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Management Summary
Transmission error (TE) is recognized as one of the most important causes of gear acoustic emis-
sions. There are many ways to reduce it in the design of the gear teeth, but the effectiveness of
any action needs o be validated through experimentation with real parts. In this paper, a test rig
for TE measurement is described and some TE experimental measures are discussed.

Introduction

According to Munro (Ref. 1), the idea of “transmission
error” was introduced first by Harris (1958) and, some years
later, by Niemann and Baethge.

Nevertheless, before the analytic definition of TE, it was
universally recognized that tooth deformation under load
during mesh affects the meshing kinematics, thus causing
impacts between mating teeth, which are the main source of
the acoustic emission of the transmission. Profile modifica-
tions (e.g., “K profiles”) were born from this recognition
and are widely applied today, but these modifications are
often based on empirical rules, or they are selected accord-
ing to similar successful experiences. Therefore, the practice
of applying profile modifications to reduce gear noise and
vibration was introduced before the definition of TE, as
confirmed by papers in the 1940s by H. Walker and D.W.
Dudley, who proposed to use it “to reduce noise, friction and
wear” (Refs. 2-5).

Today there are many theoretical and computational tools
which can predict the transmission error of a gear during the
design stage. These tools allow the designer to introduce
appropriate profile modifications to reduce TE, not empiri-
cally, but on the basis of consolidated theories.

Nevertheless a precise correlation between gear TE and
noise is still lacking, and much research continues because
of the great number of phenomena involved. Due to the
unavoidable approximations introduced by numerical models
and to the difficulties in reproducing the desired tooth profile
through machining processes, it is not easy to choose the best
modification for decreasing acoustic emission.

In order to develop a theoretical model closer to reality,
experimental tests are necessary to understand why some-
times profile modifications, designed to reduce noise, have
such different effects from those predicted.

What is Transmission Error?

Let us consider the driven gear of a set: TE is the differ-
ence between its actual position and that corresponding to
the ideal case of perfect meshing conditions (Refs. 1, 6).

There are many reasons for the presence of TE in gears.
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One is unavoidable: gears are subject to torques, which cause
forces on teeth, thus modifying their geometry by bending.

Another unavoidable effect, which would exist even if
tooth deflections were negligible, results from machining
errors (profile and pitch error, eccentricity, etc.) and assem-
bling errors, which modify the ideal geometry of the gear.

Therefore real teeth—deformed under load, affected by
machining and mounting errors—are subject to different
working conditions from the ideal ones. In particular, the
different geometry of the teeth at the beginning of the mesh
causes impacts.

Transmission error is the indicator of all these effects and
is defined in this way:

TE=0,-1.9,

<,
where

0, = angular position of pinion
0, = angular position of gear
z, = number of teeth of pinion
z, = number of teeth of gear

The measure of TE is complex, not only because it is
influenced by many factors, but also because it is often very
small. For this reason, it is necessary to have very accurate
measurement instruments, and also a test rig which allows
the isolation of TE from all other phenomena. This enables
the measurement of TE caused only by meshing, without
the influence of other effects like compliances, manufactur-
ing and assembling errors of the test rig, drive irregularities,
dynamic effects, etc.

Test Rig and Measurement System

The most important feature of a test rig for TE measure-
ment is stiffness: torsion and bending stiffness of the shafts,
stiffness of bearings and of the casing.

If the stiffness of all these parts is much greater than that
of the elements involved in meshing (teeth and gear blank
stiffness), we can see and measure the phenomenon in its
“pure” form. But if the parts of the test rig have stiffness of
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the same magnitude, many effects mix together and influence
the final measure. Thus the results are not easily interpreted,
and the TE is difficult to evaluate quantitatively.

A test rig specifically designed to measure TE has been
constructed by the authors, with the aim of obtaining the
maximum stiffness compatible with the dimensions of the
layout of the test rig. Its features are described in Reference
7. The most important characteristics are the following:

* Three-phase asynchronous motor controlled by inverter,
with maximum power of 100 kW, maximum torque of 500
Nm and maximum speed of 3,800 rpm.

