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Management Summary
With the aim of reducing the operating 

noise and vibration of planetary gear sets 
used in automotive automatic transmissions, 
a meshing phase difference was applied to 
the planet gears that mesh with the sun and 
ring gears. Shaved and hardened helical gears 
with and without grinding were used as the 
component gears for testing under varying 
rotational speeds and tooth loads. The experi-
mental results clearly showed that planetary 
gear set noise and vibration were reduced 
when a meshing phase difference was applied.

Introduction
Along with the dramatic penetration of pas-

senger cars with automatic transmissions in recent 
years, there have been ever-increasing demands for 
enhanced interior quietness, which is an important 
factor influencing occupant comfort. This situation 
has further heightened the need to reduce gear noise. 
Reducing planetary gear set noise is a key issue 
in the attainment of quieter-operating automatic 

transmissions. Meshing of the gears in the planetary 
gear set that forms the ratio-changing mechanism 
of an automatic transmission produces gear noise 
over a wide range of driving conditions from low to 
high vehicle speeds. However, such gear noise often 
becomes a problem in the relatively low load region. 
Because noise is judged on the basis of perception, it 
is difficult to set targets for reducing noise levels. It 
is expected that noise issues will continue to require 
ceaseless R&D efforts in the coming years (Ref. 1).

In this study, the relationship between the mesh-
ing phase difference and torsional vibration of 
planet gears was investigated from the standpoint of 
their rotational meshing cycle. Using planetary gear 
sets with and without a meshing phase difference, 
measurements were made of their noise and vibra-
tion acceleration under various driving conditions. 
The method of finishing the gears, the tooth profile 
contact ratio and other factors were varied in order to 
compare and analyze the measured data.

Examination of Meshing Phase Difference 
and Torsional Vibration

Torsional vibration of planetary gear set. In 
examining planetary gear set vibration, it is neces-
sary to consider the forces that vary in the direction 
of rotation (torsional vibration) and in the radial 
direction (bending vibration). Several planet gears 
are generally positioned on a carrier at the same 
pitch. The number of teeth in the planet gears and 
the gear position on the carrier determine whether 
the planet gears all begin to mesh simultaneously 
or at different times. It is presumed that the number 
of teeth in the planet gears has traditionally been 
determined so as to balance the varying forces in 
the radial direction because that balancing facilitates 
easier gear design. In other words, all of the planet 
gears begin meshing simultaneously. 

Based on the noise measured in an actual vehicle 
interior, it is thought that the meshing excitation 
forces of gear pairs in the planetary gear set of an 
automatic transmission are mainly the effect of 
torsional vibration in the direction of rotation (Ref. 
2). In general, meshing excitation forces between 
the ring gear and the planet gears, however, are 
relatively smaller than those between the sun gear 
and the planet gears (Ref. 3). That is because the 
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Phase difference design for planetary gear set. 

In a planetary gear set, the meshing relationship of 
sun gear teeth that mesh simultaneously with planet 
gears can be given a different phase depending on the 
selection of the number of sun gear teeth and the posi-
tional angle of the planet gears. Creating this phase 
difference involves selecting a suitable number of 
teeth for each gear in relation to the number of planet 
gears, n. In designing the meshing phase difference, 
the conditions for determining the number of teeth 
in the planet gear pairs are given by the following 
equations.

                                                                    
(4)

rim of the ring gear in a planetary gear set undergoes 
large deflection on account of its thinness. Dynamic 
loads having the same characteristics occur between 
the sun gear and the planet gears, but when there is 
meshing phase difference between the gears, mesh-
ing excitation forces differ by an amount equal to the 
difference in the timing at which the meshing of each 
planet gear begins.

The concept of a meshing phase difference 
between the sun gear and the planet gears of a 
planetary gear set is illustrated schematically in 
Figure 1. It is assumed that there is no meshing phase 
difference at the onset of meshing by the dedendum 
of a planet gear (1) and the addendum of the sun gear 
(point Q1 in the figure) and the onset of meshing by 
the dedendum of a planet gear (2) and the addendum 
of the sun gear (point Q2).

