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Dynamic Behavior.of Planetary Gear

( 1st Report Load Distribution in Planetary Gear )
By Teruaki HIDAKA and Yoshio TERAUCHI

In the planetary gear, the inequality of load distribution arises
on each planet gear because of random errors of manufacture and assem-
bly. This phenomenon results in an increase of load to each part, the
occurrence of vibration, and a drop in efficiency of planetary gear sys-—
tems. Though there are a number of studies which are connected with
load distribution, many of them are static studies. However, in fact,
the dynamic behavior of load distribution in driving is complicated be-
cause of the influence of the deformation in each part, dynamic charac-
teristic of the system. Therefore, to explain these relations, a sys-
tematic experimental work was carried out using Stoekicht planetary
gear (Type 2K-H) with spur gears.

Consequently, the following items are explained in this paper: (1)
The mean values of load distribution among the planetary gears are
nearly equality, but variations of dynamic tooth loads grow large in
the high-speed range. (ii) Even if load distribution is equality, it

happens that gear tooth dynamic loads vary largely.

1. Introduction

The planetary gear have the following
advantages:

1.The planetary gear have more com~

pact size,higher efficiency and larger
speed-ratio in comparison with the parallel
-shaft gear.

2. The planetary gear are coaxial.
This feature allows simple controls for
speed changing applications. Clutches and
brakes permit rapid speed changing without
taking the gears out of mesh.

The inequality of the load distribu-
tion, however, arises on each planet gear
in the planetary gear because of random
errors of manufacture and assembly. This
phenomenon results in an increase of load
on each part, the occurrence of vibration,
and a drop in efficiency of planetary gear
systems. The seizure may arise on the
planet spindles by the influence of iner-
tia force of planet gears in the high-
speed range, through lubrication. Due to
these phenomena, there are many problems
to be overcome to make good use of the ad-
vantages of the planetary gear. It is the
most important of all the problems to
carry out the equalization of the load
distribution among planet gears. So far,
for the equalization of the load distribu-
tion various methods have been considered
by many investigations, and there have
been many theoretical investigation®
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However, experimental investigations in
driving are few, because the mechanism of
the planetary gear is complicated.

In recent studies connected with the
load distribution, B.Diziogluw expressed
the conditional equations for the equali-
zation of the load distribution under the
static and dynamic conditions by replacing
the planetary gear having three planet
gears with the link mechanism. D.E.Imwalld®
classified the planetary gear from a
standpoint of the load distribution, and
explained the dynamic loads ‘acting on
planet gears with a simple expression con-
taining the term of inertia, but he took
no account of the important elastic defor-
mation in each part of the planetary gear.
Hayashi, et al.®? carried out an analysis
of the static load balancing in the normal
Plane to the gear axis for single-stage
planetary gear system, and then derived
the conditions and the basic equation for
the load balancing by replacing the geo-
metrical errors of each gear, the errors
caused by the gap in the bearing and by
the elastic deformation with the equiva-
lent tooth surface  errors and the
equivalent displacements, and further, in-
vestigated various methods for the load
balancing. However, all of their studies
were not expermental investigations. Yu.D.
Kondrashov® carried out expermental in-
vestigation using the Type 2K~H plane-
tary gear(single-stage type) in the low-
speed region. From. the measured results
he explained that the equalization of the
load distribution among planet gears was
fulfilled by using a floating 'sun gear in
combination with sphercal-race bearing on
the planet gears, but the use of a float=-
ing ring gear did not very effectively
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equalize the load among planet gears.
However, in fact, the dynamic behavior of
the load distribution in driving is very
complicated, because it is influenced by
the operational characteristics of the
planetary gear, such as the external load,
the variation of torque, the vibration
characteristics of the system, and by the
errors of manufacture and assembly. There-
fore, to explain the problems on the oper-
ational performance of the planetary gear,
in particular the problem of the dynamic
behavior, a systematic experimental “in—-
vestigation has been .carried out using
single-stage Stoekicht planetary gear(Type
2k~H) with spur gears, which is a most
general planetary gear system. . The gear
testing machine used is of the power cir-
culating type.

In this paper, the measured results
and the consideration connected with the
load distribution for the planetary gear
in driving are described.

