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A special design is needed for an unmanned tracked vehicle (UTV) to meet the requirements of off-road environments and
complex tasks. A loose surface is the main terrain for tracked vehicles in off-road driving. Slope steering is inevitable while driving
in such conditions; hence, its performance is a major concern for tracked vehicles on loose terrain.,is study investigates the slope
steering performance of a tracked vehicle. An improved dynamic steering model is proposed when considering the shear stress-
shear displacement relation of soil at the track-ground interface. ,e influence of ground characteristics on the slope steering
performance of a tracked vehicle is illustrated. ,e track slip rate is adopted as an index to evaluate the influence of typical vehicle
structure parameters on the slope steering performance of a tracked vehicle. ,is study provides technical support for the design
and optimization of UTV.

1. Introduction

Traditional unmanned vehicle design depends on the
assembly of external parts and units to form a vehicle.
Unmanned vehicle for various applications requires in-
tegrated design [1]. ,e core technology is to test the
dynamic features of vehicles during the design phase by
experimenting with sets of parameters that correspond to
different terrain conditions. Off-road vehicles always
experience uncertain longitudinal and lateral slips when
running on soft and sloping terrain [2]. With outstanding
climbing power enabling them to run in high-gradient
terrains such as hills and mountains, unmanned tracked
vehicles (UTVs) are extensively applied in fields such as
firefighting [3], agriculture [4], and the military [5].

Unconventional modes of control are inevitable on
complex terrain, such as driving across obstacles and
steering on slopes, and these place special requirements on
UTVs design. A UTV with special functions must be
designed with insufficient experimental data and experience,
depending on standard accessories and parts. ,is requires
the prediction of vehicle performance and determination of
a design plan based on modelling and simulation.

In the research of the dynamic performance of tracked
vehicle slope steering, Zhang [6] studied the influence on tracked
vehicle uniform steering of lateral and longitudinal gradients. Shi
and Sun [7, 8] analysed the change rules and impact factors of
the offset of the instantaneous steering centre (ISC) while a
tracked vehicle steers on a slope, so as to indicate instability
factors in steering. Qingdong [9] established a dynamicmodel of
slope steering and analysed the offset of the ISC and the change
rules of steering-required braking force and traction pull to
determine how different steering radii and gradients impact
steering stability and determined the factors causing steering
instability. Considering the influence of track sliding and
steering centrifugal force while running, Xue [10] established
kinematic and dynamic models of slope steering based on the
universal mechanism (UN) system change rule on parameters
including steering radius, normal load, and dynamic tension.
Based on terramechanics theory, Zhang [11] analysed the
traction pull and resistance acting on a tracked mining vehicle
while it steered and ran on extremely soft bottommaterial in the
bathyal zone and formulated control strategies for its safety and
stability while running on a slope. According to the change rules
of steering performance parameters, Yue [12] reviewed steering
performance on flat and hilly areas.
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Weifang [13] analysed the impact on steering performance
of structural parameters including track width, track-ground
contact length, gauge, and centre distance of front and rear
track sets. Guoqiang [14] analysed the impact of width and
length proportion, hinge joint location, and other factors on
articulated tracked vehicle steering performance. Dong [15]
analysed the effects of variations in track length, track width,
vehicle width, and pressure centre height on the tractive forces
of both tracks while an articulated tracked vehicle was steering.

From the above, we see that the slope steering dynamics
model of a tracked vehicle has been intensively studied, and
the relationship between the structural parameters and
dynamic performance of tracked vehicle slope steering has
been established. However, the influence of the character-
istics of off-road ground on slope steering performance has
not been studied.

Based on the dynamic model of tracked vehicle slope
steering and its relation to the shear force-slip rate, we take
the track slip rate as an index to judge the performance of
vehicle slope steering. We take the tractive forces of both
tracks of a UTV as indices to evaluate the slope steering
performance.

When steering on a slope of the loose ground, the tracks
of a UTV will slip or skid more easily. ,e theoretical and
actual speed of both tracks can be acquired accurately in real
time through sensor fusion [16, 17]. ,erefore, the slip rate
can accurately evaluate the slope steering performance of a
UTV.

