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ine is an annoyance for auto-
onsumers. For all practical
it cannot be eliminated, but
imized. Gear whine stems
from transmission error that is a
result of manufacturing variation,
among other things. Random assem-
bly used in current mass production
can be a hindrance to reducing trans-
mission error and, therefore, the gear
whine. Two alternate selective assem-
bly techniques to reduce transmission
error of planetary gear systems are
examined in this paper. The selec-
tive assembly strategies are based
on statistical characterization of gear
profiles from in-plant inspection data.
The effectiveness of these strategies
against the random assembly is dis-
cussed. Also, the selection criterion
for each strategy is developed and, a
brief discussion about the pros and
cons of switching to selective assem-
bly is also included.

Infroduction

Gear whine is a high frequency pure
tone, which is noticeable in lower
gears and goes away with gearshift.
Although gear whine is undesirable
from the consumer point of view,
it cannot be eliminated completely.
The root causes of gear whine are
dimensional variability and dynamic
deflections of the gear teeth and car-
rier, as well as misalignment errors
during assembly.

Typically, a planetary gear system
(Figure 1) is not necessarily designed
with the primary intent to reduce
gear whine. The primary design con-
siderations are the ability to trans-
mit torque, mechanical efficiency,
and durability. Nominal dimensions
of planetary gear system are deter-
mined to satisfy these primary con-
straints along with any packaging
requirements. Manufacturing process
capability and design robustness dic-
tate the tolerances allocated to these
nominal dimensions. Thus, even prop-
erly controlled manufacturing process
can prove to be detrimental, from a
gear whine perspective. The dynamic
stack-up of small manufacturing varia-
tions sway driven gears away from
their respective ideal conjugate angu-
lar position. This error in the angular
position of the driven gear is referred
to as transmission error [Dunn e.
al. 1999]. For simple gear systems,
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transmission error correlates very well
with the gear whine [Lorea et. al.,
1986, Chung et. al. 1999].

Measurement of transmission error
is quite challenging, and researchers
have succeeded in measuring trans-
mission error for single mesh two-gear
systems [Dunn et. al., 1999]. There
are several prediction models for the
transmission error of single mesh
systems [Livtin, 1994, Smith, 1999,
Beacham et. al. 1999, Dunn et. al.
1999, Donley, et. al. 1992]. Predicting
a single value of transmission error
for most practical cases is not advis-
able, because even for a single mesh
system (only two mating gears) multi-
ple teeth with unique dimensions pro-
vide ample statistical variability. Thus
both a mechanics/kinematics and
statisticsbased model for predicting
transmission errors is required. There
is a clear lack of validated predictive
models for planetary gear systems.
Also, the measurement techniques for
planetary transmission error are non-
existent. However, the effect of tooth
profile/assembly variation on gear
whine can be measured experimental-
ly [Athavale et. al. 2002]. This paper
utilizes a transmission error estimate
(cMTE) for a Simpson-type planetary
system [Athavale et. al. 2001].

The gear whine is typically evalu-
ated using subjective ratings or objec-
tive measures like sound pressure
or accelerometer signature [Becker
and Yu, 1999]. There are two preva-
lent approaches to dealing with the
gear whine issue, namely: 1) strive
for perfection (minimum deviation)
during manufacturing and assembly
[Remmers, 1972, Sundaresan et. al.,
1990, Ariga et. al.,, 1992, Su and
Houser 1998] or; 2) isolation and
absorption of the whine and vibra-
tion [Dunn et. al., 1999]. Minimizing
of errors or perfect manufacturing/
assembly process advocated by the
first approach has diminishing returns
if pushed beyond conventional mass
production capability. Also, such per-
fection is difficult to maintain over
time. Further random assembly of
gears with typical dimensional varia-
tion results in a large spread in gear
whine (Figure 2). This wide spread
makes the isolation/absorption of
gear whine expensive and, in extreme
cases, ineffective. An alternative is to
utilize selective assembly strategies
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that result in multiple distributions with mean shifts, but less scatter
(Figure 2). Bearing, mount, and case designs may be able to compensate
for the mean shifts. Also, isolation/absorption may be effective because
of narrow distributions.

This paper examines two strategies for selective planetary gear assem-
bly as an alternative to current random assembly technique. The effective-
ness of these strategies will depend on the criterion used for selection of
the components and the ease of in-plant implementation. In this work the
selection of components is limited to sun and planet populations. The ring
gear, as well as the carrier, are assumed to be ideal. Assembly is assumed
to be void of any errors. The planetary system will have six planets, as
shown in Figure 1. No load transmission error [Athavale et. al., 2001] is
used as an indicator of gear whine. Measured variation of the sun and
planet gear tooth profile will be used in computation of the transmission
error (MTE or cMTE) for each strategy. Detailed description of gear manu-
facture and inspection, as well as the measured data, is included in the
experimental work section. Note that the gear manufacturing processes
were under control during whole experiment. Hence, the dimensional
variation observed in the data is due to machine-to-machine or shift-to-
shift variation and any manufacturing process drift. The measurements
are subject to gage reliability and repeatability (R&R). The gage R&R was
conducted to ensure that it has minimum effect on the measurements.

