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Introduction

Since Ferraris discovered the idea of the induction motor, this type of mo-
tor has been proved as the most reliable, simple, robust and maintenance-
free electrical motor. It had, however, one incompleteness, namely the
speed can be changed only in complicated ways. The ever-increasing de-
mand for automated drives, the demand for controlled saving in induction
motor drives motivated experts to find new solutions. The fast develop-
ment of the power electronics made the speed variation possible. But, un-
fortunately, the generous solution, the introduction of the frequency con-
verter is accompanied by several unwanted side effects like increase in au-
dible noise, vibration, additional losses and torque pulsation, etc. This fact
is a new challenge for the specialists working in the field of noise and vibra-
tion of electrical motors. In this paper, some details will be investigated,
how the vibro-acoustic feature of the induction motor changes in variable-
speed a.c. drives.

Types of Frequency Converters and the Harmonic
Contents of their Output

Most of the modern variable-speed a.c. drives use static converters with
intermediate d.c. links and squirrel-cage induction motors. The output
voltages and currents of these converters are rich in time harmonics, which
detrimentally affects the motor performance.

There are two main types of d.c. link inverters, namely the current
source inverters (CSI) and the voltage source inverters (VSI). Both CSIs
and VSIs can be classified further into two types: the simple inverters with
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variable d.c. link voltages (VVSI) and variable d.c. link currents (VCSI),
respectively, and inverters with constant d.c. link voltages and constant d.c.
link currents, respectively, called pulse width modulated inverters (PWM).
Each of these inverters has different output characteristics and different
effects on the motor performance.

The electromagnetic noise of an inverter-fed induction motor is
strongly influenced by the spectrum of the output voltage/current of the
inverter. This statement is valid, irrespective of the type of the inverter,
and is only increased by the fact that the magnitude of the induction motor
load has a negligible effect only on the magnitude of the time harmonics.

The calculation of the electromagnetic noise and vibration requires the
harmonic analysis of the voltage/current supply of the motor in any case.
Owing to the numerous individual and often ingenious solutions within the
scope of the previously mentioned inverters, this frequency analysis has to
be made for each inverter again and again. The expanding in Fourier series
is used generally. So, in the following only the general character of the
spectrum of the inverter output voltage and current will be presented.

Fig. 1 shows the schematic block diagram of a simple CSI. The ampli-
tude of the output current is changed through the first converter, through
the controlled rectifier.
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Fig. 1. Block diagram of a simple CSI

The frequency is changed through a d.c./a.c. converter. The machine
currents contain besides the fundamental components also time harmon-
ics. The frequency of the harmonic current and, consequently, the angular
frequency of the rotating magnetic field, is

fo=vfi and w, =vw, (1)

where v is the order of the time harmonics, v = 6k + 1 with &k = O,
+1,42,..., fi1 and w; are the frequency and the angular frequency of the
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time fundamental wave. The harmonic fields with & > 0 rotate in the same
direction as the fundamental magnetic field, while those with & < 0 rotate
in the opposite direction of the fundamental. The magnitude of the time
harmonic currents does not depend on the motor parameters in the case of
CSlIs.

The simple VSI output is a variable amplitude square wave voltage
produced by an arrangement shown in Fig. 2. It must be mentioned that
the switching time in the case of voltage source inverters is very small
(much smaller than the switching time at CSI where it has already been
neglected) and it may be ignored.
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Fig. 2. Block diagram of a simple VSI

The amplitude of the output voltage here is also changed through
the controlled rectifier, but the frequency is changed through the d.c./a.c.
converter.

The magnitude of the stator current harmonics depends on the ma-
chine parameters. The well-known equivalent circuit per phase of an induc-
tion motor (see. Fig. 8), operated from constant frequency and constant
voltage supply is valid also for the fundamental components of voltage and
current where the motor is supplied by an inverter. The parameters can be
determined from the motor design data or by using experimental methods.
For all the time harmonics, R, and the main magnetizing field reactance
(vw1Lm) can be neglected. The slip of the vth time harmonic can be writ-
ten in the following way:

vwy - . l-s
,s,,=—w—l-—wa, with w =wi(1/s1), s, =1~- L.
14%%] v

(2)

Since v grows rapidly, the harmonic slip s, can be approximated by s, = 1.
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Fig. 8. Equivalent circuit of the induction motor for the fundamental harmonic

