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Abstract: A decelerator with high efficiency used in a
snowplow for agricultural greenhouses was designed.
Firstly, some decelerator types which can be used in
snowplow were analyzed and a closed epi-cyclic gear,
which has the effect of power-splitting, was used as the
drivetrain of the deceleration system. A combination of
the Ant Colony Algorithm and the Interior Point Penalty
Function was adopted for the optimal design of the
decelerator. Specifically, a structure that can be
compensated has been designed to make sure the
sealing security of the decelerator. To satisfy with the
large torque of the decelerator, the finite element analysis
(FEA) was performed for optimizing the key components
of the decelerator. According to the FEA results, the
decelerator was restructured to reach the optimum state.
In addition, a virtual prototype model of the decelerator
was established to make interference detection and
motion simulation by using Pro/E software. As a result,
the model was adjusted and checked by the above
calculus, the interference was detected and removed.
This paper offers the theoretical foundation to the
mechanism designing and the simulation for the
snowplow.

Keywords: Snowplow; Ant Colony Algorithm; Finite
element analysis; Interference detection

INTRODUCTION

The heavy snow in winter is a serious disaster for the
greenhouse. If not being promptly cleaned up, the deep
snow will affect the growth of vegetable. Therefore, one
of the urgent affairs currently is to find a way, which is
more efficient, simply structured and with low cost [4], to
clean the snow before covering the greenhouse with
plastic films.

At present, there are four common snow removing
methods including the artificial snow cleaning, the
chemical deicing salt, the thermal deicing, and the
mechanical deicing [3, 6, 7]. The artificial snow cleaning
method has low efficiency and bad work environment.
The chemical deicing salt pollutes the soil. The thermal
deicing is an energy-consumed method with high cost.
The mechanical deicing has been enjoyed in the widest
application for having advantages of high sweeping
efficiency and no pollution from chemicals. Snowplow for
greenhouse has small size, required transmission power
and transmission ratio is large, traditional bulky
decelerator can not meet the requirement of snow
cleaning equipment for greenhouse’ use [1, 5, 9].
Therefore, this paper designed a new kind of decelerator
for the greenhouse snowplow, which has the higher
transmission power and smaller size.

The driving types of the snowplow decelerator were
studied to select the best type. The improved Ant Colony
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Algorithm was adopted to build an optimum model. The
result was compared with those of traditional optimization
design methods. Next, the key components of the
decelerator were checked and optimized by using the
finite element analysis (FEA). The calculation to the
important transmission part of the snowplow was
checked. The 3D models of every part and components
in the snowplow were created. The models were used for
the virtual assembly to simulate the motion of the
decelerators.

MATERIALS AND METHODS
Design of the drive scheme for the deceleration
system

For a decelerator, it is crucial to design a speed-
reducing and torque-increasing device. This device
matches the rotational speed of the combustion engine to
the speed of the output shaft, and gives solution to the
connection between the engine with a high speed and
low torque and the shaft with a low speed and high
torque. Figure 1 shows the appearance of the snowplow
decelerator for the agricultural greenhouse. Considering
the small installation space of the decelerator as well as
the large drive power and ratio, a reasonable selection of
the driving type for the decelerator is a key step to design
the snowplow. According to the mechanical drive theory,
drive types can be used in snowplow such as the fixed
axis gear, the harmonic gear, the NGW-type planetary
gear, the N- and NN-type planetary gear with few teeth
difference.

