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Design and experiment of a high-clearance self-propelled sprayer chassis

Yu Chen!, Enrong Mao?, Wei Li%, Shuo Zhang!, Zhenghe Song? Shanju Yang?, Jun Chen'"
(1. College of Mechanical and Electronic Engineering, Northwest A&F University, Yangling 712100, China;
2. College of Engineering, China Agricultural University, Beijing 100083, China)

Abstract: A large high-clearance self-propelled sprayer chassis was designed according to the requirements of the sprayer’s
driving operation and the overall goal. The structural characteristics and working principle of the chassis drive system,
suspension system, track adjustment system, and frame were analyzed. A finite element analysis of the frame was carried out
under four extreme conditions: full load bending, full load torsion, full load emergency braking and full load emergency turning.
Under these four conditions, the maximum stress values of the frame were 149.45 MPa, 219 MPa, 151.44 MPa, and
123.27 MPa respectively, and the maximum strain values were 1.12 mm, 2.22 mm, 0.95 mm, and 1.16 mm respectively. A
theoretical analysis of the stability, steering ability, and obstacle navigation of the sprayer chassis was conducted. The results
showed that the upper angle &y, lower angle &, and lateral limit tumbling angle ¢, of the sprayer chassis were 50.1< 30.0°
and 35.3°respectively. The minimum turning radius of the chassis was 5816 mm, and the minimum turning width was
4113 mm. The maximum obstacle crossing heights of the front and rear wheels were 466 mm and 457 mm. The theoretical

analysis showed that the designed chassis met the field management operations of large plots.
high-clearance self-propelled sprayer chassis at full load was conducted.
The sprayer chassis not only good handling stability but also good ride comfort.

theoretical analysis results.

A field experiment of the
The experimental results were consistent with the
The results of

this study provide references for the design of high-clearance self-propelled sprayer chassis.
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self-propelled sprayer chassis.

1 Introduction

As the main method to prevent and eliminate crop diseases and
insect pests, pesticide applications have become an important
measure to improve crop yield™™. With the advancement of
agricultural mechanization and the implementation of large-scale
farm cooperative management approaches, high-clearance and
high-efficiency field management machinery is needed to address
the spraying and fertilizing requirements of tall crops. A
high-clearance self-propelled sprayer is an important machine for
spraying and fertilizing tall crops®®. Self-propelled sprayers
have been developed for decades and their work efficiency and
intelligence are constantly increasing®..

The sprayer operating conditions are complex. To ensure an
efficiency operation of the sprayer and optimum spray quality,
scholars have carried out a lot of research on its spray system and
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Design and experiment of a high-clearance

boom system®.  Cui et al.B% established a mathematical model
of active spray boom suspension on the basis of analyzing the
dynamic characteristics of passive suspension. The effects of
control system parameters on the response characteristics and
tracking errors of the boom were revealed through simulation and
experiments. The research results provide a theoretical basis for
parameter optimization of large boom suspensions. Thmasebi et
al.'% proposed an active control method for boom suspension,
and applied a neural network-based proportional-integral-derivative
(PID) algorithm to control the boom suspension. The
experimental results showed that the method significantly
suppressed the boom vibration.  In addition, Xue et al.l*?, Parloo
et al.l*®*¥ and Wei et al.™® investigated the design and control of
sprayer booms, which solved the problem of sprayer booms
vibration caused by ground excitation.

These studies, however, mainly focus on the characteristics
analysis and control methods of sprayer boom suspension!*®7,
The chassis®™® is the basis of a self-propelled sprayer. The drive
system®20 - framel®?2 steering system?*2?4 and suspension
SyStem[ZS'ZGJ of the chassis affect the sprayer’s ride comfort,
handling stability, flexibility, passability and safety!?”?.  The
importance of the chassis to the self-propelled sprayer has been
increasingly valued by researchers. For example, to achieve good
ride comfort of the sprayer chassis, air springs, hydro-pneumatic
springs, and radial tires have been widely used in sprayers 232,
John Deere, AGCO and other companies' sprayers have been
equipped with air suspension or hydro-pneumatic suspension and
body leveling systems, which can effectively cushion the impact of
uneven ground.

In this study, a high-clearance self-propelled sprayer chassis
was designed with the overall goal of meeting the management
requirements of field crops and specifically considering factors
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such as sprayer handling stability, ride comfort, work efficiency,
and suitability. The chassis performance, such as the handling
stability, steering ability, and obstacle crossing were analyzed. A
high-clearance self-propelled sprayer chassis test platform was
built and a chassis experiment was carried out. The results of this
study provide references for the design of self-propelled sprayer
chassis.