For the time harmonics with |k| > 2 the calculation error is below 1
per cent at VVI, when a simplified equivalent circuit composed of a pure
inductance L; might be employed to calculate the harmonic currents (see

Fig. 4).
jvesly = jyoslegy + juw,leg
o SRR R

Fig. 4. Equivalent circuit of the induction motor for the high-order time harmonics

The pulse width modulated inverters (PWM) are inverters with con-
stant d.c. link voltages or currents, respectively. Fig. 5 illustrates the
schematic block diagram of the pulse width modulated voltage source in-
verter. The control of both the amplitude and frequency of the output volt-
age is only achieved in the d.c./a.c. converter block. By this method, the
ratio of the fundamental a.c. harmonic to the d.c. voltage can be changed.
With this decreased ratio, the relative harmonic content of the inverter
output voltage will increase.

The harmonic analysis of the PWM inverter output voltage/current
is difficult, because there are many variations in the control strategy.

The voltage/current spectrum of the PWM inverters depends on prin-
ciples subordinated to various optimum criteria. These principles may in-
clude - for the given fundamental harmonic voltage/current — e.g. the min-
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Fig. 5. Block diagram of a PWM VSI

imization of the r.m.s. value of the harmonic content, the elimination of
lower-order harmonics, but there are more complicated criteria as well. In
each case optimization is achieved by the proper choice of commutation
instants of the inverters. The selected optimum criterion, however, has
a great impact on the particular quality properties of the drive, e.g. the
losses due to the harmonic currents, torque pulsation and speed fluctuation,
noise and vibration. While the appropriate loadability requires significant
reduction of losses in the full speed range, the decrease of torque pulsation,
speed fluctuations and the reduction/elimination of lower-order harmonic
pulsations, vibrations and noise are important only at low speeds.

The common character of the output signals in inverters can be
demonstrated in the following way:

u, (2) Uy U,

or = % or 1 f(m), - sin(vwit) = Z or -sin(vwit), (3)
. ™ v %
1y(t) v Id v Iy

where Uy and I; are voltage and current in the d.c. link, f(m), is the
modulation function for the vth harmonic taking the pulse modulation
strategy into account. f(m), has to be determined for each variation of
the PWM inverters separately, U, and I, are the magnitudes of the voltage
and current time harmonics. In the case of simple inverters the modulation
function equals one.
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Field Analysis and Radial Force Waves in
Squirrel-Cage Induction Motors

Each time harmonic current induces space harmonics in the air gap of the
inverter-fed induction motors due to the slotting of the stator and rotor
and due to the eccentricity.

The peripherical distribution of the time harmonic mmf waves cor-
responds to the distribution of the time fundamental, but the angular ve-
locity is vwi. The amplitude of the time harmonic mmf waves is inversely
proportional to the order of the time harmonics. As the amplitude of the
electromagnetic force waves varies with the square of the voltage/current,
the space harmonics due to the time harmonic currents must only be taken
into account when the amplitude of the time harmonic currents is greater
than 70 per cent of that of the time fundamental. If the relation 0.3 <
I,/I; < 0.7 exists, then the space harmonics of the current time harmon-
ics, being small in second order, can be neglected. If, however, the time
harmonic current is smaller than 30 per cent of the time fundamental, even
the space fundamental of the time harmonics can be neglected when cal-
culating the electromagnetic noise/vibration.

When the motor is assumed to be symmetrical electrical and mag-
netical and the local saturations are neglected, the instantaneous value of
the flux density harmonics in the air gap of an inverter-fed induction mo-
tor (with slotted stator and rotor) can be written in the following way as
the real part of the complex flux density wave:

buv(z,t) = ZZ B, - cos(upz — vwit) , (4)
UV

where p is the pole pair number of the motor, z is the space coordinate
along the centre line of the air gap, p is the order of the stator space
harmonics (¢ = 2mg+ 1 with g =0, £1,£2,...).

