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MULTIBODY DYNAMICS SIMULATION AND TESTING OF A SMALL
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ABSTRACT

To meet the maneuverability and terrain-adaptability requirements of agricultural machinery operating in hilly
and mountainous areas, an electronically controlled tracked chassis was designed and developed. Based on
a theoretical analysis of chassis terrain-crossing capability and stability, a multibody dynamic model was
established using RecurDyn to simulate the dynamic response of the chassis under typical operating
conditions. The chassis trajectory and variations in dynamic stability were analyzed. A physical prototype was
then manufactured and tested under multiple operating conditions on actual road surfaces. The chassis
achieved a maximum straight-line travel speed of 4 km/h on level ground, a maximum uphill and downhill
travel speed of 2 km/h, a maximum climbing angle of 18°, a maximum trench-crossing width of 500 mm, and a
turning radius not exceeding 675 mm. The simulation and experimental results were in close agreement, with
a maximum relative error of 11%, demonstrating the predictive accuracy of the multibody dynamic model. The
developed chassis exhibited good terrain-crossing capability and operational stability. This study provides a
theoretical basis and technical support for the development and application of small agricultural machinery in
hilly and mountainous areas.
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INTRODUCTION

From the perspective of global agricultural development trends, the efficient utilization of agricultural
resources in hilly and mountainous areas has become a crucial direction for countries to enhance
comprehensive agricultural productivity and expand production boundaries. In regions with limited arable land
and diverse topography, the mechanization of agriculture in hilly and mountainous areas is not only vital for
local agricultural modernization but also a key component of national agricultural strategies (HU et al., 2025;
Jin et al., 2023; Jiang et al., 2025). Due to the complex terrain and insufficient agricultural infrastructure, the
promotion and application of agricultural mechanization in hilly and mountainous areas lag far behind those in
plain regions. Accelerating the modernization of agriculture have become urgent problems (Sun et al., 2024;
Xiong et al., 2023; Chen, 2025). The small tracked electronic control chassis, with its advantages of low
ground pressure ratio and strong terrain adaptability, is conducive to the operation of mountainous
mechanized equipment (Ding et al., 2025; Buzunov et al., 2023; Belloni et al., 2024; Liu et al., 2025; Chen et
al., 2024, Zemanek and Neruda, 2021).
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As the core traveling and load-bearing component of agricultural machinery, the dynamic performance
of the chassis is a key technical link that restricts the development of agricultural machinery equipment.
Scholars have conducted extensive research on chassis, and obtained many achievements (Archut et al.,
2026; Baek et al., 2020, HIDALGO et al., 2015; Grazioso et al., 2023; Yun et al., 2023; Ugenti et al., 2023;
HUANG et al., 2025). Mirostaw et al. (2025) developed a model of an articulated UGV (unmanned ground
vehicle), and studies on the influence of clearances in the steering and track systems on the directional
stability of articulated tracked UGVs. Dudzinskiand and Chotodowski (2021) established an internal
resistance model for the tracked chassis to optimize energy efficiency. Pei et al. (2025) examines the climbing
performance of the crawler harvester chassis to solve the problems of running ability and stability of the
chassis of the crawler combine harvester during mechanical operation. Komissarov (2025) developed a
simulation model of a high speed tracked vehicle power train with step track gear boxes to be inserted as a
subsystem into a highly computationally efficient model of the tracked vehicle curvilinear motion. Existing
research mostly focuses on chassis structure design and conventional performance testing, and the study of
chassis dynamic response laws under complex and variable working conditions in hilly and mountainous
areas is still not deep enough. Traditional physical testing has high costs and long cycles, making it difficult to
comprehensively and accurately obtain chassis dynamic characteristics. Dynamic simulation technology can
effectively compensate for the shortcomings of testing. This article takes the self-designed electrically
controlled tracked chassis in hilly and mountainous areas as the research object, systematically conducts
dynamic theoretical analysis of chassis operating performance. The research provides technical support for
promoting the mechanization and intelligence of agricultural equipment in hilly and mountainous areas.