Accordingly, the rolling angle ∆θ of the sun gear 
from point Q3 at which it actually meshes with the 
planet gear (2) to point Q2, where there is no meshing 
difference, becomes the angle of the meshing phase 
difference. Here, we will let Z' denote the remainder Z' denote the remainder Z
obtained when the number of teeth of the sun gear 
is divided by the number of planet gears, n. Then, 
the phase difference ∆θ at the time the teeth of the 
j-th planet gear begin to mesh with the teeth of the 
sun gear can be given by the following equation in 
relation to the term for the k order of the meshing k order of the meshing k
frequency components.

                                                                   
 (1)

It is assumed that the process of change in 
dynamic loads from the onset to the conclusion of 
meshing by the teeth of each planet gear is complete-
ly equal. The meshing excitation force (tangential 
force F

kj
F

kj
F ) applied to the sun gear when it meshes with 

the j-th planet gear can be expressed as a sine wave 
in relation to the term for the k order and is given by k order and is given by k
the following equation (Refs. 4–5).
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F
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F  is the amplitude. Accordingly, the 
moment based on the k-order dynamic load applied 
to the sun gear by each planet gear is a variable com-
ponent having a simple sine wave form with a cycle 
of one tooth pitch and can be given by the following 
equation if its amplitude is equal.
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Figure 1—Schematic diagram of meshing phase difference in a planetary gear set 
with four planet gears.

Figure 2—Elimination of exciting forces caused by four planet gears.
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Figure 3—Axial section of a planetary gear set testing machine.

Figure 4—Schematic diagrams of planetary gear sets.

rotation is markedly reduced when the planet gears 
and sun gear mesh. In a planetary gear set with a 
meshing phase difference in the direction of rotation, 
force changes induced by the planet gears in the radial 
direction relative to the sun gear are considerably 
smaller. However, if necessary, it is possible to design 
a meshing phase difference in both the rotational and 
radial directions.

Figure 2 shows the change in excitation forces in 
a planetary gear set that was given a meshing phase 
difference in this study. This diagram makes it easier 
to understand the effect of the meshing phase differ-
ence. It is assumed here that the meshing excitation 
force applied by each planet gear can be transformed 
to a simple sine wave having a cycle of one tooth 
pitch. It is also assumed that the amplitude and cycle 
between each of the planet gears are the same, which 
results in the excitation forces being completely can-
celled out by the meshing phase difference, as is seen 
in this figure.

Using the equation proposed by Suzuki, et al. 
(Ref. 6), the rotational transmission errors of plan-
etary gear sets with and without meshing phase differ-
ences were calculated, assuming that there were three 
or four planet gears. For both three and four planet 
gears, the calculated rotational transmission error 
was reduced to one-thirtieth of its original value by 
applying a meshing phase difference, assuming that 
each gear had the same level of accuracy. (A detailed 
explanation of the calculated results is omitted here.) 
It is thought that the number of planet gears has sub-
stantially less influence on vibration and noise than 
the meshing phase difference design.

Experimental Apparatus and Procedure
Planetary gear set testing machine. Figure 3 

shows an axial cross section of a prototype planetary 
gear set testing machine that was designed and built 
in this study for the purpose of measuring the noise 
and vibration of each planetary gear set separately in 
each speed range of automatic transmissions in use on 
production vehicles. The stationary and mating parts 
are provided with joints having an internal spline. 
This provision enables the mating parts to move to 
a position of equal meshing when the load torque is 
applied, so the load acts uniformly.

The machine is designed such that the stationary 
parts and planetary gear sets for an automatic trans-
mission can be tested separately in each speed range. 
By changing the method of coupling the planetary 
gear set, the method of locking the primary shaft, the 
switching of gears between drive and driven states 
and other conditions, the machine can switch among 
four gear ratios just like an actual transmission used 
in a passenger car. Figure 4 shows a schematic dia-
gram of a transmission built with two planetary gear 
sets, one without a meshing phase difference (denoted 
as gear set I) and one with (denoted as gear set II).

                                                                   
    (5)
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A

Z
A

Z  is the number of teeth in the sun gear, Z
C

Z
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Z  is 
C
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C

the number of teeth in the ring gear, n is the number 
of planet gears and m is an arbitrary integer.