It is worth dividing this twofold Fourier series into two groups. Firstly,
because of their importance, one can take the space fundamental (g = 1)
of all the time harmonic currents (see in Fig. 6 marked with z). The flux
density has the following expression:

bu=1,(z,t) = Z E,;Lu - cos(pz — vwit) (5)

The amplitude of these harmonics can be written as:

B, =™Ky Fuw | po
H= pw Fm,air gap 6gkc1kc2 ’

(6)
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Double space harmonics when S,=36, p=3
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Fig. 6. The by, field when p = 2mg+ 1 =69+ 1 (if m = 3), us1 = 1 4+ g51/p,
g=0,21,%£2,...,v=6k+1,k=0,%£1,42,...

where I, is the peak value of the vth time harmonic stator current, m is the
number of phase, N; is the number of turns in one stator phase winding,
K, is the resultant winding factor for the space fundamental harmonic on
the stator, Fiy tot is the total mmf summed up in the magnetic circuit of the
motor, Fin air gap is the mmf on the air gap, §, is the radial air gap dimension
between the cylindrical surfaces of the stator and rotor limiting the air gap
and k¢ and ko are the Carter factors for the stator and rotor, respectively.

The flux density space harmonics in the air gap are forming the sec-
ond group (g # 1) These space harmonics are caused by slotting, and in-
clude the so-called winding and slot harmonics. Here one has to take into
consideration the space harmonics of the time fundamental mmf wave and
the space harmonics of the mmf time harmonics (taking the aforesaid re-
stricting remarks into account). The flux density space harmonics can be
expressed as:

bugiw(z,t) =35 Bz, - cos(upz — vwit) . (7
u v

The amplitude Bu;g],u can be written generally in the following way:

B . _ mjuNlKu . Fm,tot . Ho
K upm Fm,air gap 6gkclkc2 ,
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where K, is the resultant winding factor for the pth space harmonic on
the stator.

When the winding and slot harmonics are existing simultaneously
having the same order (i = yg) with g = 2mg+1, gs1 = 14 ¢'S1/p (where
g and ¢’ are different values of g), then the amplitude of the flux density
space harmonic is the resultant of the two amplitudes. Computing this
resultant amplitude, one has to distinguish between the space harmonics
of the time fundamental and the space harmonics of the time harmonics. If
v =1, and 2mg = ¢'51/p (see Fig. 6 marked with ), then the amplitude
can be approximated by the following expression:

: =mN_m | o pe
Busper = T i \/A? + B2 + 24B cos ¢1 , (9)
where
A= Ile . Fm,tot
24 Fm,air gap
and .
21 ol =
B=—(-1) - ——m,—I-{-B + ke - sin- (g"fr-kl——-l—> .
gmw ke

where I is the fundamental harmonic of the stator current, ¢, is the phase
angle belonging to I; and I is the peak value of the magnetizing current
(can be approximated by the no-load stator current).

For the time harmonics (v # 1), when 2mg = ¢'S1/p (see Fig. 6
marked with A) the amplitude of the space harmonics can be approximated
by the following expression:

N mNq J7n { I, Iv}

Buttomr = = ok +

T I (10)

The voltages induced in the rotor winding by the b, , stator flux density
harmonics give rise to the rotor mmf waves which cause the rotor flux
density space harmonics. (That means the so-called rotor rest fields caused
by the stator space harmonics will be neglected.) The rotor flux density
space harmonics can be written in the following way:

byu{z, t) = ZE By, - cos(Apz — wut) , (11)
A v

where A is the order of the rotor flux density space harmonics (in the case
of squirrel-cage rotor A = 1 + gS2/p), wy, is the angular frequency of the
rotor space harmonics.

wyy = w1y + gS2(1 - s1)/7)
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and the amplitude can be approximated as follows:

- mNy Ko ij,\ 221/Kp ; ko —1
= . . —(-1)G - X2 L, Jee T -
BA’V oy 5gkc1kc2 A ( )G am <2 sm(gﬂ' keo )
(12)
If there is the time fundamental wave (v = 1), then
B/\V_l_w.__@__.1/g2+pz, (13)

where C + éfg?—l—K—* and D = —2-—1’;7}{1’- “keo -sin(gvré—‘;g—l).