2. Measuring Apparatus .and Ex-
perimental Procedure

2.1 Measuring Apparatus

Fig.l shows the gear testing machine
with a planetary gea ,» which is of power
circulating type. This testing machine is
5m in full length, in which a 20KW induc-
tion moto with a Kopp type stepless
speed variator is used for the drive. The
machine was designed for the maximum cir-
culating power of 110KW, a speed range to
the higher speed shaft of the planetary
gear from 1740rpm to 8900rpm, or from
3500rpm to 17800rpm(by exchanging two sets
of the power return gears(5)). On the other
hand, by means of the 1.5KW motor() with
reduction gears, the planetary gear can be
driven at a very slow speed of 18rpm. The
higher speed shaft was bored in the direc-
tion of its axis in order to pass the
measuring wires there through. For this
reason the length of the shaft is desirably
not to be very long, but it was designed as
long as possible, i,e., 450mm so as not to
be affected by the speed change gear(:>for
the planetary gear. The speed change gear
was designed for the structure for which it
is possible to arrange the slip-ringlat an
end of the higher speed shaft. The mesh-
frequency was indicated with the aid of
photoelectric pulses being generated by
means of the toothed index disk on the

1 planetary gear 7 wmotor

2 Kopp type 8 reduction gears
stepless spced variator 9 synchronous device

3 speed change gears 10 index disk

4 slip-ring 11 oil tank

5 power return gear 12 lubricating device

6 loading device

Fig.l Power circulating type gear
testing machine
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lower speed shaft of the planetary gear.
For the lubrication in the planetary gear

a hydraulic pump was used, and .the higher

-speed shaft bearings with the single row

ball bearing were lubricated by means of
the forced fog lubrication.

2.2 Tested Planetary Gear

The Stoekicht type single-stage plan-
etary gear(Type 2K~H) is shown in Fig.2.
This planetary gear with spur gears was
designed for the nominal transmitted power
20KW, the speed ratio 6 and the working
range of the higher speed shaft from 1800-
rpm to 7200rpm. The geometries, the mate-
rials and the gear accuracies of the plan-
etary gear are shown in Table 1, and Fig.3
shows the shaft diameters and the gaps be-
tween the shaft and the bearing . in the
planetary gear. The tooth profile errors
and the lead errors are represented in
Fig.4 for the sun gear and the planet gear.
It is for the purpose of avoiding the ex-
perimental error caused by the unevenness
of gear contact pattern that the sun gear
has a large crowing.

2.3 Experimental Procedure
It is difficult to measure the load
distribution on each planet gear directly,
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Low-speed. High-speed
side N T side
== | P begdi o

e T é— iz
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! |
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—! 4-14 DRILL
* The arrows in figure are
the direction of flowing oil.
1 s8un gear 4 coupling retainer
2 planet gear 5 high-spced gear coupling
3 ring gear 6 planet carrier

Fig.2 Stoekicht type planetary gear

Table 1 Dimensions and accuracies of
planetary gear

Planet
Sun gear Planet gear Ring gear | carrier
Number of teeth 14 28 0 —
Radius of piteh | »; 549 42.000 105.000 | —
circle mm
Radius of base | g 4; 38.803 97.007 | —
circle
Face width m™m 30 30 36 —_—
Material Nitriding| niriding steel seu2 $30C
: steel
Thickness of 8.65
ring mm
Single pitch |5 4e0) | s(1)| 51| 5 —
etrror M
Pitch vnrintio‘x} 3¢0) 6(0) | 6(0)] 4(0)
Accumulative u 3(0) 14(0) {28(2) |17 (0) —_
pitch error
Tooth profile 30 | 40} 5| 61 -
error _
Lead error Y 4(0) 5(0)] 7(0)] 6(0) —
Amount of u 30 15 —_
crowning :
Normal backlash 0.14 0.17 —_—
mm
Dedendum 1.25m Module m 3
Addendum 0.9 m Pressure angle 22.5°
Addendum modification ) Speed ratio
coefficient

