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Abstract: During the operation of the rice combine harvester, the fuselage tilts due to the tilt and unevenness of the ground
affect its maneuverability and operational reliability. Aiming at the problem of leveling due to the tilt of the field surface, this
research developed an innovative dual-parallelogram chassis lifting mechanism for rice harvesters designed a hydraulic system
to adjust the chassis height by extending the cylinder. Using Adams simulation software, a detailed model of the lifting chassis
was constructed to analyze its performance, revealing a direct correlation between the hydraulic cylinder extension and chassis
elevation. Notably, the mechanism could achieve leveling on slopes with inclination angles of up to 7.5°. Comprehensive
evaluations of the liftable chassis system were conducted under both static and dynamic conditions. In the static tests, the
system exhibited the capacity for comprehensive or unilateral auto-leveling contingent upon the tilt, with leveling times and
angular variations confined to 3. 6 s and 0. 4°, respectively. In dynamic tests conducted on sloped fields and paddy soils, the
system reduced post-leveling mean tilt angles and standard deviations remained below 1.2° and 0.6°, respectively. These
results demonstrated a substantial improvement in the stability and reliability of the chassis during operations. This research
provides valuable insights into the design and optimization of automatic leveling mechanisms and structural innovations for
harvester chassis.
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0 Introduction

Rice is a principal cereal crop in China, with

southern regions of China characterized predominantly

by hilly terrains and clayey, soft soil conditions''’. In

these challenging environments, grain combine

harvesters often  struggle with maneuverability,

particularly in muddy fields where risks of entrapment
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are high. Traditional fixed chassis of harvester have

deficiencies in field maneuverability and adaptability'®.

The dynamic leveling liftable chassis has become a

. . . ,
promising solution to improve the harvesters

versatility. The elevation of the chassis relative to the
ground facilitates navigation and operation in deeply

1

saturated fields”". By elevating the chassis, ground

contact is optimized on uneven terrain, mitigating
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damage and enhancing operational efficacy. It also

curtails  losses and augments travers ability.

Encountering obstacles on sloped terrain is a significant
hazard for agricultural machinery that predisposes it to

rollover incidents'®*',

Agricultural machinery chassis
system has been focused on enhancing maneuverability,
lateral stability and anti-rollover capabilities by the
integration of electronic stability control, active f{ront
steering and regulators'""*". For example, ZHU et al.
" developed a forestry chassis with luffing wheel legs
to enhance the lateral stability, specifically when
navigating forestry terrains.

Hydraulic cylinders are employed to modulate the
vehicular body’ s angular displacement™®". The design
of a mechanical structure capable of autonomously
adjusting its position and orientation in response to

1[ 20-21]

prevailing conditions is crucia The structural

augmentation of the suspension system'”’ and the

integration of a control system with hydraulic

[23-24]

components enhance chassis leveling performance.

Furthermore, sophisticated adaptive control

methodologies ' , such as the QBP-PID composite

algorithm-a synergistic amalgamation'*"’

-are deployed
to continually monitor the real-time disposition of the
chassis.  This data-driven approach optimizes the
hydraulic system's operations, ensuring precise attitude
adjustments for agricultural machinery "

Although advancements in leveling systems for
agricultural been made,

equipment have specific

research on elevation-adjustable chassis for rice

harvesters remains limited. This research aims to
address this gap by developing a dual-parallelogram
liftable chassis for rice harvesters, designed to improve
and flooded

terrains. The objectives are as follows: (1) to design a

adaptability and stability on uneven
liftable harvester chassis capable of adjusting ground
clearance and lateral tilt angle; (2) to develop a control
system that harmonizes the height adjustments and tilt
angles by the hydraulic cylinder chassis; (3) to evaluate
the static and dynamic leveling performance of the

proposed liftable harvester chassis.

