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Abstract:

IPM (Interior Permanent Magnet) motors produce torque based on two different mecha-
nisms. The first of them is permanent-magnet torque, which is generated by the flux
linkage between the PM (Permanent Magnet) rotor field and the electro-magnetic field
of the stator. It is the same torque as produced by SPM (Surface Permanent Magnet)
motors, however, IPM designs produce another force known as reluctance torque. The
second one, the shape and location of the slots in the rotor laminations are designed to
channel magnetic flux so that even if the slots were left as air gaps, the rotor would
experience a force to align the magnetic flux lines with those generated by the stator
coils. IPM motors are now very popular in industrial and military applications by
providing high power density and high efficiency compared to other types of motors.
This paper presents the use of finite element method harmonic analysis for investigation
of IPM motor acoustics noise. This method is useful for DC (Direct Current) motor de-
signs in many industrial and military applications.
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1. Introduction

These days’ trend is fastening the production rate while lowering the costs. This, of
course, places high demands on the dynamic characteristics that affect overall machine
behaviour. When lowering the costs, the manufacturers lighten the construction of the
motor, which reflects on lowering its main frequency down to such values where it is
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much more probable that it will match the frequency of the induction signal. It causes
vibrations, which lowers the quality of machining of the product and may even cause
some damage to the machine. Last, but not least, the vibrations produce noise making
the work with the machine unpleasant. Fig. 1 illustrates the various sources of noise
generation in electric motors.
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Fig. 1 Various sources of noise generation in electric motors

Resonation is a result of a forced oscillation, when the inducing frequency
matches the own frequency of the system. This resonation results in a distinct oscilla-
tion amplitude increase, which may have fatal impact on the systems lifetime. There
are also applications where the resonation is welcomed and we try to achieve it, how-
ever the process of designing or measuring a machine is not the case.

The modal analysis is a dynamics discipline, which uses the possibility of de-
composition of a complex oscillating system into partial modal (also own)
contributions for describing the oscillation characteristics and oscillating behaviour of
engineering constructions (or more precisely their parts). Each contribution is charac-
terized by modal frequency and modal shape of the oscillation [1]. The knowledge of
these data helps to avoid collisions even in the phase of designing of the construction.

If the inducing frequency matches the own frequency of the construction, the res-
onation will occur and the machine could be badly damaged due to it. Modal analysis
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is also the base for some other analyses such as harmonic, transient or spectral analy-
sis [2].

Harmonic analysis studies the response of a construction weighed by a harmonic
induction signal. Harmonic analyses are used to determine the steady-state response of
a linear structure to loads that vary sinusoidally (harmonically) with time, thus ena-
bling us to verify whether or not the designs will successfully overcome resonance,
fatigue, and other harmful effects of forced vibrations [3].

Fig. 2 illustrates generation of vibration and noise in multiphysics system.
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Fig. 2 Generation of vibration and noise

Estimation of noise and vibrations of electrical machines requires creating com-
plex models with which to estimate the level of noise for given geometry, supply and
load parameters. The model is composed of three main parts: electromagnetic, me-
chanical and acoustic.

2. Noise sources in Electrical Machines

There are three main types of sources:
1) Mechanical
2) Electromagnetic
3) Aerodynamic

2.1. Mechanical Sources of Noise

The first of the mechanical influences of noise is an angular and parallel shaft misa-
lignment. Shaft misalignment produces a mechanical vibration with the frequency
according to:

ey

where n  is the shaft speed in rev/s.



226 P. Vyroubal, J. Maxa, T. Kazda and M. Macdk

The second influence is dynamically unbalanced rotor. The cause may be unbal-
anced rotor, bent shaft, eccentricity, rubbing parts etc. These factors produce a
vibrating frequency of once per revolution or multiple of the no. of revolution per
cycle, according to:

f, =kn

where n, is the shaft speed inrev/s and k =1,2,3....

The next important factor is the loose stator stack. Loose stator lamination results
in the following vibration frequency with the frequency side bands of 1000 Hz. It can
be described as:

Jim =21 @
where f is the line frequency.