Numbers in the brackets are the grade for JIS.
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because the planet gears turn round on
their own axis, and also revolve round the
sun gear. Therefore, the tooth 1loads on
the sun gear were measured from the fillet
strains in the three teeth(tooth numbers
1, 5 and 10) of the sun gear, which engage
simultaneously with the three planet gears
respectively. The fillet strains were de-
tected by means of the resistance wire
strain gauges which were stuck on the com-
pression sides of roots of the three teeth.
The strain gauges were stuck with great
care, so that the discrepancy among the po-
sitions of the three gauges was 1less than
0.3mm. Fig.5 shows the electric circuit
diagram. The electric signal from the
three strain gauges is transmitted through
the slip-ring, the bridge circuit and the
DC amplifier. The output signal from the
DC amplifier is once recorded on the mag-

Planet gears  (oupling retainer

Planet-spindles

Bearing
(High-speed side)

Planet carrier

( mm )
Shaft
Designation diameter| Gap
Bearing
a (low-speed side) ®60 0.09
Bearing

(High-speed side) $70 0.008
c Thrust bearing $ 45 0.20

PL I 0.13
P -

a i:‘i‘:;le PL 2] ¢40 [0.10

PL 3 0.12

1 The dimensions of a,b and d are
the diamectral gap.

2 The dimension of ¢ is the gap which
equals the right gap plus the left gap.

Fig.3 Shaft diamaters and gaps between
shaft and bearing
Planet gear
Root Tooth profile Tip Tooth trace

Right surface”-

100t 10,1

Sun gear

| Root % L, Tip
TQu{—_¢3/] 'Qut-’11

Fig.4 Tooth profile errors and lead errors
of sun gear and planet gear

4<QQ¥59//

Slip- Lower speed
_ rin shaft
OC amplifier |, __| Bridse carcuit ") b ‘( \
0~ 20k Hz Voltase 2.5V

- Resistance Str‘.am\gauﬁe/‘

Datair:ﬁ 1200 [ 1_ Zloading’
recorder ill:‘%l g

0~20kHz Protelectric] Ynchronizing signal

i — T rick-up -

— 1 Piten sisnal
] [ S
077011 (for monitor )

Fig.5 Diagram of electric circuit

netic tape in date-recorder. During the
recording the signal is observed by means
of an oscilloscope. The fillet strain data
in the data-recorder are recorded again on
the pen type oscillograph, after the time
scale of the fillet strain has been ex-
tended to 400 times by wusing two data-
recorders. At this time the pitch signal

and the synchronizing signal are also rec-
orded. Fig.6 shows a diagram of the en-—

gaging state in the planetary gear for the
case of the reduction and the observation
from the side of the lower speed shaft. If
the planet gears and the teeth of each
gear are numbered as shown in this figure,
the synchronous position will be such that
the planet gear P21 lies right above,
that is, the tooth No.70(the tooth No.1l
for the speed-up) of the ring gear engages
with the tooth No.l of the planet gear
PL1. At this time the three teeth No.1l,
No.5 and No.10 of the sun gear engage with
the planet gears PR 1, PL 2 and PR3
respectively. From the relation between
the numbers of teeth shown in Table 1, if
the lower speed shaft(planet carrier shaft)
rotates 2 times, thus, the higher speed
shaft rotates 12 times, it will be reduced
to the very same engaging state as before.
As the difference of the rotation between
the higher speed shaft and the lower speed
shaft is 10 times, in an interval from one
synchronous position to mnext synchronous
position a certain tooth of the sun gear
engages 30 times with the three planet

- gears, thus, the fillet strains of the

three teeth No.l, No.5 and No.1l0 amount to
90 pieces in all. These fillet - strains
are a set of data. The measurement of the
dynamic fillet strain was carried out at
intervals of the mesh-frequency of 40Hz for
the working range of the higher speed
shaft from 1740rpm to 7200rpm( the  mesh-
frequency range from 334Hz to 1400Hz ). On
the other hand, 90 pieces of static fillet
strains in an interval from omne synchro-
nous position to next synchronous position
were also measured by driving the planeta-
ly gear drive very slowly by means of the
motor(:) with reduction -'gears shown in

~—Direction of rotation ng 70 g 1

= Direction of torgue_ Ring gear

| Planet

7 Planet i
gears > iN°1S

Fig.6

Diagram of engaging state in
planetary gear
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Fig.l. As a characteristic value fcr the
dynamic teeth loading a so-called dynamic
load factor was introduced, which was de-
fined as the ratio of a dynamic fillet
strain to a static fillet strain in the
position corresponding with ‘the measured
position of the dynamic strain. Also, the
reproducibility of the fillet strains was
confirmed, because 90 pieces of the fillet
strains between two synchronous positions
corresponded with those between next syn-
chronous positions respectively. As shown
in the electric circuit diagram (Fig.5),
the variation of torque was also measured
and, further, was compared with the dyna-
mic tooth load.