Using Equations 4 and 5 makes it possible to 
provide a meshing phase difference of 1/n pitch at 
the meshing position of each planet gear with the sun 
gear even if the planet gears are spaced equally. If 
the number of teeth is selected according to the con-
ditions in Equations 4 and 5, the meshing of the sun 
gear and the planet gears and that of the planet gears 
and the ring gear will all have a different meshing 
phase. Accordingly, rotational variation induced 
by meshing in the direction of rotation, which is 
one factor causing vibration based on the meshing 
cycle, should theoretically be 0 because the varying 
components of the overall stiffness of the teeth pairs 
differ mutually in phase and are completely balanced 
(Ref. 2).

A rotational variation of theoretical 0 is thought 
to be the reason why vibration in the direction of 
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Figure 5—Gear set testing system.

Figure 6—Effect of meshing phase difference on vibration.

Table 1—Specifications of Gears Used for Planetary Gear Sets.
Planetary 
gear set I

Planetary 
gear set II

Sun Planet Ring Sun Planet Ring
Number 
of teeth 33 21 75 37 19 75

Module (mn) 1.23 1.23

Pressure 
angle (deg) 20º 20º

Number of 
planets 3 4

Helix angle 
(deg) 23.3º 23.3º

Profile contact 
ratio (A) 1.65 1.84 1.65 1.81

Profile contact
ratio (B) 1.31 1.69 1.30 1.66

Experimental apparatus. The schematic dia-
gram in Figure 5 shows the arrangement of the 
measuring devices for the power-absorbing type of 
gear load testing machine used in the experiments. 
Rotational speed and input and output shaft torque 
were measured under an applied load with an elec-
tronic speed meter and strain gauges, respectively. 
As indicated by the dashed lines in the figure, the 
drive motor, continuously variable transmission and 
planetary gear set testing machine were enclosed in 
soundproof boxes, which reduced background noise 
by approximately 6 dB.

Test gears. The specifications of the gears of 
the planetary gear sets used in the experiments are 
given in Table 1. Planetary gear set I did not have 
a meshing phase difference, whereas planetary gear 
set II did. Two types of sun and planet gears were 
used. One type was shaved and hardened by carbu-
rization only; the other type was ground on a Maag 
gear grinder following hardening. The accuracy of 
the former type was JIS class 3–4, and the maximum 
height (R

y
) of the tooth surface roughness profile was 

approximately 6 µm. The accuracy of the ground 
gears was JIS class 0–1, and the maximum height 
(R

y
) of the tooth surface roughness profile was 

approximately 2 µm.
As indicated in Table 1, two types of planet gears 

and sun gears having different addendum circle radii 
were used to vary the transverse contact ratio. The 
test gear pairs came from the same manufacturing 
lot as mass-produced gears, and an effort was made 
to select ones having tooth face geometries that were 
as uniform as possible. Care was taken to achieve 
the same experimental conditions by measuring the 
accuracy of the tooth shape and tooth trace of all 
the test gears and the planet gear shaft hole posi-
tion accuracy and layout accuracy of the carriers for 
assembling the planet gears.

Experimental procedure. The abovementioned 
two types of planet gears and sun gears having dif-
ferent tooth shape meshing ratios and finished with 
different processing methods were installed in the 
planetary gear set testing machine, and tests were 
run with the lubrication oil temperature set at 32° 
±2°C. The flow rate of the lubrication oil was set at 
1.5 L/min, and the oil was circulated by means of an 
oil pump. The lubrication oil used was a commercial 
automatic transmission fluid.

The vibration acceleration and noise levels of the 
planetary gear sets were measured in an input torque 
range of 0–80 Nm and an input shaft speed range of 
500–2,400 rpm, with the rotational speed varied in 
increments of 100 rpm. Two acceleration pickups 
were attached near the bearings that supported the 
input and output shafts. A stationary noise meter 
for measuring the noise level (characteristic A) was 
positioned 60 mm from the top of the planetary gear 
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Figure 10—Effect of meshing phase difference on vibra-
tion.

