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Abstract: The electric-tracked intelligent detection device is extensively used in engineering explo-
ration and construction. However, in unstructured and complex terrains, its stability is challenged by
a high center of gravity and poor road conditions, making the enhancement of its stability analysis
crucial. This study is based on tracked vehicle models, constructing kinematic and dynamic equations
for the device, and developing virtual and physical prototypes. Combining theoretical analysis, vir-
tual simulations, and physical testing, the study analyzes motion parameters under typical conditions
through numerical calculations and simulations. It examines the device’s dynamic characteristics
during rapid turns in unstructured terrains. The research identifies variations in motion parameters,
determines dynamic stability thresholds, and refines stability analysis methods applicable to the
device, establishing evaluation criteria with multiple parameters and weight vectors. In conclusion,
the developed models and prototypes help us understand the electric-tracked intelligent detection
device’s dynamic characteristics and instability thresholds, enhancing its stability and operational
efficiency and providing a theoretical foundation for related engineering machinery development.

Keywords: electric-tracked intelligent detection device; kinematic and dynamic models; driving
stability; virtual prototype simulation

1. Introduction

The electric-tracked intelligent detection device, known for its exceptional off-road
capabilities and maneuverability, is crucial in engineering exploration, mining, construction,
and military survey [1]. However, as its application expands to more complex terrains like
mountains and deserts, the high center of gravity due to various onboard instruments and
detection equipment significantly reduces its stability. This is particularly problematic in
rugged, unstructured environments where autonomous navigation can lead to frequent
tipping incidents, thus decreasing the efficiency of resource exploration and transporta-
tion [2]. Therefore, researching ways to enhance the driving stability analysis of this device
in unstructured environments is of significant theoretical and practical importance.

Over the years, as engineering vehicles have been widely utilized in various projects,
researchers have conducted extensive and in-depth studies on methods for analyzing
the stability of vehicle operations [3,4]. For instance, Lei T et al. analyzed factors af-
fecting vehicle stability and their mechanisms using the eigenvalue method based on a
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nonlinear dynamic model of articulated vehicles and their hydraulic steering systems [5].
Lai F et al. evaluated the stability of vehicle chassis control systems by analyzing the cou-
pling between the vehicle’s center of mass sideslip angle and yaw rate, using an 18-degree-
of-freedom vehicle dynamics model to assess the impact of the front wheel steering angle,
road adhesion coefficient, braking methods, and initial speed [6]. Zhou et al. employed
lateral displacement, sideslip angle, lateral and longitudinal speeds, pitch angle, and
fuel consumption to assess driving dynamic stability during vehicle following and lane
changing [7]. Additionally, Zhu et al. used static bifurcation theory to determine vehicle
stability regions influenced by engine braking torque, verifying stability through various
initial longitudinal speeds and steering angles [8]. However, it is noteworthy that these
studies primarily rely on numerical models for vehicle stability analysis, which may lead
to incomplete and inadequate assessments.

With the significant advancements in computational and simulation capabilities, vir-
tual prototyping simulation technology has shown promising applications in vehicle simula-
tion, mechanical manufacturing, aerospace, and other fields. Liu et al. designed a trajectory
tracking controller based on a four-channel adaptive disturbance rejection system using
the Carsim platform, successfully analyzing the stability of four-wheel steering vehicles
against crosswinds, skidding, and rollover [9]. Yu integrated virtual prototyping, nonlinear
static tire models, and linear dynamic models for predictive control, effectively simulating
vehicle dynamics under complex conditions to enhance the handling stability of four-wheel
steering vehicles [10]. Nguyen et al., based on a high-fidelity vehicle dynamics control
model, deeply analyzed yaw stability and path-tracking performance in adverse driving
environments [11]. Zhou's team explored rollover mechanisms of high-center-of-gravity
commercial vehicles using static equilibrium and phase plane analysis methods, achieving
layered control of vehicle roll stability through adaptive model predictive control [12].
Kati et al. addressed the high-speed lateral stability of A-type double-trailer vehicles by
introducing active steering technology for the front axle bogie, validating the controller’s
performance with a high-precision vehicle model [13].

In summary, despite the numerous factors contributing to vehicle instability, the
resulting instability phenomena often exhibit common characteristics. For instance, key
parameters such as yaw rate, roll acceleration, or vertical acceleration can lead to instability
when they exceed predefined safety thresholds. By identifying these standard features,
we can accurately predict the risk of vehicle instability through comparative analysis of
driving stability metrics and corresponding boundary thresholds. This enables the timely
activation of warning mechanisms and implementation of proactive safety control strategies
in potentially hazardous traffic situations [14,15].

With ongoing advancements in vehicle testing technology, dynamic stability evalu-
ation metrics continue to evolve, offering more precise descriptions of vehicle stability
characteristics. Kenda J et al. analyzed vehicle cornering stability in sudden situations by
considering maximum lateral acceleration, longitudinal acceleration, and braking force
as evaluation metrics [16]. Dandiwala et al. optimized vehicle stability control across
a broad speed range, targeting minimal perceived lateral acceleration and tilt torque as
critical indicators [17]. Steiginga developed a multibody dynamics model for specialized
trailer applications to simulate dynamic performance during high-speed turning and lane
changes, using Static Roll Threshold (SRT) and Load Transfer Ratio (LTR) to quantify roll
stability [18]. Fu et al. explored the effects of turn rate, center of mass height, and road
adhesion on the rollover stability of heavy automated guided vehicles, using the lateral
deflection angle of the center of mass as a critical evaluation metric [19]. Wang et al. es-
tablished a rollover assessment system based on nonlinear suspension theory and planar
vehicle dynamics, using LTR as the core evaluation metric for rollover risk, successfully
preventing vehicle rollover [20]. Additionally, Sukumaran et al. used a three-degree-of-
freedom dynamics model to select LTR as the benchmark for assessing rollover risk in
heavy commercial road vehicles, enhancing safety by integrating anti-rollover and anti-
lock braking systems (ABS) [21]. However, electric-tracked intelligent detection devices
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need help maintaining safety and stability during rapid travel due to their high center
of gravity and operation on unstructured, harsh, and inclined terrains. Current stability
evaluation methods still have limitations, making it difficult for these devices to achieve
stable behavior during autonomous operation and emergency obstacle avoidance.

