Psychoacoustics Applied to
eDrive Noise Reduction

Dr. Hermann J. Stadtfeld

Physical Effects Causing
Transmission Noise

Transmissions in electric vehicles appear
to require new and different mechanisms
for the reduction of the high pitch noise
they are emitting. If the question is asked
why the frequency of the eDrives noise
is significantly higher than the frequen-
cies in conventional automotive transmis-
sions, then the answer is that the trans-
mission input RPM is higher by a factor
3 to 10. Basically this means the physical
phenomena which generate the noise are
the same phenomena that generate noise
in a conventional transmission. This
means the tooth mesh frequency and its
higher harmonics are also responsible
for the high pitch noise emitted from
eDrives.

High pitch noise is recognized as more
annoying than low pitch noise. Although
the same effects are responsible for the
noise in both conventional and electric
vehicle transmissions, the same distur-
bance which was tolerable in a conven-
tional vehicle with an internal combus-
tion engine becomes now a deciding
factor of why to buy one vehicle versus
another. The importance of small tooth
mesh impacts which were rated as accept-
able in the past becomes critical in con-
nection with an eDrive.

Cylindrical gears as well as bevel and
hypoid gears have the same identical
noise generation principles and both can
be reduced with the same noise reduction
mechanisms.

This Chapter 9 book excerpt intro-
duces the phenomena between noise gen-
eration, analysis and recognition by the
human ear. The acknowledgements and
conclusion are then applied to two dif-
ferent levels of noise reduction, Micro
Topology (flank form modifications), dis-
cussed in chapter 10.

Main Topics of Chapter 9 are:

o Designed flank surface crowning and
theoretical motion transmission

o Fourier analysis and its limits in gear
noise analysis

« Gear noise and psychoacoustics
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o Practical example of Fourier analysis
and the residual phenomenon

Psychoacoustics

Sound is created by the vibration of
mechanical elements and magnified by
structures with certain surface areas and
certain resonance frequency. The origi-
nal or the magnified sound is transmit-
ted through structures (structure borne
noise) and then transmitted through the
air (sound pressure waves) and finally
received by the human ear. The phys-
ics of sound transmission is based on
the compression and expansion of
solid materials as well as fluids. The

mathematical function of the compres-
sion and expansion of elastic materials is
most likely always a sinusoidal function.
The assumption that all sounds which are
transmitted and emitted consist solely of
sinusoidal elements seems reasonable.
The answers which engineers would
be interested to receive from the
Psychoacoustic Science regard the receiv-
ing of sound transmission by the human
ear. If sound was created as a non-sinu-
soidal signal and also transmitted to the
ear in a media which supports non-har-
monic functions, how is this sound rec-
ognized by the human brain? An inverse
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Figure 1

Fourier series development for a square wave.
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question is whether our entire environ-
ment, including the laws of physics, is
strictly supporting harmonic sounds.
This would govern that sound sources,
sound transmission as well as the receiv-
ing and recognizing of sound by a lis-
tener, are all based on the harmonic
movement of elements by certain ampli-
tudes and with a certain frequency.
Studying the vertical sequence of the
graphics in Figure 1 makes it evident that
according to the common acoustic inter-
pretation a square wave would cause a
listener to hear several high frequencies.
This raises a number of questions:
o Is the transmission of waves through
the air or other media only possible in
sine waves?
If a true square wave was received by
the human ear, would the brain first
recognize the received wave form and
replace it with a sine wave of the same
frequency and similar intensity and
then substitute the higher frequencies,
similar to Figure 1?
If the human ear could hear the original
square wave as a plain periodic plus-
minus signal, would it sound the same
as an artificial square wave which is a
superimposition of four or more differ-
ent frequency sine functions?
The questions above require some
basic relationships between sound trans-
mission and the psychoacoustics between
the sound received by the human ear and
its processing by the brain. A complete
Fast Fourier Transformation (FFT) also
analyzes the frequencies between the
harmonics in certain Hertz increments
in order to more accurately capture the
working variation. If the result of a FFT is
used as the absolute measure of the noise
characteristic of a gear set, then the con-
clusion is made that the human ear only
recognizes acoustic signals or sound pres-
sure waves in the form of true sine waves.
The concert pitch A of 440 Hz from
a tuning fork sounds different to the
human ear than from a violin or from a
piano. The reasons are overtones which
consist of higher harmonics, side bands
and/or other elements in the sound waves