Experimental Work

The goal of the experimental work is to determine statistical data for gear
tooth profile variation before assembly. Recall that the ring gear and the
carrier are assumed to be ideal and no assembly errors are considered.
The design data for all gears is listed in Table 1.

The gears used in the experimental work were manufactured by hobbing
a rough tooth profile in a cylindrical gear blank. The rough tooth profile is
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finished with a rolling operation, followed by batch heat treatment. The
final gear profile variation after the heat treatment contributes to gear
0.0200 : transmission. Nevertheless the combination of hobbing and rolling sta-
0.0150 : fe'iht tions indirectly contribute to the transmission error (Figure 3). The design
00100 | T o of experiment (Figure 4) accommodates multiple stations for hobbing and
r T rolling processes. Also, these combinations provide a basis for implement-
. 00050 — r — 5 ] ing selective assembly as opposed to end of line sorting. As more pinions
s 0.0000 | [ | 1 are needed than suns, there are four hobbing stations (A-D) along with four
E 0050 ! Coe ] L+l f TT rolling stations (1-4) used to process pinions. In the case of suns, only
e t Lt [ ) two hobbing stations (E-F) and one rolling station (5) are sufficient. Note
-0.0100 i that six and 10 samples for each pinion and sun combination, respectively,
00150 are measured. These samples are selected at predetermined intervals,
AA A AGBGBTGBTGBTU CCT CC C T DODTODTODTEF umm beginning soon after the hobbing cutter installation and ending just before
-0.0200 T2 3 4 1 2 & 17 3 4 1 2 3 45 ROLL the cutter needs regrinding. Thus the measurements include the effect
of hobbing cutter wear, and disregard any regrind effects. Further, these
FIG 7: LEAD MEASUREMENT samples span all three shifts and several days. Since the rolling dies are
wear resistant, the effect of the die wear is neglected.
28.0000 : The gear profile of both right and left flank is measured along two
260000 L * Right orthogonal curves in the lead and involute direction (Figure 5) [Moderow,
24,0000 » Left _ _ | 1990]. Five parameters, the tip and root (form) fall offs, location of high
220000 ! 1 1T ! point in terms of roll angle of the involute, crown, and lead were mea-
= i sured, along with the diameter over balls (DOB) (Figure 9). Four equally
5 20000094 spaced teeth for each gear were measured. Figures 7-12 show the mean
% 18.0000 and spread of these measurements for all hob-roll station combinations
& 160000 d (Figure 4).
=
14.0000 =
! Assembly Strategies
1ooog LA A A A BB BB CCCCDDDDEF wm Gear whine is an unavoidable side effect of manufacturing variability and
1234123412 341234575 design. Random assembly can lead to error stack-ups that are dynamic
in nature and result in wide swings in transmission error, as depicted in
FIG 8: HIGH POINT MEASUREMENT
0.0000 AA A ABBBGBT CTGCTC CTCDODTUDTUDE F noss
T2 3 472 3 412 3412 335 5 R
45.0000 -0.0050 r
40.0000 ’ 00100 r l {' E o .l ? L I T
Ssiiitiaaa ksl
35.0000 = 00150
= AAAABBBBTCTCTCCUDODTDTUDE HoBB s r
E 30.0000 234123 41+2 3 412 3 4 55 RU E ~0.0200
S = I
o 25.0000 * * * * * * * * * * * * * * * * _00250 . nght L
= Left
20.0000 -0.0300
15.0000 FIG 11: TIP FALL-OFF MEASUREMENT
FIG 9: DOB MEASUREMENT ] ’ .
09 - g“«/f [
00200 08 i /
« Right = 07 ‘J | f
) = Left = I | f [
00150 1 { r l { { E 0.6 W 1 /
, ] I |
= 0010 l T J;r I I I I L1 % It =E EZ | ‘J‘\‘ J J
R | |
E SERRERS AR ARE £ 0| | |
= 0.0050 - H Il |
0.1 17 T
0.0000 ——————————————————————————= / /
AAAABBBBC CCTC CCDDTUDTDE F noss 0 ‘ ‘
12 3 4 12 3 12 3 4 1 2 4 5 5§ Rou 0 30 100 120
-0.0050
cMTE (arc-sec)
FIG 10: GROWN MEASUREMENT FIG 12: FORM FALL-OFF MEASUREMENT