Decelerator
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Fig.1 - Appearance figure of snowplow’s decelerator for agricultural greenhouse

The fixed axis gear and the harmonic gear cannot
meet the requirements for being constrained by the outer
diameters. The NGW-type planetary gear, as shown in
figure 2, has a drive ratio which is greater than 10. In
such a structure, the power from the first-stage gear to
the second-stage gear is the same as the input power. As
the increasing of stages, the forces on post-stage gears
become larger. And under the restriction of gear
materials, this driving type is hard to meet the torque
requirements [8].
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The driving of N-type planetary gear is as shown in
figure 3. To get a large driving ratio, modified inside-
engaged gears must be adopted for driving. However, the
calculation and machining of such gears turn to be
complex. Meanwhile, a larger modification coefficient of
the gear pair corresponds to a larger angle of
engagement, which will increase the radial force. Further,
the output unit has strict requirements for the machining
accuracy, and the working life will be shortened because
of the high speed of bearings of the rotating arm.

The NN-type driving device consists of two pairs of
inside-engaged gears by which the function of the
deceleration and output can be achieved, and the gear
shaft or internal gear is directly used as the output unit.
Figure 4 shows its driving diagram. This type has a high
driving ratio but low efficiency. And, when the rotating
arm rotates at a high velocity, the noise caused by the
rotation, is difficult to be completely eliminated even by
balancing weight.

The closed epi-cyclic gear train is a combination of a
2-DOF differential gear mechanism and a 1-DOF stand
planetary gear mechanism. Figure 5 shows its driving
diagram. The input power can be split apart as a direct
output-power after being transferred to the differential
gears. Meanwhile, the differential gear mechanism can
transfer its part power to the stand planetary gear
mechanism. The transferred power is outputted together
with the power of the differential mechanism. By
considering small pipe diameters and splitting the power
to make the gears of stage 2 to suffer a smaller torque,
such a mechanism system is appropriate to the large
torque output of a snowplow decelerator.
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Fig.4 - Driving diagram of NN type planetary gear

The Ant Colony Algorithm only can be a solution to
the unconstrained optimization and univariate problems.
However, the snowplow design involves constraint
conditions and multiple variations which are difficult to be
solved by the Ant Colony Algorithm.
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Fig.5 - Driving diagram of closed epi-cyclic gear
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Here we apply a combination of the Ant Colony
Algorithm and the Interior Point Penalty Function in the
parameter optimization design of the snowplow. The
multi-constraint optimization in formula (1) can be
translated into the unconstrained optimization in formula

) [2]:
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Determine variables based on the design requirements,
as shown in table 1, there are 8 variables.

TR E AR R 1R, 3 8 MR E.

Table 1

Optimization design parameters variables of the decelerator

Parameters Module (mm) Teeth of Sun Gear Teeth of Planet Gear  Tooth Width (mm)
Stage 1 m, z z, b,
’ !
Stage 2 m, z, z, b,
Valid digit 3 2 2 2

To set the constraint conditions: pitch diameters of the
internal gears in two stages should not exceed 117 mm,
the driving ratio should be larger than 10, the contact
ratio of all gears should be larger than 1.2, the contact
fatigue strength and the teeth bending strength should be
less than the allowable value.

The minimum pitch volume of the decelerator’s gears
is regarded as the optimization objective. Firstly, the
constraint objective function can be built as follows:

V = z2[m?b, (27 +42,%) +m, b, (z,* +32,%)]/ 4

The objective function can be translated into the
unconstrained optimization by adopting the Interior Point
Penalty Function:

After being optimized by the Ant Colony Algorithm
and the Interior Point Penalty Function, the results are
shown in table 2:
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Table 2

Results of the decelerator parameter optimization

Parameters Module (mm) Teeth of Sun Gear Teeth of Planet Gear  Tooth Width (mm)
Stage 1 m =25 z, =16 z,=14 b =59
Stage 2 m, =2.0 zl’ =21 Zz' =15 b, =62
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Meanwhile, the optimum values of the driving ratio,
the output speed of the differential internal gears, the
rotational speed of the planet gear, the torque of the
output shaft, and the driving efficiency can be obtained.
On account of the practical work conditions of the
deceleration system, different FEA methods were
adopted for different key components.

Due to the complexness of the model, we built a 3D
model using Pro/E and then imported it into the software
of ANSYS in the format of IGES. The model can be
meshed, constrained with boundary conditions, loaded
and treated by other finite element operations in ANSYS.