Other factors that influence the noise: stator stack related noise could be reduced
by impregnation (encapsulation) of the stator stack, bearing noise and roller bearing.
Rolling bearing generates mechanical impulses when the rolling element passes the
defective groove, causing small radial movement of the rotor. The frequency at which
the defect in the outer race causes an impulse when the ball or the roller passes the
defective are of the race, according to:

£ :%nm (l—%cosaj, 3)

where D is the pitch diameter, N, in the number of rolling elements (balls), d, is the

ball diameter and ¢ is the contact angle of the rolling element.

2.2. Electromagnetics Sources of Noise

A possible source of electromagnetic noise is:
e Phase unbalanced
e Slot opening
e Input current waveform distortion
e Magnetic saturation
*  Magnetostrictive expansion of core laminations
¢ Unbalanced magnetic pull
e Torque pulsation

Static and dynamic eccentricity error produces unbalanced magnetic pull result-
ing in bending of shaft. It reduces the mechanical stiffness of the shaft and first critical
speed of the rotor due to increased magnetic pull. The consequence is unbalanced
force due to diametrically asymmetric disposition of the stator slots and coils. The
solution is the proper selection of slot/pole combination number will help in reducing
the unbalanced magnetic pull.

Cogging torque of electrical motors is the torque due to the interaction between
the permanent magnets of the rotor and the stator slots of a Permanent Magnet (PM)
machine. It is also known as detent or 'no-current' torque. This torque is position-
dependent and its periodicity per revolution depends on the number of magnetic poles
and the number of teeth on the stator. Cogging torque is an undesirable component for
the operation of such a motor. It is especially prominent at lower speeds, with the
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symptom of jerkiness. Cogging torque results in torque as well as speed ripple; how-
ever, at high speed the motor moment of inertia filters out the effect of cogging torque.

There are some ways to reduce cogging torque. As the most interesting seems to
be the shaping of the stator slots. There are some useful shapes of slots, e.g. bifurcated
slots (Fig. 3a), empty (dummy) slots (Fig. 3b), closed slots (Fig. 3c) and teeth with
different width of active surface (Fig. 3d).

a)

Fig. 3 Different shapes of stator slots for cogging torque reduction

The next way is the shaping of permanent magnets. Decentred permanent mag-
nets with bifurcated stator slot can help in reducing the cogging torque without much
sacrifice of back-electromagnetic field. Decentred PMs with bifurcated stator slot can
help in reducing the cogging torque without much sacrifice of back. Magnet may re-
quire a polygonal cross section of the core. In Fig. 4 the influence of decentred

permanent magnets is shown.
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Fig. 4 Shaping of permanent magnet for cogging torque reduction

There are many factors that further affect the generation of noise caused by elec-
tromagnetic forces. Proper design of the motor can suppress some of these influences.
However, we never completely get rid of these influences. This is due to the produc-
tion process. Computer simulation appears to be a good tool for designing a specific
solution.

2.3. Aerodynamics Sources of Noise

Aerodynamic noise refers to the noise generated by unsteady flow. It is also called
aeroacoustics or flow noise. The aerodynamic source of noise is represented by the
cooling system, meaning the airflow or the water circulating on the machine’s housing
or water jacket.
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3. Mathematical — Physical Model

3.1. Model of Electromagnetic Field

As the first part of presented model, the electromagnetic model is responsible for de-
termining the electromagnetic excitation of the mechanical structure. It is assumed that
only the radial component of magnetic force applied to the stator causes the crucial
stator deflections and noise emission [4].

The inducing harmonic force is given by the strength of the electromagnetic field,
which emerge on the motors stator, respectively by the forces’ real and imaginary part
transport [5]. When solving non-stationary (changing in time) electromagnetic field, it
is necessary to use full-length Maxwell equations, whose fundamental form in the
differential form is:

r0tH=J+%—]t), rotE=—%—l:,divD:0,divB:O, @)

where H is the vector of magnetic field [A/m], D is the vector of electric induction
[C/m?], E is the vector of intensity of electric field, B is the vector of the magnetic
induction [T], J is the vector of current density [A/m?].