1 Materials and Methods

1.1 Structure of rice harvester chassis

Figure 1 illustrates the structure of the liftable rice

harvester chassis. It is primarily composed of swing
arm, lifting arm, connecting rod, walking device,
chassis frame, etc. The adjustment mechanism of
of dual

parallelogram interactions. The primary parallelogram

lifting chassis operates on the principle
is configured by the integration of the front lifting arm,
rear lifting arm, middle beam and traveling device.
Conversely, the secondary parallelogram  was
established through the collaboration of the front swing
arm, rear swing arm, connecting rod, and chassis
frame.

The lifting mechanism operated as follows: the
hydraulic cylinder expanded and contracted, exerting
force on the rear swing arm. This force induced
rotational movement of the swing arm around the
support base, altering the relative distance between the
upper and lower segments of the chassis and adjusting
its elevation above the ground plane. The concurrent
actuation of the hydraulic cylinders in the lateral lifting
mechanisms increased the total ground distance of the
chassis.  Selective actuation of a single hydraulic
cylinder in one lifting mechanism allowed for the
modulation of the chassis lateral tilt angle on that

corresponding side.

Figure 1  Structure of the lifting chassis
1. Rear lifting arm 2. Middle beam 3. Chassis frame 4. Hydraulic

cylinder 5. Connecting rod 6. Limit block 7. Front swing arm
8. Front lifting arm 9. Front hinge support 10. Traveling device
11. Splined shaft 12. Rear swing arm  13. Rear hinge support
1.2 Lift chassis leveling principle
1.2.1
Figure 2 illustrates a lifting mechanism configured
ACDF

parallelogram. The linkage AF connects the anterior

Lifting mechanism model analysis

such  that the quadrilateral forms a
lifting arm ABC with the posterior lifting arm GED,
with points C and D being affixed to the lower frame of
the chassis. The hydraulic cylinder HG controls the
rotation of segment GE through its extension and

retraction, thereby instigating the vertical elevation of
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the chassis. During the lifting process, the constancy of
lengths in arms AC and DF maintain the parallelogram
structural of ACDF. This assembly rotates about the
fixed axis CD, facilitating the vertical displacement of
the chassis. The parameters of each component are

shown in Table 1.

Figure 2 Liftable chassis structure schematic diagram

Table 1 Lifting mechanism parts parameters

Component Length/mm
Las 120
L 235
Lo 235
L 140
L 265
Ly 865
Lou 610—810

Prior to the initiation of rotational motion, the
angular position of segment L was set to an initial angle
of 11° ( LZEDC=11" ). Adjustments to the chassis
position were intrinsically linked to variations in its vertical
elevation. This relationship was mathematically modeled
as a function that describes the angular displacement of
segment DE around the pivot point D (Figure 3). The
mathematical correlation between the alteration in height
(H,) and the angular displacement was articulated by the
ensuing trigonometric expression.

H,= L sina (1)
where, H, is the lifting height of the chassis, mm; « is
the angle between the swing arm DE and the chassis
frame, (°); L,y is the length of the rocker arm, mm.

The calculated value of H, ranges from 0 to 140 mm.
Given an initial angular deviation from 0°, the elevation
angle of the swing arm at initiation is defined as follows :

H,= Ly sina, =~ 45 mm (2)
where, H, is initial height of chassis, mm; «, is the
initial angle between the swing arm DE and the chassis
frame, (°); Ly is the length of the rocker arm, mm.

The result of H, is calculated as 45 mm.

A coordinate system XDY was established, with
point D as the origin, the forward direction as the X-
axis, and the vertical direction as the Y-axis. The
relationship between the chassis ground distance (H)
and the hydraulic cylinder extension length (L) is
expressed as:

H=Luw+ H.+ H,+ H,

H,= Ly sin /CDE (3)

Luxn= Lue X sin L/ HEN
where, Ly is the vertical distance from the upper frame
of the chassis to the support points of the swing arms B
and E, mm; H, is the vertical distance between the
support base and the ground, mm, the result range of
the chassis height H from the ground is 600-740 mm.

