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Abstract

Purpose: The load on the planet gear of a planetary gear set is uniformly distributed. However, manufacturing and assembly
errors cause uneven load sharing in the planetary gear set. To solve this problem, most studies have suggested applying a
floating sun gear to the planetary gear set. However, the effect of the floating ring gear and floating carrier has not been
extensively studied. This study aimed to investigate the effect of the floating ring gear. Methods: Two models were
developed; one was the fixed ring gear model, and the other was the floating ring gear model. In the fixed ring gear model,
the clearance between the ring gear and the housing was 0 um, and in the floating ring gear model, the clearance was from
10 um to 100 um. The load sharing of the planetary gear set was evaluated by the load sharing factor. Results: Our study
showed that with increase in clearance, the load sharing factor of the planetary gear set approached unity. In addition, when
the clearance increased above a certain level by which a fully floating ring gear was achieved, the load sharing factor was not
affected by the clearance. Conclusions: This indicates that the fully floating ring gear increased the power density of the
planetary gearbox by uniformly dividing the load of the planetary gear set. For this reason, the size of the gearbox could be
decreased by using a fully floating ring gear.

Keywords: Floating ring gear, Load sharing, Planetary gear set, Power density

For most industrial vehicles, including forklifts, regard-

Introduction

less of the type of power source, planetary gearboxes are

Forklifts can be categorized into LPG engine forklifts,
diesel engine forklifts, and electric forklifts, depending on
the power source. For many years, diesel engine forklifts
have generally been used in many industries because of
their high durability and high torque output. In recent
years, however, the demand for electric forklifts that do
not emit exhaust gas has increased, as the need for the use
of forklifts in indoor workplaces, such as factories,
industrial facilities, agricultural facilities, has increased
(Kim etal., 2011).
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used (Park etal, 2010; Kim and Cho, 1997; Bayindir et al.,
2011). Though planetary gear sets have smaller gear
sizes than those of a spur gear set or helical gear set, they
transmits more power than those other gear sets. In other
words, planetary gear sets have high power density. The
planetary gear set has been actively studied (Shin et al.,
2016; Noh etal., 2017). To achieve long life for the plane-
tary gear set, with the advantages of miniaturization and
low weight, the load sharing should be uniform (Kim et al.,
2017). Therefore, the life of the planet gear could be
improved by optimizing the load sharing by reducing
the volume and weight of the planetary gearbox in a drive
system. In addition, when the size of the drive system is
reduced, the efficiency of the motor is improved. However,
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due to manufacturing and assembly errors, uneven load
sharing occurs in the planetary gear set, which reduces
the life of the gears. Much research has been conducted
on ways to improve uneven load sharing in planetary gear
sets (Kimetal., 2017; Iglesias et al,, 2017; Park et al., 2012;
Kahraman, 1994; Nejad et al., 2015; Bodas and Kahraman,
2004; Kahraman and Vijayakar, 2001; Singh, 2010).

The simplest and most common method used to
improve the load sharing in planetary gear sets is the use
of floating (Iglesias et al,, 2017; Park et al., 2012; Singh,
2010). Floating is a configuration in which one or more
than two elements of the major components of a plane-
tary gear set, such as the sun gear, carrier, or ring gear, are
allowed to move freely in the radial direction of the
nominal position without being restricted to the bearing
(Park et al,, 2012). Kahraman (1994) developed a non-
linear time-varying (NTV) dynamic model to analyze the
dynamic load sharing characteristics of a typical planetary
gear set with an arbitrary number of planet gears. The
results showed that the runout error of the pinion and the
position error of the pinion pin have significant influence
on the dynamicload sharing factor. It was also found that
the floating sun gear greatly improved the dynamic load
sharing characteristics. Nejad et al. (2015) analyzed the
effect of eccentricity and misalignment of a planet gear on
a planetary gear set, using a fixed sun gear model and a
floating sun gear model. The floating sun gear improved
the misalignment of the planetary gears. Kahraman and
Vijayakar (2001) investigated the effect of a flexible ring
gear on the quasi-static behavior of a planetary gear set.
The flexible ring gear helped to improve the load sharing
of the planetary gear set, but its effect was smaller than
that of the floating sun gear. Singh (2010) developed a
generalized formula for a planetary gear set and calculated
the degree of floating necessary to make the planetary
gear set a complete floating system. In addition, it was
confirmed that a degree of floating above a certain level
does not affect the load sharing of the planetary gear set.