The continuity equation is in the following form:

divJ +6_p =0, 5)
ot
where p is the volume density of a free charge [C/m?].

3.2. Model of mechanical deformation

For the mechanical deformation, the model for the linear theory of elasticity applies:

F +0IT =0, (6)
where T are the components of the stress tensor, which are a linear combination of
components of the deformation tensor and F, is the total volume force expressed as:

o’u
Fs:.f()+f+pa_2’t|:|(0’T)"xDQs’ (7)

t
where p pis the density of the material in specific state of the element and u is the
vector of displacement, ¢ is the time. Force f represents the vector of volume forces.
Relative volume force f formed only by current and magnetic fields is expressed as a

vector product:

f=JxB. @®)

3.3. Model of Mechanical Oscillation
Forced oscillation can be described by a motion equation, where its right side repre-
sents the induction force that changes in time:

0’q . 0q
MZLyBX v kg=F@), 9
ar 3 q ®) ®
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2
where a—? is the acceleration vector, 6_q is the velocity vector, g is the position vec-
t t
tor, M is the mass matrix, B is the matrix of damping, K is the stiffness matrix and F(¢)
is the vector of harmonic excitation forces.
After several mathematical modifications [6], we will receive the formula for the

amplitude of a forced oscillation dependant on the frequency of the inducing force:

fa= d ; (10)

) (2]

where b, is the damping, w is the angle velocity, a is the own angle frequency of
non-dampened oscillation.

b =—. an

3.4. Model of Acoustic Noise

In acoustic fluid-structural interaction problems, the structural dynamics equation must
be considered along with the Navier-Stokes equations of fluid momentum and the flow
continuity equation. The final form of acoustic noise equation is reduced to the follow-
ing inhomogeneous Helmholtz equation [7] and [8]:

o el )2
Py Lo 30, (P Py 3, (P,

where w= 27F and fis the frequency of the pressure oscillations, j is the imaginary
unit, (/ is the dynamic viscosity of fluid, p is the acoustic pressure (p(x,y,2,)), po is the
fluid density, c is the speed of sound in fluid and Q is the mass source.

4. Results and Discussion

ANSYS Maxwell uses the Finite Element Method (FEM) to solve Maxwell’s elec-
tro-magnetic field equations. In order to obtain the set of algebraic equations to be
solved, the geometry of the problem is discretized automatically into basic platonic
solids (e.g. Triangles in 2D & Tetrahedrons in 3D).

The assembly of all tetrahedrons/triangles is referred to as the finite element
mesh of the model or simply, the mesh. The model of IPM motor was created using
ANSYS Maxwell software. All pre-defined parts were designed in RMxprt. Model of
the motor is showed in Fig. 5; the driver circuit is in Fig. 6.

Tab. 1 contains the basic parameters of the motor and the parameters for transient
analysis.

The transient analysis was created for the investigation of currents for each phase
of the IPM motor. Fig. 7 shows Winding currents vs. time.

Fig. 8 shows the stator shape used for harmonic and acoustic analysis
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Fig. 5 1/4 of IPM motor 3D FEM model.
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Fig. 6 Driver circuit for IPM motor.
Tab. 1 Motor parameters.
Source type DC
Rated output power 750 W
Rated Voltage 120V
Rated speed 2200 rev/min
Operating temperature 75 °C
Stop time 0.04 s
Time step 0.0002 s
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Fig. 7 Winding currents vs. time.

Fig. 8 Stator shape used for harmonic and acoustic analysis.

Harmonic analysis examines the construction response to a stress from harmoni-
cally induced signal. In this case, the induced signals’ frequency was examined in the
range from O Hz to 3000 Hz linearly spread into 50 steps. As a result, we obtained
radial and tangential components of deformation of stator in specific frequency [6-8,
10].