MATERIALS AND METHODS
Overall Structure and Parameters

This article has completed the modular integrated design of an electronically controlled tracked chassis.
The chassis consists of a frame, a track traveling mechanism, a steering system, a braking mechanism, an
electric drive unit, a control system, and a power supply. The overall configuration is shown in Fig. 1. The
basic technical parameters are shown in Table 1. The chassis uses STC89C52 microcontroller as the main
control chip to build a remote wireless remote-control system. The system integrates modules such as speed
display, Bluetooth communication, encoder, motor drive controller, drive motor, power battery, and data
acquisition. The matching principles of various hardware parameters have been clarified, and the core control
logic has been formulated. Implementing closed-loop regulation of driving speed and brake pressure
threshold through PID algorithm is to achieve precise steering control. The designed chassis has a driving
speed of 2-4 km/h, a maximum climbing ability of 20°, and a maximum crossing trenches width of 550 mm.
The chassis has remote control and flexible steering characteristics, which can meet the needs of multi
working conditions in hilly and mountainous areas.

Fig. 1 - The structure diagram of the small tracked electronic control chassis
1 - Drive sprocket; 2 - Support wheel; 3 — Bracket; 4 - Guide wheel; 5 — Track; 6 — Frame; 7 — Controller;
8 - Travel motor; 9 - Steering motor; 10 - Steering mechanism; 11 — Transmission
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Table 1
Track Chassis Parameters
Name Parameter Name Parameter
Length x Width xHeight/mm 1000x650%200 Drive sprocket diameter /mm 210
Wheelbase /mm 860 Support wheel diameter /mm 150
Track gauge /mm 470 Guide wheel diameter /mm 190
Track ground-contact length /mm 680 Climbing angle /° 20
Track width /mm 150

Overall Scheme of the Control System

To achieve wireless remote control and real-time monitoring of the tracked chassis, a measurement
and control system was designed with the STC89C52 microcontroller as the main controller. The system
primarily consists of a microcontroller minimal system, power module, motor drive module, wireless
communication module, and speed monitoring and display module. The overall scheme is shown in Figure 2.
The microcontroller minimal system serves as the core control unit, responsible for command reception,
logical operations, signal parsing, and motion control. The power module uses a 48 V lithium battery as the
primary power source, employing a voltage step-down regulation method to provide 5 V operating voltage for
the microcontroller and output stable 24 V through a voltage step-down module, ensuring reliable and stable
power supply for the encoder and stepper motor. The motor drive section adopts a dual-channel drive
architecture, with the DC brushless motor using the ZM-6750A driver (Operating voltage range: DC32~60 V;
Capable of handling peak currents below 50 A); the stepper motor employs the DM-542 driver (Operating
voltage range: DC24~50 V; Output current range: 1.0~4.2 A). Wireless communication utilizes the HC-06
Bluetooth module to establish a stable communication link with the mobile app, ensuring reliable transmission
of remote control commands and data interaction. Speed monitoring employs the Omron E6B2- CWZ1X
rotary encoder, installed at the DC brushless motor shaft end, to collect real-time actual speed data of the
driven wheels. The display module uses an LCD1602 screen (Operating voltage range: 4.8~5.2 V), and
powered directly by the microcontroller, enabling real-time display of the chassis speed and visualizing the
operational status. During system operation, Bluetooth serial assistant of the mobile phone sends control
commands, which are transmitted via the Bluetooth module to the microcontroller. After signal parsing and
computation, the microcontroller outputs corresponding drive signals to control the motor drivers, thereby
enabling functions such as starting, stopping, steering, and speed adjustment of the tracked chassis, ensuring
stable system operation, rapid response, and reliable control.
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Fig. 2 - The Overall scheme block diagram of control system
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Dynamic Performance Analysis of the Chassis

The climbing capability, trench-crossing performance, and steering characteristics of the tracked
chassis are key indicators of its operational stability and adaptability to complex terrain. Under idealized
operating conditions, mechanical modeling and force analysis of the chassis under different operating
conditions provide a theoretical basis for structural design and parameter matching. The forces acting on the
chassis during uphill and downhill travel are shown in Fig. 3.

(a) Uphill (b) Downbhill

Fig. 3 - Force analysis diagram of the chassis climbing
V-Chassis forward speed, m/s; O-chassis center of mass; G-chassis gravity, N; a - slope, °; h-ground clearance of the center of mass,
mm; F- ground support force of the chassis, N; a-distance between the support wheel and the support force, mm; L - distance between
the support wheel A and the support wheel B, mm; L, - distance between the support wheel A and the center of mass, mm; l,- distance
between the support wheel B and the center of mass, mm

When the chassis is stable uphill, the force on the vehicle body is balanced, and it can be obtained.
{Fla—Gllcosa—Ghsina=0 (1)

F, =Gcosa

Thus, it can be obtained.