2 Overall design aspects

2.1 Overall objective

A large high-clearance self-propelled sprayer chassis test
platform was designed and built. The overall design objectives
for the chassis are as follows:

(1) In order to meet the needs of plant protection of most crops,
the ground clearance of the chassis needs to be at least 2000 mm;

(2) The chassis should have a wide range of driving speeds
(1-40 km/h) that are adjustable in four steps to ensure that the
sprayer is adaptable to the speed requirements of different working
conditions such as plant protection and road transportation.

(3) The chassis should have the characteristics of a small
turning radius and flexible steering. Field research and
experiments have shown that the turning radius should be no more

16 15 14 13 12

a. Cutaway view of A-A

23. Frame 24. Hydraulic line 25. Reducer 26. Steering hydraulic cylinder bracket

than 6500 mm for four-wheel steering.

(4) In order to meet the needs of plant protection of different
crops, the chassis needs to be equipped with a hydraulic wheel
track adjustment device with an adjustment range of 3200-4000
mm.

(5) The chassis should be equipped with an independent
strut-type suspension system with a large vibration reduction range
(100 mm) and high ground clearance to ensure good ride comfort
when the chassis is driven on uneven roads.

2.2 Structure and working principle of the machine

As shown in Figure 1, the large high-clearance self-propelled
sprayer designed in this study consists of a cab (2), an engine (7), a
hydraulic oil tank (11), front and rear suspensions (3, 9) (the
suspension consists of a guide column (4), air reservoir (14), spring
height sensor (15), air spring (16), vertical shaft (19), etc.), wheel
track adjustment cylinders (20, 21), a frame (23), a hydraulic line
(24), front and rear wheels (22, 27), and other related components.

In addition to the high-stalk crop planting mode and agronomic
demand, the main structural parameters such as ground clearance,
wheel track, and the wheelbase of the chassis are determined to
maximize the adaptability of the sprayer and reduce the damage of
the mechanical structure to the crop during operations.

Aa—!
b. Overall structure
1. Escalator 2. Cab 3. Front suspension 4. Guide shaft 5. Guardrail 6. Pesticide tank 7. Engine 8. Hydraulic pump 9. Rear suspension 10. Rear steering
hydraulic cylinder 11. Hydraulic oil tank  12. Spray rod placement frame 13. Radiator 14. Air reservoir 15. Air spring height sensor  16. Air spring 17. Brake
disc 18. Hydraulic motor  19. Vertical shaft 20. Left front wheel track adjustment cylinder 21. Right front wheel track adjustment cylinder 22. Rear travel wheel

27. Front travel wheel  28. Front steering hydraulic cylinder

Figure 1 Large-scale high-clearance self-propelled sprayer chassis

In order to meet the requirements of high-speed transportation,
plant protection, high ground clearance, large vibration reduction
stroke, and flexible steering, the sprayer chassis is equipped with
four independent strut-type air suspensions and each suspension is
integrated with a hydraulic steering device. In order to reduce the
crushing and destruction of crops and soil by the machine and
improve the travel path of the machine, vacuum meridian
cultivating tires are used with a cross-sectional width of 380 mm
and a diameter of 1852 mm; these tires have a large diameter,
narrow tread, low air pressure, large surface contact, and high
carrying capacity. The pesticide tank is made of PE material with
good heat resistance and corrosion resistance. The overall length,
width, and height of the pesticide tank are 2080 mm, 1400 mm, and
1500 mm, and the volume is 3000 L. The internal cavity of the
pesticide tank is approximately cylindrical, and the length and
diameter of the cylinder are 2000 mm and 1382 mm, respectively.
The main technical data of the designed sprayer are shown in
Table 1.

Table 1 Principal technical data of sprayer overall design

Parameter Index
Drive mode Four-wheel hydrostatic drive
Engine horsepower/hp 205
Full load/kg 12000
Boundary dimension/mm 7500>4500>4500
Volume of pesticide tank/L 3000
Damping range/mm +100
Minimum turning radius/mm <6500
Wheel track/mm 3200-4000
Wheelbase/mm 4000
Clearance/mm >2000

Service brake Clamp plate hydraulic brake

Parking brake Multi-disc brake in the reducer




March, 2020

Chen Y, etal. Design and experiment of a high-clearance self-propelled sprayer chassis

Vol.13No.2 73

3 Methods

3.1 Design of the running and driving system
3.1.1 Design of driving system

Due to the advantages of the hydrostatic driving mode and the
overall design requirements of the sprayer, an “X”-type hydrostatic
wheel drive system consisting of two closed swashplate axial
piston variable pumps, four plunger motors, and four reducers was
selected to achieve the high-speed and high-efficiency driving
requirements of the large high-clearance self-propelled sprayer.
The sprayer drive scheme is shown in Figure 2.