For operations conducted on uneven terrain, it was
imperative to modulate the hydraulic cylinders on each
side to adjust the tilt, thereby maintaining a horizontal

working posture (Figure 3).

[ 1|

[} T

Hyu

Figure 3 Analysis of tilt angle

The tilt angle of the chassis can be expressed as:

HH - HL Hh
a = arctan ——— — arctan — —
- B ~B
Ly si CDE
BC EIT}L (4)
~B

where, « is the tilt angle of the chassis, () ; H, is
chassis lift height, mm; L; is the distance between the
left and right wheel rails, mm.

When one side of the chassis is at its highest, the
maximum tilt angle is 7. 2°.

The relationship between the rotation angle () of
the rocker arm (EG) and the extension length of the
hydraulic cylinder can be expressed as follows:

Lin+ Liv—(Luo+ 85)"
ZeLpusLeu
arccos Lt Lo — Li (5)
ZeLpueLgs
where, M is the extended position of point ¢ of the

0 = arccos

hydraulic cylinder head, mm.
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The calculated value range of 0 is 29°.
1.2.2

The adjustment of harvester chassis primarily

Leveling method analysis

involved two axes: X and Y. The plane A,B,C,D, can
be derived by rotating plane A,B,C,D, about the Y by an
angle of 8 degrees (Figure 4).

Ds B,

As
Figure 4 Schematic diagram of chassis rotation coordinates

In an inclined plane, a point designated as P, with
coordinates (x,, y,, 2) was subjected to a 8 -degree
rotation about the Y-axis, yielding transformed
coordinates (x, y, z). The corresponding rotation

matrix for this transformation is denoted as:

x cosf 0 sinf ||z,
R=|y|= 0 1 0 |» (6)
z —sinfB 0 cosf | g,
xT cosfp 0 sinf ||,
yI={ O 0 |l (7)
z —sinfB 0 cosf g,

Upon assuming sin? = £ and cosf =1, these
approximations can be integrated into Equation 8.
Consequently, the correlation between support points

and inclination angles is as follows:

x 10 B |la
yi=| 0 1 —allm (8)
2 -8B a 1 ||z

The coordinates for the four supporting points were
designated as follows: Point A, was located at the origin
(0, 0, 0), Point B, was positioned at (a, 0, 0) along
the positive X-axis, Point C, was situated in the first
quadrant of the XY-plane at (a, b, 0), and Point D,
was placed along the positive Y-axis at (0, b, 0).

T
20 0 0 a a
CO =0 b 0 b (9)
0 0 0 —pBa —pa
D, B B

Figure 4 depicts points B, and C, as the apices,
indicating that these points remain stationary while

rotation occurs at the other two points. The elevations

attained by these rotating points are recorded as follows:

Ay=0

By=—pa (10)
Co:_ﬂa

D,=0

where, a is the length along the X-axis, mm; & is
length along the Y-axis, mm.
1.2.3 Stability analysis of the liftable chassis

Figure 5 illustrates the force analysis of a rice
harvester chassis during lateral inclination, with the
tracks on each side acting as fulcrums. As one side
descends, the harvester center of mass translates

horizontally to the left, indicated by the distance Lo,

Figure 5 Lateral tilt centroid analysis

Upon inclination of the harvester chassis, stress
becomes concentrated at point E. The static equilibrium
equation for point E can be articulated as follows:

> Me=0 (11)

Fy, oLy + FysinasL,, —

1
Fycosa ELB*LOO, =0 (12)

where, Ly is the left and right wheel-rail gauge, mm; m
is height of center of gravity of rice harvester, mm; Lo,
is center of gravity offset during roll, mm.