which might not be captured by the FFT.
However, the fact that the 440 Hz can
be recognized precisely by a listener
is explained with the higher harmon-
ics accompanying the fundamental fre-
quency (Ref. 1).

The assumption that the ear tends to
recognize only harmonic signals is par-
tially correct. The outer ear acts as equal-
izer and compressor which boost the
sound pressure by 15 to 20 dB. The air-
waves actuate the eardrum which in turn
actuates the ossicles which acts as equal-
izer, compressor and impedance matcher

analysis of the noise emission from a gear
set and how the vibrations are converted
to airborne sound which is received by
the order tracking neurons in the ear. The
recognized frequencies and amplitudes
are similar but different than the ones
found in the Fourier transformation. One
reason for this is the residual error which
is not captured by the Fourier analysis.
An interesting phenomenon is that
the pitch identification of ear and brain
not only uses the fundamental fre-
quency, but also employs the available
(audible) higher harmonic orders. The
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such that the processed pressure waves
are transferred into the cochlear fluid.
The pressure waves are transmitted by
the cochlea fluid to the tectorial mem-
brane. The snail house shaped cochlea is
lined with the tectorial membrane which
moves hair cells. Along the windings of
the cochlea, the hair cells are sensitive
to different frequencies, performing a
spectral analysis of the sound signal. The
hair cell neurons convert the mechanical
vibration into digital electronic signals
which are transmitted to the brain. The
diagrams in Figure 2 show the Fourier

ear still identifies for example concert
pitch A if only the second to sixth har-
monics are received, and the fundamen-
tal frequency is absent in the received
sound signal (ghost fundamental). The
“A-signal” without the fundamental
sounds “smoother” than if the fundamen-
tal frequency was present.
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The conclusion is that the ear as a
pneumatic-mechanical-hydraulic-elec-
tronic system has masses, springs and
dampening and is created to recognize
frequencies. It will mostly recognize har-
monic air pressure changes which are
received in a periodic signal. However, an
impulse will also be recognized, while ear
and brain try to supplement the missing
periodicity. The Fourier transformation
of an impulse is shown in Figure 3. The
impulse generates bars in the entire fre-
quency range which die down in ampli-
tude as the frequency increases. This
means that all those frequencies have
been found by the Fourier transforma-
tion, although the impulse was an iso-
lated occurrence with virtually no fre-
quency. The human ear will respond

question is if the human ear, because of
its function, will basically send a simi-
lar exaggerated signal to the brain when
it receives a perfect square sound wave.
This question might be academic because
no sound generating source is capable of
creating a perfectly square signal without
the overshoot. Besides this, the airwaves
would not be able to transmit such a sig-
nal without distortion. The square wave
has a ringing sound to the ear which is
attributed to the overshoot. An addi-
tional peculiarity of the Fourier series of
a square wave is that only the odd orders
1, 3, 5... are represented. The verification
of the fundamental frequency of a square
wave which the ear conducts with the
higher harmonics in numerous distinct
areas of the tectorial membrane is not
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Figure 3 Impulse recognition in Fourier analysis.

similarly because its design will cause an
excitation of all hair cells along the wind-
ings of the cochlea and send signals of all
audible frequencies to the brain.