wheel 1 @K GEKYYTD Wheel 3

Reducer 1 Reducer 3
Hydraulic motor 1
Engine Hydraulig
motor 3
lydraulic
pump B
Hydrauli\, y draulic
pump A Hydraulic motor 4
motor 2
Reducerd
Reducer2
Wheel 288&AAMAD  ERARAAAND Wheel 4

Figure 2 Sprayer hydrostatic drive scheme

The engine power is distributed to pump A and pump B; pump
A drives the motors 1 and 4 and pump B drives the motors 2 and 3.
Each motor drives a reducer and a wheel. The advantages of the
“X” drive scheme are as follows. If the road traction of wheel 1
deteriorates, the traction force of wheel 1 decreases. Since wheel
4 and wheel 1 are connected in parallel by the hydraulic pump A,
the traction force of wheel 4 is also reduced. However, wheel 2
and wheel 3, which are driven by hydraulic pump B still maintain a

large traction force, thereby ensuring the traction performance of
the machine and keeping the slip rate of all wheels within the
allowable ranges.

3.1.2 Design of the suspension system

An independent strut-type active air suspension system
suitable for large sprayers was designed. As shown in Figure 3,
parts 1-2, 9-10, and 15-17 comprise the tire assembly T. Parts 7,
8, and 13 comprise the steering assembly Z. Parts 5-6, 11-12,
18-23, and 14 comprise the suspension assembly S. Vacuum
meridian cultivating tires produced by BKT of India were used and
the tire model was 380/90R46. The elastic elements of the
suspension were Firestone's 1T19L-7 air springs. The spring
damping range was about #100 mm based on the action of the
spring’s internal buffer block and limiting block 20. A spring
height control valve 21 was used to control the spring’s inflation
and deflation. The suspension system functions were as follows:

(1) The upper and lower sides of the vertical shaft 11 were
connected to T and S, respectively, to support and transmit the
vibration. During the suspension vibration reduction process, the
vibration transmission route was 1—-10—11—-14—6—5—18—13
—3.

(2) The two ends of the steering cylinder 7 were respectively
connected to the steering arm welding joint 13 and the steering
cylinder support arm welding joint 8. The steering cylinder was
extended and shortened to drive the wheel deflection for steering.
Due to the limiting action of the positioning ring 12, the steering
arm welding joint 13 could only rotate relative to the beam support
column 3 and could not move axially relative to the beam support
column 3. During steering, the torque transmission route was
7—13—18—55—-6—14—11—10—1.

(3) During the wheel track adjustment process, the suspension
assembly was moved by the wheel track adjustment cylinder
installed at 4 and the motion transmission route was
4—3—-11—-10—1.

a. Exterior view

Figure 3

3.1.3 Design of the wheel track adjustment system

The wheel track adjustment system is the key device to
improve the adaptability of the sprayer to different crops and plots.
Combined with the structural characteristics of the independent
strut-type air suspension, a hydraulic wheel track adjustment device
was designed, as shown in Figure 4. The track adjustment

b. Inner view

c. Partial magnification

1. Wheel 2. Reducer 3. Beam support column welding 4. Track adjustment cylinder mounting hole 5. Spring top support welding 6. Air spring 7. Steering
cylinder 8. Steering cylinder support arm welding 9. Hydraulic motor  10. Motor protection housing welding 11. Vertical shaft 12. Positioning ring 13. Steering
arm welding 14. Spring bottom support welding 15. Brake disc 16. Brake caliper 17. Brake caliper installation welding 18. Guide post 19. Height sensor
20. Rubber limit block  21. Height control valve 22. Compressed air hose = 23. Air reservoir

Instruction diagram of sprayer chassis suspension

cylinder was arranged on the inner side of the frame axle housing
and the inlet and outlet oil pipes of the cylinder were connected to
the outside through small holes of the window covers 2 and 5.
The positioning sleeve 4 allowed the cylinder 6 to always be in the
middle position in the frame axle housing. When the track was
adjusted, the suspension beam (Figure 3) was sliding relative to the
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copper base track adjustment bearing 3 in the frame axle housing
(Figure 4).

9 7,8

1. Frame axle housing 2. Window cover 1 3. Copper base track adjustment
sliding bearing 4. Cylinder positioning sleeve 5. Window cover 2 6. Track
adjustment cylinder 7. Clearance adjustment bolt 8. Lock nut 9. Bridge
shell reinforcement

Figure 4  Structure of hydraulic wheel track adjustment device

Due to machining error and reserved assembly clearance, a
perfect fit could not be achieved for the suspension beam and the
copper base track adjustment bearing, as shown in Figure 5a. In
order to ensure uniform contact between the suspension beam and
the copper base track adjustment bearing and ensure that the
suspension beam did not sway in the frame axle housing, clearance
adjustment bolts and lock nuts were used to eliminate the clearance,
as shown in Figure 5b.

