical transfer function such as by the square of the
amplitude of the current.
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Fig. 7. Theoric and measured radial force
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The observable difference on the regulation of the
current is due to the method of simulation. It is without
influence on acceleration in the audible frequency band.

The strong influence of commutations (face going up
and especially descendant) of the current on the vibrations
widen the spectral support of the efforts and thus excite
resonances extremely far away from fundamental to 53 Hz
(800 rev/min).

Remark: This validates the radial force qualitatively and
not quantitatively because the knowledge of the
mechanical transfer function H(f) is necessary and its
determination requires initial radial force knowledge. The
electromagnetic model of the radial force and the torque
seems to slightly devaluate the efforts and their effects.
Dissymmetry on the measured curves is explained by the
losses, a weak hysteresis loop, and by the variation over
one period number of revolutions.

6.2 Validation of the complete model under normal
operation of the autopilot SRM

During the normal operation of the SRM, the current and
the radial acceleration selected are compared under the
same conditions in similar experiments in order to validate
the complete model. The current is a crenel of 120°
duration and of amplitude 6, 5A, the power supply has a
voltage of 30 V, the load is involved at a speed of 800
r.p.m.

The controlled current is obtained using a MLI having a
frequency of 40 kHz without effects on the sound Band (0-
20 kHz).

This is observed Fig. 8 where the spectra of the
measured and estimated radial acceleration are compared
[10, 11].
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Fig. 8. Spectrum comparison of measured and estimated
radial acceleration

Fig. 9 indicates that the SRM supplied with crenels of
current produces significant vibrations at the time of the
cut of the current because the radial force is then at
maximum level and the fast descent of the current involves
an intense relaxation of the radial force.

A first solution consists in slowing down the descent of
the current by giving it a trapezoidal form. Fig. 10
demonstrates the crenel of current that is used as a
reference of comparison and also two currents of
trapezoidal form (currents 2 and 3 have angular duration of
descent with the currents at 5° and 10°).
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Fig. 9. Comparison
a) measured and estimated current
b) measured and estimated radial acceleration
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Fig. 10. Estimate current for different references
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Fig. 11. Estimated radial forces and radial acceleration for
different references

The currents represented have amplitudes that create the
same average torque of 3 mN.m at 800 r.p.m.

The regulation of current is without effect in the band of
the audio frequencies [12]. At constant torque, the
amplitude of the trapezoid of the current is more significant,
but the effect of the decrease of the current appears far
from the conjunction. The amplitude of the radial force is
finally decreased (Fig. 11) and the relaxation of the radial
force is less intense as it is shown by the slopes of the
obtained radial forces. However, to accentuate the
reduction in the slope proves to be less effective and is
limited by the quickly increasing maximum value of the
current. Fig. 11 shows and compares the various radial
accelerations obtained with two trapezoids of current.
However, the change of the slope current generates
vibrations. A softer form (current 4) will generate less
vibration and be quieter [13].

The various shapes of current produce comparable Joule
losses because the effective currents are similar. However
on the level of the inverter, the constraints increase with the
maximum value of the current. The attenuation of the
effective value of acceleration for the current as compared
to the crenel is theoretically about fifteen decibels.

The various shapes of current produce comparable Joule
losses because the effective currents are similar. However,
on the level of the inverter, the constraints increase with the
maximum value of the current. The attenuation of the

effective value of acceleration for the current as compared
to the crenel is theoretically about fifteen decibels.

7. Conclusion

We presented a model of the radial vibrations of a S.R.M.
under single-phase current operation in linearized magnetic
mode. We described how the operation of power and the
rotation to the rotor generate the efforts which excite the
modes of the stator of resonance. This simple model is also
used to define a discrete ordering and a certain regulation
by setting instructions on the performances of the inverter-
machine unit. At the time of the saturated mode, the
distribution of the efforts is modified by:

= Volumic forces

» Surfacic forces are divided differently in amplitude

and direction. The discretization of this part and the
definition of a total radial force are conceivable for a
similar study. The variation of other parameters, for
example, the duration of conduction or the advance
makes it possible to seek compromises between
vibratory level and effective current or vibratory level
and maximum current for a provided torque.

Finally, the symmetry of the efforts on the diametrical teeth
support the modes of resonance which have the same space
properties and attenuate the other modes which are not
measurable.
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