Based on the studies above, the specific research content is as follows: Firstly, we
focused on tracked vehicles” kinematics and dynamics models to develop both virtual
and physical prototype models. Next, we conducted simulation validation of the virtual
prototype model for the electric-tracked intelligent detection device. Finally, through
theoretical modeling and multi-model-driven virtual prototype simulation, we thoroughly
analyzed the device’s dynamic characteristics during rapid maneuvers under unstructured
adverse conditions, providing a solid theoretical foundation for the stability control of
tracked engineering vehicles.

2. Kinematic Modeling of Electric-Tracked Intelligent Detection Device
2.1. Kinematic Analysis

We utilize differential steering to control the turning of the electric-tracked intelligent
detection device. Assuming the entire track system is a rigid body with no flexible defor-
mation and both tracks have the same lateral slip, the device’s movement in the ground
coordinate system is illustrated in Figure 1.

O X X
Figure 1. Schematic diagram of the motion analysis of an electric-tracked intelligent detection device.

Establish the ground coordinate system XOY and the device coordinate system
XRORYR, where Og represents the centroid of the detection device. The Or Xy direction is
the forward direction of the device, while Or Yy is lateral to the tracks and perpendicular to
OgrXg. The linear velocities of the left and right tracks are vg and v}, respectively, aligned
with OrXg. Angle 8, is the orientation between the ground and device coordinate systems
(positive for counterclockwise rotation and negative for clockwise). D represents the body
width, and b is the track width [22].

The orientation equation of the detection device at time f can be expressed as follows:

. X % cos 0, % cos B0,
W= |y|=|lsing; Ilsing, [ oL } (1)
1 UR

0 __1 _1
d D+2b D+2b

Based on the characteristics of the track structure, the linear velocity v, and angular
velocity w, of the track’s centroid O can be derived from the linear velocities vg and vy of
the left and right tracks, as shown in Equation (2):

1 1
SRERNA(LY z
[wo} { o @
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Let the turning radius of the track be R. Based on the formula v = R-w and Equation (2),
the specific calculation formula for the turning radius can be derived as follows:

R_vﬁ_ D +2b vy +og
_wo_ 2 01, — UR

©)

By substituting Equation (2) into Equation (3), the position and orientation equation
of the detection device can be updated, where H is the velocity state matrix of the detection
device in the ground reference coordinate system:

2.2. Kinematic Model for Straight-Line Motion

When vg = v;, the linear velocities of the left and right tracks” centroids are equal, and
the detection device maintains straight-line motion. According to the pose state equation
of the detection device, the rate of change of the orientation angle at time ¢ is as follows:

0, =0 )
At this time, the pose equation of the detection device is as follows:

1

x(t) =
% t . . (6)
y(t) = Efo (v + vR) sin Bpdt = v tsin G
04(t) = 6o

fot(vL + vR) cos Bpdt = vt cos by

2.3. In-Place Rotation Kinematic Model

When vg = —vy, the linear velocities of the centroids of the left and right tracks are
equal in magnitude but opposite in direction, causing the detection device to perform an
in-place rotation. According to the pose state equation of the detection device, the rate of
change of the orientation angle at time ¢ is as follows:

o ZZ)L
1T D+y2b

)

From the above equation, the position and orientation equations of the detection
device can be derived as follows:

x(t) = 1fot(vL + vr) cospdt =0 ©
y(t) = 5 Jy (oL + vr) sinfodt = 0

Thus, the orientation angle 6; of the detection device at the current time is as follows:

1 t —ZUL
0,(t) = D+2b/0 (—oL+oR)dt = ©)

2.4. Differential Steering Kinematic Model

When vg # vp and v; # —vg, assuming a constant forward speed of the detection
device during turning, the velocity difference between the track centers Av = v — vg is
steady, indicating the device is performing differential steering.
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The rate of change of the orientation angle of the detection device at time ¢ is as follows:

_Av
1= D12

(10)

According to Equation (10), the motion state equation of the detection device at the
current time is as follows:

_1 t _20R+AU D +2b . Av
x(t) = zfo(vL + vR) cos Odt = 5 X —ag Xsin{ 5oap X t)
1 . ) 20r +Av D 4+2b Av
V(0 = o on)sintadt = 280 BER 1 —cos(( 5 )| D

Av

Based on sin?(x) + cos?(x) = 1, Equation (11) can be transformed into the standard
form of a circle’s equation:

(12)

20g + Av)(D + 2b) 12 20g + Av)(D + 2b) 1>
2001 o - B0 (w0 )

According to Equation (12), when the movement directions of the left and right track
subsystems of the detection device are the same, and the speed difference between the
tracks is constant, the coordinates of the turning center are as follows:

(2vg + Av)(D + 2b)
(O' 2Av ) (13)

The turning radius of the electric-tracked intelligent detection device can be expressed

as follows:
R— (ZZJR—FAU)(D—FZZJ) B (UR+UL)(D+2Z7) (14)
N 2Av N Z(Z)R — "UL)

3. Dynamic Model of an Electric-Tracked Intelligent Detection Device

During autonomous operation, the electric-tracked intelligent detection device must
overcome multiple resistive forces, including travel resistance Ff, inertia resistance F;,
climbing resistance, and wind resistance. Based on idealized assumptions, we select
straight-line and turning conditions to establish the corresponding dynamic model of the
tracked mechanism.