Figure 7—Effect of meshing phase difference on noise.

set testing machine housed in a soundproof box.
Experimental Results and Discussion

Effect of meshing phase difference on vibration 
and noise. Figure 6 and Figure 7 show the effect of 
the meshing phase difference on the measured vibra-
tion and noise levels of the planetary gear sets when 
the gear tangential load was 400 N. Planetary gear 
pairs with full-depth teeth (profile contact ratio A 
in Table 1) were used as the test gears. The closed 
triangles and open squares indicate the change in the 
noise and vibration levels of planetary gear set I with-
out a meshing phase difference and planetary gear set 
II with a meshing phase difference, respectively. As 
seen in the figures, the vibration and noise levels of 
the planetary gear set with the meshing phase differ-
ence were 3–5 dB and 5–7 dB lower, respectively, 
than the levels measured for the planetary gear set 
without the meshing phase difference.

Figure 8 and Figure 9 show the measured vibra-
tion and noise levels when planet and sun gears that 
have been ground on a Maag gear grinder were used 
in the test planetary gear sets. At nearly all of the 
measured speeds, the planetary gear set with the 
meshing phase difference shows vibration and noise 
levels that were approximately 3–4 dB and 6–9 dB 
lower, respectively, than those of the planetary gear 
set without a meshing phase difference. The effect 
of the meshing phase difference is presumed to be 
even more pronounced in these results because the 
influence of gear accuracy was relatively reduced by 
using ground gears.

The measured vibration level is shown in Figure 
10 as a function of the load torque. Over the entire 
torque range from low to high, the planetary gear 
set without a meshing phase difference shows an 
increase in vibration of around 3–4 dB with an 
increase in load torque. However, the vibration level 
of the planetary gear set with the meshing phase dif-
ference was insensitive to load torque changes.

Influence of tooth profile contact ratio and 
accuracy on vibration and noise. Figure 11 shows 
the measured noise level when planet gear pairs with 
large and small transverse contact ratios (profile 
contact ratios A and B, respectively, in Table 1) were 
used in planetary gear sets incorporating a meshing 
phase difference. The noise and vibration levels for 
the planetary gear sets with different contact ratios 
(i.e., full-depth teeth vs. normal-depth teeth) did not 
show any clear differences.

When contact ratios differ, the cyclic change in 
the spring stiffness of the meshing teeth varies, so 
the change in meshing excitation forces that occurs 
due to the change in the spring stiffness of the gear 
pairs is cancelled out in a planetary gear set with a 
meshing phase difference. Therefore, the effect on 
the gear noise level is presumably reduced even if 
the contact ratio is increased by using gears with 

Figure 8—Effect of meshing phase difference on vibration.

Figure 9— Effect of meshing phase difference on noise.
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Figure 11—Effect of meshing phase difference on noise. 

Figure 12—Effect of grinding on vibration.

Figure 13—Effect of first-order meshing frequency of mesh-
ing phase difference on vibration.

full-depth teeth, which would account for the lack of 
a clear difference in Figure 11.

The effect of test gear accuracy on the vibration 
level of planetary gear sets with a meshing phase dif-
ference is shown in Figure 12. The measured vibra-
tion levels compared here are for sun and planet gears 
that were shaved only and hardened by carburization 
and those that were ground after being hardened by 
carburization. 

The vibration level of the planetary gear set 
built with the ground gears was 1–4 dB lower. This 
lower level is attributed to the improved machining 
accuracy of the gears and the reduced roughness of 
the tooth face. The reduced vibration was especially 
pronounced at rotational speeds above 1,800 rpm.

Effect of the rotational order on vibration. 
The vibration components were measured using a 
fast Fourier transform (FFT) analyzer. Figure 13 
and Figure 14 show the effect of the meshing phase 
difference on the first- and second-order meshing 
components of the measured vibrations.

Among the variable components of the dynamic 
planetary gear set load, the first-order component 
generally has the largest amplitude (Ref. 4), but pas-
senger compartment quietness (an NVH characteris-
tic) is thought to be mainly influenced by the first- 
and second-order meshing vibration components of 
the planet gear noise of an automatic transmission. 
The experimental results in Figures 13 and 14 indi-
cate that the first- and second-order vibration levels 
of the planetary gear set with a meshing phase dif-
ference were rather low. In other words, it has been 
shown experimentally here that a meshing phase dif-
ference design can reduce the first- and second-order 
meshing vibration components.