According to the parameters of mass, tread, track-
ground contact length, height of centre of gravity, and track
width, we compare the slope steering performance and
analyse how changing structural parameters of a vehicle
influence its steering performance, so as to provide technical
support for the design of a UTV.

2. Dynamical Model of Tracked Vehicle
Slope Steering

Figure 1 shows an azimuthal diagram of tracked vehicle
slope steering. ,e first through fourth quadrants corre-
spond to the uphill steering downside, downhill steering
downside, downhill steering upside, and downhill steering
upside. To calculate the longitudinal- and side-tilting grades
under different positions will facilitate a better analysis.
Figure 2 shows a force analytical diagram of tracked vehicle
slope steering while the azimuth angle is in the first
quadrant.

Figure 2 indicates the tracked vehicle slope steering at
angle θ, while the azimuth angle is φ, the equivalent lon-
gitudinal-tilting angle is α, and the equivalent side-tilting
grade is β, where

tan α �
G sin θ cosφ

cos θ
� tan θ cosφ,

tan β �
G sin θ sinφ

cos θ
� tan θ sinφ.

(1)

Under the impact of transverse and longitudinal forces,
the pressure centre of normal counterforce deviates from the
transverse and longitudinal orientations of the vehicle’s
horizontal centre to a certain extent when the tracked vehicle
is slope steering. If the longitudinal and transverse offsets of
the pressure centre are x0 and y0, respectively, then we can
calculate

Xhg � Fx0,

Yhg � Fy0,

⎧⎨

⎩ (2)

where hg is the height of the vehicle’s centre of gravity, X �

G sin θ cosφ and Y � G sin θ sinφ.

x0 � hg tan α � hg tan θ cosφ,

x0 � hg tan β � hg tan θ sinφ.
(3)
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Figure 2: Force analytical diagram of tracked vehicle slope
steering.
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Figure 1: Azimuthal diagram of tracked vehicle slope steering.
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,e normal load of both side tracks of the track-ground
contact area equals the equivalent superposition of the
normal load on the longitudinal- and side-tilting slopes.

Hence, the normal load ladder diagram of the left- and right-
side tracks is shown in Figure 3 and calculated as follows:

Inner track:

qq1 �
G cos θ
2L

1 −
6hg tan θ cosφ

L
  +

G sin θ cosφ
BL

hg,

qh1 �
G cos θ
2L

1 +
6hg tan θ cosφ

L
  +

G sin θ cosφ
BL

hg,

qp1 �
G cos θ
2L

+
G sin θ cosφ

BL
hg.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Outer track:

qq2 �
G cos θ
2L

1 −
6hg tan θ cosφ

L
  +

G sin θ cosφ
BL

hg,

qh2 �
G cos θ
2L

1 +
6hg tan θ cosφ

L
  +

G sin θ cosφ
BL

hg,

qp2 �
G cos θ
2L

+
G sin θ cosφ

BL
hg,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

where qq, qh, and qp are the normal loads of the front, rear,
and centre point of track, respectively, and the subscripts 1
and 2 indicate the inner and outer track, respectively, the
same below. L is the contacted length of the track, and B is
the vehicle tread.

Figure 4 indicates the lateral resistance ladder diagram,
the normal load while the instantaneous centre for the parts
of the outer and inner tracks in contact with and sliding on
the ground by unit length. λ is the offset of the instantaneous
steering centre. Y is the lateral force acting on centre point C.

qλ1 � qp1 + qh1 − qp1 
2λ
L

�
G cos θ
2L

+
G sin θ sinφ

BL
hg +

6λGhg sin θ cosφ

L
3 ,

qλ2 � qp2 + qh2 − qp2 
2λ
L

�
G cos θ
2L

−
G sin θ sinφ

BL
hg +

6λGhg sin θ cosφ

L
3 ,

1
2
μ qq1 + qλ1 

L

2
+ λ  +

1
2

qq2 + qλ2 
L

2
+ λ  �

1
2
μ qq1 + qλ1 

L

2
− λ  +

1
2

qq2 + qλ2 
L

2
− λ  + Y.