3.1. Force Analysis of Dynamic Model
3.1.1. Travel Resistance Fy

By analyzing the load, the travel resistance caused by friction and deformation of the
track during operation can be calculated as follows:

Fp=fg-m-g (15)

f¢ represents the rolling resistance coefficient in this formula, which varies on different
surfaces. Given that electric-tracked intelligent detection devices are commonly used in
muddy outdoor environments, we set the rolling resistance coefficient fo to 0.1.

3.1.2. Inertial Resistance F;

The inertial resistance experienced by the detection device at the moment of startup
can be calculated using the following formula:

| Q

(16)
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In this formula, a represents the acceleration of the device’s center of mass, v is its
linear velocity, and ¢ denotes the time required for acceleration.

3.1.3. Gradient Resistance F;

As shown in Figure 2, the gradient resistance encountered by the detection device
while traveling uphill can be calculated based on the slope angle.

F; = Gjsina (17)

Figure 2. Force analysis of the slope-climbing process for the electrically driven tracked intelligent
detection device.

When the detection device travels on roads with a slope angle of less than 20%, the
gradient resistance can be calculated using the following formula:

. p
F*:ngtanoc:Gixm (18)
P represents the percentage gradient, and the formula’s calculation error does not
exceed 2%. Although climbing conditions slightly affect frontal resistance, this impact is

generally negligible.

3.1.4. Aerodynamic Resistance Fy,

The aerodynamic resistance experienced by the detection device can be calculated
using the following formula:

Fy = % 'vzel -Cy - Aw (19)

In this formula, p; denotes air density; v,, represents the relative velocity between
the device and air; Cy, is the drag coefficient; and Ay is the frontal area of the device.
Since aerodynamic resistance is relatively minor compared to other forces, it can often be
neglected in calculations.

In summary, the driving force required to initiate the movement of the detection device
on flat and inclined surfaces can be expressed as follows:

Fo = Fs+ (Fy + Fnax + Fu/2) cosa + 2 (20)

m.
FQ:Fi+Fmax+Ff+EUc (21)

By conducting a force analysis of the detection device under different operating condi-
tions, we can derive the dynamic equations for a single track during straight movement on
flat terrain and uphill travel, as shown in Equations (22) and (23). Formula (22) describes
the situation of the center of mass linear velocity and center of mass angular velocity of a
single-sided track when the detection device is traveling in a straight line on a flat road.
Considering that the detection device is in a straight-line state at this time, its center of
mass angular velocity is 0. Formula (23) corresponds to the center of mass linear velocity
and center of mass angular velocity of the single-sided track when the detection device
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travels in a straight uphill line. Due to the existence of slope, the uphill resistance F; is
introduced in Formula (23).

. 2[Fo—(FitFrtFmax+Fo/2)]
e )
we=20
. — 2{PQ7[F5+(Ff+Fmax+Fw/2) COSLX]}
Ge = m )
we =20

3.2. Differential Steering Dynamics Model

R represents the turning radius of the electrically driven tracked intelligent detection
device around point O. Additionally, the device’s driving and braking forces are closely
related to the turning radius. L denotes the overall length of the track chassis, B is the track
gauge of the detection device, and V; and V), represent the linear velocities of the centroids
of the tracks on each side, as illustrated in Figure 3 [23].

A v,

Figure 3. Schematic analysis of the steering mechanism for an electrically driven tracked intelligent
detection device on level ground.

Considering the relatively smooth steering process of the electrically driven tracked
intelligent detection device, it can be assumed that the tracks are in a state of force equi-
librium during maneuvering. In this state, the tracks are subjected to both driving and
frictional forces from the ground. Figure 4 presents the force analysis of the track system
while steering on a flat surface.

Left track
F,

F T s e TS -
T

Fro gt
R R
My, Right track

Figure 4. Force analysis diagram of the track system during steering on a flat surface.

When the detection device requires adjusting its movement posture during the startup
phase and straight-line motion, the tracking subsystem undergoes a dynamic stabilization
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process. Based on the force equilibrium analysis diagram for track steering shown in
Figure 5, the dynamic analysis equation for track steering can be derived, as shown in
Equation (24):

{ Fo, + Fg1 — Fr1 — Fro = mo,

(Foa — Fo1)B/2 — M — (Fra — Fr1)B/2 = Jod @9

My Left tracl%
I

=
-
e
| e |
=N
*\r
="l
x
‘l\)

My,  Right track

Figure 5. Schematic diagram of track force analysis during in-place steering conditions.

In this equation, the formula for calculating rolling friction resistance is Fr1 = Fra = mgfe /2,
where ], is the moment of inertia of the detection device around its center of mass, m is the total
mass of the device, and M is the rotational resistance torque of the detection device. Assuming
no slippage or skidding of the tracks on either side, the rotational resistance torque can be
calculated using Equation (25). R is the theoretical turning radius of the track, and Ry is
the actual turning radius of the track (caused by the clearance and elasticity of the track).
During the actual turning process, due to the occurrence of slip and slippage at the track
contact area, as well as the influence of factors such as track clearance and elasticity, the
actual turning radius may differ from the theoretical turning radius (assuming that the slip
and slippage at the track contact area are zero).