Suspension beam

Copper
base track
adjustment
bearing

Clearance
adjustment
bolt

Frame axle

housing Lock nut
a. b.

Figure 5 Assembly relationship between suspension beam and

frame axle housing

3.2 Design of the frame
3.2.1 Structural design of the frame

The frame is one of the key components of the sprayer and
affects the sprayer’s stability and service life. The frame is
subject to a variety of large bending moments and torques during
spraying and transferring operations. The side beam frame had
the advantages of being able to withstand bending and torque well
under extreme conditions and it was easy to install by using various
work attachments.  The frame designed in this study combined the
characteristics of the side beam frame and was equipped with an
X-shaped reinforcing beam, which provided the frame with higher
rigidity and better torsion resistance. As shown in Figure 6, the
large sprayer frame consisted of a front cross member (1), two front
longitudinal beams (2), a front axle (4), two reinforcing beams (6),
an intermediate beam (8), two longitudinal beams (9), a rear axle
(12), other supports, and connecting plates. The front
cross-member (1) and intermediate cross member (8) were
rectangular tubes with dimensions of 100 mm > 180 mm <9 mm.
The front axle (4) and rear axle (12) were square tubes with a
cross-section of 220 mm > 10 mm. The reinforcing beams (6)
were made of grooved steel with a section of 180 mm <70 mm x
10 mm. The front longitudinal beams (2) and the other
longitudinal beams (9) consisted of several layers, i.e., the layered
longitudinal beam consisted of several spliced two-groove beams.
The layered stringers had the same torsional and bending resistance
as the closed section, which met the requirements of the sprayer
frame for stiffness and strength. Considering material cost and
processing technology factors, Q345B was selected for the frame
material.

1. Front cross member 2. Front longitudinal beam 3. Cab mount 4. Front
axle 5. Front connecting plate 6. Reinforcing beam 7. Intermediate
connecting plate 8. Intermediate beam 9. Longitudinal beam 10. Engine
mount 11. Rear connection plate  12. Rear axle

Figure 6 Overall structure of sprayer chassis frame
3.2.2  Finite element analysis of the frame

The frame 3D model created by Creo was imported into
ANSYS Workbench, and the stiffness and strength analysis of the
frame was performed. In order to improve the simulation speed
and accuracy, the bosses, chamfers, small holes, etc. of the frame
model were simplified, and the influence of the welding process on
the structural characteristics of the frame material was ignored.
The frame material had an elastic modulus of 206 GPa, a Poisson’s
ratio of 0.28, a yield strength of 345 MPa, and a density of
7.85 kg/mm®.  ANSYS MESH module was applied to mesh the
frame. According to the actual position of the cab, fully loaded
medicine tank, engine, boom, fuel tank, etc., load force was applied
to the frame. In order to analyze the stress and strain of the
sprayer frame under four typical conditions of bending, torsion,
emergency braking and emergency turning, the full-load bending
load factor, full-load torsion load factor, full-load emergency
braking load factor, and full-load emergency cornering load factor
were selected to be 2.5, 1.3, 2.0, and 2.0, respectively. Among
them, the full load bending condition refers to the condition that the
boom is deployed when the sprayer is fully loaded. Full-load
torsion condition refers to the state when the sprayer is fully loaded
and a certain wheel is suspended causing the frame to twist.

The deformation distribution of the frame in full load bending
condition was shown in Figure 7a. The frame maximum
deformation was in the middle of the frame, the connection
between the medicine box and the engine installation, and the front
of the frame. The maximum deformation was 1.12 mm. The
equivalent stress in full load bending condition was shown in
Figure 7b. The overall bending stress of the frame was below
56 MPa, which was far less than the material's ultimate yield
strength of 345MPa, and less than the allowable stress of 138 MPa
(345/2.5). The calculated maximum stress value in Figure 7b was
149.45 MPa, which appeared at the contact between the upper
surface of the rear axle interior and the track-adjusting rectangular
beam. Because the rounded corners of the rectangular rear bridge
were simplified to right angles during the analysis, stress
concentration occurred.

When the left front wheel of the sprayer was suspended, the
deformation distribution of the frame in full load torsion condition
was shown in Figure 7c.  The maximum deformation of the frame
was 2.22 mm. According to similar mechanical standards, this
deformation value was small.  The stress distribution of the frame
in full load torsion condition was shown in Figure 7d. The
maximum stress point was at the edge where the front axle housing
contacted the track-adjusting rectangular beam, which was
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219 MPa. The overall frame stress was below 90 MPa, which
was far less than the allowable stress of 265 MPa.