The flux density space harmonics of the rotor due to the rotor eccen-
tricity are found as:

bie,(z,t) = Zz Bye, -cos[(Mp £ 1)z — wye,t)] (14)
Ae ¥ )

where w),, is the angular frequency of the rotor flux density space har-
monics due to the rotor eccentricity, wye, = wi[v + (gS2 £ 1)(1 - s1)/p]
and the amplitude can be written in the following way:

m AN KOK e
Apﬂ- (6gkcl kcz)z ’

BAe,u = —(_1)9 (15)

where e is the eccentricity of the rotor.
The resultant air gap flux density can be expressed by the following
groups of harmonics:

b= by:l,u + by:;&l,l/ + b/\,z/ + bAe,V . (16)

Radial Electromagnetic Forces in Inverter-Fed
Induction Motors

The radial force acting per unit surface area (the radial tensile stress) can
be calculated according to Maxwell’s law:

p(a:,t) = b2($1t)/2y'0 ’ (17)

After substituting all flux density components and calculating the radial
tensile stress components one can get an infinite number of radial force
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waves. Any component of the force wave, acting over a unit area, may be
written in the following form:

p(z,t)r = P, cos(rz — wrt) , (18)

where 7 is the mode number of the force wave, w, is the angular frequency
and P, is the amplitude of the rth force wave.

At the squares of the flux density waves, the mode number and the
frequency are equal to zero or double the order and frequency of the flux
density wave, the amplitude is the square of the flux density wave amplitude
divided by 2po. In the case of mixed products of the constituting flux
density waves, the mode number and the frequency of the force wave can
be calculated as the sum or the difference of the orders or frequencies of
the constituting flux density waves. The amplitude of the force wave is the
product of the flux density wave amplitudes divided by 2up. In order to
get an easy survey, the mode numbers and frequencies of all the force wave
groups are listed in Table 1.

Table 1

The mode numbers and frequencies of the electromagnetic force wave components
Constituting flux Mode number Frequency
density waves (r) (fr)
bi Ly 0or2p Zor2vf
b‘#1 v 0 or dmgp + 2p % or 2vf
bA” 0 or 295, + 2p Qor 2fi{v +g852(1 — s1)/p]
bAeu 0or2gSy+2p+2 Qor2fifv+(gS2 £ 1)(1 - s1)/p]

2b#-—1,ubp’?r"-1,u'
pr#l,x/bu’¢1,y’
QbA,ubA,’u’
2b)«z,x/b/\e,’u’

2by=1,0bp21 0
2bp=1,0b2p
2by=1,0bre
2bp1 000 0
2bu21,000e,0
2bx,pbxe,w

0or2p
2mp(g+g')+0or2p
Sa(g+g')+00r2p
S2(g£g¢") + (0or2p)
+(0or £2)

p(2mg + (0or2)

gSy +0or2p

g5y +0or2pt1

Sy £2mg'p+0o0r2p

gS2 £ 2mg'p+0o0r(2p % 1)
Oor(2¢S2+2p+1)

fil6(k 2 k') +00r2
Al6(k £ k') +00r2]
fA,u * f)\,'u’

f)\e,u * fAe,’u'

fi
fi
filgS2 £ 1(1 — s1)/p+ Oor2v]
f1lgS2(1 = s1)/p + Oor 2v]

filgS2 £ 1(1 — s1)/p + Oor 2v]
fl[sz(l 31)(9:*:9 YE(1 - 51)+00r2u]

6(k+ k') +0or2]

[
[g52(1 — s1)/p+ Oor2v]
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The positive sign of the force mode number means that the force wave com-
ponent rotates in the same direction as the rotor does, while the negative
sign means that the force wave component rotates in the opposite direction.

Based on theoretical considerations and practical experience, the force
waves classified dangerous in terms of vibration or noise can be selected
on the basis of their mode numbers and frequencies. The low and medium
power induction motors have proved to be extremely rigid to force waves
with mode numbers over 6. Therefore, one can neglect the analysis of force
waves having mode numbers over six. At high-power induction motors this
mode number limit can go up to 8. By experience, the frequency range of
200 Hz ... 5000 Hz must be considered as dangerous for noise, and the
frequency range of 10 Hz ... 2 000 Hz for vibration.