{ M = umgl/4 25)
— Hmax R
m= g (- %)

Therefore, the formula for calculating the driving force required for the steering of the
detection device can be determined as follows:

{ Fop» = Fro + M/B + Jowc/B + moc /2 26)

Fo1 = Fri = M/B — Jowc/B 4 mo. /2

Thus, based on the turning principle of the tracked walking mechanism, the dynamic
equation for the steering motion of the detection device can be derived as follows:

_ Fo1+Fp—(Fri+Fra)
Ve =

m
B[~ Fo1+Fg2—(—Fr1+F2)] -2M (27)
2Jo

Q)C:

3.3. Dynamic Model for In-Place Steering Motion

When the detection device performs in-place steering around its geometric center,
the turning radius is R = 0. At this point, the primary external forces on the tracks are
the frictional resistance from the ground and the driving force applied by the system, as
illustrated in Figure 5.
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Based on the force analysis schematic for in-place track steering, the dynamic analysis
equations for the track subsystems during the transition from startup to steady state can be
derived, as shown in Equation (28):

{ Fo, —Fo1+Fr1 —Fro =0 _ (28)
(Fo2 4+ Fo1)B/2 — M — (Fro + Fr1)B/2 = Jow,

Equation (29) represents the driving force equation when the detection device is
undergoing in-place steering conditions:
{ Fo, —Fo1 + Fr1 — Fro =0 _ (29)
(Foa + Fo1)B/2 — M — (Fgo + Fr1)B/2 = Jow,

The dynamics equation for in-place steering of the electrically driven tracked intelli-
gent detection device is presented in Equation (30):

vc — 0
. (FQ2+PQ1)B/Z*Mf(FRerFRl)B/Z (30)
We = Jo

4. Experimental Validation of the Kinematic Model
4.1. Model Development

As shown in Figure 6, based on the design dimensions of the experimentally tracked
vehicle under challenging ground conditions, both a virtual prototype and a physical proto-
type were developed. The detection device’s control and data acquisition system consist of
a drive controller, a central controller, a vehicle speed sensor, an inertial measurement unit,
and an accelerometer. The mobility system includes two sets of longitudinally arranged
tracks, each powered by induction motors, with a maximum linear velocity of 2 m/s. The
virtual prototype also incorporates rigid body models of components such as drive wheels
and track plates. The main technical parameters of the detection device are listed in Table 1.

Virtual prototype of electric driven tracked -|
intelligent detection device

Ground Constraint

— i — — — — — —

Figure 6. Electronically tracked intelligent detection device: physical and virtual prototypes.

Table 1. Main technical parameters of the electrically driven tracked intelligent detection device.

Parameter Unit Numerical Value
The total mass of the detection device Kg 200
Track shoe width m 0.18
Width of the detection device m 0.38
Total length of track chassis m 1.2
Track grounding length m 0.85
Track Height m 0.3
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Table 1. Cont.
Parameter Unit Numerical Value
Track tension coefficient - 0.35
Reduction ratio - 100
Ground pressure ratio Mpa 0.045
Maximum steering resistance
. - 0.6
Coefficient
Drive wheel radius m 0.16
Driven wheel radius m 0.15
Bearing wheel radius m 0.14

Work Task
Process

Establish
experimental
conditions

Kinematic
model
validation

Result
analysis

Real ground
test

4.2. Experimental Design

We conducted virtual prototype experiments, physical prototype experiments, and
numerical simulation verification of kinematic models for four typical operating conditions:
straight driving on flat roads, turning driving on flat roads, straight driving on sloping
roads, and turning driving on sloping roads [24]. A virtual prototype simulation model
was established through model design, setting parameters and constraints, and setting
simulation step sizes; the data collection of the physical prototype experiment is completed
through the inertial measurement unit, acceleration sensor, and vehicle speed collector, and
the motion control of the detection device is completed through the central controller, and
an improved Kalman algorithm is adopted to improve measurement accuracy [25]. We
evaluated the accuracy of the kinematic model of the electric driven tracked intelligent de-
tection device by comparing the deviations in centroid velocity, acceleration, heading angle,
and heading angular velocity between actual and ideal environments. The experimental
process is shown in Figure 7.

Virtual Prototype Prototype
| structured modeling | I part grouping | <A
| add constraint | I apply drive | ~
| Setparameters | [ Setstepsize | -] %

m—lard\\'arc composition

Flat road/Slope road Kinematic model validation

=| —sin@, —sind,
2 2

R

IMU/ Acceleratio

Vehicle speed

T
A | B
ISIOW straight driving conditionl 1 1 ; - :
) Ecosa, 5‘3059,: w |
0 X
| Fast straight driving condition | o o) e ! ["1} :
4, < n
" |

Steering condition | L 1

transducer collector

"D+2b D+2b

o

Comparative Result Analysis

1

Heading angle Center of mass
acceleration

Drive
controller

Central

Turning radius . .
linear velocity controller

a.Horizontal road b.Slope road straight
surface straight ahead ahead

¢.Turn on a flat road d.Slope road turning

Figure 7. Task allocation diagram for experimental conditions of the electrically driven tracked
intelligent detection device.
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4.3. Results and Discussion

Given that this detection device mainly operates in unstructured outdoor environ-
ments such as mountains and sandy areas, we can change the properties of the road surface
by adjusting ground parameters to more accurately simulate the motion and performance
of the detection device under complex road conditions. The specific settings of ground
parameters, such as ground stiffness, cohesion, shear angle, and shear deformation, are
detailed in Table 2.

Table 2. Table of ground contact parameters for field conditions.

Parameter Unit Numerical Value
Ground stiffness k_c 47613 x 1074
Cohesiveness c 1.04 x 1073
Angle of shear - 28

25

=

Shear deformation modulus

4.3.1. Straight Motion on Horizontal Surface Conditions

The detection device moves forward on a horizontal surface at stable speeds of 0.5 m/s
and 1.5 m/s. Validation results are derived by comparing numerical calculations from
the kinematic model, simulation outcomes from the virtual prototype, and results from
the physical prototype. The comparison includes numerical values for the center of mass
velocity, center of mass acceleration, and heading angle.

Figure 8a—d illustrate the comparison results of the center of mass velocity, center of
mass acceleration, and heading angle for the electrically driven tracked intelligent detection
device. Figure 8 shows that the kinematic model solutions and virtual prototype simulation
results closely align with the physical prototype experiment results. The kinematic model
and simulation results are smoother, while the physical prototype results show significant
fluctuations. This is partly due to the uneven surface of the actual test environment
compared to the ideal soft surface in simulations. Additionally, the virtual prototype
assumes ideal constraints between components, while the physical prototype has assembly
errors, causing relative motion and vibration during operation. This results in inertial
measurement data fluctuations, although the overall data trend remains consistent.