Another interesting question is how
a square wave sounds to the human ear
compared to the results of a Fourier
analysis. A perfect square wave which
is approximated with a Fourier series
shows an overshoot at the corners of the
square (Gibbs phenomenon) (Refs.2-3).
Figure 1 shows a square wave which is
approximated by a first, third, fifth and
seventh order sine wave. The overshoot
never dies out; it approaches a finite limit
of 18% of the square wave amplitude
as the number of orders increases. The
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given and a strange hearing experience
is the result. The square wave not only
rings, it also sounds “cold and synthetic”
Acoustical experiments with pure sin-
gle frequency sine waves seem to con-
firm the theory that ear and brain will
not complement the non-transmit-
ted higher harmonic multiples of that
sinusoidal sound. The pure single fre-
quency sine wave sounds smooth and
rather quiet compared to a same intensity
square wave. This raises the question,
if in case of a parabolic motion error,
will the ear notice the same higher har-
monic frequency levels which result in a
Fourier analysis of such a motion error?
The Fourier analysis mirrors in many

cases the psychoacoustics of the human
ear very well (e.g., music), but also fails in
many cases to deliver representative eval-
uation results (e.g., disturbing mechanical
noise).

Depending on the motion error char-
acteristic, there are higher harmonics
amplitudes in the FFT result and residual
approximation errors which are ignored.
It is assumed that certain residual non-
sinusoidal waves are audible as distorted
sine waves and certain harmonic ampli-
tudes do not really exist in the sound
waves received and processed by the ear.
The non-existing harmonic amplitudes
are merely a result of the Fourier sum-
mation scheme. It has been proposed to
apply the smoother Fejér summation or
Riesz summation or using the continuous
wavelet transformation in order to gain
more relevant dynamic analysis results.

Dynamic analysis results have com-
monly two applications. One is the men-
tioned audible experience by humans
and the second is the conclusion to gear
geometry related manufacturing errors.
The latter asks for a sufficient qualitative
and a concrete quantitative interpreta-
tion in order to allow for corrections in
the machining process. The fundamental
harmonics and the side bands can give
certain hints to machining errors. The
harmonics above the fourth order point
in some cases at surface structural and
roughness problems. Especially the sec-
ond to fourth harmonic amplitudes can
lead to the belief that there is, for exam-
ple, a disturbance which occurs 2, 3 or
4 times at each tooth mesh. As a matter
of fact, this is possible, but it only might
be the result of the Fourier summation
process required to capture a particular
motion graph, which only repeats its dis-
turbing rotational transmission once per
tooth mesh.
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Example of Fourier Analysis and
the Residual Phenomenon

In order to approximate a realistic
motion transmission graph, a parabola
of the form Ag=a- (p-¢,)” as it is typical
for bevel gear sets, is used in Figure 4 as
the subject of a Fourier analysis.

As starting point, a sine-function with
suitable amplitude and a period of the
meshing time of one pitch is drawn into
the parabola shaped motion graph. If
the first harmonic is subtracted from the
motion transmission graph, the result
is the first harmonic residual which has
twice the frequency of the motion trans-
mission graph itself. This does not mean
that the original motion transmission
graph contained any elements of double
frequency, it merely means that in the
attempt to approximate a parabola with
a sine-function the residual will show a
dominating second order. If the dynamic
transmission media is capable of trans-
mitting the original parabola shaped
sound wave, and if the receiver e.g., a
human ear was rather capable in receiv-
ing and processing sinusoidal waves,
only then would this second harmonic be
noticed.

A sinusoidal function with half the
period of the original function and an
amplitude of about half of the residual
magnitude is now used to approximate
the residual function from the first har-
monic. The residual from this approxi-
mation step result is shown in Figure 4
underneath the second harmonic. This
graph appears to have some third and
some fourth order elements. As a mat-
ter of fact, it requires the elimination of
the third and fourth order harmonic ele-
ments in order to notice a visible reduc-
tion of the residual function. The unequal
spacing of the waves makes it particu-
larly difficult for a Fourier analysis to
closely approximate a parabolic function.
The residual error after the elimination
of the third harmonic element still con-
tains some first order residual, which
can be determined at this point and then
be added to the amplitude A,. The fre-
quency-amplitude spectrums of the four
sine waves in Figure 4 have been plotted
into the graphic in Figure 5. Although
this graphic shows the amplitudes for
the dynamic gear set evaluation, only the
first order peak-to-peak values are rel-
evant because only they represent the
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Figure 4 Fourier analysis of parabolic function.
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Figure 5 Frequency-amplitude spectrum of harmonic contents of a periodic parabola.