A strong selection can be made in the infinite large set of the force
wave components based on these mode number and frequency stipulations.
It is marked with a single underlining when a force component can be
neglected due to the mode number stipulation (the mode number is too
high) and with a double underlining when a force wave component can
be neglected due to the frequency stipulation (the frequency is out of the
given frequency range). So it can be stated that the following terms are
dangerous as to noise/vibration generation:

Z[_AB;ZI:LV/ZM)] ~cos(2pz — Zvwit)

14

> > [Bu=14Bu=1,t/ o] — cos[6(k — &')wnt] ,

vyl
ZZ[B”:LV‘AB#:LV//ILQ] — cos—2pz — [6(k + k') + 2Jwit—,
vyl
S SN [Buz1Bay/ ) — cos—[gSy — 2mg'pla—

IS U 4

~[gS2(1 = s1)/plwnt—,
>3 > [Bug1,uBay/mo] — cos—[gSz + 2mg'p + 2p]e

TS
— [gS2(1 = s1)/p + 2v]wnrit— ,

> 3> [Buz1wBaew/ o] — cos—[gSz — 2mg'p — 1]e

b Qe V
— [(gS2 — 1)(1 = s1)/plwit—,

> 3TN [Bugiw Brew/ o] — cos—[gS2 + 2mg’p + 2ple
K o de Vv

—[(gS2 — 1)(1 — s1)/p + 2v]wit— . (19)



268 P. L. TIMAR

The triple summing up suggests a frighteningly long calculation process.
However, in practice and taking the magnitude stipulation related to the
time harmonics (presented previously) into consideration the number of
the time harmonics and their space harmonics to be considered is limited.

After analyzing the mode numbers of the force waves collected, one
can conclude that the time harmonic currents due to the inverters do not
generate new mode numbers compared to the work of the motor supplied
purely sinusoidally. But there are many new force wave components with
different new frequencies. In the case of sinusoidal feeding the square of
the fundamental wave has a frequency equal to 2fi, so it is dangerous
in terms of vibration only. Now, the frequency of the bﬁzl)y component
is 2vfi already inside in the frequency range of the audible noise. The
bu=1,,bu=1, mixed products, unknown in the case of induction motors fed
purely sinusoidally, are dangerous both in terms of vibration and noise.
The by, by and b, by, mixed products are traditionally dangerous in terms of
noise and vibration. However, in the case of inverter feeding they have new
force components with new frequencies characterized by the new member
v in the expression of the frequencies.

Vibration of Electromagnetic Origin

Previously, the radial force waves acting on the rotating electrical machine
have been determined and found to be waves of different mode numbers
and different distribution in the air gap round the periphery. These waves
propagate with different angular velocities round the rotor in the same or
opposite sense as the rotor rotates, acting both on the stator and the rotor.
With the exception of the bending force wave of mode number n = 1, all
exciting forces result in a more significant deformation of the stator. For
n = 1 the rotor seems to be more flexible. Bending forces of mode number
n = 1 present the greatest problem in high-power rotating machines with
a flexible rotor and large bearing span. (A rotor is called flexible if its first
critical speed is below or just above the rotational speed of the rotor.) It
may be mentioned that in the literature there are published some approx-
imative formulas for the determination of the first critical rotational fre-
quency of the most common low and medium power machines.

Any force wave of frequency fn and mode number n gives rise to a set
of vibrations of order j and frequency fn in the rotating electrical machine.
The magnitudes of vibration components depend on the geometric dimen-
sions of the machine, the magnitude of the exciting force, the difference be-
tween the frequency fn of the exciting force and the resonance frequencies
fres,j of the machine and on the damping conditions inside the machine. If
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the frequency fr is close to or equal to any of the resonance frequencies of
the machine, then resonance occurs, which results in dangerous vibrations
and a substantial increase in noise.

The rms value of the vibrational velocity produced by a force wave
with the amplitude 7,, frequency f» and mode number n is found as

fnZHan ) (20)
7

where H; is the system function of the electrical machine as a vibrating
mechanical system.

The system function H; represents the relationship between the force
acting upon the system and the vibration deformation excited by it. It
is split into two components, as commonly found in the literature. One
of them, Hj static, contains the geometrical dimensions of the machine, the
quality of the material and the mode number j. This component provides
the deformation for the case where the mode number of the exciting force
n equals the mode number of deformations j and the frequency is f, = 0,
i.e. the deforming force will not vary in time. The second compomnent
H; dynamic depends on the distance between f, and the mechanical reso-
nance frequency fres ; (characteristic of the vibration mode number j), and
on the internal damping conditions. This H;dynamic component is some-
times referred to as the magnification factor and has the form:

Him = L , (21)

\/[1 s (fn/fj,res)2]2 + 4D2(fn/fj,res)2

where f; es is the resonance frequency of the machine for the vibration
mode j, and D is the inner Lehr’s damping factor. The computation of
the two components of the system function H; can be found in relevant
Literature.