Virtual prototype(0.5m/s) Prototype(0.5m/s) Kinematics(0.5m/s)
Virtual prototype(1.5m/s) Prototype(1.5m/s) Kinematics(1.5m/s)

& 18 3 1.0
£ @ T g2 m
2 19 i g 305
Q ) /N T)/
g | £
> 06 f =
< /w ;J.)"
g 0_0_&;4&7 - g
= 70 3 4 6 8 3
—~ time(s) E
%% 0.08 T %
E (C) E_
g 0.04 \g
£ 0.00 s
) < \
3 -0.04 8 |
-0.1/
T g 2 4 % s5%My 3 A & 3
time(s) time(s)

Figure 8. Comparison of experimental results on a horizontal surface. (a) Comparison of Linear ve-
locity. (b) Comparison of Heading angles. (c) Acceleration comparison. (d) Acceleration comparison.
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In comparing straight-line movement on a flat road, the detection device travels at
stable speeds of 0.5 m/s and 1.5 m/s. Figure 8a,c,d show that within 0-3 s, the device
is in the acceleration phase, displaying significant speed errors. Between 3 and 8 s, the
device reaches steady-state motion, where the consistency of the center of mass velocity
among the virtual prototype, physical prototype, and theoretical calculations is high,
with acceleration changes remaining stable. The average error in the center of mass
velocity between the virtual and physical prototypes is 6.5%, meeting current engineering
requirements. Figure 8b indicates that the heading angle error across the three methods
remains within £0.6°, meaning the device maintains a straight path without deviating from
the preset course. Acceleration comparisons are shown in Figure 8c,d. Table 3 presents the
speed error between the physical prototype experiment and theoretical calculations during
straight-line motion on a horizontal surface.

Table 3. Table of speed error analysis for straight-line motion on a horizontal surface.

Process Average Relative Error Mean Squared Error Root Mean Square Error
Non-steady state driving process (0.5 m/s) 16.17% 0.48 0.69
Steady-state driving process (0.5 m/s) 3.03% 0.017 0.13
Non-steady state driving process (1.5 m/s) 12.69% 0.011 0.1
Steady-state driving process (1.5 m/s) 1.58% 0.0009 0.03

4.3.2. Conditions for Straight-Line Motion on an Inclined Surface

This section also analyzes the detection device’s results under straight-line motion on
an inclined surface. The device moves at stable speeds of 0.8 m/s and 1.6 m/s. Verification
results are obtained by comparing the numerical calculations from the kinematic model,
simulation results from the virtual prototype, and physical prototype results. These include
values for the center of mass linear velocity, the center of mass acceleration, and the
heading angle.

Due to limitations, this section conducts straight-line motion experiments on a
5° incline, designing scenarios for the direct start of the detection device. Figure 9a—d
show good agreement between experimental and theoretical results. In Figure 9a, com-
paring the center of mass linear velocity curves reveals significant differences during
acceleration between the physical prototype and virtual simulation/theoretical results.
This is because the virtual simulation cannot fully replicate the startup acceleration of the
physical prototype. The comparison of acceleration values of the detection device is shown
in Figure 9¢,d with the underlying mechanisms discussed earlier.

As shown by the yaw angle curve of the detection device in Figure 9b, a larger yaw
angle occurs during the uphill process compared to previous scenarios. This is due to the
need to overcome gravitational and frictional resistance to gain sufficient acceleration on
the slope. The incline and surface roughness influence the friction, which may cause the
device to experience lateral slipping during startup. Faster speeds increase the likelihood of
yaw. Experimental results and empirical knowledge indicate that more significant inclines
exacerbate yaw. However, at a speed of 1.6 m/s, both virtual simulations and physical
experiments show the device’s maximum absolute yaw angle is 1.3°, meeting current
engineering requirements.

Table 4 illustrates the speed discrepancies between physical prototype tests and theo-
retical calculations for straight-line motion on inclined roadways. Compared to flat road
conditions, the speed error during startup is more significant on inclined roads, primarily
due to the detection device’s lateral slipping when starting directly on the slope.
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Figure 9. Comparison of experimental results on inclined surface. (a) Comparison of Linear velocity.
(b) Comparison of Heading angles. (c) Acceleration comparison. (d) Acceleration comparison.

Table 4. Table of speed error analysis for straight-line motion on an inclined surface.

Process Average Relative Error Mean Squared Error Root Mean Square Error
Non-steady state driving process (0.8 m/s) 13.32% 0.002 0.047
Steady-state driving process (0.8 m/s) 3.94% 0.0006 0.024
Non-steady state driving process (1.6 m/s) 12.69% 0.015 0.12
Steady-state driving process (1.6 m/s) 1.58% 0.008 0.089

4.3.3. Turning Conditions on Flat Roads

To validate the turning strategy of the detection device in the kinematic model, we
conducted a detailed analysis of its turning performance on flat roads. For clarity, both
virtual prototype simulations and physical prototype test results focused on the turning
process. In a straight-line state, the relationship between the inner track centroid velocity
v and the outer track centroid velocity v, is v = vy = vs. During turning, the inner
track velocity v; decreases while the outer track velocity v, increases, creating a velocity
difference Av = v; — v1. The centroid velocities of both tracks are presented in Table 5.

Table 5. Centroid velocities of detection device tracks (m/s).