The lateral force Fy, is expressed as:

. 1
FX sma-Lm - Fy COS a(z LB - L()()l)

Fy = 13
vi . (13)

The initiation of chassis rollover is determined by

two primary conditions: the cancellation of the lateral
force component (Fy;=0) and the removal of the
eccentricity between the vehicle's center of gravity (O)
and the application point of the resultant force (O)).
The maximum roll angle is as follows:

Ly

Qe = arctan =30.4° (14)

~hl

where, a,., is maximum roll angle, (°); Ly is the left
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and right wheel-rail gauge, mm; L, is height of center
of mass, mm.

The calculation shows that the maximum lateral
stability limit slope of the harvester is 30. 4°.
1.3 3D model and simulation
1.3.1 ADAMS kinematics simulation

A three-dimensional model of the liftable chassis
for a rice harvester was developed in SolidWorks, and
imported into the ADAMS simulation environment for
Within

ADAMS, constraints and interconnections were applied

kinematic and stress analysis (Figure 6).

in accordance with actual operational conditions, with
the lifting mechanism connected to a hydraulic cylinder
via a pin shaft. The model consists of 16 revolute
joints, 2 translational joints, 2 fixed joints, 2 planar

joints, and 2 cylindrical joints.

Figure 6 Lifting chassis model

To  accurately  simulate  agricultural  field
conditions, the chassis was subjected to comprehensive
load analysis under various structural configurations for
detailed stress evaluation. The assignment of mass
properties involved determining the mass, centroid
The rice

combine harvester, with a tare weight of 2 210 kg and a

location, and moments of inertia, etc.
grain tank capacity of roughly 1 cubic meter. was
analyzed considering the density of rice at approximately
0. 75 tons per cubic meter, resulting in a total mass was
about 3 tons.
1.3.2 Lifting mechanism hydraulic drive parameters
The driving parameters of the hydraulic cylinders
were established based on 2 scenarios, the overall lifting
and unilateral lifting of the chassis. The expansion
range of the hydraulic cylinder was set 0-175 mm.
When the chassis was lifted, the driving parameters of
the hydraulic cylinder were simulated and analyzed.
The elevation mechanism of the chassis was
predominantly influenced by two actuation paradigms:
activation of the left hydraulic cylinder induces elevation

on the chassis left side, whereas the right hydraulic

cylinder regulates elevation on the right side. The

concurrent operation of both cylinders ensured
homogeneous elevation of the entire chassis. In
ADAMS, a driver was incorporated into the hydraulic
cylinder motion pair. This driver utilized the step
function as its driving parameter. The function format
1s:

STEP(x,x0, hoy 21, hy) (15)
where x is independent variable; &, is starting point, s;
hy 1s initial function value, mm; x, is end point, s; A, is
Final function value, mm.

The driving function of the left hydraulic cylinder
was: STEP (time, 0, 0, 15, 175) + STEP (time, 15,
0, 20, —100) + STEP (time, 20, 0, 30, —175) ;
The driving function of the right hydraulic cylinder was:
STEP (time, 0, 0, 15, 175) + STEP (time, 15, 0,
20, —100) +STEP (time, 20, 0, 30, —175).

1.4 Development of hydraulic system
The hydraulic

proportional directional valve, a non-return valve, a

system comprised a filter, a
pressure sensor, two magnetic displacement sensors, a
hydraulic cylinder, two balance valves, and two three-
position four-way solenoid valves (Figure 7). The
balance valve regulated the descending speed, while the
solenoid valve controlled the initiation, termination,
and direction of the hydraulic cylinder motion. An angle
sensor was employed to detect the chassis inclination
angle, a pressure sensor indicating the hydraulic
pressure, and magnetic displacement sensors measuring
the cylinder extension and retraction.

Upon detection of chassis inclination by the
inclination sensor, the hydraulic system was activated,
prompting the electromagnetic control valve to adjust
accordingly. This engagement either extended or
contracted the hydraulic cylinder, thereby driving the
lifting mechanism to vertically adjust the chassis.
Concurrently, the proportional flow valve was operated
to ensure that the flow rate of the hydraulic cylinder
remained within an appropriate range. By controlling
the speed of extension and contraction of the hydraulic
cylinder, the system response time and leveling
precision can be regulated. The balance valve provided
pressure compensation by adjusting the pressure
differential, While the integrated displacement sensor

continuously monitored the cylinder position, which



64 Journal of Intelligent Agricultural Mechanization

2025 4%

provided feedback to the control system for closed-loop
adjustment. This enhanced the system operational

accuracy and efficiency (Figure 8).