stroke of the excitation ripple and can be

correlated to the transmission error. A

true mechanical disturbance (e.g., second

order) would show as an amplitude above
the enveloping curve (red dashed bar).

There are several conclusions that came

out of the experiment demonstrated with

Figure 4:

o A true parabola shaped graph was
approximated. The result of a Fourier
analysis of a perfect parabola shaped
motion transmission graph results in
more than four harmonics of significant
amplitudes. If the analysis is stopped

after the four harmonic separation
steps, a residual amplitude of about 50%
of the original function is found.

The value 2A1 is larger than the origi-
nal value of the motion error DjGear
Many gear analyses are performed
with only a four harmonics analysis.
The residual function is so significant
for the effective noise emission of the
gear set that no absolute noise rating is
possible.

FFT’s have their value if they are used
in the comparison of similar gear sets
which have been found acceptable in
their noise emission.

15
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Figure 6 Residual error in case of a periodic impulse.
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o FFT’ are useful if the presence of low
frequencies caused by pinion and gear
runout should be detected. Those waves
are dominated by a sinusoidal content.
FFT’s are useful if higher frequencies
caused by surface texture or generat-
ing flats should be detected. Also those
waves are dominated by sinusoidal
contents.

FFT’s are useful in the medium fre-
quency range (first to fourth harmonic)
if the measured transmission variations
have a dominating sinusoidal content.

A periodic impulse function is impos-
sible to capture with a harmonic Fourier
analysis if the width of the impulse and
the period of its reoccurrence have
largely different amounts as shown on
top of Figure 6. The bottom of Figure 6
shows the residual error reflects a high
frequency with the amplitude of the orig-
inal peak. In reality, the FFT will attempt
to approximate the function and also
interpret the impulse characteristic which
will result in side bands in the entire fre-
quency range.

The Physics of Sound
Transmission Applied to Gears

In a constructed example, the single flank
error signal in the graphic in Figure 7
consists only of sine functions. The top
graphic is the recording of one ring gear
revolution. In the example, a ratio of 3.00
was chosen, which means the graphs in
Figure 10 will be exactly repeated for
additional ring gear revolutions.

Figure 7 shows how in three steps, first
the gear runout, then the pinion run-
out and finally the tooth mesh is filtered
out. In the example, no residual ampli-
tudes are left. It can be assumed that a lis-
tener can clearly hear all three separated
frequencies. At the bottom in Figure 7
the FFT result contains bars for the gear
runout, the pinion runout and the tooth
mesh frequency. The side bands of the
tooth mesh frequency originate from the
gear and pinion runout. The side bands
are spaced away from the tooth mesh
frequency by their respective runout fre-
quencies. Although the gear and pin-
ion runout and even the generating flats
commonly have a dominating sinusoidal
shape, the tooth mesh in most real cases
is parabolic resulting in many additional
frequency amplitudes which is attributed
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to the transformation algorithm that is
used in Fourier analysis and does not
exactly represent the audible frequencies.

In Figure 8 the motion transmission
error from Figure 7 is used as an example
for the separation of the elements “Gear
Runout,” Pinion Runout” and tooth mesh.
The difference with Figure 7 is the tooth
mesh motion error which is parabolic in
Figure 8 instead of sinusoidal. Due to the
parabolic motion error not only f,, but
also the multiples of f, are present in the
Fourier analysis result. Each of these har-
monic frequency bars is surrounded by
side bands caused by the gear and pinion
runout. Instead of ignoring the differences
between parabolic and sinusoidal func-
tion, the Fourier analysis expresses the
residuals between parabolic motion graph
and sine function in additional sine func-
tions of higher orders (Ref. 4).