In order to confirm the degree of the
experimental error caused by the uneven-
ness of gear contact pattern above-
meantioned, the fillet strains in the
three positions which were the middle of
face width and each 13.5mm of both sides
from the middle, were measured, .and the
fillet strain distribution in the direc-
tion of tooth trace was approximated with
a parabola which was composed of three
values of the measured fillet strains. The
following results were obtained by evalu-
ating the difference between the obtained

maximum  strain from the approximated
strain distribution and an actual fillet
strain in the middle position of face
width: the difference on the average was
1%, and the maximum difference was less
than 5%. Therefore, it may be considered

that the dynamic tooth load can be meas-
ured from the fillet strain in the middle

position of face width.

3. Calculation Method
Distribution on Each
Gear

of Load
Planet

There are a number of methods for the
measurement of the load distribution on
each planet gear, such as measuring the
reaction force on the planet spindle and
measuring the fillet strain of each gear,
but these methods have the advantage and
disadvantage. To measure the fillet strain
of the non-rotating ring gear is easy, but
in the ring gear of the toothed thin-ring
the strain is caused by the ring deforma-
‘tion, and for this reason the measuring
accuracy is not satisfactory. As described
in this paper, to estimate the load dis-
tribution from fillet strains of the sun
gear is equal to predicting the distribu-
tion of the dynamic loads on each planet
gear. As the reproducibility of the fil-
let strains was confirmed as above-
mentioned, the load distribution was esti-
mated by measuring the dynamic loads on
the sun gear in a certain interval between
two synchronous positions. At this time,
it was to be desired that the loads on all
the teeth of the sun gear should be meas-
red at the same time, but in this paper
the loads on the three teeth of No.l, No.5
and No.l0 were measured. In order to esti-
mate the load distribution and the dynamic
tooth load, the following calculation pro-
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cedure was applied to the date of 90
pieces of the fillet strain. Further, in
the next section the resuls of the dynamic
tooth load and the load distribution will
be discussed.

Now, the notations are as follow:

i, = numbers of measured teeth on the sun
gear(in this paper, =1, 5, 19)

J = number of times at which a tooth of
'sun- gear engages with the teeth  of
each planet gear in an interval bet-
ween two synchronous positions( = 30
in this paper) .

cos(fs,j) : static fillet strain of the

_ . .. . sun gear

€ds(is,§) * dynamic fillet strain of the
sun gear

Wos(is,§) ¢ static load of the sun gear
(transmitted load)
Wai(3s,5) ¢ dynamic load of the sun gear
wai(is,§) ¢ dynamic load factor for  the
sun gear .

As €o(i,,7) and e4:(is, f)are the strains
in the same mesh point, the expressions
for wa(is,j) and Wy,(i,,j) may be found as
follows.

wln(iuj)=Sh(ia.]l)/503(inj) """ craseserees "( 1 )
Wdl(inj)=wda("nj)W0a(inJ‘) pesessasronenee (2)

For the teeth No.l, No.5 and No.10 of the
sun gear which engage simultaneously with
the three planet gears respectively, the
mean dynamic load factor @ (i,)can be given
as

w;.(i.):s—loj_ﬁlm.(i..j)
=1, 5, 10 «-ereer(3)

Further, the standard deviation Twis(is)
which expresses the dispersion in the dy-
namic load factors, is written as follows:

. 1% ‘
Owds(ts)= é—o,?l 04:2(ie,§) —0a2(50) ooee(4)
(i,=1, 5, 10)

The coefficient of variation Cuwas(s:) re-
presenting the rate of this standard devi-
ation to the mean value, can be given as