Vibration acceleration and noise frequency 
analysis. Figure 15 and Figure 16 show the measured 
noise levels and frequency components of the vibra-
tion acceleration of planetary gear sets with and with-
out a meshing phase difference when sun and planet 
gears having ground tooth faces were used. The noise 
level and vibration acceleration level of the planetary 
gear set without the meshing phase difference were 
approximately 3–9 dB higher.

The first- to third-order components of the planet 
gear meshing frequency, fz, also show higher peaks 
than those seen for the planetary gear set with the 
meshing phase difference, which indicates that fre-
quency components were present in the high-fre-
quency range as well.

In the case of the planetary gear set with the 
meshing phase difference, the meshing phases of the 
teeth of the planet gears when they meshed with the 
sun gear had a differing composition. Consequently, 
the meshing phases of the torsional vibrations induced 
by changes in the spring stiffness of the teeth accom-
panying changes in the meshing states of tooth pairs 

Figure 14—Effect of second-order meshing frequency of 
meshing phase difference on vibration.
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Figure 15—Noise spectrum of planetary gear sets.

differed in their composition. Therefore, it is assumed 
that the resulting interference had the effect of miti-
gating the noise and vibration levels of the planetary 
gear set with the meshing phase difference.

Measured vibration results for planet gears in 
vehicle tests. Figure 17 shows the first-order mesh-
ing frequency of the vibration acceleration levels 
measured for planet gears with and without a meshing 
phase difference in tests conducted with a 2.0L front-
wheel-drive car fitted with a four-speed automatic 
transmission. Schematic diagrams of the automatic 
transmission used in the tests are given in Figure 4. 
This automatic transmission consisted of two plan-
etary gear sets. The specifications of the planetary 
gear sets are given in Table 2. Measurements were 
made under a condition of gradual acceleration in 
first and fourth gears. As seen in the figure, the vibra-
tion acceleration level of planetary gear set II with a 
meshing phase difference was approximately 3–12 dB 
lower than that of planetary gear set I without a mesh-
ing phase difference. Better results were thus obtained 
by applying a meshing phase difference.

Conclusions
An original planetary gear set testing machine was 

designed and built so planetary gear sets in four-speed 
automatic transmissions fitted on production vehicles 
can be tested separately in each speed range. Planetary 
gear sets were tested under varying rotational speeds 
and tooth face loads to examine how vibration and 
noise were affected by different methods of finishing 
the test gears, different contact ratios and other fac-
tors. The results obtained are summarized below:
 1.) It was shown that applying a meshing phase 
difference to planet gears reduced planetary gear set 
vibration and noise.
 2.) When a phase difference was applied to the 
meshing of gear teeth, it was seen that the noise and 
vibration levels of the planetary gear set were less 
susceptible to the influence of the tooth profile contact 
ratio.
 3.) It was also shown that the noise and vibration 
levels of a planetary gear set with a meshing phase 
difference can be further reduced by improving gear 
accuracy and tooth face roughness. 

This paper was presented at the ASME/AGMA 
2003 International Power Transmission and 
Gearing Conference, held Sept. 3–5, 2003, in 
Chicago, IL, and was published in Proceedings 
of the 2003 ASME Design Engineering Technical 
Conferences & Computers and Information in 
Engineering Conference. It’s republished here with 
permission from ASME.

Figure 16—Acceleration spectrum of planetary gear sets.
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Figure 17—Measured vibration acceleration levels in vehicle tests.

b) Measured vibration acceleration level without a meshing phase differ-
ence (first-order meshing frequency, 4th)

Table 2—Specifications of Vehicle Test Planetary Gear Sets.

Planetary 
gear set I

Planetary 
gear set II

Sun Planet Ring Sun Planet Ring
Number 
of teeth 33 21 75 42 17 75

Module (mn) 1.23 1.23
Pressure 

angle (deg) 20º 20º

Number 
of planets 3 4

Helix 
angle (deg) 23.26º 23.26º
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