* Two eddy current brakes.

* Variable center distance of gears.

A schematic and photo of the test rig are shown in
Figures 1 and 2. Gears are mounted overhung to allow a
quick setup, but the overhang is kept as low as allowed
by the gear face width and bearing dimensions. The shafts
are supported by two heads, which can be positioned and
adjusted in any direction on the support plane. In this way,
it is possible to set the desired center distance, with the lim-
its defined in the design step, and misalignments, both in
the plane of the shaft axes and in the orthogonal one. The
misalignment in the plane of the axes is driven by a pin cen-
tered on the gear middle face, while the misalignment in the
orthogonal plane is set by means of shims; appropriate refer-
ence marks, machined during the manufacturing, allow an
accurate measurement of the position.

As explained in a previous paper (Ref. 8), the TE mea-
surement system designed for this test rig is based on optical
encoders, chosen for their high accuracy and preferred to
other measurement systems based on radial and tangential
accelerometers. The two encoders measure gear positions
61 and 62; these measurements, properly elaborated, let us
calculate TE.

On the basis of the TE definition, its measure requires
the independent measurement of the two angles 6, and 0,.
It is fundamental that errors and measurement uncertainty
are lower than quantities to be measured. Since the TE of
high-quality gears (those generally involved in applications
which need this kind of measurement) amounts to seconds of
a degree, the measurement system must have a higher degree
of precision.

For this reason, two high-resolution Heidenhain encoders
with 18,000 divisions have been chosen. The high number
of angular divisions enables a high resolution. One angular
division corresponds to 72" of degree, and it can be further
divided if the acquisition system can identify, without alias-
ing, the sinusoid generated by the encoder corresponding to
the passage of an incision. This involves an upper thresh-
old of drive shaft angular velocity, which depends on the
maximum acquisition frequency of the used data acquisition
board. Signals are acquired along with a reference phasing
signal, which enables the correlation of the angular positions
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Figure 1—Schematic layout of the test rig for TE measurements: M =
motor; T = torque meter; F, & F, = eddy current brakes; G = couplings;
and E, & E, = optical encoders.

Figure 2—The test rig.

of the two gears, which in turn allows the creation of TE
diagrams, always starting from the same meshing teeth of
pinion and wheel.
Experimental Results
Two series of experimental tests have been completed.
In the first one, a gear set with profile modifications on
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Figure 4—Profile modifications of the second gears.

Table 1—Gear set parameters.

GEAR SET

Module m (mm) 3.5
Pressure angle a. ( °) 20
Helix angle B (°) 0
Center distance a (mm) 160
Addendum for unitary module H, 1
Dedendum for unitary module H, 1.36
Ratio g, 1.43
Tooth quality for DIN 3961 7

Table 2—Pinion parameters.

PINION
Number of teeth z, 34
Pitch diameter @, (mm) 119
Profile correction X,em (mm) +25
Face width bp (mm) 15

pinion and wheel tooth tips (Fig. 3) has been tested. In the

second one, a gear set having the same macro-geometry, but

with an almost null profile modification on both pinion and

gear (near to pure involute profile), has been tested (Fig. 4).

Tables 1-3 report the macro-geometry data of both gear sets,

which therefore differ only in profile modifications. TE and

acoustic emission measurements have been performed for
both gears.

The manufacturing process of the gears is the following:

. Blank Turning.

. Hobbing.

. Case carburizing and case hardening.

. Generation grinding.

. Grinding of the hole and of the reference axial plane, with a
single positioning on the machine and using the gear teeth as
reference.

The signals are acquired by the two encoders and, after
the elaboration of the signals by means of a specially devel-
oped software program, TE diagrams are calculated.