(5)

Sort out

24μλ2hg tan θ cosφ + 4λL
2

− 6hg tan θ cosφL
2

�
2L

3 tan θ sinφ
μ

,

(6)

when φ � 90° and φ � 270°, cosφ � 0.

λ �
L

2μ
tan θ sinφ, (7)

when φ � 90° and φ≠ 270°,

λ � −
L
2

12hg tan θ cosφ
±
1
2

����������������������������

L2

6hg tan θ cosφ
 

2

+ L
2

+
L
3 tanφ
3μhg




. (8)
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Steering resistance moment is equivalent to the moment
acting on point C to the area of lateral resistance ladder
diagram as follows:

Mμ �
μG cos θ

L

L
2

4
− 3hg tan θ cosφλ + λ2 +

4λ3hg tan θ cosφ

L
2

⎛⎝ ⎞⎠. (9)

With the traverse force, the external moments acting on
the tracked vehicle include not only the steering resistance
moment but also the simultaneous external moment to the

centre generated by lateral force Y; hence, the integrated
lateral external moment is

Mμ �
μG cos θ

L

L
2

4
− 3hg tan θ cosφλ + λ2 +

4λ3hg tan θ cosφ

L
2

⎛⎝ ⎞⎠ − Gλ sin θ sinφ. (10)

Figure 5 shows the external force acting on a tracked
vehicle while slope steering. F1 and F2 are the braking
force and traction pull, respectively, required by the inner
and outer tracks while steering, and R1 and R2 represent
the external motion resistance of both tracks.

If the tracked vehicle steering moves at a uniform speed,
then a longitudinal balanced force and balanced moment
acting on the horizontal level centre C are necessary and are
related by

F2 − F1 � R1 + R2 + X,

F2 + F1( 
B

2
� R2 − R1( 

B

2
+ Mμs.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(11)

,e required braking force and traction pull of the inner
and outer tracks while vehicle slope steering can be calcu-
lated as

F1 � − R1 +
Mμs

B
−

X

2
,

F2 � R2 +
Mμs

B
−

X

2
,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(12)

where R1 � ((G cos θ/2) + (G sin θ sinφ/B)hg)f and
R1 � ((G cos θ/2) − (G sin θ sinφ/B)hg)f.

Figures 6(a) and 6(b) show comparison graphs of the
azimuth angle φ of traction pull on the outer track and
braking force on the inner track, respectively, while slope
steering on grades of slope angles.
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Figure 3: Normal load diagram of both tracks.
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Based on the theory of terramechanics, after the change
rules of traction pull and braking force are calculated, the
change rule of the slip rate can be calculated.

In terrains such as sand, saturated clay, fresh powder
snow, and most disturbed soil, we adopt an exponential
function as pointed out by Janosi and Hanamoto [18, 19] to
describe the corresponding shear force-shear displacement
relation as follows:

τ � τmax 1 − e
− (j/K)

  � (c + σ tanΦ) 1 − e
− (j/K)

 , (13)

where τ is shear force, j is shear displacement, c is soil
cohesion, σ is normal stress,Φ is the internal friction angle of
the soil, τmax is the maximum shear strength, and K is the
shear deformation parameter.

,e total shear force generated by the tracks is

F � b 
L

0
τdx � b 

L

0
(c + σ tanΦ) 1 − e

− (j/K)
 dx, (14)

where and are the width and contacted length, respectively,
of the track.

Figure 7 shows a relative movement diagram of the track
and ground, where j � Vjt, Vj is the track’s relative slip ve-
locity to the ground, and Vt is the theoretical velocity of the
track, which is equivalent to the product of the rotating speed of
the sprocket, and the pitch radius of the sprocket, c. ,erefore,
we obtain

j �
Vjx

Vt

� ix, (15)

where i is the track slip rate, x is the distance between one
point on the track and the front end of the contact area, and

F � b 
l

0
(c + σ tanΦ) 1 − e

− (ix/K)
 dx. (16)

We establish the dynamical model and shear stress-shear
displacement relationship of tracked vehicle slope steering
using MATLAB. To correspond the equations (16) to the
(12), the slip rate of both tracks can be resolved. When the
slip rate exceeds the maximum, which indicates the terrain
cannot provide enough force, it will cause complete slip on
the track, finally leading to instability and loss of control.,e
track slip rate can be taken as an index to judge the per-
formance of vehicle slope steering.