3-position 4-way
electromagnetic control valve

Hydraulic oil pipe

Control - Displacement
comman sensor
S T Tllt sensor
51gnals
Driving htydmu[
Hydraulic cy]mderl

Figure 7 The structure of the hydraulic control system

— 8= =
2 (i
3 ___-———-[bi.i f=ic
=

|_n_-
o |

T

Figure 8 Hydraulic control schematic diagram.
1. Hydraulic cylinder 2. Magnetic displacement sensor
3. Two-way balancing valve 4. Hydraulic lock (one-way valve)
5. Proportional directional valve 6. Shock-resistant pressure gauge
7. Pressure measuring hose 8. Pressure measuring joint

9. Pressure sensor 10. High-pressure filter

The automatic lifting electro-hydraulic control system

includes a displacement sensor, an angle sensor, an oil
pressure sensor, a controller, a display and an operating
handle.

PLC™, with the hydraulic cylinder control mechanism

The controller is based on Siemens SRZ20-

governed by an S7-200 Programmable Logic Controller
(PLC) as the central command module. The proportional
valve digital signals are transformed into analog format via
the AMO6 module, while the AMO4 module performs
analog-to-digital conversion for data from displacement
and inclination sensors. The converted data is processed
by the CPU ST20 and subsequently executed by the
pertinent units. The hydraulic system features a human-
machine interface equipped with a touchscreen that
displays pivotal parameters such as tilt angle, pressure,
cylinder stroke, and valve output (Figure 9). This

interface supports two modes of chassis leveling:

automatic and manual. The hydraulic leveling system

primarily employs a  proportional-integral-derivative

(PID) control algorithm to compute the control volume

for hydraulic cylinder extension and retraction based on the
system error signal. This process ensures precise
adjustment ofthe output of the leveling system, enabling
the hydraulic control system to achieve rapid response time
and minimal overshoot in adjusting the tilt angle of the

fuselage (Figure 9).

Parameter Setting Screen

; Startup
1# Displ t 24 Di t -
1;_s£rlggcsmen is r£lsica¢:mu:r| —
Tilt Dlsplacement l:] -
Angle: Dlsp]acement gt
Pr: | s dga] D Screen
Tiltreseff  1#Reset| 2#Resefl | Set |

(a) Main interface of hydraulic control system

Manual Screen _
Tilt Angle:[ | System [

Pressure

1# -
Displacement: L] Displacement:l:]

(b) Manual and automatic operation interface of hydraulic

control system

Figure 9 Hydraulic system interface

1.5 Test method

Static and field experiments were conducted to
verify the accuracy and stability of the liftable chassis in
at the Teaching and Research Center of the Ya'an
Campus of Sichuan Agricultural University (Figure 10)
and Bangfu Professional Cooperative, Jianping Town,
Santai County, Sichuan Province, under no-load
conditions to validate the functional implementation of
the lifting chassis and assess its lifting speed, hydraulic
system response time, and lifting effect in the absence

of external load.

Electromagnetic
valve

Control
interface

Hydraulic
cylinder

Figure 10 Rice harvester with integrated lifting system
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1.5.1

The static test was conducted to verify the

Static experiments

feasibility of the liftable chassis balance system of rice

combine harvester. The inclination angle and
displacement of the hydraulic cylinder were measured
using a Vit WTO901BLE inclinometer and displacement
sensor, which was connected to a computer to establish
an upper-level data acquisition system for collecting
data on the extension and retraction of the hydraulic
cylinder and the inclination angle.

