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Abstract—This paper presents an analytical modeling of
electromagnetic noise in spoke-type permanent-magnet (PM)
machines (STPMMs). The two-dimensional (2-D) elementary
subdomain (E-SD) technique in polar coordinates is used to predict
the magnetic pressure, which is transferred to frequency domain and
used in harmonic response mechanical analysis to predict generated
electromagnetic noise. An electro-vibro-acoustic coupling based on a
2-D finite-element method (FEM) has been realized in order to
validate the obtained results by the analytical modeling.
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. INTRODUCTION

The magnetic field in the air-gap between the stator and rotor
in electrical machines generates tangential forces required for
producing the rotating torque. In addition; this magnetic field
also produces radial forces that interact with the machine
structure and create the . vibration and/or ~noise (i.e.,
electromagnetic noise). In high-speed electrical machines, the
frequencies of these forces become near to natural frequencies of
the machine structure, and thus the produced noise become more
important. In the last decade, several works have treated this type
of noise for different types of electrical machines [1]-[3].

The first step .n. electromagnetic noise prediction is the
determination of magnetic field inside the machine. This can be
done by using numerical methods (e.g., FEM) [4]-[5] or semi-
analytical method(e.g., SD technique or magnetic equivalent
circuit) [1]-[2]7and [6]. Using Maxwell stress tensor, the radial
pressure can be defined from the magnetic field in the air-gap.
Then, these temporal results should be transformed into frequency
domain using 2-D Fast Fourier Transformation (FFT). This
transition makes the radial forces as waves have specified
temporal frequency and spatial order. Then, the superposition
study is done to determine the produced deformation for each
wave. This harmonic response analysis need the naturel
frequencies determination of machine structure that can be
determined by using FEM or analytic approaches [7].

This paper presents a description of coupled electro-vibro-
acoustic model for STPMMs. The electromagnetic analysis is

performed by using the 2-D E-SD technique in polar
coordinates where the local saturation effect is taken into
account with the B(H) curve [8]. Then, the produced
electromagnetic.noise ' is predicted by using analytical vibro-
acoustic'approach [1]. The obtained results are validated by 2-
D electro-vibro-acoustic FEM.

Il. ELECTROMAGNETIC MODEL

A. 2-D E-SD Technique

The SD technique is one of the most resent semi-analytical
methods for magnetic field prediction in electrical machines.
Some comprehensive reviews for this method can be found in
[91-[12]. Recently, an improvement of this technique by
focusing on the consideration of local saturation effect with
the B(H) curve is done in [8]. In this model, the rotor and the
stator are divided into E-SD characterized by general solution
to first harmonic of magnetostatic Maxwell’s equation. Then,
as [12], the connection is performed in both directions (i.e., r-
and & edges). The simulation is done for successive moment
where the rotor position and stator currents (i.e., sinusoidal
supply) are updated for each time. The obtained results are
validated by 2-D transient FEM. The simulation machine and
its parameters are shown in Fig. 1 and Table. 1.

Fig. 1. Examples of STPMM [8].



TABLE I. PARAMETERS OF STUDIED MACHINE.

Symbol Parameters Value and Units
Brm Remanent flux density of PMs 12T
Lhrm Relative permeability of PMs 1
Ne¢ Number of conductors per stator slot 200

Im Peak phase current 10A
Qs Number of stator slots 6

c Stator slot-opening 30 deg.
Cr Stator isthmus-opening 10 deg
d PM-opening 18 deg.
p Number of pole pairs 2
Rext Radius of the external stator surface 67 mm
ra External radius of stator slot 60.3 mm
r Internal radius of stator slot 48 mm
Rs Radius of the internal stator surface 45.3 mm
Rr Radius of the external rotor surface 44.8 mm
r2 External radius of the PMs 43.8 mm
r Internal radius of the PMs 23 mm
Rint Radius of the rotor inner surface 22 mm
Lu Axial length of machine 63 mm
Q Mechanical pulse of synchronism 3,750 rpm

In Fig. 2, a comparison between the numerical results and
semi-analytical predictions are shown in term of B in the
middle of the air-gap (i.e., r = Ry ) versus angular position. The

r- and ¢-component of B for the position (R, 0) versus time
is presented in Fig. 3.

B. Magnetic Pressure and Harmonic Formulation

Using Maxwell stress tensor, the space/and time
distribution of radial magnetic pressure can be computed by [6]

B2 (1,0)- B2 (1.0)
2ug

)

Prad (t, 9) =

where B, and By are the‘r--and écomponent of B in the

middle of the air-gap. The obtained analytical results are shown in
Fig. 4. It should be noted that the radial magnetic pressure
prediction can be calculated with ;others analytical methods
such as magnetomotive force method.