3. Impact Analysis of Vehicle Working
Conditions and Terrain Types on
Steering Performance

We selected five typical terrains: gault, snow, grit, Petawawa
marsh, and LETE sand, with terrain parameters [20, 21] as
shown in Table 1.

3.1. Impact of Gradient Angle on Tracked Vehicle Steering
Performance on Slope. Figures 8(a) and 8(b) show the slip rate
changeable curves of inner track steering at different slope
angles on snow. With an increasing slope angle, the slip rate of
the inner track gradually increases. When the slope angle
reaches 15° and the vehicle azimuth angle is between 155° and
210°, the slip rate is over 1, which causes a complete skid, so the
steering action is not completed in the specified radius.

As Figures 9(a) and 9(b) indicate, the vehicle can implement
circular steering with a larger gradient on gault terrain than on
snow ground. When the angle of the gradient θ � 21°, it will
cause a complete slip or skid in the first and fourth quadrant
which indicates that the tracked vehicle more easily slips and
skids in the upslope phase. As the angle of gradient increases, the
azimuth range related to complete slip and skid becomes larger.

,e vehicle slope steering properties differ between the
snow and gault terrain types. We analyse the track slip and
skid conditions of the inner and outer tracks.

3.2. Impact ofGroundCharacteristics onTrackedVehicle Slope
Steering Performance. We selected the above five types of
terrain on which to implement a simulation analysis, with the
same angle of gradient, steering radius, and steering velocity.
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Figure 4: Lateral resistance diagram of both tracks.
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Figure 5: External force diagram of tracked vehicle slope steering.
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Figures 10(a) and 10(b) show the slip of the inner and
outer tracks on the five types of terrain. Terrain with better
cohesion, such as gault, enables vehicle slope steering with a
larger angle of the gradient. For UTVs, terrain condition is
necessary tomake driving and control strategy. To ignore the
impact of terrain conditions will lead to errors in planning
and control that can prevent a steering action, or even cause
instability and loss of control.

3.3. Impact of Steering Radius on Tracked Vehicle Steering
Performance on Slope. With the angle of gradient θ � 10°
and gault terrain, we performed simulations with steering
radius R� 10m, 20m, 30m, 40m, and 50m.

As Figures 11(a) and 11(b) show, as the steering radius
increases, the inner and outer tracks’ slip rates decrease.
When the vehicle steers with a small radius, more power is
needed from the terrain. ,erefore, slope steering with a

small radius can easily cause complete track slip and skid,
which can lead to vehicle instability, loss of control, and even
rollover.

4. Impact of Structural Parameter on Tracked
Vehicle Steering Performance on Slope

We indicate the structural parameters of seven typical
tracked vehicles in Table 2. We implemented a simulation
analysis on slope steering performance, where the terrain
type is Petawawa marsh, the angle of gradient θ � 10°, and
the steering radius R � 20m.

Figures 12(a) and 12(b) compare the slip rate of the inner
and outer tracks of seven types of tracked vehicles when
slope steering with specified radius. ,e diagram shows that
tracked vehicles with different structural parameters have
different inner and outer track slip rates when slope steering
with the same gradient angle and steering radius conditions,
and it is difficult to judge the exact impact of specified
structural parameters on steering performance. ,e next,
choose AV A as an example, angle of gradient θ � 10° and
steering radius R � 20m, take the control variate method to
select five structural parameters to the implement simulated
analysis.,e five structural parameters of vehicle mass, tread
of track, track-ground contact length, height of vehicle
centre of gravity, and track width impact the performance of
tracked vehicle slope steering.

4.1. Vehicle Mass Impact on Tracked Vehicle Slope Steering
Performance. We selected m � 5000 kg, m � 15000 kg,
m � 25000 kg, m � 35000 kg, and m � 55000 kg for analysis,
with simulation results shown in Figures 13(a) and 13(b).