When the maximum adhesion coefficient was set to 0.7, the
maximum deformation of the frame in full load emergency braking
condition was 0.95mm, and the maximum stress value was
151.44 MPa, as shown in Figures 7e and 7f. The maximum stress
value was less than the allowable stress value of 172.5 MPa.
Taking a left turn as an example, the maximum deformation of the

Total deformation/mm
1.1191Max
0.99325
0.86912
0.74498
0.62085
0.49671
0.37258
0.24844
0.1243
0.00016

a. Distribution of deformation in full load bending

Total deformation/mm \ F
2.223Max
1.976

c. Distribution of deformation in full load torsion

Total deformation/mm
0.95032Max

Total deformation/mm
1.1647Max

B 1.0353
0.90587
0.77646
0.64705
0.51764
0.38823
0.25882
0.12941
2.4965¢”

g. Distribution of deformation in full load emergency turn

frame in full load emergency turning condition was 1.16 mm, and
the maximum stress value was 123.27 MPa, as shown in Figures 7¢g
and 7h. The maximum stress value was less than the allowable
stress value of 172.5 MPa. According to the results of static
analysis of various working conditions, the overall stiffness and
strength of the frame are good. The analysis results provide
guidance for further dynamic analysis, frame structure and size
optimization.

Equivalent stress/MPa
149.45Max
108.35

‘ 94.808
81.265
67.721
54.178
40.635
27.092
13.549
0.00609

b. Equivalent stress distribution in full load bending

Equivalent stress/MPa

218.97Max
99.909
87421
174933
62,445
49.957
37.469
24981
12.493
0.00485

d. Equivalent stress distribution in full load torsion

Equivalent stress/MPa
151.44Max
100.33
87.788
75.248
62.708
50.167
37.627
25.086
12.546
0.00549

ey

f. Equivalent stress distribution in load emergency braking

Equivalent stress/MPa
123.27Max
87.065
76.184
65.303
54.422
43.541
32.66
21.78
10.899
0.017703

h. Equivalent stress distribution in full load emergency turn

Figure 7 Stress and strain cloud diagram of sprayer frame in typical working conditions

3.3 Chassis performance analysis
3.3.1 Stability performance analysis

Due to the high quality, high ground clearance, and the
complex road conditions encountered by the sprayer, it is necessary
to comprehensively analyze its longitudinal stability and lateral
stability to evaluate the sprayer’s operating stability. When the
sprayer was running at a constant speed or was stopped on a slope,
the ultimate longitudinal angle and the lateral tumbling angle were
selected to evaluate the machine’s stability. As shown in Figure 8,
the sprayer was assumed to run slowly at a constant speed on the
ramp; the air resistance was not considered and the tire was treated
as a rigid body. The moments of the O,, Oy, and O, points were
determined, and the moment balance equations (Equations (1)-(3))

were established. In the equations, ', represents the angle of the
tipping point when the chassis is driven downhill longitudinally (9.

hGsiné, + F,1L = (L—a)Gcosyim Q)
hGsiné'i, + F,1L =aGcosé'|im 2)
hGsiné, + F,1B = 0.5BGcosgim 3)

When the sprayer was climbing a slope and the front wheel of
the chassis was not affected by the normal force of the soil, it was
considered to be in the critical state of the upward slope limit. At
this time, both F,; and Fy, were zero. 6, was be obtained by
including F; and Fy, into Equation (1).

6 = arctan L-a ; a @)

Similarly, 6, and ¢, were obtained using Equations (2) and (3).
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G = arctan% ®)
B
im = arctan — 6
D oh (6)

Equations (4) to (6) indicate that the sprayer chassis stability
was closely related to the barycenter position. Due to the large
mass of the sprayer’s pesticide tank and spray boom, the barycenter
position of the sprayer will change under different loads and
working conditions. We used Creo Parametric 2.0 software to
analyze the axial weight ratio and barycenter position of the sprayer
under various working conditions and found that during transport
with full load and narrow wheel track (B=3200 mm), the spray
boom was tucked. At this time, the sprayer barycenter position
was higher and the weight ratio between the front and rear axle was
high and the sprayer stability was poor. The weight ratio between
the front and rear axle under this condition was 0.675:0.325,
a=1300 mm, and h=2256 mm. These parameters were used in
Equations (4)-(6) to obtain 6,;,=50.1% ¢;»=30.0< and ¢;;m=35.3<
Under these conditions, the designed sprayer had good stability.