Finite element stress analysis of the bearing prong of
stand planet mechanism

In the deceleration system, 33% power was split for
stage 1, and the left 67% for stage 2. The stand planet
mechanism has to suffer more stresses, thus, FEA for its
bearing prong should be carried out.

As shown in figure 6, the point O is the centre of the
planet bracket and the point O is the centre of the bearing
bore. Given that the torque on the planet bracket is T, the
number of the pinion gears is 3, the bearing prong has
been fixed on the body frame; and the torque on each
bearing bore is one-third of that of the bracket, namely
T/3. A rough calculation may be made when the
requirements do not need to be strictly satisfied. In this
paper, a calculation based on the distribution function
was proposed, and the pressure distribution on bracket
was assumed to follow the cosine function, with the peak
value A and unit MPa. Then, p, the pressure distribution
function, can be obtained as follows:

p = Acos

Vi

(x—40.5) -
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Fig.6 - The stress map of the bearing prong

As shown in figure 6, the distance from the point O,
the centre of the planet bracket, to the point O’, the
centre of the bearing bore, is 40.5 mm. X (varying from
30 to 51 mm) is the horizontal line distance between any
point on the circle and the bearing prong centre O. 6 =/
gQ’'A, 6 varying from 0 tor, is the angle between the
pressure q and y-axis. dy is a differential variable with
the direction along the moment arm, and the differential
area can be calculated by:

dS =9dx
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Where the depth of the bearing bore is 9 mm. The P HRILIARE ) 9 mm . AR 7RSI 0 Ty
differential force on this area and perpendicular to y-axis ; -

is formula (7), And the differential torque isdT =xdF .  FREHI AKX (7, WHEHHEHR AT = xdF , FHAX
Appling Eq. (7), we get formula (8). MERNEAR (8) .

dF = pdS =9Adxsin 8 cos[(x—40.5) / 21] (7)
dT =9Axsin@dxd@cos[(x —40.5)z / 21] (8)
Then, the torque of the whole area is: A FITEHEAN tHD RS
T=["[ 9Axsin ocos =499 ixdo ©)
0 Js1 21

We can get the solution A by substituting T into Eq. e o p . N,
(9). Firstly, we set a local coordinate system with the MTRARKQ), A - FCARRAL T ORI

origin at the centre of the bearing bore, and define the WAFR R, DL ARKR 2 S e AT R, 7 ANSYS
load function according to this coordinate. In ANSYS, the o o
fixed bolt holes on the bearing prong have been fully OB Bl K 7 B0 A [ e AR FLAE LR, KB p fiE=

constrained. And the pressure p distributes on the upper N ) ] . A N
surfaces of these three bearing bores (i.e. the upper MARALI LR (RIS 6 Hhl O iy BAKI), Wi 2 f

surface of the circle O’ in figure 6). By applying the load " . s T el -
function, a static solution can be obtained. Figure 7 show Ao, AT RS N 2 B 7 B

the mesh and the stress, respectively. o
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(a) The mesh map (b) The stress map

Fig.7 - FEA of the bearing prong

From the stress nephogram, it can be found that the N L ot b o .
maximum stress, which is less than the allowable value of H 82y 25 Pl S R (7 A A 7R AL L 51

the bearing prong material, was generated at the bearing St , AN T BRI MR G A, BRI .
bore farthest from x-axis. With the satisfaction of

installation and strength conditions, we can minimize the iz i %R 42 1K) S5 BE, 750 M 1 7R 22 25 4% R i P85 R 1)
size by adjusting the width of the bearing prong, and thus

to reduce the weight of the whole deceleration system. o0 PR D, IR R SR
FEA of the connecting joint BB SLE BT B 4B