As Figures 13(a) and 13(b) show that the vehicle slope
steering with heavier mass, the track requires more power
corresponding. For the outer track, the difference mainly
exists in the first and fourth quadrants, and for the inner
track in the second and third quadrants. Choosing the min
and max values to evaluate the variation trend of curves, the
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Figure 6: (a) Comparison graph of outer track traction pull at different slope angles. (b) Comparison graph of inner track braking force at
different slope angles.
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Table 1: Five types of terrain parameters.

Terrain type c (kPa) φ (°) K (cm)
Gault 68.92 34 0.6
Snow 6 20.7 2.5–5
Grit 0 33 2.5
Petawawa marsh 2.8 39.4 3.1
LETE sand 1.3 31.1 1.2
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Figure 8: (a) Changes in slip rate of inner track of slope steering at different slope angles on snow. (b) Changes in slip rate of inner track of
slope steering at different slope angles on snow.
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Figure 10: (a) Changes in slip rate of outer track of slope steering at different angles of gradient on five types of terrain. (b) Changes in slip
rate of inner track of slope steering at different slope angles on five types of terrain.
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Figure 11: (a) Changes in slip rate of outer track of slope steering at different steering radius on gault. (b) Changes in slip rate of inner track
of slope steering at different steering radius on gault.

Table 2: Structural parameters of several tracked vehicles.

Vehicle Vehicle mass m
(kg)

Tread of track B
(m)

Track-ground contact
Length L (m)

Height of vehicle centre of
gravity (mm)

Track width b
(mm)

Tank A 36000 2640 3840 825 380
Tank B 42000 2800 4150 920 580
Tank C 50000 2790 5040 870 600
Armoured vehicle
A 21000 2810 4450 810 380

Armoured vehicle
B 28000 2840 5200 800 380

Armoured vehicle
C 14000 2620 3420 880 380

Armoured vehicle
D 13000 2550 3600 800 300
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Figure 12: (a) Outer track slip rate comparison for different tracked vehicles. (b) Inner track slip rate comparison for different tracked
vehicles.
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increase percentages of the outer track are 1.27%, 1.38%,
3.19%, and 15.5% and the increase percentages of the inner
track are 25.88%, 5.52%, 2.43%, and 2.26%. Obviously, as the
mass increases, the increase range decreases.

To evaluate the curves quantitatively, the curves are fitted
and the slopes of curves are obtained. ,erefore, variation
trend of curves can be observed distinctly. Figure 14 shows
the curves of slope values of slip rate curves of both tracks,
and Table 3 shows the max and min slope values of both
tracks at different vehicle mass.

4.2. Impact of 5read of Track on Tracked Vehicle Slope
Steering Performance. We selected B � 2m, B � 2.5m,
B � 2.81m, B � 3m, and B � 3.5m for simulated analysis,
with results shown in Figure 15.

Figures 15(a) and 15(b) show that as the thread of the
track increases, the slip rates of both tracks decrease until the
inner and outer tracks cannot achieve slope steering within
the specified steering radius. When B � 2m, the curves of
both tracks are incomplete, at an azimuth between 355° and
20°, the outer track will completely skid; at an azimuth
between 340° and 5°, the inner track will completely skid. For
slope steering performance, when the thread of the track is
larger, the steering feature is better. Choose the min andmax
values to evaluate the variation trend of curves, the increase
percentages of the outer track are 10.90%, 3.49%, 4.86%, and
3.77% and the increase percentages of the inner track are
5.86%, 2.16%, 3.47%, and 4.91%. Obviously, as the thread
increases, the decrease range is averaged nearly.

Figure 16 shows the curves of slope values of slip rate
curves, and Table 4 shows the max and min slope values of
both tracks at different threads of track.

4.3. Impact of Track-Ground Contact Length on Tracked
Vehicle Slope Steering Performance. Track contact length of
L � 3.5m, L � 4m, L � 4.45m, L � 5m, and L � 5.5m was
selected for simulation analysis, with results shown in Figure 17.