b. Driving sideways on the ramp
Note: L is the wheel tread, mm; B is the wheelbase, mm; a is front axle to center
of gravity distance, mm; h is center of gravity to the vertical height of the ground,
mm; Oy, O, Oy, Og are the contact points of the front wheel, rear wheel, left
wheel, right wheel and ground of the chassis, respectively; G is sprayer weight,
N; F.1, Fz, Fo, Fir are the normal forces of the soil on the front, rear, left, and
right wheels, respectively, N; Fq, Fqr are the lateral forces of the soil on the left
and right wheels, respectively, N; 6 is the limit tumbling angle when the
chassis is uphill, (9; iim is the limit tumbling angle of the chassis when driving
laterally on the ramp, (9.
Figure 8 Analysis of vertical and lateral limit tipping state of

sprayer chassis

3.3.2 Four-wheel steering performance analysis

The large high-clearance sprayer used four-wheel hydraulic
steering. When the sprayer was turning, the steering gear
controlled the extension and shortening of the hydraulic cylinder on
each suspension by controlling the direction and amount of
hydraulic oil flow and drove the four tires simultaneously to
achieve the required turning radius. The vehicle steering
performance was evaluated by determining the minimum turning
radius r,mi, and turning width By. Figure 9 shows a schematic
view of the sprayer chassis with four wheels smoothly turning.
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Note: N is the distance between the center line of the left and right vertical axis
and the ground intersection, mm; C is the length of the whole machine, mm; W is
the width of the whole machine, mm; B is the turning width, mm; ¢max, Smax are
the maximum deflection angles of the inner and outer wheels, respectively, (°);
Fzmin is the minimum turning radius, mm; 7, is the inner wheel turning circle
radius, mm.

Figure 9 Four-wheel steering schematic of sprayer chassis

The values of r,mi, and r, were obtained by referring to [33,34],
as shown in Equations (7) and (8).

2 2
min = (Ej +[% +N] +ﬂ (7)
2 2 2

b
_B+E (8)

I = Izmin

where, b is the tire width, mm. By was calculated based on r,mi,
and ry, as shown in Equation (9).
. C?
By = 4/ Fzmin +7 - 9)
According to the Ackerman steering principle, during
four-wheel steering, there is an ideal angular relationship between
the outer wheel and inner wheel, as defined in Equation (10).

p= arccot(zTN +cot aj (10)

The wheelbase L was 4000 mm, the wheel track B ranged from
3200 to 4000 mm, the length C was 7495 mm, the width W was
4380 mm, and N ranged from 2140 to 2940 mm. The maximum
deflection angle ansy Of the inner front wheel was 36< When N
was 2140 mm, 2340 mm, 2540 mm, 2740 mm, and 2940 mm, the
minimum turning radius rymi, was 5816 mm, 6001 mm, 6188 mm,
6376 mm, and 6564 mm, respectively as determined by Equations
(7)-(10), the turning width B, was 4113 mm, 4283 mm, 4456 mm,
4630 mm, and 4804 mm and the maximum angle .y Of the outer
wheel was 30.49< 29.08< 27.78< 26.58< and 25.48 “respectively.
These values satisfied the field management requirements of the
sprayer in large plots.
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3.3.3 Obstacle crossing performance analysis

The sprayer occasionally has to cross field obstacles. The
ability to cross obstacles was evaluated to determine the sprayer
chassis handling performance. During obstacle crossing, the
sprayer drove at a low speed, which represents a static problem.
Figure 10 shows the forces acting on the sprayer chassis during
obstacle crossing.

b. Rear wheel cross the obstacle
Note: p is the soil adhesion coefficient; hi, h, are the height of the obstacle
crossed by the front and rear wheels, respectively, mm; y1, y, are the angles
between the normal force of the front and rear wheels and the horizontal plane,
respectively (9.
Figure 10 Force analysis of the sprayer chassis through obstacles

The tire deformation was ignored and obstacle crossing
began when the front wheel center point touched the obstacle
according to the geometric relationship shown in Figure 10a.
Equation (11) is the balance equation for the front wheel crossing
the obstacle.

Fzsz—ﬂFﬂd +L:222d +Ga

G=F,siny + uF cospm+ Fp
le COS}/l = ,LlFZ1SIn Y4 + ,UFZz
2h,

1)

By simplifying Equation (11), the obstacle crossing height of
the front wheel was obtained, as shown in Equation (12).

(12)

Similarly, as shown in the geometric relationship in Figure 10b,
the obstacle crossing height of the rear wheel was obtained using
Equation (13).

podly Am [ A Mo
,=
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According to Equations (12) and (13), the obstacle crossing
ability of the front and rear wheels is independent of the barycenter
height, but is closely related to the distance from the barycenter to
the front axis a and the diameter of the wheel travel diameter d.
When the sprayer was fully loaded and the spray boom was closed,
1 was set at 0.45 and the obstacle crossing height of the front and
rear wheels were 466 mm and 457 mm respectively. The obstacle
crossing ability of the front wheel decreased with the decrease of a
value, whereas that of the rear wheel increased with the decrease of
a value. The sprayer designed in this paper adopts the layout
order of cab —pesticide tank — engine — spray boom, which can
move the sprayer barycenter forward and reduce the value of a, so
that the front and rear wheel obstacle crossing ability remained
consistent.