One end of the joint was fixed to the internal gear ring - i o ) -
of the differential mechanism, and the other was AT S i I A A B LA P D Bl 5 S e AT

connectgd with theT larger gear of .the stand planet Ut T . R T2 L 7 2 E WL 1A o5 P 1
mechanism. According to the calculation, the torque on

the internal gear ring of the differential mechanism is T, HEEN T, BAEHERRA 4 40848 [0 5 7R Z2 LA I N
the jom_t was flxe(_j to the internal gear ring of the Bl L, WiTLEibh ¥z =8, JE /0 30 K, WEITL AL
differential mechanism by four bolts. The number of
involute spline teeth: z =8, with pressure angle of 30° . HUAEKE D L=40 mm, B T S b B T AE 7R FRARR

The working line of the spline L=40 mm. Assume that the % N . ; et At .
involute spline works under ideal conditions, and all eight Ao 8 AN A BTk RELBGE5 S7 0h fikTBR

gears are surface-contacted. Estimating the area of the S, WiTTEAsE TAE AN R, IR F B0 T s ok
contact surface of each gear to be S, and the working . " N
radius of involute spline to be R, and assuming the unit p, Wk T=z-p-S-R,¥T. z. S, RILAA

surface pressure to be p, then one can obtain the X, KBPMEES po 75 ANSYS th, el T
following expression: T =z-p-S-R ,by substituting T ,

18



Vol.46, No.2 / 2015

z, S and R into Eq., one can get the solution of the
unit surface pressure p .

The eight working surfaces of the involute spline were
picked to apply the surface pressure, respectively, as
shown in fig.8-(a). The stress map is shown in fig.8-(b).

(a) The mesh map
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Fig.8 - FEA of the joint

FEA of the fixed bracket

The fixed bracket was used for fixing the bearing
prong and the sleeve of the stand planet mechanism. The
bracket at one end of the differential mechanism was
subject to no moment and constraint conditions, so this
part was cut off for improving the calculation speed. Only
the constrained and torqued part was left for analysis.
The fixed bracket and the bearing prong of the stand
planet mechanism were connected by 6 bolts. The
influence of the thread was neglected. According to the
calculation, the torque on the bearing prong of the stand
planet mechanism is T, the torque on each bolt hole is
T/3, and the working area is S. It is assumed that each
surface works under the ideal conditions and all 6 holes
are surface-connected. The working radius of the torque
is R=40.5 mm and the unit surface pressure is p, then:
T/3=6p-S-R .The value of p can be determined by
putting T, S and R into Eq.

In ANSYS, the outside ring of the fixed bracket was
fully constrained. The eight working surfaces of the bolt
holes were picked to apply the surface pressure,
respectively. The elasticity modulus is 2.1 X 105 MPa.
The Poisson's ratio is 0.3.

The automatic mesh generation was used by
assigning 4 mm to the overall size of the mesh. Next,
elements at bolt holes were refined with a mesh size of 2
mm, as shown in figure 9-(a). The stress diagram is
shown in figure 9-(b).

(a) The mesh map
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Fig.9- FEA of the fixed bracket
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From the analytic results, it can be found that the
maximum stress was generated at the bolt holes.
Because the bearing prong of the stand planet
mechanism has a larger torque, the stress of a single
hole can be reduced by appropriately increasing the
number of holes.

Dynamic FEA of the gear meshing process

In the gear meshing process, the stress distribution of
a gear is varying as the motion of the contact-point.
According to the classical gear theories, the approximate
load distribution was used instead of the concentrated-
forces on the pitch circle, so some errors may be
generated in the calculation results. While in the FEA, the
practical process of the gear meshing can be effectively
simulated. The changes of the stress at different positions
of the gear can be observed. Besides, the classical gear
theories regard the gear as being rigid, without
considering that the gear deformation will generate
impacts on both contact-forces and the contact ratio of a
gear pair. On the contrary, the FEA takes the elasticity
into account. The simulation of the meshing process of a
gear pair can be realized by using the LS-DYNA. A
thorough understanding about the distributions of bending
stresses and contact stresses can be achieved.