Numerous studies on floating have confirmed that the
load sharing of a planetary gear set could be improved
with a floating sun gear. However, few studies have been
conducted regarding how the load sharing of a planetary
gear set could be improved when a floating carrier or a
floating ring gear is used in the planetary gear set. As a
result, in this study, we applied a floating ring gear to a
planetary gear set that is used in the drive system of an
electric forklift to investigate through simulation the

264

effect of the floating ring gear on load sharing. To confirm
this, we created two planetary gearbox simulation models.
In one model, the ring gear was fixed to the housing. In the
other model, the ring gear was allowed to float by the
application of a radial clearance between the ring gear
and the housing. To confirm the condition that the ring
gear of the planetary gear set fully floats, the load sharing
of the planetary gear set was calculated while the size of
the clearance gradually increased.

Materials and Methods

Specification of planetary gearbox

The planetary gearbox used in this study is a drive
reducer of electric forklifts. The planetary gearbox consists
of two stages. There is a parallel shaft gear set in the first
stage and a planetary gear set in the second stage. The
power is input to the helical gear of the parallel shaft gear
set and output to the carrier of the planetary gear set,
while the ring gear is fixed to the housing. The rated
torque and speed of the input shaft is 204 Nm @ 1000 RPM.

Figure 1 shows the electric forklift used in this study

Input Shaft
with Driving Gear

Sun Gear Shaft

Figure 2. Section view of the planetary gearbox.
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Figure 3. Schematic arrangement of the planetary gearbox.

Table 1. Specification of gears in the parallel stage

Items Stage 1
Drive Driven

Module (mm) 25
Pressure angle (°) 20
Center distance (mm) 161
Number of teeth 26 102
Tip diameter (mm) 69.954 262
Pitch circle diameter (mm) 65.406 256.594
Root diameter (mm) 58.750 250.796
Face width (mm) 30 25
Number of gear 1 1
Items Stage 2

Sun Planet Ring
Module (mm) 3.0
Pressure angle (°) 20
Center distance (mm) 49
Number of teeth 10 21 55
Tip diameter (mm) 35134 74.000 161.569
Pitch circle diameter (mm) 31613 63458 158.529
Root diameter (mm) 22500 61.366 175.069
Face width (mm) 35 25 31
Number of gear 1 3 1

and the position and shape of the driving reducer
mounted on the electric forklift. It is located on the front
drive axle of the forklift and driven by the motor. Figure 2
and Figure 3 provide a cross-sectional view and the gear
arrangement of the planetary gearbox. Table 1 and Table 2
present the specifications of the parallel shaft gear set
and the planetary gear set.

Simulation model of planetary gearbox

A planetary gearbox simulation model was developed
using commercial software (RomaxDesigner, 2017). To
define the stiffness of the gears, the macro-geometry,
such as the number of the teeth, the module, and the
pressure angle, and the micro-geometry, such as the
crowning and the lead slope, were considered. To define
the non-linear stiffness of the bearing, the internal shape
dimensions, such as the number and diameter of the balls
or the rollers, and the diameter and curvature of the inner
and the outer raceway of the bearing, were considered.

In addition, not only the geometric elements of the
bearing but also the contact between the inner and outer
raceways and the ball or roller, which is the non-linear
effect of the internal clearance, and the pre-load were
considered as factors related to the non-linear stiffness of
the bearing (Park et al., 2015; Park et al., 2013).

Figure 4 and Figure 5 present the simulation model of
the electric forklift gearbox. Figure 4 shows the model
including the housing, and Figure 5 shows the model
without the housing. The stiffness of complex shapes
such as the web of a driven gear of the parallel shaft gear
set, the carrier of the planetary gear set, and the housing

Figure 4. Entire model of the gearbox with FE housing.