It is worth noting that the vibrating capability of the machine im-
proves with increasing sizes and that the mechanical resonance frequencies
become lower, which makes the resonance frequencies of higher mode num-
ber appear within the audible range.

The main source of the damping D is the frlctlon on the contacting
surfaces of the winding and the laminated core. The theoretical determina-
tion of damping is extremely complex, therefore it is often derived exper-
imentally. For induction motors the value of D is usually approximately
0.01-0.03.

The coincidence of the frequency of the exciting force and the me-
chanical resonance frequency of the machine results in resonance. This
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may occur in static operation at constant speed or may even occur in tran-
sient operation. The equation of the frequency of the electromagnetic ex-
citing forces, in the induction motor, for instance, shows that the value of
fn changes linearly with the speed. Therefore, resonance may occur in the
acceleration period in cases where the mechanical natural frequency of the
machine in steady-state operation is much lower than the frequency of the
exciting force. In other words, the smoothly running machine might ‘roar
up ’'during the acceleration period. This transient resonance may show up
under other types of {ransient operating conditions, like reversing, or in the
generator braking mode of multi-speed motors. This problem gets more
importance from day $c day and, therefore, it will be necessary to investi-
gate it more thoroughly in the future.

Sound of Blectromagnetic Origin

The sound power with the frequency of fn, emitted by the electrical ma-
chine into the environment, can be calculated with Eq.(22):

an = PCG‘V}?’nSra.d » (22)

where p is the density of medium, c is the speed of sound in the medium
(the value of pc for room temperature is 415 Ns/m?), ¢ is the radiation
factor, vy, is the rms value of the mechanical vibration velocity measured
on the surface of the machine, f, is the frequency of the vibration and
Srad is the machine surface taking part in the radiation. It is quite difficult
to determine the value of S;.q in the case of complex-shaped electrical
machines. According to experience, the role of ribs in emitting sound is
not significant. Thus, the S;.4 can be substituted by the cylindrical or
rectangular surface enveloping the machine.

The electric machines have complex shapes and their sound radiation
factor is, therefore, examined on simplified models. The modelling of the
electrical machine with an infinitely long cylinder gives only a satisfactory
result for the central section of a machine with a large [/ D ratio (where [
is the length of the assembled machine, and D is the outer diameter of the
cylindrical machine). The endeffect due to the finite length of the cylinder
can be neglected only in the case of a very long machine. If the surface of
the machine is made of large planes (in the case of the rectangular shape
housings used nowadays at the large powered machines), it is sufficient to
assume the machine as a plane-radiator. In the most common case, at
small and medium-sized electrical machines the sphere model seems to be
suitable.
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The force waves lead to a deformation going around the machine
having an outer diameter D. This is the diameter of the sphere in the
case of a spherical radiator and the diameter of the cylinder in the case of
a cylindrical radiator. D seems to be the characteristic dimension of the
machine from point of view of the sound radiation (the use of the diameter
is preferred in praxis instead of the radius).

The radiation factor is usually described with a complicated formula.
For instance, in the case of the ideal spherical radiator of mode number n
it is:

. n—1 (n+i)! n! LD i
a‘nzzRe{]kD = (o URD) } (23)

2 yongt el (jRD)m (1 + 0.5k D + 0)

where k = 27 f,/c is the wave number, ¢ is an integer.
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Fig. 7.

Eq. (23) shows that the o radiation factor depends on the dimensions of
the machine, the mode number and the frequency. The application of the
formula for the radiation factor is difficult. It is usually used in the form
of a group of curves (see Fig. 7).
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The radiation factor given in Eg. (23) can be approximated up to
n = 5 with a simple power function presented in Egq. (24)

K2n+2

-3
where K = kD /2 and A as well as B are constants with the following values:
n = 0 1 2 3 4 5
A= 1 4 100 51000 5.100 10
B = 0 0 0.4 1.11 1.51 2.11

If the frequency as well as the size of the machine are large, the
electrical machine will act as a plane radiator, then o = 1. It can be stated
irrespective of the type of sound-radiating model that machines of small
dimensions are bad radiators of sound, while machines of large dimensions
radiate sound well.

If many independent components of vibration produce the noise of
the electrical machine, the resultant sound power of the electrical machine
will be the sum of the sound powers of the components.
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