Summary

The psychoacoustic science teaches that
a sound source which initially has a non-
harmonic excitation will be recognized
as harmonic function with the initial fre-
quency and a superimposition of an infi-
nite number of higher frequencies with
fading amplitudes. The reason is the abil-
ity of mechanical structure and the ability
of air waves to transmit only harmonic
signals. This phenomenon is also sup-
ported by the human ear which processes
received sound with a spectral analysis
and therefore only recognizes superim-
posed harmonic sound signals, even if
the sound waves would consist of a pure
square function.

It is interesting to mention in this con-
nection, that Jean-Baptiste Joseph Fourier
published in 1807 his analysis method
which uses an infinite number of sinu-
soidal frequencies in order to quantify a
repeated function even if the function has
no sinusoidal elements. Fourier’s analysis
algorithm is employed since the 1960s as
a computerized method and is used today
to analyze vibration and sound for its
contents of frequencies. Fourier’s method
is aligned with the sound transmission
principle of the airwaves as well as with
the function of the human ear. However,
it is an approximation of signals like
square waves which do not contain any
harmonic waves at all, yet the result is a
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variety of harmonic frequencies and their
amplitudes.

Conclusion for eDrive Noise
Reduction

The higher input speed of eDrives implies
that all noise causing disturbances are
multiplied by 3 to 10 compared to con-
ventional transmissions. Therefore events
higher than the third mesh harmonic
would be above the human audible fre-
quency. The conclusion from this would
be that higher harmonics and surface
structure effects have no influence on the
audible spectrum and can therefore be
neglected.

This conclusion is incorrect. Only the
first stage of an eDrive has the high rota-
tional speed. All conventional criteria like
frequencies below and above the third
mesh harmonic as well as surface struc-
ture borne frequencies are still applica-
ble to the final stages of electric vehicle
transmissions. A reason to use surface

structure shifts (MicroShift) in addition
to flank form modifications is based on
the research results from structure shift
investigations. A different amount of sur-
face structure shift from tooth to tooth,
following for example a sinusoidal func-
tion, will generate side bands with differ-
ent frequency distances from the mesh
frequency multiples. The side bands
will change sensation of noise recogni-
tion from annoying to an un-disturbing,
smooth buzzing sound.
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All gear noise is caused from the tooth
mesh impact, flank form imperfections as
well as from generating flats and rough-
ness tracks of the tool (cutting blades or
grinding wheel). Generating flats and
tool roughness tracks are shown in an
exaggerated view in Figure 9. Depending
on the direction of the contacting lines
between the two mating gears and their
interacting with the flank surface effects
in Figure 9, medium and high frequency
noise can be generated when the mating
teeth mesh under certain, mostly low,
loads.

If the tooth mesh impact and the sur-
face effects are the cause of excitations
of gearbox surrounding structures, two
conclusions for their reduction or elimi-
nation are possible:

Track of
Blade Tip

Blade Position
at Mid Face

Generating Flat

Roughness

o A modified transmission function can
reduce or eliminate the residuals and all
higher harmonic multiples of the tooth
mesh harmonic.

« Side bands surrounding the harmonic
peaks will reduce the annoying charac-
ter of the emitted noise.

Modifications to the transmission
function can be achieved with Universal
Machine Motions (UMC). Chapter 10
discusses several possibilities of sophis-
ticated transmission function optimiza-
tions which proved to reduce the tooth
mesh impact as the major source of all
gear noise.

How surface structures can be influ-
enced in their characteristic and then
be shifted from tooth to tooth accord-
ing to sinusoidal functions or applying a
Gauss normal distribution is presented in
Chapter 11. (&}
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Figure 9 Noise generating flank surface effects.
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