Figure 5. Entire model of the gearbox without FE housing.
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Figure 8. Planetary gear set, FEM carrier, wheel adapter, and
bearings in the simulation model.

was input with finite element models. The torque and
speed input to the drive gear of the parallel shaft gear set
is204 Nm @ 1000 RPM that is the rated torque and speed
of the input shaft. The direction of rotation is clockwise
with respect to the input shaft. The load applied to the
gearbox wheel mount, due to the reaction force of the
weight of the wheel, is 74.4 kN. Figure 6 shows the models
of the drive gear, shaft, and bearings of the parallel shaft
gear set. The red arrow indicates the torque. In Figure 7,
the driven gear and FE (Finite Element) web of the
parallel shaft gear set in the simulation model is illu-
strated. The planetary gear set, the FE carrier, the wheel
mount, and the bearings of the simulation model are
shown in Figure 8.
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Figure 9. Radial clearance between ring gear and housing.

Analysis condition of simulation

Uneven load sharing affects the dynamic behavior and
durability of a planetary gear set. The dynamic behavior
is caused by vibration generated by irregular forces. The
durability is affected because a larger load than the
design load acts on the gear. One solution to this problem
is to use an elastic support designed to offset fabrication
and assembly errors in planet gears, or an elastic ring
gear designed to withstand deformation-causing uneven
loads (Iglesias et al., 2017). In this study, however, we
investigated the degree of improvement in load sharing
of a planetary gear set with the application of a floating
ring gear.

The simulation model was divided into a model in
which the ring gear was fixed to the housing (hereinafter
referred to as the fixed ring gear model) and a model in
which the radial clearance was applied between the ring
gear and the housing (hereinafter referred to as the
floating ring gear model). Figure 9 shows the radial
clearance between the ring gear and the housing that is
the difference between the diameter of the bolt hole on
the ring gear (red arrow) and the diameter of the thread
(blue arrow). In the fixed ring gear model, the radial
clearance between the ring gear and the housing was set
to 0 ym. In the floating ring gear model, the radial gap
between the ring gear and the housing was increased
from 10 ym to 100 zm in 10 zm increments.

Load sharing factor of planetary gear set
The load sharing of a planetary gear set is represented
by load sharing factor, K, , as shown in equation (1) (ANSI/
AGMA 6123-B06). Because the planet gears are assumed
to rotate at the same speed, the load sharing factor could
be calculated by multiplying the numerator and deno-
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minator of equation (1) by the angular speed. Therefore,
the load sharing factor could be defined as shown in
equation (2).

Theoretically, a planetary gear set has uniform load
sharing, and the load sharing factor is 1.0. However, due
to various causes such as deformation and misalignment
of gear, shaft, and bearing, as well as manufacturing error,
the actual load on the planetary gear set is not uniformly
divided in the planetary gear set, and the load sharing
factor becomes greater than 1.0.

TErm:r/rA/{'[’

B=— (1)
P
K=2, (2)

Results and Discussion

We conducted the simulation for the fixed ring gear
model and the floating ring gear model of an electric
forklift gearbox at the operating speed and torque. The
static deformation of the shafts, gears, and bearings was
calculated considering the elasticity of the web of the
driven gear of the parallel shaft gear set, carrier, and
housing. Based on these parameters, the load sharing
factor of the planetary gear set was calculated. However,
in this study, the simulation was performed under the
condition that there were no manufacturing or assembly
errors in the planetary gear set.

The load sharing of the planetary gear set was
evaluated by load sharing factor, K, . In this study, the
load sharing factor was calculated by equation (2) after
the power input to each planet gear was analyzed using
commercial software (RomaxDesigner, 2017). For each
model, the analytical condition was assumed a quasi-

Planet gear 3

Planet gear 1

Planet gear 2

Figure 10. Position of planet gears in planetary gear set when the
carrir rotated 0°

static process. Therefore, the carrier rotated from 0° to
360° at 60° increments, and the power flow was analyzed
according to the position of each planet gear. Figure 10
presents the position of the planet gears in the planetary
gear set when the carrier rotated 0°. The direction of
rotation of the carrier was clockwise.

Fixed ring gear model

Figure 11 shows the result of the power flow analysis
based on the position of each planet gear through one
revolution in the fixed ring gear model. Because the
analysis was conducted using the quasi-static assump-
tion, the power varied according to the position of the
planet gear, but the same power was input to the planet
gears at the same position.