Cuds(:) ={0was(ie)/Waalis)} X 100%++eeeeee (5)
(i.=1, 5, 10)
Also, the load distribution rate  Q.(is, j)
for the three teeth No.l, No.5 and No.10

which engage at the same time, may Dbe
found as follows:

@G ) ={warCin, ) / %"‘iﬁ”m.u., i)} x100%
(3,=1, 5, 10)

where £:(is,§) 1is 100% in case of the
equal loads. Just as in the case of the
dynamic load factor, the mean load dis-
tribution rate @,(i,) for the three teeth of
the sun gear, its standard deviation 0g.(i.)
and the coefficient of variation Cg.(s,)
are given by the following expression, res-
pectively:

~ 1 % o
2.(i)) =§61§19.(“' F) reereeseeessnniininens (7)
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_ ; —

69'(“)=‘/%,§0:1‘Q‘z(i"j)_‘9‘z(i') ...... (8)

Car(i) =(00:(84)/R4(34)) X 100% -++ee-e-(9)
(i.=1, 5, 10)

Next, as the tooth loads on the sun
gear are equal to those on the planet gears,

putting @ep(sp) ,6,= 1, 2, 3 as the mean
dynamic load factor for the three planet
gears P4 1, PL 2 and P& 3, the following

expressions can be obtained:
For the case of the present paper:

1110 10
@ep(1) =;—{ P wae(1,3k—2) + X was(5, 3%
30tx=) k=1
10
+ 3 wai(10, 3k.—1)}
K=1

_ 1(10 10 .
wa“,(z)=§6{&§1w4.(1,3k—-1)+k);1wa.(5. 3k—2)

£10)

10
+ 3 wai(10, 3k)}
k=1
1(10 10
4p(3)=55{ 3 war(1,38)+ 2 was(5.34—1)
30y k=1

10
+ 3 wes(10, 3k—2)}
k=1

The standard deviation - Owds(f5), and the
coefficient of variation  Cuip(ip), #» = 1,
2, 3 can be also obtained in the same man-
ner.

Further, the mean load distribution
rates @,(i,) for the three planet gears
P% 1, PL 2 and PR 3, are:

8y =g5{ £ 2.1,35—-2)+ £ 0.5,3%)
+ 3 2.(10,3%—1))
k=1
2,2y =3¢( £ 2.(1,35-1)+ £ 2.(5,35—2)
i ) 1)
+ 3 2.(10, 3] (
k=1

~ 1 10 10 .
2,(3)=55{ £ 2.(1,3)+ £ 2:5,3-1)

10
+ ¥ 2.010, 3k—2)}
k=1

0g»($5) and Cm’(irz i=1, 2, 3 can be
also obtained in the same manner.
Fig.7 shows the engagement relation

among the three planet gears. For the
above-mentioned calculation procedures,
the following two means were applied to the
data of the fillet strains. It is explained
from Fig.7 that the meshing position in
which the teeth No.l, No.5 and No. 10 of
the sun gear engage at the same time, and
which 1is the zone of single contact, is
nearly tip on the tooth No. 1, nearly root
on the tooth No.5 and nearly pitch point on
the tooth No.1l0(see Fig.8 also). Thus, the
estimation of the load distribution was
carried out at this meshing position. Fur-
ther, the estimation of the dynamic load
was carried out at the meshing position
other than the above-mentioned one.

4. Experimental Results and Dis-
cussion

No.5 and No.10.

4.1 Experimental Condition

The experimental investigation was
carried out at a transmitted tooth load

130kg(a higher speed shaft torque 7.7k§—m,
a transmitted power 57KW at the maximum

speed) for the case of the reduction. The
results of the experimental investigation
are expressed as follows.

4.2 Static Load on Gear

Fig.8 shows an example of the fillet
strain for the case of driving the plane-
tary gear at a very slow speed of 18rpm.
30 pieces of the fillet strains between
two synchronous positions for the respec-
tive teeth were nearly the same form,
further, the coefficient of variation of
the maximum fillet strains was about 3%.
This dispersion can deservedly be explained
also for the fillet strains of the parallel-
shaft gear devices because of the gear er-
rors. Also, taking into consideration the
discrepancy among the positions of the
three stuck gauges, there is little dif-
ference among the fillet strains of No.l,
Thus, in case of driving-
at a very slow speed, it is considered that
the equalization of the load distribution
is fully fulfilled. Therefore, regarding
the above-mentioned fillet strain as the
static fillet strain of the sun gear(for
Wo_:(i.,j) = constant = W, = 130kg), the
dynamic load factor and the load - distri-
bution were estimated.