In order to prove the correctness of the chassis performance
analysis, Creo Parametric 2.0 was used to establish sprayer 3D
model, as shown in Figure 11. Sprayer kinematic analysis was
performed using the mechanism analysis module of Creo software.
The sprayer’s stability, steering, and obstacle crossing ability
obtained from the kinematics analysis were basically consistent
with the results of the chassis performance analysis.

b.
Figure 11  Sprayer 3D model established by Creo Parametric 2.0

4 Results and discussion

In order to verify the validity of the analysis, from December
2017 to August 2018, the sprayer chassis designed in this study
was tested with full load at the test base of Shandong Wuzheng
Agricultural Equipment Co., Ltd., Rizhao City, Shandong Province.
The hydraulic oil tank, fuel tank and pesticide tank of the sprayer
had been filled. The experiment followed the standards, such as
GB/T24677.2-2009 “Boom sprayer-Test methods”,
GB/T5667-2008 “Productive testing methods for agricultural
machinery”, and Agricultural Machinery Promotion and Appraisal
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Outline DG/T010-2011 “Boom Sprayer” to test the performance of
the sprayer chassis. The tools used in the experiment included a
tape measure (range 0-10 m, accuracy +1 mm), a steel ruler (range
0-500 mm, accuracy # mm), an angle measuring instrument
(range 0=180< accuracy #0.19, a Milang MPS-XS draw-wire
displacement sensor (range 0-500 mm, sensitivity 10 mv/mm,
accuracy 0.3% FS), and a 356A15 accelerometer (PCB Co., USA)
(range: 450 g, sensitivity 100 mv/g, accuracy 0.0002 g). The
displacement sensor and acceleration sensor data were acquired
using a NI USB-6341 data acquisition card, LabVIEW software,
and a CoCo80X dynamic signal acquisition instrument. The
experimental process is outlined in Figure 12.

S, S
b. Steering Experiment
Figure 12 Performance experiment of sprayer chassis

The sprayer drive system was tested, and the sprayer highest
speeds in 1st, 2nd, 3rd, and 4th gears were about 15 km/h, 21 km/h,
25 km/h, and 38 km/h, respectively. At this time, the
corresponding steady-state pressures of the hydrostatic drive
system were 6.361 MPa, 7.286 MPa, 8.717 MPa, and 10.343 MPa,
respectively. The sprayer running speed and the hydrostatic drive
system steady-state pressure showed that the designed drive system
could meet the requirements of sprayer different operating
conditions, and the drive system had fast dynamic response and
good performance. The performance indices of the sprayer
chassis’ climbing angle, turning radius, obstacle crossing height,
and wheel track adjustment were evaluated three times. The
results of each experiment were processed and averaged. The
experimental results are shown in Table 2. The results indicated
that the sprayer chassis successfully navigated an obstacle with a
height of 400 mm and the chassis remained stable when the
longitudinal slope and the lateral slope were 25< These results
demonstrated that the sprayer met the crop plant protection
requirements of large plots. Due to machining errors, the
sprayer’s clearance height and wheel track were larger than the
design value. The minimum turning radius and minimum turning
width were larger than the theoretical values; the discrepancy was
caused by a difference in the angle between the rear wheel and the

front wheel during four-wheel hydraulic steering; however, the
experimental results met the design requirements.
Table 2 Results of experiment during sprayer transport
condition with full load

Performance Experiment results ~ Analysis results Design requirements
Full load/kg 12447 12000 12000
Boundary 757445344598  7500>4500>4500 7500>4500>4500
dimension/mm
Obstacle crossing Front wheel: 466
height/mm 400 Rear wheel: 457 2300
Climbing angle/(%) 25 50.1 >20
Roll angle/(9 25 35.3 >20
Minimum turning 5916 5816 <6500
radius/mm -
Minimum turning 1232 2113 <5000
width/mm =
Clearance height 2050 2000 2000

/mm

Maximum: 4056; Maximum: 4000; Maximum: 4000;

Wheel track/mm minimum: 3234  minimum: 3200  minimum: 3200

In order to verify the vibration damping performance of the
designed sprayer chassis suspension, a sprayer chassis vibration
test platform was constructed, as shown in Figure 13. The draw
wire displacement sensor was used to measure the suspension’s
dynamic deflection. The acceleration sensors were used to
measure the sprung mass acceleration and unsprung mass
acceleration of the suspension. During the experiment, the
sampling frequency was 100 Hz and the sprayer chassis covered
typical road conditions at a uniform speed of 12 km/h (general
sprayer operating speed); the signal data collected by the
displacement sensors and acceleration sensors were recorded.