In the fixed ring gear model, when the carrier rotated
0° and 240°, the load sharing factor was the smallest.
When the carrier rotated 0°, the power of planet gear 1
was 3.752 kW, the power of planet gear 2 was 3.279 kW,
and the power of planet gear 3 was 3.805 kW. The
maximum power was 3.805 kW for planet gear 3, and the
average power was 3.612 kW, so that K, was calculated
to be 1.053. When the carrier rotated 240°, the power of
planet gear 1 was 3.805 kW, the power of planet gear 2
was 3.752 kW, and the power of planet gear 3 was 3.279
kW. The maximum power was 3.805 kW for planet gear 1,
and the average power was 3.612 kW, so that K, was
calculated to be 1.053.

In the fixed ring gear model, when the carrier rotated
60°, the load sharing factor was the largest. In this case,
the power of planet gear 1 was 3.377 kW, the power of
planet gear 2 was 3.492 kW, and the power of planet gear
3 was 3.967 KW. The maximum power was 3.967 KW for
planet gear 3, and the average power of the planet gear
was 3.612 kW, so that K, was calculated to be 1.098. K,

by
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Figure 11. Power flow in planets of fixed ring gear model.
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increased by about 4% compared to the minimum value.

The smallest power input to the planet gear per
revolution was 3.279 kW, and the largest power was
3.967 kW, which represents an increase of about 21%.
Because each planet gear rotated at the same angular
speed, the power input to each planet gear was pro-
portional to the torque. Therefore, the fact that the power
fluctuation was large indicated that the variation in the
load generated in the planet gear was also large. The
reason for this phenomenon was that the position of
planet gear 1, 2, and 3 changed when the carrier rotated
in the quasi-static state, while the vertical load applied to
the tire from the ground did not changed.

Floating ring gear model

Figures 12-21 show the results of the power flow
analysis based on the position of each planet gear through
one revolution in the floating ring gear model. Similar to
the analysis results of the fixed ring gear model, the power
of each planet gear changed according to the position, under
the analysis conditions, but the power was the same for
every cycle of the carrier.

Figure 12 shows the result when the 10 4 m clearance
was applied to the floating ring gear model. When the
carrier rotated 0°, K, reached its minimum value of 1.047,
and when the carrier rotated 180° K, reached its
maximum value of 1.081, an increase of about 3%. The
maximum power input to the planet gear was 3.903 kW,
and the minimum power was 3.322 kW. Therefore, the
maximum load on the planet gear was about 17% larger
than the minimum load.

Figure 13 shows the result when the 20 4 m clearance
was applied to the floating ring gear model. When the
carrier rotated 0°, K, reached its minimum value of
1.040, and when the carrier rotated 180°, K, reached its
maximum value as 1.067, an increase of about 2.6%. The
maximum power input to the planet gear was 3.852 kW,
and the minimum power was 3.372 kW. Therefore, the
maximum load generated on the planet gear was about
14% larger than the minimum load.

Figure 14 shows the result when the 30 4 m clearance
was applied to the floating ring gear model. When the
carrier rotated 0°, K, reached its minimum value of
1.032, and when the carrier rotated 180°, K, reached its
maximum value of 1.052, an increase of about 2%. The
maximum power input to the planet gear was 3.800 kW,
and the minimum power was 3.425 kW. Therefore, the
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Figure 12. Power flow in planet gears of floating ring gear model
with 10 ym
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Figure 13. Power flow in planet gears of floating ring gear model
with 20 um clearance.
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Figure 14. Power flow in planet gears of floating ring gear model
with 30 um
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Figure 15. Power flow in planet gears of floating ring gear model
with 40 ym

maximum load generated on the planet gear was about
14% larger than the minimum load.
Figure 15 shows the result when the 40 ;4 m clearance
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was applied to the floating ring gear model. When the
carrier rotated 0°, K, reached its minimum value of
1.023, and when the carrier rotated 180°, K, reached its
maximum value of 1.037, which was an increase of about
1.4%. The maximum power input to the planet gear was
3.747 kW, and the minimum power was 3.478 kW.
Therefore, the maximum load generated on the planet
gear was about 8% larger than the minimum load.
Figure 16 shows the result when the 50 4 m clearance
was applied to the floating ring gear model. When the
carrier rotated 0°, K, reached its minimum value of
1.015, and when the carrier rotated 180°, K, reached its
maximum value of 1.022, which was an increase of about
0.7%. The maximum power input to the planet gear was
3.693 kW, and the minimum power was 3.532 kW.
Therefore, the maximum load generated on the planet
gear was about 4.6% larger than the minimum load.
Figure 17 shows the result when the 60 4 m clearance
was applied to the floating ring gear model. When the
carrier rotated 0°, K, reached its minimum value of
1.006, and when the carrier rotated 180°, K, reached its
maximum value of 1.008, which was an increase of about
0.2%. The maximum power input to the planet gear was
3.641 kW, and the minimum power was 3.585 kW.
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Figure 16. Power flow in planet gears of floating ring gear model
with 50 pm clearance.
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Figure 17. Power flow in planet gears of floating ring gear model
with 60 um clearance.
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Figure 18. Power flow in planet gears of floating ring gear model
with 70 um clearance.