Process Inner Track Line Velocity v;  Outer Track Line Velocity v, Speed Difference Av
1 1.3 1.1 0.2
2 14 1.0 04
3 1.5 0.9 0.6
4 1.6 0.8 0.8
5 1.7 0.7 1.0
6 1.8 0.6 1.2

As shown in Figure 10, both the theoretical turning radius and the actual turning
radius of the physical prototype decrease with the increase in speed difference between the
tracks. This occurs because a more significant speed difference (Av) requires more turning
torque to complete the maneuver, reducing the turning radius. The theoretical turning



Actuators 2024, 13, 527 14 of 26

radius is calculated using a simplified model. However, due to the complexity of the
electric-driven tracked intelligent detection device’s structure and motion, discrepancies
exist between the actual and theoretical values, with an average relative error of 0.07 m,
which meets engineering requirements. This result can be used to optimize the device’s
steering strategy further, enhancing its turning performance and stability.

W

AN

——Theoretical turning radius
——Actual turning radius I

(O8]
T

/

02 04 06 08 1 12
Speed difference Av(m/s)

e

Comparison of turning radius(m)
[\

Figure 10. Comparison of theoretical and actual turning radius on flat terrain for the detection device.

The experimental results are illustrated in Figure 11, which compares the yaw and
relative error rates of the detection device’s center of mass during steady-state turning
under varying speed differentials of 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 m/s between the two
tracks. Figure 11a shows how the angular velocity of the detection device changes with the
speed differential, specifically at a center of mass linear velocity of 1.2 m/s. It is evident
from this figure that the results from all three approaches exhibit a similar trend; as the
speed differential increases, the yaw rate also increases.
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Figure 11. Comparison of experimental results for flat terrain steering conditions. (a) Comparison of
heading angular velocity. (b) Relative error rate.
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Figure 11b presents the comparative error between the virtual prototype simulation,
physical prototype testing, and theoretical model calculations. The relative error among the
three methods increases with the speed differential, with a maximum relative error of 6.4%.
This error level is within a reasonable range, meeting current engineering requirements.
These findings validate the high accuracy and stability of the kinematic model under
steady-state turning conditions on flat terrain.

4.3.4. Turning Conditions on Slope Roads

This study analyzed the turning process of the electrically driven tracked intelligent
detection device on slopes of 5° and 10° to validate its slope steering strategy. Theoretical
and actual turning radii were compared, and the track centerline velocities are shown
in Table 6.

Table 6. Centerline velocities of detection device tracks (m/s).

Slope Process Inner Track Line Velocity v1 Outer Track Line Velocity v,  Speed Difference Av

1 1.1 0.9 0.2

2 1.2 0.8 0.4

o 3 1.3 0.7 0.6

> 4 14 0.6 0.8
5 15 0.5 1

6 1.6 0.4 1.2

7 14 1.2 0.2

8 15 1.1 0.4

o 9 1.6 1.0 0.6

10 10 17 09 0.8
11 1.8 0.8 1

12 1.9 0.7 1.2

Figure 12 shows that on a 10° slope, the actual turning radius is larger than the
theoretical value. This is due to the device needing to overcome gravitational effects,
requiring greater torque for turning. The average relative errors between theoretical and
actual turning radii on 5° and 10° slopes are 0.06 m and 0.09 m, respectively, which fall
within acceptable engineering limits.

D

Theoretical turning radius(5°)
—=—Theoretical turning radius(10°)
——Actual turning radius(5°)
——Actual turning radius(10°)

R

g radius(m)

[\ W

S,
T

Comparison between

theoretical and actual turnin

02 04 06 08 1 12

-

Speed difference Av(m/s)

Figure 12. Comparison of theoretical and actual turning radii of the detection device on slopes.
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The experimental results indicate that under varying slope conditions, the heading
angular velocity of the detection device’s center of mass, as obtained from virtual prototype
simulation, physical prototype tests, and theoretical models, significantly changes with the
increase in track speed difference (as shown in Figures 13 and 14). The relative error rate is
minimized at a speed difference of 0.2 m/s and maximized at 1.2 m/s. These findings offer
valuable insights into the steady-state turning performance of electrically driven tracked
intelligent detection devices.
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Figure 13. Comparison of experimental results for turning on a 5° slope. (a) Comparison of heading
angular velocity. (b) Relative error rate.
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Figure 14. Comparison of experimental results for turning on a 10° slope. (a) Comparison of heading
angular velocity. (b) Relative error rate.

Figure 13a illustrates how the detection device’s heading angular velocity changes
with the track speed difference when traveling on a 5° slope at a center of mass linear
velocity of 1 m/s. All three methods show a similar trend: the heading angular velocity
increases with the increase in track speed difference.

Figure 13b presents the relative error rates between the virtual prototype simulation,
physical prototype testing, and theoretical model calculations. The error rate increases with
the track speed difference; however, the maximum relative error rate is 7.5%, which remains
acceptable for current engineering standards. These results indicate that the proposed
kinematic model demonstrates high accuracy and stability for turning on a slope.

Figure 14a shows the detection device’s change in heading angular velocity as the track
speed difference varies while traveling on a 10° slope at a center of mass linear velocity
of 1.3 m/s.

Figure 14a indicates that the heading angular velocity trends are similar across the three
methods, increasing with the track speed difference. Figure 14b shows the relative error
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(a)Unstable turning on flat roads

rates between the virtual prototype simulation, physical prototype testing, and kinematic
model calculations. Although the physical prototype results exhibit some discrepancies,
the relative error rate increases with the track speed difference. The maximum relative
error rate is 7.5%, which is acceptable, meeting current engineering requirements. This
demonstrates that the kinematic model has high accuracy and stability for turning on
a slope.