_ ljcosathsina (2)

a=
cosa

The critical condition for chassis overturning is a = 0.

The maximum uphill angle is:

Cmaup = tan™t 2=25° 3)
The maximum downhill angle is:
1t °
Amax,down = tan ! f:22 (4)

When the chassis crosses the trench, the force distribution and key geometric parameters are shown in
Fig. 4.

Fig. 4 - Force analysis diagram of tracked chassis crossing trenches
H - maximum width of the chassis crossing the trench, mm; L; - distance between the drive sprocket and the guide wheel, mm;
O - the center of mass of the chassis; G - chassis gravity, N.

The theoretical maximum trench width of the chassis can be derived:

H= /(%1)2 +h,2+r=581 mm (5)

where: r - drive sprocket radius, mm; /4, - guide wheel height, mm.

Mechanical analysis of typical working conditions of chassis steering: the differential steering and
unilateral braking steering. The force situation during chassis steering is shown in Fig. 5.
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(a) Differential steering (b) Unilateral braking steering

Fig. 5 - Chassis steering performance analysis diagram
O - theoretical steering center of tracked chassis vehicles; O4,0;- instantaneous turning center of the inner and outer track contact

sections; vi,v2- the inner and outer track line velocities, m/s; R - steering radius, m; L - the track ground-contact length, m; B - the track
gauge, m; P;,P2- the inner and outer track driving force, N; Py, Py2 - inner and outer track rolling resistance, N; Py - track braking force, N;
w - chassis angular velocity, rad/s.

During chassis steering, the following relationship can be obtained:

w = Uz;ﬁ

B vy+v (6)
R=2.2tn

2 v-vp

where: w - chassis angular velocity; vi - the inner track line velocities; v» - the outer track line velocities;
B - the track gauge; R - steering radius.

The maximum adhesion of the left and right tracks is:
1
P(p1=P(p2=EG(p (7)
where: P,; - the maximum adhesion of the left; P,,- the maximum adhesion of the right; G - the gravity of track chassis;
@ - adhesion coefficient.

The rolling resistance of the left and right tracks is:
1
where: Py, - the inner track rolling resistance; Py - the outer track rolling resistance; G - the gravity of track chassis; f-
rolling resistance coefficient.

The steering resistance torque is:

UGL
My ==~ ©)
where: M;- the steering resistance torque; u - the average resistance coefficient of steering; G - the gravity of track

chassis; L - the track ground-contact length.

The steering torque is:
B B
Mlzzpl_zpz (10)
where: B - the track gauge; P; - the inner track driving force; P: - the outer track driving force.

When M; > M, the following relationship can be obtained:

L« 20 (11)

B u
In this article, the L of the tracked chassis is designed to be 680 mm and B is 470 mm. The minimum
turning radius of the tracked chassis is theoretically less than the sum of the wheelbase and track width. The

radius of the chassis unilateral braking steering is 620 mm.

Development of the Multibody Dynamic Simulation Model

To balance dynamic-response fidelity and computational efficiency, the chassis model was simplified to
include the main load-bearing frame and the track traveling mechanism. The track traveling mechanism was
modeled using the dedicated Track/HM module in RecurDyn, and the constraint relationships among the
components were defined, as shown in Fig. 6. The road surface was modeled using the built-in Ground
module in RecurDyn. The main simulation parameters are presented in Table 2.
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Friction Definition

Cross Section Circular

Absclute Threshold Velocity 1532925199433¢-002

Static Friction Coefficient 0.001
Dynamic Friction Coefficient 0.001

Cuter Radius Factor 200.

Radial Preload Force :
Axial Preload Force 0.
W [] Maximum Friction Torque 0.
Fig. 6 - Development of the multibody dynamic model of the tracked chassis
Table 2
The road surface characteristic parameters
Parameter Value
Cohesive deformation modulus of soil &/ (N-m~ ®*1) ) 0.417
Frictional deformation modulus of soil k,, /(N - m=(®+2)) 2.19x1072
Soil deformation exponent n 0.5
Soil cohesion ¢;/ kPa 4.14x1073
Internal friction angle / (°) 13
Shear deformation modulus k; 25
Sinkage ratio 0.05

Chassis performance was comprehensively evaluated in terms of driving stability, terrain-crossing
capability, and steering maneuverability using the chassis pitch angle relative to the ground, center-of-mass
displacement, center-of-mass velocity, steering angular acceleration, drive-sprocket angular velocity, and
chassis angular displacement as evaluation indicators. The simulation conditions were as follows:

(1) Climbing-performance simulation: The slope angle was set to 20°, the travel speed to 2 km/h, and
the drive-sprocket angular velocity to w=5.32 rad/s. The simulation duration was 10 s, with 500 computational
steps.