4.0

3.8

3.6 —il = Bl

34
32

Power Flow in Planet (kW)

0 60 120 180 240 300 360
Carrier Rotational Angle (°)

=4=DPlanet | =M=Planet 2 =#=Planet 3

Figure 19. Power flow in planet gears of floating ring gear model
with 80 pm clearance.
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Figure 20. Power flow in planet gears of floating ring gear model
with 90 um clearance.
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Figure 21. Power flow in planet gears of floating ring gear model
with 100 pym clearance.
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Figure 22. Maximum load sharing factor of the models according
to the clearance size.

Therefore, the maximum load generated on the planet
gear was about 1.6% larger than the minimum load.

Figures 18-21 shows the analytical results when
clearances of 70 zm, 80 zm, 90 zm, and 100 xm were
applied to the floating ring gear model, respectively.
Under the four analytical conditions, K, was constant at
1.001, regardless of the carrier angle of rotation. The
maximum power input to the planet gear was 3.616 kW,
and the minimum power was 3.608 kW.

Based on these results, the maximum value of the load
sharing factor of the model according to the size of the
clearance was plotted on the graph as shown in Figure 22.
It was confirmed that the planetary gearbox used in this
study could have the fully floating ring gear when the
radial clearance between the housing and the ring gear
was 70 yzm. The use of the fully floating ring gear resulted
in uniform load sharing of the planetary gear set and a
significant reduction in the load variation of the planet
gear. This was also consistent with the findings of Singh
(2010), who found that increasing the clearance above
70 ¢m did not affect the load sharing of planetary gear
sets.

Conclusions

In this study, the fixed ring gear model and floating ring
gear model were constructed with reference to the
planetary gearbox used in actual industry. The influence
of the floating ring gear on the load sharing of the
planetary gear set was analyzed through the simulation.
The load sharing of the planetary gear set was evaluated
by load sharing factor, K, .

From the simulation results of the load sharing of the
fixed ring gear model and the floating ring gear model, K,
was calculated to be 1.001 for a radial clearance between
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the housing and the ring gear of 70 ym. In other words,
the load was divided almost evenly in the planetary gear
set. This means that for the planetary gearbox model used
in this study, a 70 4 m clearance between the housing and
the ring gear was required to realize a fully floating ring
gear. In addition, when a clearance of 70 zm or greater
was applied, it was confirmed that the size of the
clearance did not affect the K, of the planetary gear set.

This study showed that the use of a fully floating ring
gear increased the power density by uniformly dividing
the load of the planetary gear set. Thus, the fully floating
ring gear was expected to reduce the size of the gearbox.
In the agricultural machinery, a planetary gear setis used
in the hydro-mechanical transmission (HMT) and the
final drive. In addition, if agricultural machinery becomes
electrified, a planetary gear set could be applied to
develop its automatic transmission. Therefore, a fully
floating ring gear could be used to the agricultural
machinery now and also in the future.

However, in this study, because the simulation was
conducted under the condition that there were no manu-
facturing or assembly errors in the planetary gear set,
there was the limitation that the load sharing factor did
not deviate greatly from unity, even in the fixed ring gear
model. In future research, an analysis including manu-
facturing and assembly errors will be performed and
then compared to the results of this study. The simulation
model will be also validated using a gearbox produced in
the same manner as the simulation model.
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Nomenclature Tnom: Total nominal torque (N-m)
Ncp: Number of planets
K, : Mesh load factor Pmax: Maximum value of power input to each planet
Tgranch: Torque in branch with heaviest load (N-m) P.vg: Average power of planets
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