The static experiment consists of three parts: (1)
placing one side of the chassis at the lowest point while
elevating the opposite side to generate specific tilt
angles, then activating the automatic leveling switch
and recording the leveling process; (2) placing the
chassis at its lowest height, lifting both sides
simultaneously to establish the correlation between the
vertical displacement of the chassis and the extension
and retraction of the hydraulic cylinder; (3) fixing one
side of the chassis and lifting the opposite sideto
measure and record the lateral inclination angle of the
chassis and the rotation angle of the rotating arm.

The relationship between the lifted height of the
chassis and the extension and retraction of the
hydraulic cylinder was established. The tilt angles
were set as 1.5°, 5" and 8° and each test was repeated
three times.

1.5.2 Dynamic experiments

The dynamic experiments included slope tests and
paddy field tests, designed to verify accuracy and
stability of the liftable chassis control.

1) The slope test, conducted on an incline with
angles ranging from 2° to 12° and height differences
between 10 to 20 cm, evaluated the automatic leveling
system of a rice combine harvester. During the test, the
harvester chassis was driven along a hilly slope without
activating the automatic mode, and its tilt data was
captured using an inclination sensor. The test was then
repeated with the automatic leveling feature engaged,
and its tilt data was recorded again. A comparative
analysis of the tilt data, both with and without the
automatic leveling function, was performed to assess
the effectiveness of the automatic leveling under
consistent operating conditions.

2) The paddy field test was conducted in a single

paddy field at 3 speeds: 1 km/h, 1.8 km/h, and 2.5
km/h. These tests involved circumnavigating the field
perimeters while performing leveling assessments and
activating and
The study

meticulously analyzed the duration of leveling when

conducting control experiments by

deactivating automatic leveling features.

operated automatically and the subsequent alterations in
the tilt angles. A comparative analysis was then
employed to discern the efficacy of automatic leveling
versus manual adjustments under identical operational

conditions.
2 Results and discussion

2.1 Results of simulation analysis

Figure 11 illustrates the displacement profiles of
the left and right hydraulic cylinders during the
simulation.

1801

0 5
Time/s

Figure 11 Hydraulic cylinder extension length

In the first 15 s, the left cylinder extended by 175
mm. From 15 to 20 s, the left cylinder contracted by
100 mm while the right maintained its position, causing
an elevated left side and a lowered right side of the
chassis. The left cylinder was stationary from 20 to 25 s
as the right retracted by 100 mm, leveling the chassis by
25s.

Finally, both cylinders descended synchronously
by 75 mm from 25 to 30 s, returning to their initial
positions. This demonstrates precise control over the
cylinders movements.

The relationship between the chassis inclination
angle and the extension lengths of the left and right
hydraulic cylinders is presented in Figure 12, from
which a mathematical formula correlating the inclination
angle with the extensions of the hydraulic cylinders was
derived.

The peak rotational displacement of the chassis
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lifting mechanism was 7. 40° on the right side and 7. 46°
on the left, resulting in a lateral tilt angle fluctuation
between —7.40° and +7. 46" (Figure 13).

Chassis tilt angle/(*)

180
=120 (e

30 g o2 Hon™™
20‘-‘3“%\,\\0 "

e\g‘\?:a

Figure 12 Relationship between chassis inclination angle and
hydraulic cylinder extension length

Angle/(°)

0 10 20 30 40 30 60
Time/s

Figure 13 Chassis lateral tilt angle

Figure 14 illustrates that the hydraulic cylinder
reached its maximum force of 26 714.65 N at 0.1 s,
with a peak driving force of 18 963.38 N, indicating
significant force application during the initial lifting of
the chassis. Between 0 to 15 s, as the cylinder
extended, there was a gradual reduction in force and an
increase in the rotation angle of the rocker arm. From
15 to 20 s, the swing arm achieved its maximum
rotation of 42°, the cylinder extended by 175 mm, the
chassis height was increased by 150 mm, and the driving
force stabilized at 12 635.63 N, while the experienced
force diminished to a minimum of 17 812. 87 N. Between
20 to 35 s, the retraction of the cylinder resulted in its
shortening and a decrease in the swing arm rotation
angle, causing a progressive increase in both force and
driving force, reaching maxima upon returning to the
initial position.