(2) Trench-crossing simulation: The travel speed was set to 3 km/h, and the drive-sprocket angular
velocity was set to w=7.93 rad/s. The STEP function was used to control the variation in drive-sprocket
angular velocity STEP (TIME, 1,0,3, -7.93). The simulation duration and number of computational steps were
the same as those used in the climbing simulation.

(3) Steering-performance simulation: Two steering modes — single-track braking and pivot steering —
were simulated to determine the minimum turning radius. For single-track braking, the right track was braked
while the left track continued to travel at 2 km/h, corresponding to a drive-sprocket angular velocity of w=5.29
rad/s. The function expression for the right drive sprocket was STEP (TIME, 1,0,4,5.29) +STEP (TIME, 5,0,7,
-5.29) +STEP (TIME, 8,0,9,5.29), and the speed function for the left drive sprocket was STEP (TIME,
1,0,4,5.29). When performing a Pivot steering, the driving speed was set to 1.5 km/h, the drive sprocket
angular velocity w=3.96 rad/s, the speed function of the right drive sprocket was STEP (TIME, 1,0,2,3.96),
and the speed function of the left drive sprocket was STEP (TIME, 1,0,2, -3.96). Pivot steering was achieved
by driving the two tracks at equal angular-velocity magnitudes in opposite directions, and the simulation
duration and number of computational steps were the same as those used in the preceding simulations.

Field Performance Test Scheme

Test objective: The field tests were conducted to verify the accuracy of the chassis dynamic model,
evaluate the dynamic performance of the chassis, and validate the structural design parameters and
simulation results. The climbing, trench-crossing, and steering performance of the chassis was investigated.

Test object and method: The test object was the independently developed electronically controlled
tracked chassis, and the field-test conditions were consistent with the simulation conditions. Climbing
performance was evaluated using the maximum stable climbing angle. The ability of the chassis to travel
smoothly on slopes ranging from 5° to 20° was tested. Each operating condition was tested three times and
was considered successful only if the chassis completed all three trials. Trench-crossing performance was
evaluated using the maximum safe trench-crossing width, with trench widths ranging from 0.30 to 0.55 m.
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Each trench width was tested three times and was considered successfully traversed only if all three trials
were completed. Steering performance was evaluated using the turning radius during single-track braking.
Four steering modes were tested: forward left turn, forward right turn, reverse left turn, and reverse right turn.
The largest stable turning radius measured among the four steering modes was taken as the
steering-performance value.

RESULTS AND DISCUSSION
Multibody Dynamic Simulation Results

The climbing-performance and trench-crossing simulation results are shown in Figs. 7 and 8,
respectively, while the steering-performance results are presented in Fig. 9. Based on the actual steering
mode of the chassis, the trajectory of its center of mass during single-track braking on a clay road surface was
simulated, as shown in Fig. 10.
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Fig. 7 - Dynamic simulation of chassis climbing
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Fig. 9 - Dynamic simulation of chassis steering
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Fig. 10 - Simulated trajectory of the chassis center of mass during steering