5. Threshold Analysis of Stability Indicators for the Detection Device During Operation
5.1. Problem Analysis

When an electrically driven tracked intelligent detection device operates in unstruc-
tured and harsh outdoor environments, external factors such as uneven terrain and slippery
surfaces can lead to instability and tipping during rapid turns. Common instability scenar-
ios for the detection device are illustrated in Figure 15:

\
[
I
[
I
[
l

(b)Unstable turning on uphill roads (c)Unstable turning on downhill roads (d)Unstable turning on sloping roads

Figure 15. Classification of common instability conditions in tracked engineering vehicles. (a) Unstable
turning on flat roads. (b) Unstable turning on uphill roads. (c) Unstable turning on downhill roads.
(d) Unstable turning on sloping roads.

In Figure 15a, on flat terrain, excessive turning speed results in high lateral acceleration
and yaw rate, increasing the risk of rollover. Figure 15b shows that during uphill movement,
the rearward shift of the center of gravity reduces the front load, causing the front to lift,
which can lead to instability due to “nose lifting”. Figure 15c depicts the “tail swing”
phenomenon during downhill turns, where inertia can induce instability. In Figure 15d,
under specific conditions, the coupling of steering and slope angles during rapid turns on
a slope can cause large lateral accelerations, leading to instability [26].

5.2. Analysis Framework for Threshold Indicators of Driving Stability in Detection Devices Based
on Multi-Model Driven Approaches

The classification method above only categorizes instability phenomena at a superficial
level. Specific common characteristics precede such events regardless of the underlying
causes of instability in detection devices. For instance, parameters such as lateral accel-
eration, yaw acceleration, roll rate, and roll angle can exceed specific thresholds, leading
to instability. To better analyze detection devices’ motion characteristics and evaluation
indicators, comprehensively considering the various factors affecting dynamic stability
is essential. By integrating structural and operational characteristics, we can analyze the
dynamic properties of detection devices under unstructured, adverse, and rapid steering
conditions, thereby establishing an analytical framework as shown in Table 7.

5.3. Experimental Results and Discussion

To comprehensively analyze the detection device’s dynamic stability on a flat surface,
we will evaluate its limit stability indicators at different angles, maintaining constant
steering duration. Given the gap between the detection device and the simulated surface
during the experiment, we will focus on its steady-state motion within a 1 to 10 s interval.
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Table 7. A multi-model driven framework for analyzing the driving stability of electric-tracked
intelligent detection devices.

A multi-model driven framework for analyzing the driving stability of electric-tracked intelligent detection devices

Develop a virtual prototype model;

construct a dynamic model.

Input: Drive motor model, ground parameters;

Output: Dynamic characteristics parameters of the detection device;

1 Establish constraints for model assembly;

2 Crawler frame-drive wheel: revolute joint; crawler frame-drive wheel: revolute joint; crawler frame-tensioning
device: prismatic joint; crawler frame-tensioning device: prismatic joint; tensioning device-guide wheel: revolute joint;
3 Optimize the model and adjust parameters;

4 Set ground parameters for the detection device to traverse a mixed surface of flat, gentle, and steep slopes. The
surface is a hard pavement with a gradient of 15° and an adhesion coefficient of 0.85;

5 Establish simulation conditions;

6 Conduct simulations for various conditions;

7 Obtain dynamic characteristics of the detection device during an emergency maneuver;

8 Modify initial parameters and repeat the experiment;

9 Analyze dynamic characteristic data to determine stability metrics and their thresholds;

10 Construct a physical prototype of an electrically driven tracked intelligent detection device;

11. Configure high-speed turning conditions on the ground;

12 Integrate stability constraint metrics into the autonomous driving algorithm;

13 Verify the presence of instability;

14 Complete the driving stability analysis.

5.3.1. Stability Analysis of the Detection Device During Obstacle Avoidance on a Flat Surface

Figure 16 illustrates the stability analysis of the detection device during rapid obstacle
avoidance maneuvers on a flat surface across various steering angles. From Figure 16a—c,
it is evident that as the steering angle increases, the longitudinal, lateral, and vertical
accelerations become increasingly pronounced. Notably, during a 60° steering maneu-
ver, the peak instantaneous longitudinal acceleration a, reaches 9.3 m/ s2, while the lat-
eral acceleration a, peaks at 28.4 m/s?. Figure 16d—f indicate significant fluctuations in
roll, pitch, and yaw angular accelerations with increasing steering angles. The maximum
roll angular acceleration ay in this brief rapid steering interval is 95.4 rad/s?, the maximum
pitch angular acceleration 4, is 27.4 rad/s?, and the maximum yaw angular acceleration a,. is
447 rad/s* (“+” and “—” denote direction only, not magnitude, as in subsequent analyses).

5.3.2. Stability Analysis of the Detection Device During Obstacle Avoidance on an Uphill Surface

Figure 17 presents the stability analysis of the detection device during rapid steering
for obstacle avoidance on an uphill surface at various angles. From Figure 17a—c, the peak
instantaneous longitudinal acceleration a, reaches 7.7 m/ s2, lateral acceleration ay reaches
42.1 m/s?, and vertical acceleration a, reaches —22 m/s2. Figure 17d—f show that during
this brief rapid steering, the maximum roll angular acceleration a,, is —169 rad/ s2, the
maximum pitch angular acceleration ay, is 43.3 rad/s?, and the maximum yaw angular
acceleration a,, is —40.8 rad /s2.

5.3.3. Stability Analysis of the Detection Device During Obstacle Avoidance on a
Downbhill Curve

Figure 18 demonstrates the stability analysis of the detection device during rapid steer-
ing for obstacle avoidance on a 15° downhill surface at various angles. From Figure 18a—c,
the peak instantaneous longitudinal acceleration ay is 13.4 m/s?, lateral acceleration ay
is 34.8 m/s?, and vertical acceleration a; is 12.1 m/s?. Figure 18d-f indicate that during
this brief rapid steering maneuver, the maximum roll angular acceleration a,, is 120.1
rad/s?, the maximum pitch angular acceleration ay, is —16.9 rad/s?, and the maximum
yaw angular acceleration 4, is 36.5 rad/s?.
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Figure 16. Flat road simulation analysis results.
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Figure 17. Uphill surface simulation analysis results.
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Figure 18. Downhill curve simulation analysis results.