This symmetrical loading and actuation confirmed

that hydraulic action effectively modulated the rotation

of the swing arm through cylinder extension and

retraction, thereby adjusting chassis height.

28000F —s— Hydraulic cylinder driving force 720000
—e— Hydraulic cylinder load
26000f
{18000
24000} £
Z 5
=
822000+ 116000
(=] =
= =
20000} £
{14000
18000}
16000 L s L L L s s 12000
-5 0 S5 10 15 20 25 30 35
Time/s

(a) Hydraulic cylinder load and driving force

180 —e— Chassis lifting height 150
—— Rotation angle of swing arm
150 4 40
120} {50
E 9o} £
3 1202
% 60} g
o {10~
30r
0_ e 0
004§ 12 16 20 24 38 320

Time/s

(b) Chassis lift height and arm angle
Figure 14 Lifting height and force of lifting chassis

The hydraulic cylinder extension elevated the
chassis, increasing its height and shifting the center of
mass from 946. 63 mm to 1 086. 27 mm, a displacement
of 140. 64 mm, as shown in Figure 15(a). This shift
indicated a significant change in the chassis dynamics.
The impact force could be inferred from the acceleration
of the center of mass, which peaked at 11.05 mm/s’
after 20 s. Concurrently, the center of mass velocity
reached a maximum of 25.04 mm/s at 24.8 s, as
illustrated in Figure 15 (b). This indicates that the
chassis underwent significant acceleration during lifting
and stopping, potentially causing larger impact force.
2.2 Results of the static test

The results of the static tests of the liftable chassis
at tilt angles of 1.5°, 5°, 8" are shown in Figure 16.
These results demonstrate the chassis rapid leveling
capability when subjected to inclination status. Initial
angles were 8.1°, 5.05°, 1.24°, —1.17°, —4.70°,
and —7.52°. After leveling, the angles were corrected
to 0.15°, 0.10°, —0.08", —0.35", —0.22°, and
—0.1°, with corresponding adjustment times of 2. 72 s,
2.32 s, 3.52 s, 2.92 s, 2.20 s, and 2.62 s,
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respectively. Notably, the overall adjustment errors
remained below 0.4°, and the mean adjustment time
was less than 3.60 s. This shows that the automatic
chassis leveling system operated robustly, efficiently
calibrating various chassis inclinations to a level state

expeditiously.

1110

1080
1050

1020

Angle/(°)

990
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930 . i i i i i
5 100 15 20 25 30
Time/s
(a) Height of the center of mass in the Y direction of the harvester
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—— cm.Acceleration.
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(b) Center of mass velocity and acceleration

Figure 15 Center of mass height, velocity and acceleration
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Figure 16 Tilt statue in the static test

As illustrated in Figure 17, the initial ground
clearance of the chassis was 255 mm with a rocker arm
angle of 11°. As the hydraulic cylinder extended, the
rocker arm rotated, elevating the chassis. At 175 mm
cylinder extension, the chassis clearance increased to
393 mm, an elevation gain of 138 mm. The extension
of the hydraulic cylinder facilitated the rotation of the

lever arm, showcasing a linear relationship between the

chassis elevation, the rotation angle of the swing arm,
and the extension of the hydraulic cylinder. This
indicates that precise control over the extension of the
hydraulic cylinder can achieve adjustments in the overall
lifting and tilting states of the chassis, enhancing its

adaptability and stability.