The relation between the amplitude of forced oscillations and frequency is called
the amplitude-frequency characteristics. Similarly, the relation between the change of
phase shift (in dampened systems) and frequency is called the phase characteristics.

These characteristics are considered as a base when working with mechanic sys-
tems. Amplitude and phase characteristics applied on one stator tooth are shown in the
following Fig. 9 (phase angle) and Fig. 10 (amplitude).
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Fig. 11 shows radial and tangential deformation on the stator. Similarly Fig. 12
shows radial and tangential stress.

Directional Deformation
Type: Directional Deformation(X Axis)
Frequency: 100, Hz
Sweeping Phase: 0,
Unit:m

Directional Deformation 2

Type: Directional Deformation(Y Axis)
Frequency: 100, Hz
Sweeping Phase: 0, *

Unit: m
Coordinate System Coordinate System
15022017 10:17 15.02.27 1018

1,1819e-8 Max 1,3961e-7 Max
-4,4635¢-9 117417
-2,0746e-8 95209-8
-3,7028e-8 7,301e-8
5,3311e-8 5,0812¢-8
-6,95%¢-8 2,8613¢-8
-B,3876e-8 641260-9
1,0016e-7 o .1,5784¢-8
-1,1848e-7 -3,7982¢-8
1347267 -6,0181e-8
-1,5101e-7 -6,238e-8
167207 -1,0458e-7
-1,9357e-7 -1,2678e-7
-1,9985¢-7 -1,4898e-7
-2,1613e-7 Min

-1.7117e-7 Min

Fig. 11 Radial and tangential deformation by 100Hz

In a specific moment, we can find areas where more oscillating points cluster and
as the opposite, we can find areas with lower molecular density. In gases and liquids
these are the places of higher and lower pressure.

This thickening and dilution relates to the change of total static air pressure. In

the next figure, the total static pressure is marked out as a sum of the mean barometric
pressure and acoustic pressure.
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Fig. 12 Radial and tangential stress by 100 Hz

Fig. 13 shows the acoustic pressure on the cross section of the surrounding envi-
ronment.

Acoustic Pressure
Exprassion; PRES
Frequency: 3000, Hz
Sweeping Phase: 0,*

15.02.2017 10:08

0,0087204 Max
0,0075605
0,0064007
0,0052409
0,004081
0,0029212
0,0017613
0,00060147
-0,00055637
00017182
-0,0026781
-0,0040373
-0,0051978
-0,0063576
-0,0075174 Min

Fig. 13 Acoustic pressure by frequency of 3000 Hz

There is a view of the acoustic pressure by the frequency of 3 kHz. Fig. 14 shows
the sound pressure level of noise vibrations in the cross section of surrounding envi-
ronment (the frequency of 3 kHz).

Acoustic SPL

Espression: RESI7S
Frequency: 3000, He
15.02.2017 10:10

55,083 Max
51,34
47597

Fig. 14 Sound pressure level (SPL) by frequency of 3000 Hz
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5. Conclusion

The harmful effects of noise on human have led numerous developed countries to
apply some legislative steps, resulting in lots of laws, standards and other legal regula-
tions which protect people from excessive noise and vibrations in the field of
municipal hygiene, and in workplaces.

When electrical rotatory machines are running, they always produce noise related
to the movement of various parts of the machine. For electric rotatory machines, we
divide the noise into three groups: electromagnetic, mechanic and ventilating consider-
ing their origin.

Electromagnetic noise takes its form in the frame shaking or the shaking of an-
other part of the machine caused by electromagnetic forces, while the frequency
spectrum is discrete. Mechanic noise has a mixed character, since it is caused by bear-
ing or imbalance of rotating parts of the machine. Ventilation noise is caused mainly
by the running of the ventilator of the machine and by the cooling air passing through
its cooling gap.

When using appropriate analytical and numerical computing programs and using
the finite element method, it is possible to lower the pulsation of the torque momen-
tum to minimum.
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