After inputting the IGES profile generated by Pro/E
into ANSYS, some simple treatments were made. And
then the FEA was carried out. In this analysis, the
surface-to-surface contact was used. The 3D solid
element named Solid 164 which supports the LS-DYNA
analysis was used. In order to improve the computational
accuracy, the mesh of the contacting area was refined.
Meanwhile, for the purpose of saving computer resource
and speeding up the analysis, rough meshes were
applied in other areas of the gear which were not
engaged in the contact. Figure 10 shows the mesh
results.
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Fig.10- Mesh of the FEA in the gear mesh simulation

During the meshing process, a follow-load should be
exerted because of the rotation of the gears. In ANSYS,
the 3D solid shell element named Shell 163 can be easily
exerted with the surface load. By such an advantage, we
may use Shell 163 to create several auxiliary planes
which are similar to spokes. The surface pressures were
applied on these planes which are always contacted with
these “spokes”. Hence, a constant resultant torque can
be obtained to realize the exerting of the load during the
meshing process of the gear pair. After the finite element
computation by LS-DYNA, a module of ANSYS, the
contact stress distribution of a certain moment is shown
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in figure 11. It can be seen that the distribution of the
contact stress in figure 11 matches entirely with the
classical Hertz theory. It also testifies the precision and
accuracy of the finite element model developed in this
paper.

Figure 12 shows the contact stress distribution of a
single tooth surface of a certain moment. It can be known
from the equivalent stress map that the contact stress
distribution of the tooth surface is in linear with slightly
larger values near the sides of the tooth. In general, the
stress shows a uniform distribution. The analytical results
of the stress show that the gears designed in this paper
are able to meet the requirements of contact strength.
Besides, the meshing between two neighboring gears
reveals that the contact ratio of a gear pair is larger than
1.2

.08 40.173 60,259

. 303E-05 z0.086 . 80.345
10.043 30,123 S0.216

70.302 90,388

Fig.11- The Contact stress of gear pair

Motion simulation on the operation of the decelerator

Simulation on the motion of the deceleration system
was performed. The interference detection and
modification were done based on the simulation results.
The 3D components and 3D assembly of the efficient oil-
injecting pipe in the deceleration system were developed.
The reasonability of this design was proved by comparing
the simulation results with the theoretical values.

Modeling of differential mechanism and the stand
planet mechanism

Considering their small pitch diameters, the sun gear
and the planet gear were designed to be of the “shaft
shape” with short teeth to enhance the strength. For the
convenience of assembly, the planet bracket, with two
plates on the right and left sides, was designed. That is
one trochal disk on each side and fixed by bolts. The
differential mechanism, with function of power-splitting,
directly outputs a part of the power to the output-shaft
through the planet bracket. Another part of the power is
output through the stand planet mechanism. Taking the
uniform load of the planet gear into account, the involute
spline connection was adopted between the right planet
bracket and the output-shaft, as well as between the
internal gear ring and the sun gear of stage 2. The
exploded and assembly drawing of the differential
mechanism are shown in figure 13-(a) and (b),
respectively.

MPa
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Fig.12- The Contact stress of the larger gear
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(a) The exploded drawing

(b) The assembly drawing

Fig.13- Exploded and assembly drawing of the differential mechanism

Like the design of the differential mechanism, the
exploded drawing of the stand planet mechanism is
shown in figure 14-(a) and the assembly drawing is
shown in figure 14-(b).

(a) The exploded drawing

[ Z W B —FE, HEAT NI TRRE R ke 14-
@Fw, FERE T 14-(b) R,

(b) The assembly drawing

Fig.14 - Exploded and assembly drawing of the stand planet mechanism

End-caps and outer-sleeves were designed and
installed on both sides of the decelerator for assembling
the differential mechanism, the bracket and the stand
planet mechanism. Under the assembly mode, the
position and volume of the interference were figured out
through detections. The structure adjustment or the
assembly readjustment was made until they met the
requirements of interference detection. In this study, the
global interference of the decelerator was detected, and
the adjustment was made based on the detection results.