The simulation results were analyzed as follows. As shown in Figs. 7(a) and 7(b), during uphill travel,
the mean values of Vx and Vy were 0.53 and approximately 0.23 m/s, respectively. During downhill travel, Vx
remained relatively stable within the range of 0.5-0.6 m/s, while the mean Vy was 0.23 m/s. The simulated
velocity of the chassis center of mass was consistent with the calculated value, supporting the validity of the
dynamic model. As shown in Figs. 7(c) and 7(d), at approximately 4 s during both uphill and downhill travel,
the displacement in the X-direction began to decrease gradually, while the center of mass exhibited
considerable vertical displacement in the Y-direction. After the chassis had fully entered the slope, its
center-of-mass displacement continued to increase approximately linearly with time, although the rate of
increase decreased slightly. As shown in Figs. 7(e) and 7(f), the pitch and roll angles remained close to zero
during most of the uphill process. Near the end of the climb, both angles increased slightly but remained
below 6°. During downhill travel, the pitch and roll angles fluctuated more noticeably, with a maximum roll
angle of 0.9°. As shown in Fig. 8(a), the center-of-mass velocity fluctuated considerably while the chassis
crossed the trench between 2 and 4 s. After trench crossing was completed, the velocity rapidly stabilized,
indicating effective drive-speed regulation. As shown in Fig. 8(b), the center-of-mass displacement in the
Y-direction remained nearly constant, indicating negligible lateral deviation perpendicular to the direction of
travel. The chassis began to enter the trench at 2 s, after which the corresponding vertical-displacement curve
decreased approximately linearly. This behavior was consistent with the velocity fluctuations and load
variations occurring during trench crossing. As shown in Fig. 8(c), the roll angle exhibited periodic oscillations
during trench crossing, while the pitch angle remained below 8° throughout the process. As shown in Figs. 9(a)
and 9(b), the angular acceleration varied smoothly during steering, indicating stable steering-power output
without marked impact loading. As shown in Figs. 9(c) and 9(d), the single-track braking maneuver proceeded
smoothly and steadily. As shown in Figs. 9(e) and 9(f), the chassis initially completed a 90° right turn and
subsequently continued traveling in a straight line until the end of the simulation, producing a regular turning
trajectory. During pivot steering, the chassis also exhibited a rapid steering response. The simulated trajectory
of the chassis center of mass during single-track braking on a clay road surface is shown in Fig. 10. The
maximum turning radius was 650 mm, corresponding to an error of 4.85% relative to the theoretical design
value.

Field Performance Test Results
The field test results are shown in Figure 11.

@ Simulation value @AField-test value
30 4 700 -
Relative error: 11%

650 1 Relative error: 10%

800 4

)
B

550 4

500 4

Climbing angle (*

Trench-crossing width (mm)

450 |

Climbing performance Trench-crossing performance
Operating speed (m/s)
(a) climbing and trench-crossing performance
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800 - Relative error: 3.70% Relative error. 2.26%
750 1 Relative error: 2.26% ‘ ‘ Relative error: 2.26%

700 ~

665 665

650 4
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(b) turning radius under different steering conditions

Fig. 11 - Analysis of performance test results for small electronically controlled tracked chassis

Analysis of the experimental results yielded the following findings: (1) The maximum climbing angle of
the chassis was 18°, with a relative error of no more than 11% compared with the simulated value. These
results validated the accuracy of the climbing dynamic model and demonstrated that the chassis could meet
the climbing requirements of operations in hilly and mountainous areas. The deviation was mainly attributed
to differences between the actual operating conditions and the idealized model, including track—ground
adhesion, track characteristics, and chassis mass distribution. (2) The maximum trench-crossing width
measured during the field tests was 500 mm, with a relative error of no more than 10% compared with the
simulated value. The results confirmed the reliability of the trench-crossing dynamic model and indicated that
the chassis structure could traverse common trench obstacles in hilly and mountainous areas. The deviation
was mainly caused by differences in ground conditions, track—ground contact characteristics, chassis attitude,
and load distribution between the field tests and the idealized model. (3) The single-track braking tests yielded
a maximum turning radius of 675 mm under the different steering conditions, with a relative error of no more
than 3.70% compared with the simulated value. The close agreement between the experimental and
simulated results validated the developed dynamic model and theoretical analysis method. The steering
flexibility and accuracy of the chassis met the requirements for operation in confined spaces in hilly and
mountainous areas.

CONCLUSIONS

(1) The multibody dynamic model developed for the electronically controlled tracked chassis under
typical operating conditions demonstrated adequate accuracy and applicability. The relative errors for
climbing and trench-crossing performance were within 11%, while the relative error in turning radius under
different steering conditions was within 3.70%. The model accurately represented the dynamic response of
the chassis during operation in hilly and mountainous terrain, providing a reliable theoretical basis for
evaluating chassis travel performance and optimizing the track traveling mechanism.

(2) The independently developed electronically controlled tracked chassis met the operational
requirements for complex terrain in hilly and mountainous areas. Field-test results showed that the chassis
achieved the design targets for climbing, trench crossing, and steering, while maintaining smooth and stable
motion. The measured motion parameters under the different operating conditions agreed closely with the
theoretical and simulation results. The chassis exhibited good adaptability to uneven terrain and complex
ground conditions, thereby confirming the feasibility and practicality of the track traveling mechanism design.
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