4.3 Dynamic Load on Gear

Figs.9 and 10 show an example of the
fillet strains which are measured at the
mesh-frequencies 334Hz and 1400Hz, respec-
tively. 1In the high-speed range the dy-
namic tooth load is vibrational as shown
in Fig.10. However, no hasty increase of
the dynamic loadings arises, because mno
release of the teeth occurs and no teeth
contact impulsively. In order to investi-
gate the effect of the meshing position on
the dvnamic loading, the mean values of dy-

— . Engagement of sun gear contact ratio
with planet gear. €120
Engagement of ring gear contact ratio
with planet gear €=163

Sun  Gear . Sun  Gear
Not N2 R‘“? Gear Wi Nol Ring gear
Root_Tip o goﬂg Rot Tip  No2
‘Ip 00 % /T|p
PLY ' ! '
No.1 l_N_1_I No. 14
No.T0 e tne normal. pitch—.
1
PL2 No§ |l——»1] No5 L ___
[« One nomal, pitch-\22 | Dbl contact No.25
PL3 ] [

1. [
No.11 ] No.10 LT No.§
Na.47 No.48

Single contact J

(Synchronous  0°
position)

N . No.ag
Measuring position
for Load distribution

Angle of planet carrier-

Fig. 7 Engagement relation among
three planet gears
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namic load factor
positions of the tooth tip, the tooth root
and pitch point in the zone cf single con-=
tact were estimated, and are shown “in
Fig.1ll. From this figure it is seen that
the dynamic load factors grow large in
order of the tooth root, the tooth tip and
the pitch point with an increasing speed.
This phenomenon can be explained by dynamic
additional loads which occur due to the
change of teeth stiffness as a result of
the different contact teeth numbers(i. e.
single contact or double contact). How-
ever, as the dynamic load factors of the
three teeth of No. 1, No.5 and No:1l0 are
similarity, it is guessed that the load
distribution is nearly equality. In this
paper, from the maximum fillet strains the
mean dynamic load factor ,.(i,) and the

Measuring

l— position
Mesh {requency 36Hz.

500x 15°®
y—/
No.1
500x10°®
Strain

[ 500x107°
o
Dople ~ Contact o

contact contact

1 f Pitch signal \—

Fig. 8 Example of fillet strain

ISOO{( 10-6 Mesh freguency 334MHz
Strain
No.1
Isooxm‘e
Strain No.§
I 500x10°°
| Strain
No.10
Pitch siznal

Fig. 9 Example of fillet strain

-6
o\ tesh fregency 1400z
No. 1
- -6
500%10
1 Strain No.5
500107

Strain

Fig. 10 Example of fillet strain

Weis) . at the meshing‘
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coefficient of variation Cuaa(is) were
estimated. The results are shown in Fig.l2.
From this figure it is recognized that the
mean values of the dynamic load factor do
not widely vary, but the coefficients of
variation differ from mesh-frequency to
mesh-frequency. Therefore, the dispersions
in the dynamic loads for the specially fix-
ed mesh-frequencies are shown in Fig. 13
with the relation between dynamic load
factor and angle of rotation of the lower
speed shaft. At a low speed(mesh-frequency
480Hz) at which the coefficient of varia-
tion is large, the dynamic loads make regu-

T‘ooth. r(;o’t l A\

factor wus (ig)
r‘\)
o

—_—
o

Mean dynamic load

-
o

-
w

factor s (is)

o

Mean dynamic load

n

factor Was (is)

o

Mean dynamic load

400 600 800 1000 1200 1400
. | 1 Mesh frefguency Hz
2000 3000 4000 S000 6000 7000
Speed of sun jear rpm

Fig. 11 Dynamic load factors for tooth
root, pitch point and tooth tip

1.5

—_
o

Mean dynamic
lnad_jactor
wds ( ts)