30 GEAR SOLUTIONS e MARCH 2008 . gearsolutionsonline.com



Figure 2. Two selective assembly strategies are proposed to offset gear
whine variability exhibited by random assembly. Both strategies categorize
the gears in several groups and then select the groups of the gears to be
assembled. The first strategy exploits natural groupings of hobbing and
rolling stations. The gears produced by a particular combination of hobbing
and rolling station are grouped together instead of sorting. On the other
hand, the second strategy is based on measuring each gear and sorting
them in different groups. Transmission error estimates (CMTE or MTE) are
used to determine the effectiveness of each strategy.
The first strategy adds complexity because the gears must be carefully
tracked from one station to the next. On the other hand, the second strat-
egy adds an extra step of measuring each and every gear. Note that the

all gears. Hence, it is efficient. An alternative to this approach is to have
much tighter tolerances for gears and carriers, which translates to addi-
tional investment (like for gear grinding, precision hole making for carrier)
and increased variable maintenance. If the complexity can be managed,

then selective assembly is preferred.

Random Assembly
In case of random assembly, the gears from any of the 32 combinations

(16:pinion, 2:sun) can be used to assemble a planetary gear system.
There are 8,008 ways to pick six planets from 16 station combinations.
Also, there are two sun populations to choose from. Thus, there will be as
many as 16,016 combinations. For this discussion it is assumed that all
six planets in a planetary must belong to a single group. In other words,

first strategy also includes measurement of a statistical sample, but not
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the effect of cross-group combination of planets is ignored. The cMTE pre-
dictions for these 32 (16x2) combinations are shown in Figure 13. Note
that the transmission error (cMTE) varies from 15 to 115 arc-seconds.
As a rule of thumb, doubling the transmission error will increase the gear
whine by 6 dB [Houser, 1991]. Note that not all of the whine generated at
the source will resonate through the passenger compartment. The gear
whine inside the passenger compartment depends on the transmission
path and the design of the passenger compartment itself.

Recall that the cMTE is an upper bound estimate of planetary trans-
mission error. It is highly influenced by the worst-case scenario. Figure
14 shows the effect of including one planet from the worst combination
(extreme right) along with five planets from the best combination (extreme
left). The curve in the middle (Figure 14) displays cMTE for the combina-
tion. Thus, if the gears were truly selected in random, the net effect will
be to push the gear whine distribution to the right hand side. On the other
hand, better combinations (toward the left) in Figure 13 will have distinctly
lower gear whine. Thus, to exploit this variation the gears must be grouped
selectively. The first strategy is to selectively group these 32 combinations
into manageable natural groups. The second strategy is to measure and
sort the complete population.

Selective Assembly |

As described previously, this strategy includes groupings of selected com-
binations. However, MTE (transmission error with one planet) is used to
match the groups during assembly rather than cMTE (transmission error
with six planets). Adding additional planets shifts the mean transmission
error, provided that all the planets are from the same population. Figure
15 illustrates this for the 32 combinations in Figure 13. Hence, only MTE
will be used to select the group combinations. Further, as shown in Figure
14, the worst-case combination controls the cMTE estimate. Hence, the
highest MTE in the group combinations will be used as a representative
upper bound for cMTE for that group. Figure 16 shows the MTEs for the
32 groups and their groupings. There are five groups with the upper bound
MTEs of about 25, 38, 51, 73, and 97 as opposed to 100 for random
assembly. However, the scatter due to some random combinations will still
exist, which can be decreased by going to a 100 percent sort of the whole
population. This is the second strategy that will be evaluated next.

Selective Assembly Il

In this strategy a complete population of gears is sorted, grouped, and
assembled appropriately. Note that the selection criterion for the previous
assembly strategy was predetermined from the MTE predictions based
on routine in-plant inspections of few samples. Once the combinations
are determined, it is easy to keep track of gears as they pass through
particular station combinations. However, for this strategy an explicit sort-
ing criterion must be developed. It is assumed that the same inspection
will be used for these gears as for the samples from the previous one.
This should not affect any line rates, as this inspection will be done after
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RING | PLANET | SUN

B
Diaraeter | 75.7285 | 19.9285 | 35.8714

(mm)

_Pitch
Diameter
(mm)

82.1525 21.6191 | 38.9144

_Tip
Diameter
(mm)

79.900 24.700 41.450

Number
of Teeth
(mm)

57 15 21

1.829 2.301 1.829

Thickness
(mm)

TABLE1: GEAR DESIGN PARAMETERS

the heat treatment, which is a batch process
anyway. In other words, although the net time
requirement goes up, the scheduling of hobbing
and rolling stations does not change.

It is proposed to base the sorting of gears on
the measured manufacturing variation. However,
there are six measured parameters that con-
stitute the deviation. To consolidate the effect
of these parameters, a weighted least squares
method is used. The multivariate statistical tech-
nique is also used for determining the impact
of manufacturing variation on robustness of
design [Yu and Ishii, 1998]. Basically, if the vec-
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