5.3.4. Stability Analysis of the Detection Device During Obstacle Avoidance on a Sloped Curve

Figure 19 illustrates the stability analysis of the detection device during rapid steering
for obstacle avoidance on a 15° gradient. From Figure 19a—c, the peak instantaneous
longitudinal acceleration a, is 17.9 m/ 2, lateral acceleration ayis —13.9 m/ s2, and vertical
acceleration a, is —13.3 m/s?. Figure 19d-f show that during this brief rapid steering
maneuver, the maximum roll angular acceleration a,, is 53.3 rad/ s2, the maximum pitch
angular acceleration 4, is —49.9 rad/s?, and the maximum yaw angular acceleration 4, is

—13.4 rad/s%.
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Figure 19. Sloped curve simulation analysis results.



Actuators 2024, 13, 527

23 of 26

Thus, the dynamic stability thresholds for the tracked intelligent mobile detection
device are specified in Table 8.

Table 8. Dynamic stability thresholds for electrically driven tracked intelligent detection device.

Stability Indicators

ay (g) ay (g) a- (g) a, (rad/s?) Ary (rad/s?)  a,, (rad/s?) DSE

Threshold

2 4.3 2.3 169 49.9 40.8 36.35

In summary, the dynamic stability index for the electrically driven tracked intelli-
gent detection device can be represented based on its operational and slope information
as follows:

DSE = B A-{ay,ay, az,arx,ary,arz}T (31)
ﬁmax

In Equation (31), ay, a4y, and a, represent the electrically driven tracked intelligent
detection device’s longitudinal, lateral, and vertical accelerations. ayy, a5, and a,, denote
the pitch, roll, and yaw angular accelerations. 3 represents the angle of the slope where the
detection device is located while driving on the slope; B is the maximum slope angle that
the detection device can maintain during stable driving. This evaluation index integrates
the motion state parameters of the detection device with the road slope angle. Additionally,

A ={A1,A2,A3,A4,A5,A6} is a weight vector, with the following relationship:

MAAM+A3+A+A5+Ag=1 (32)

When the detection device operates on unstructured roads, the lateral and longi-
tudinal accelerations and roll and yaw angular accelerations are crucial for its driving
stability. In contrast, vertical acceleration and pitch angular speed have a lesser impact.
The results indicate that longitudinal and roll angular acceleration influence stability ap-
proximately twice as much as the latter. Therefore, the weight vector A in this study is set
as {0.2,0.2,0.1,0.1,0.2,0.2}.

5.4. Ground Experiment

To comprehensively validate the effectiveness of the dynamic stability index in con-
straint control, we employed a physical prototype of an electrically driven tracked in-
telligent detection device and conducted ground tests under rapid steering conditions.
The experimental results, depicted in the Figure 20, clearly show changes in the dynamic
stability index. The data indicate that when the detection device employs constraint
control based on the driving stability index, the maximum dynamic stability envelope
(DSE) is effectively limited to a range of 15.8. This performance demonstrates that the
device maintains excellent driving stability under extremely rapid steering conditions,
thereby enormously validating the effectiveness and practicality of the applied constraint
control strategy.

In the subsequent research stage, we hope to conduct theoretical calculations and
analysis on the driving stability of detection devices in complex unstructured environments.
Considering the influence of rainy and snowy weather, we aim to enhance the universality
of the detection device in the real world by constructing a simulation dataset based on
environmental slope, surface friction coefficient, and other environmental factors. This
will help us to comprehensively study the stability analysis of construction vehicles under
various road conditions.
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Figure 20. Ground experiment results.

6. Conclusions

This paper explores the kinematics and dynamics of tracked walking machinery by
constructing kinematic and dynamic equations for an electrically driven tracked intelligent
detection device. A virtual prototype and a physical prototype of the device were success-
fully developed. By combining theoretical analysis, virtual prototype simulation, and physical
prototype testing, we systematically analyzed the stability of the tracked walking device as a
carrier assembly under nonlinear multibody dynamic models, kinematic numerical models,
virtual prototype models, and instability mechanisms in unstructured environments.

The main contributions of this study include:

1.  Establishing dynamic equations for straight and steering conditions based on the
structural and dynamic characteristics of the electrically driven tracked intelligent de-
tection device. Kinematic models for straight and steering scenarios were constructed
according to the device’s driving modes. Through numerical simulation, virtual pro-
totype simulation, and physical prototype testing, we analyzed the variation patterns
of motion parameters such as centroid linear velocity, acceleration, steering radius,
and heading angular velocity under typical driving conditions, thereby verifying the
accuracy of the numerical model.

2. Enhancing dynamic stability indicators suitable for the device in common instability
conditions in unstructured environments. Using multibody dynamics simulation
software, RecurDyn (V9R4) and control software Matlab/Simulink (2014b), a virtual
prototype simulation model was established to determine stability thresholds under
common instability conditions through simulation.

3. Constructing a physical prototype and an on-site testing system for the electrically
driven tracked intelligent detection device. Ground testing and analysis of the physical
prototype validated the accuracy and feasibility of the proposed analytical methods.

In summary, utilizing kinematic and dynamic equations and virtual prototype analysis
allows for a comprehensive assessment of dynamic characteristics and instability thresholds
under various conditions, enhancing the device’s walking stability and operational effi-
ciency. This research provides valuable references for developing and designing electrically
driven tracked intelligent detection devices and other engineering machinery.

In the next step of research, we will use high-precision sensors such as LiDAR to
improve data acquisition accuracy. This, combined with the detection device’s driving
stability threshold, will enhance the detection device’s stability and accuracy in unstruc-
tured environments, providing further solutions for the problem of autonomous driving in
construction vehicles.
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