The harmonics of pressure are obtained by performing a 2-
D FFT of the space and time pressure distribution, viz.,

Prad (t, 9) Y Z Prf ej(ant—r6+q>,r) (2)

where f, r, B¢, @ are respectively the frequency, the order,

the magnitude and the phase for each pressure harmonic. Fig. 5
presents the magnitude of each harmonic and mode ( f,r).

I1l. VIBRO-ACOUSTIC SYNTHESIS

The mechanical model assumes that the stator is a 2-D ring
with free-free boundary conditions. Therefore, only in-plane
circumferential spatial modes r are considered.
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Fig. 2. Waveform of B in the middle of the air-gap for on load condition with
Im =10 A: (a) r- and (b) 6-component.
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Fig. 3. Waveform of B versus time for the position (Re, 0) and for on load
condition I = 10 A: (a) r- and (b) 6-component.
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Fig. 4. Analytical radial magnetic pressure on load condition.
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Fig. 5. 2-D FFT of radial magnetic pressure at on-load condition.

A. Mode Shape and Natural Frequency

For predicting the vibrations originating from thestator, it is
necessary to calculate the natural frequency of each vibration
mode shape. Here, the mechanical system of the stator was
considered as a cylinder for calculating the“natural frequency.
At this time, the mode shape of the mechanical vibration occurs
only in the circumferential direction. The natural frequency f,

of the r'" mode shape is expressed as follows [7]:

o for the fundamental mode (i.e., r=0):

E
o=t E ith iy = et Mt ®)
27R; \ pcKmd c
o for the harmonic modes (i.e., r >1):
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fo = o PR D gy 2 - 4)
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where R_ is the stator mean radius, h, the yoke depth, L, the
axial length of machine, k,, the mass increase factor due to
teeth, M, is the teeth mass, M, is the stator yoke mass, E,
the Young’s module (i.e., E. =200 MPa), and p_ the stator

stack mass density (i.e., p. =7,850 kg/m3 ). It should be

noted that the first mode is not considered in stator structure
deformation. In fact, this mode is approximated as treating the
rotor structure [2].
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Fig. 6. Harmonic mode: (a) mode 2 and (b) mode 3.

TABLE II. NATURAL FREQUENCY.
Mode r  Analytic [Hz] FEM [Hz]
0 9,819.2
2 1,082.4 902.2
3 3,203.1 3,333.6

The modes 2 and 3 are shown in Fig.6. The natural
frequencies obtained analytically and by FEM are shown in
Table. 1.

B. Stator Radial Deformation

The amplitude of vibration displacement of mode r can be
calculated as [2]

A =132R—aR°32Prf by 5)
E.h (r2 —1)
" at : ) 6)
J(l‘frj (2]
e =$(2.7ex10‘5 f, +0.062) )

where R, is the stator bore radius.
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Fig. 7. Radial deformation at the external stator surface.
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Fig. 8. Sound power level at the external stator surface.

The vibration velocity for the mode r is:
V,=2zf A 8)

Fig. 7 shows the maximum radial deformation at the
external stator surface. It can be seen. that the deformation at
the frequency f =1,000 Hz is important despite the low value

of the corresponding ‘harmonic pressure as this frequency is
near to the natural frequency of'the second mode [see Fig. 5].

C. Acoustic:-Model

The radiated sound power from the stator outer surface for
mode m can-Calculated as [2]

v 2
W, (f) =poCoScor (Trz\] ©)

where S, =zR, L, is the stator outer surface with R, the
radius of the external stator surface and L, the axial length of
machine, p, =1.188 kg/m? the air density, c, =344 m/s the
sound speed in the air-gap, and o, the modal radiation efficiency.

The sound power level (SPL) at frequency f is

L, (f)=100gy, (ZVWL (10)

r 0

with W, =10"W the reference sound power.

Fig. 8 shows the SPL radiation. On can see the tow pick at
500 Hz and 1,000 Hz, which are correspondingto the second
mode. The pick at 750 Hz has less magnitude as the natural
frequency at this mode is greater (i.e., f, =3,333.6 Hz).

IV. CONCLUSION

An analytical model has been/developed:to’determine radial
deformation and electromagnetic noise in STPMMs. The
magnetic pressure has been calculated by using the 2D E-SD
technique in polar coordinates: Then, the harmonics of magnetic
pressure are used to.estimate the generated displacement and
noise. The obtained results are validated by FEM.

The_coincide of the harmonic pressure frequency with the
natural frequency of the corresponding mode can generate
important deformation indeed important SPL. Furthermore,
the electromagnetic noise is important in high-speed machines.
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