~N
o

(¢7]

o
o

[¢a]

Coefficient of variation Cugq(is)%

o

Lf—

400 600 800 1000 1200 1400
| | Mesh freguencyle

1
2000 3000 4000 5000 6000 7000
Speed of sun gear rpm

Fig. 12 Mean dynamic load
and coefficient of variation
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lar periodic variations under the equal
load distribution, while at a high speed
(mesh-frequency 1400Hz)they vary irregula-
ly under the unequal distribution. When
the torque of the lower speed shaft was
measured, it was revealed that the torque
variation had 12 periods per rotation of
the lower speed shaft at the mesh-frequency
480Hz and 6 periods at 960Hz, and then the
resonances occurred in the gear testing
machine. The cycles of these torque vari-
ations are shown in Fig.13 with the dotted
lines. Seeing only the plotted points for
dynamic load- factors in Fig.13, it seems
that there are the periodic variations of
3 times per rotation of the lower speed
shaft at 480Hz. The reason is that the
number of the measured root strains is too
few. If the measurement is carried out for
all the teeth, 12 pieces of peaks ought to
arise. .
In case of measuring the fillet strains
at the same time compared with Fig.1l2 the
mean dynamic load factors @.(is) , Wap(iy)
are slightly small and the coefficients of
variation Cuwui(s;) , Cwis(is), are slightly
large, but, these graphs are similar to
Fig.12 as a whole(the figures are omitted)..

4.4 Load Distribution _
The mean load distribution rate Q:(i:)
and the coefficient of variation Cg,(i:) are

© ® No.l (Black mark is

= s ﬁ; . “g‘_% the 2nd rotation)
'§§ ! . i P’leshg frezuency400Hz
- AW "
I L
231.0 =

< Mesh frequency 480 Hz
BS IS AR ARG R
- A SR - WP R
g | fIARGIHETEILE N
g8 REREALE RIRERCHINSREELS
S0 g I 494 :ri.' Y

SRR LRI REE

.3’ Mesh freguenc 960Hz
Es AT
oy & [y
£5 T
S8 4 55

—~ o . 2 Mesh frequency. 1400 Hz
-c;z_‘? (.) @8 o T} a o " ' 0 ; L] |
8 2 A 9 ot g |
A I TSR LS ER SRR
g5 * 6 A
=t e A
SE

1.0}
¢ 120" 240° 360°

Angle of Lower speed shaft

Fig. 13 Relationship between dynamic
load and angle of lower speed
shaft

same time as above-mentioned.

shown in Fig.l4, which are estimated by
measuring the three fillet strains at the
Similarly,
2,(ip) and (Cgy(ip) are shown in Fig.15.
Comparing Fig.1l4 with Fig.15, the mean load
distribution rate Q,(i,) in Fig.14 fluc-
tuates slightly with an increasing speed,
but Q,(4,) in Fig.1l5 is about 100%Z. Both
the coerricients of variation show a simi-
lar tendency, but (Cgs(ip) is larger than
Cgo:(i,) . Thus, even if the same measured
values are used in both calculations, due
to the two different calculation procedures
the mean load distribution rate and the

C°\° T T

275 —o— No. 1

3120 - No. § y
Elo == No.10 Pl
<2100

S«

2

§

= 80

-
(4]

o

(3]

Coefficient of variation Cos(is)%

o
s

'400 soo 800 1000 1200 1400

Mesh }rejuency Hz
2000 3000 2000 5000 6000 7000
Speed of sun §ear rpm

Fig. 14 Mean load distribution rate
and coefficient of variation

o

[4,)

Coefficient 0f variation Cop (ip) %

400 600 800 1000 1200 1400
1 Mesh frequency Hz

2000 3000 4000 5000 6000 '7000
Speed of sun jear rpm

Fig. 15 Mean load distribution rate
and coefficient of variation
for planet gears
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coefficient of variation for the planet
gears differ from those for the teeth of
the sun gear. Fluctuation of £,(i,) is due
to the variation of the dynamic tooth load
.(see Fig.10). In this paper, it is judged
that £2,(i,) expresses the nomal conditions
of the load distribution better.