RESULTS
Motion analysis of the decelerator

Figure 15 shows the speed curve of the stage-1
differential mechanism. It can be seen from the map that,
when t=10 s, the speed of the input shaft is 100 deg/s,
the internal gear ring is -23.19 deg/s (the minus here
means its angular velocity is opposite to the speed of the
input shaft), and the planet bracket is 9.59 deg/s.
Likewise, the acceleration curve and its value can also be
obtained.

Speed and acceleration curves of the planet
mechanism components are similar to that of the
differential mechanism. Calculated by the theoretical
driving ratio, the theoretical calculation values match to
the results of simulation when the motor input gq=10t.
Preferable simulation results were obtained. The validity
of the system was verified. A special mechanical seal for
the input and output shaft is designed. It can atenuate the
abrasion automatically when the material used is
destroyed.
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Fig.15- The V output map of the differential mechanism when q=10t

Prototype test for an agricultural greenhouse

The main parameters of the new type decelerator are
superior to the traditional decelerator through comparison
as shown in table 3.The new decelerator was applied in
the snowplow for an agricultural greenhouse. The
technical parameters of new snowplow are as follows:
The maximum working load is 2200 Ibs/min. The
maximum throwing distance is 10-15m. The maximum
working width is 28". The maximum working thickness is
22". The chute rotating angle is 190 degree. The power
distribution of the snowplow was smooth. The snowplow
had a stable body and a low failure rate. It played a good
performance in snow removing, as shown in figure 16.

FEPLI A

FeBr R A% S AL ok gt b, W 3 B, B ALR
A F S H TAL Gemod 2% o K37 L IRl 25 78 XM
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lbs/min, FE & KPHIEE 10-15 K, ;K TAE%E
28", BORWES )RR 22", JUHREIERE ML 190 L. KRG
FEZ BT R, AR TRE, WA, B s 1T
YEIRS RLF, Wik 16 Fis.

Table 3
Parameters contrast between traditional decelerator and new type decelerator
Decelerator Transmission Power Power Maximum Diameter Transmission M_s())(rlmuuem
Mode Allocation Range( KW) Deceleration (mm) Efficiency (m?’n)
Fixed axis Power 0
Old type gear Train reflux 7.35-16.75 6 190X 180 94% 610
Closed epi- Power
New type cyclic gear Solit 7.35-21.54 10.43 ¢ 138 96.48% 750.35
train P
3
» x:
» =5 = b/ - '
Fig.16- Snowplow equipped with the new decelerator for a greenhouse
CONCLUSIONS it
() 37 Gt i) LD UWELALY ERMhiehs G S (1) AR AW IS TAEFREE, ¥ i 52 D0l
decelerator, several driving types of internal gearing
planetary gears with the coaxial deceleration were JUAh N MG AAT AR AR ST AT A, AR AR

compared. The closed epi-cyclic gear matches the
rotational speed of the combustion engine to the speed of
the output shaft, and gives solution to the connection
between the engine with a high speed and low torque and
the shaft with a low speed and high torque.

(2) By combining the Ant Colony Algorithm and the
Interior Point Penalty Function, a step optimizing model
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was proposed to cope with the problems on multivariable,
multiple constraints and multiple discrete points. It
overcomes the difficulties in mechanical optimization
design by only using the Ant Colony Algorithm.

(3) The contact element in ANSYS was adopted to
the FEA of the gearing in the stand planet mechanism
suffering a larger load. In addition, a new loading method
was presented to exert the dynamic forces of the gears.
This method can reflect the real stress-changes of the
gear meshing process. Motion simulation of the whole
decelerator system was carried out. The decelerator was
restructured according to the FEA results, for achieving
the optimum state.
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