60r _e— Rotation angle of swing arm 7420

N B Chassis height from ground 390
40F 1360 £
€ £
%30 7 4330 f’:
= L
<20t 13007

10} 4270

0 240

220 020 40 60 80 100120140160180200
Hydraulic cylinder extension length/mm

Figure 17 Relationship between extension length of hydraulic
cylinder, rotation angle and lifting height

Figure 18
classified into left and right chassis tilts. During the

illustrates  the lateral inclination,
assessment of left-tilt, a peak angle of 7.41° was
attained when the hydraulic cylinder was extended to
175 mm. Similarly, in the evaluation of right-tilt, a
maximum angle of 7.55° was realized at the same
cylinder extension. These results indicate that the

chassis lateral tilt capacity is approximately 7. 5°.
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Figure 18 Chassis lateral tilt angle

2.3 Results of dynamic leveling test

The efficacy of the leveling system on sloped
terrain was shown in Figure 19. When the system was
not activated, the harvester’s chassis oscillated between
—12° and 11.2° while traversing an uneven groove,
indicating substantial terrain variability. Upon enabling
the automatic leveling function, acute chassis tilting
occurred as the track encountered significant elevation
differences, prompting the system to issue a leveling

command that mitigated the inclination angle. The
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leveling system demonstrated a significant reductionin
both mean and standard deviation of the tilt angle
compared to non-leveling conditions, with the mean
changing from 7. 38" to 0. 99° and the variance changing
from 56.33% to 6.21%, quantified by a notable
percentage decrease. Consequently, the system can
effectively level the chassis within 2 to 3 s when
confronts slope-induced tilt, thereby enhancing stability
and reliability.

The results of the automatic leveling of liftable
chassis at different speeds in the paddy field were further

11.2° — Automatic leveling
10F —Without leveling

Angle/(®)

0 20 40 60 80 100
Time/s

(a) Automatic leveling curve (b) Initial state

analyzed (Figure 20). It indicated that for all tested
speeds, both the mean and standard deviation of the tilt
angle were significantly lower when the automatic
leveling mode was active compared to operation without
leveling. During operation in auto-level mode, while
there was an increase in the average leveling angle with
an increase in travelling speed, it consistently remained
under 1.2°. The standard deviation was consistently
low, not surpassing 0. 6°, suggesting that the adjustable
chassis sustained robust stability and reliability under

different travelling speeds.

(¢) Auto-leveling is not turned on (d) Auto-leveling is turned on

Figure 19 Automatic leveling test of pothole fields
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Figure 20 Automatic leveling of field tests at different travelling speeds

Table 2 Field test results

Average leveling angle/(%) Standard deviation of leveling angle/(°)

Travelling speed/(km+h™")

Automatic leveling Without leveling Automatic leveling Without leveling
1.0 0.46 2.24 0.58 1.48
1.8 0.92 2.11 0.53 0.89
2.5 1.18 2.00 0.55 1.02

3 Conclusions i )
mechanism. The conclusions were as follows:

This study presented a liftable chassis leveling

system for a rice combine harvester. The lifting

mechanism of the chassis was designed using a four-bar

1) A theoretical analysis was undertaken to develop

a dual parallelogram lifting mechanism for a rice harvester
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chassis, followed by the design of a hydraulic system to
actuate the chassis elevation using hydraulic cylinders. A
simulation model of the lift mechanism was established
by Adams software, and kinematic analyses. Results
showed a direct linear correlation between the hydraulic
cylinder stroke and the chassis elevation, facilitating
leveling on an inclination angle of 7. 5°.

2) Static tests confirmed the system ability to auto-
level according to tilt angle, allowing full elevation and
unilateral leveling adjustments with overall errors of
0. 4" and an average adjustment time under 3. 60 s.

3) Dynamic leveling tests on slopes and in paddy
fields ascertained that the automated leveling system
significantly improved the chassis tilt, thereby
enhancing stability. The automatic leveling system

consistently maintained post-leveling average tilt angles

and standard deviations below 1.2° and 0.6°
respectively.  This  research concludes that the
implemented automatic chassis elevation system

substantially improves the stability and reliability of the
rice harvester chassis in challenging terrains such as

slopes and paddy fields.
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