At the mesh-frequency 480Hz, the curve
for the coefficient of variation of the
dynamic load factors in Fig.1l2 shows a
pointed peak, but the curve for the coef-
ficient of variation of the load distribu-
tion rate in Fig.14 has not such a peak.
This means that though the load distribu-
tion is equality, the variation of dynamic
loading is large due to the torque varia-
tion. Therefore, the dynamic tooth load
can be estimated with only the load dis-
tribution rate.

4.5 Mean Value and Coefficient
of Variation

Expressing the dynamic loads in Fig.12
with the frequency distribution about the
mean values,Fig.1l6 can be obtained. Though
the frequency distribution differs from
mesh-frequency to mesh-frequency, most of
the dynamic loads are within the range of
(#04s(3s) £20w4:(is)) . This can be also true
for the load distribution.

Thus, if transmitted load W, is deter-
mined, the dynamic tooth loads Wg.(i,,j),and
Wap(ip,j) may be within the ranges of the
following expressions, respectively:

- Mesh_jrequency 334 Hz Mesh frequency 400HZ
2 P=367% P=961%
S0 10
2
= 1 ||
Z S 5 -
£
£ 1 g = BN SN TE S
by by o 4y a, 15 —bg by b|£‘7 a, a

—— Mesh freguency 480HZ Mesh {riiuency
g _P=100% 800Hz
210 |- 10 P=36.7%
<
2 I -
55 51—
g
= il M AR

by, a, a, a; by by b @ ay
-— [~ Mesh frequency Mesh freguency 1200Hz

9504z P=96.7%

< P=100% 1
“10 |- 10
=
=)
st 5|
£ RSN el

b, by @, a1 a;
Oynamic Load Wy (1)

by 4, a: az
Dynamic load Wys(1)

Fig. 16 Frequency distribution of
dynamic tooth loads about’
mean value
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W‘l(il ,j) =w‘|(in) [1i2CU‘|(i')/100} Wa
Wdy(ip,].) =:Tu,(}',) {l iZCuda(ip)/loo} Wo }

For example, as the coefficient of varia-
tion for a mesh-frequency 1200Hz in Fig.12
15 Cude(is) = 12%, the maximum dynamic load
may be estimated as follows:

1.3x (1+2%0.12) X 130 kg=210 kg

For the load distribution rates Q.(is, )
and ©25(i5,j) the following expressions can
be obtained in the same manner:

0., $)=2.(i ) (11 2C2.(i4+)/100}
Q5(i5,5)=25(i5)}1£2C2s(i5)/100}

Thus, the maximum and the minimum value of
the load distribution rate for a mesh-fre-
quency 1200Hz in Fig.1l4 are: :

110(1+2x0.065)=124%
92(1—2%0.075)=78%

for is=1cmax) $s=10cmin>

} ween(13)

Further, the mean load distribution rate
for 1200Hz in Fig.15 is about: 100% regard-
less of iy, ‘

100(1+2%0.1)=80%~120%

Therefore, it can be said that Fig.l4 coin-
cides nearly with Fig.15.

5. Conclusions

The conclusions of this paper are sum
marized as follows:

(1) In the high-speed range the vari-
ation of dynamic tooth loads becomes larger,
and the load distribution is reduced to
inequality.

(2) Even if the load distribution 1is
equality, due to the torque variation it
happens that the dynamic tooth loads vary
largely. Therefore, the dynamic tooth load
can not be estimated from only the ‘mean
load distribution rate and the mean dynamic
load factor. ‘

(3) The mean load distribution rates
for each planet gear are about 10Q@%Z over
the whole speed range, thus, the load dis-
tribution for each planet geadr is equality.
However, though the mean load distribution
rates estimated for the three teeth of the
sun gear are nearly 1007 in the low-speed
range, in the high-speed range they fluctu-
ate slightly. Thus, even if the same mea-
sured value is used in both calculations,
due to the two different calculation pro—
cedures the mean load distribution rate and
the coefficient of variation for the planet
gears differ from those for the teeth of
the sun gear.

(4) The ranges of the dynamic tooth
loads and the load distributions can be
expressed with these mean values and coef-
ficients of variation, respectively.
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