Figure 5 shows TE measured on the first gear set (with
profile modification) as a function of pinion position and
applied torque. We can clearly see that measured TE has the
two typical components: a constant one, growing with the
applied torque (because it corresponds to gear tooth mean
deflection under load) and a variable one, corresponding to
stiffness variation and manufacturing errors.

By virtue of a frequency spectrum that has been calculat-
ed for every TE measurement (Fig. 6), we can recognize the
different components of the signal: the low-frequency har-
monic (one per revolution) caused by gear eccentricity, the
harmonic at mesh frequency with its multiples, and spectral
components at lower frequencies than mesh frequency.

The amplitude of the first spectral component (mesh
frequency) depends on applied torque, as we can clearly see
in Figure 7. Therefore, an accurate study of profile modifica-
tions can reduce TE in correspondence with a chosen value
of applied torque, reducing acoustic emission at the source.

Noise measurements on the same gear set considered for
TE are shown in Figure 8. We can see a close correlation
between sound pressure level (SPL) and TE in that the torque
values that minimize TE also minimize acoustic emission.

If we plot SPL spectrum at a given torque at different
motor speeds (Fig. 9), we can see mesh frequency and its
multiples shifting on the frequency axis. These diagrams are
also called “waterfall” diagrams.

By properly filtering the SPL signals (Fig. 10), we can
highlight the phenomenon of sidebands, which consists of
harmonics at the following frequencies:

fsb:a-fzib'fsl’z va,bEN
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where

/. = mesh frequency

f., = input shaft frequency
[, = output shaft frequency
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Table 3—Wheel parameters.

WHEEL
Number of teeth z 55
Pitch diameter d, (mm) 192.5
Profile correction x em (mm) + 2.151
Face width b (mm) 14
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Figure 5—TE versus applied torque (first gear).
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Figure 6—TE spectrum versus applied torque (first gear).
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Figure 7—Spectral component of TE at mesh frequency versus applied
torque (first gear).
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Figure 8—SPL versus speed and torque (first gear).
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Figure 9—Sound pressure waterfall diagram (first gear).
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Figure 10—Sidebands (first gear).
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Figure 11—Spectral component of TE at mesh frequency versus applied
torque (second gear).

-

Figure 12—SPL versus speed and torque (second gear).

The same measurement procedure has been applied to the
second gear set, but with no profile modification. SPL values
are shown in Figure 12. We can clearly see that acoustic
emission increases linearly with applied torque, and its trend
follows that of the amplitude of the harmonic at mesh fre-
quency (Fig. 11), as observed for the first tested gear.

Conclusions

Measuring TE is necessary to validate profile modifica-
tions, defined during the design phase, in order to reduce
acoustic emission. TE measurement is complex and requires
an appropriate test rig; otherwise experimental results can be
influenced by other phenomena, which can hide the compo-
nent due to tooth deformation.

On the basis of an accurate analysis of the experimental
results—and with the help of theoretical simulations—pro-
file modifications can be improved, allowing for a solution
that minimizes TE at the desired torque.

A mix of theoretical simulation and experimental valida-
tion seems to be the right way to design quieter gears and
transmissions. {2
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the next generation

of world class gear makers.

As Forest City Gear heads into 2007, we have
some new additions - not only in our family,
but in gear equipment and personnel.

New in 2007:

e A Bourn & Koch/Fellows 450mm CNC
Shaper with crowning via servo
control and guideless helical
special accuracy keeps us
in a class of our own.

e A Koepfer 200 with
high helix capability
for worms and gears
fully automated takes
our productivity to a
higher level.

e For FCG inspections,
we announce our new

Wenzel analytical gear i\

checker 600mm with a » i
-

meter long center support and
large bore table to swallow extra
long shafts. o

e Our secondary support team acquires a SUNNEN
SV 1005 vertical, automated hone.

¢ |npersonnel, new staff members Appy Young Mikel and Rustin
Mikel have presented Joseph Arnold Mikel as our next generation
leader in the making. Watch out Gear World!

Fred Young holding his grandson Joseph Arnold Mikel.
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