1. Test platform 2. Suspension test system (including pull-line displacement
sensor, acceleration sensor, etc.) 3. Air source system (including air reservoir,
air dryer, solenoid valve, etc.) 4. Measurement and control system (including
acquisition card, dynamic signal acquisition instrument) 5. Storage system
(including computer, power supply, etc.)

Figure 13 Performance experiment of sprayer chassis suspension

Figure 14a shows the time-domain acceleration signals of the
sprung mass and unsprung mass of the left front air suspension.
Figure 14(b) shows the time-domain signals of the left front air
suspension’s dynamic deflection. The root mean square (RMS)
values of the sprung mass and unsprung mass acceleration were
2.054 m/s? and 15.234 m/s?, respectively. The RMS value of the
suspension’s dynamic deflection was 19.1 mm, which was about
1/3 less than that (33.3 mm) of the suspension limit stroke,
indicating that the designed sprayer chassis suspension exhibited a
good damping effect.

Table 3 shows the RMS values of the sprung and unsprung
mass obtained from the sensors. The RMS values of the sprayer
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cab floor vertical acceleration and sprung mass acceleration of the
springs were much smaller than those of the unsprung mass. The
RMS values of the horizontal and longitudinal acceleration of the
cab floor and those of the dynamic deflections of the springs were
small, indicating that the designed sprayer chassis had good ride
comfort. The RMS values were higher for the rear side
suspensions than the front side suspensions; this was attributed to
the additional vibration of the rear side suspensions when the
engine was running.

Unsprung mass
30 F i ——Sprung mass

Acceleration/m-s™

30 40 50 60 70
Time/s
a. Acceleration

Displacement change/mm

30 40 50 60 70
Time/s
b. Displacement

Figure 14  Experiment results of left front air suspension

Table 3 Root mean square experiment results of each sensor

Values of RMS

Sensor position

Acceleration/m s Dynamic deflection /mm

Top of left front spring 2.054 191
Bottom of left front spring 15.234
Top of right front spring 1.956 203
Bottom of right front spring 13.476
Top of left rear spring 2.934 220
Bottom of left rear spring 16.333
Top of right rear spring 2.889 228
Bottom of right rear spring 16.172
Horizontal 0.563 /
Cab floor  Longitudinal 0.487 /
Vertical 2.129 /

5 Conclusions

A large high-clearance self-propelled sprayer chassis was
designed according to the sprayer’s driving requirements and the
overall goal and the structural characteristics and working principle
of the chassis drive system, suspension system, track adjustment
system, and frame were analyzed.

(1) The sprayer frame was designed, and A finite element
analysis of the frame was carried out under four extreme conditions:
full load bending, full load torsion, full load emergency braking
and full load emergency turning. Under these four conditions, the
maximum stress values of the frame were 149.45 MPa, 219 MPa,
151.44 MPa, and 123.27 MPa respectively, and the maximum
strain values were 1.12 mm, 2.22 mm, 0.95 mm, and 1.16mm
respectively. According to the static analysis results of various
working conditions, the overall stiffness and strength of the frame
were good, which provided an evidence for frame dynamic analysis
and structure optimization.

(2) A theoretical analysis of the stability, steering ability, and
obstacle navigation of the sprayer chassis was conducted. The
results analysis showed that the upper angle &;,, lower angle ',
and lateral limit tumbling angle ¢y, of the sprayer chassis were
50.1< 30.0< and 35.3°respectively. The minimum turning radius
of the chassis for different wheel track settings were 5816 mm,
6001 mm, 6188 mm, 6376 mm, and 6564 mm. The turning
widths for different wheel track settings were 4113 mm, 4283 mm,
4456 mm, 4630 mm, and 4804 mm. The theoretical maximum
angles of the chassis outer wheel for different wheel treads were
30.49< 29.08< 27.78< 26.58< and 25.48< The maximum
obstacle crossing heights of the front and rear wheels were 466 mm
and 457 mm, respectively. The theoretical analysis showed that
the designed chassis met the field management operations of large
plots.

(3) Field experiments of the large-scale high-clearance
self-propelled sprayer chassis were conducted.  The results
showed that the designed chassis remained stable on a longitudinal
and lateral slope of 25=and was able to cross a height of 400 mm;
the minimum turning radius and turning width during the
experiment were 5916 mm and 4232 mm. The RMS values of the
sprayer cab floor vertical acceleration and sprung mass acceleration
of the springs were much smaller than those of the unsprung mass.
The RMS values of the horizontal and longitudinal acceleration of
the cab floor were also small and the deflections of the springs
were 1/3 smaller than those (33.3 mm) of the suspension limit
stroke, indicating that the designed chassis suspension had a good
damping effect.
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