Figures 17(a) and 17(b) indicate that, for the inner track, the
slip rate gradually increases in φ � 0 ∼ 120° and 240° ∼ 360°

and decreases gradually inφ � 120° ∼ 240°, as the track-ground
contact length increases. ,e turn points are φ � 120° and
φ � 240°. For the outer track, the slip rate gradually decreases in
φ � 0 ∼ 120° and 240° ∼ 360° and increases gradually in the
φ � 120° ∼ 240° as the track-ground contact length increases.
,e turn points are the same as the inner track. Choose themin
and max values to evaluate the variation trend of curves, the
increase percentages of the outer track are 9.48%, 5.62%, 4.84%,
and 3.21% and the increase percentages of the inner track are
6.23%, 3.54%, 2.45%, and 0.85%. Obviously, as the length in-
creases, the decrease range decreases.

Figure 18 shows the curves of slope values of slip rate
curves, and Table 5 shows the max and min slope values of
both tracks at different track-ground contact lengths.

4.4. Impact of Height of CG on Tracked Vehicle Slope Steering
Performance. We selected h � 0.5m, h � 0.75m,
h � 0.81m, h � 0.9m, and h � 1m for simulation analysis,
with results shown in Figure 19.

Figures 19(a) and 19(b) show that as the height of CG
increases, the slip rates of both tracks also increase. For the
outer track, the main difference is obviously in φ � 0° ∼ 60°
and φ � 300° ∼ 360°. For the inner track, it is obviously in
φ � 150° ∼ 240°. ForUTVs, decreasing the height of CGwould
be beneficial to improve the slope steering performance on the
premise of not affecting the trafficability of vehicle.

Choose the min and max values to evaluate the variation
trend of curves, the increase percentages of the outer track are
0.48%, 0.42%, 0.49%, and 0.84% and the increase percentages of
the inner track are 2.63%, 1.94%, 1.87%, and 2.36%. Obviously,
as the length increases, the increase range is averaged nearly.

Figure 20 shows the curves of slope values of slip rate
curves, and Table 6 shows the max and min slope values of
both tracks at different heights of CG.

4.5. Impact of Track Width on Tracked Vehicle Slope Steering
Performance. We selected b � 0.1m, b � 0.3m, b � 0.38m,
b � 0.58m, and b � 0.66m for simulation analysis, with
results shown in Figure 21.
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Figure 13: (a) Outer track slip rate comparison at different vehicle mass. (b) Inner track slip rate comparison at different vehicle mass.
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Figure 14: (a) Slope values of slip rate curves of outer track at different vehicle mass. (b) Slope values of slip rate curves of inner track at
different vehicle mass.

Table 3: Max and min slope values of both tracks at different vehicle mass.

Outer track/(10e − 4) Inner track/(10e − 4)
Max value Min value Max value Min value

m� 5000 kg 0.2906 − 0.2818 0.9413 − 0.8722
m� 15000 kg 0.3624 − 0.3541 1.2308 − 1.1491
m� 25000 kg 0.3815 − 0.3732 1.3118 − 1.2264
m� 35000 kg 0.3903 − 0.3820 1.3479 − 1.2627
m� 55000 kg 0.3987 − 0.3904 1.3862 − 1.2976
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Figure 16: Continued.
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Figure 15: (a) Outer track slip rate comparison for vehicle slope steering with different threads of track. (b) Inner track slip rate comparison
for vehicle slope steering with different threads of track.
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Table 4: Max and min slope values of both tracks at different threads of track.

Outer track/(10e − 4) Inner track/(10e − 4)
Max value Min value Max value Min value

B� 2.5m 0.4413 − 0.4377 1.1811 − 1.2483
B� 2.81m 0.3758 − 0.3675 1.2552 − 1.2033
B� 3m 0.3470 − 0.3365 1.2877 − 1.1784
B� 3.5m 0.2944 − 0.2808 1.3479 − 1.1207
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Figure 17: (a) Outer track slip rate comparison for slope steering with different track-ground contact lengths. (b) Inner track slip rate
comparison for slope steering with different track-ground contact lengths.
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Figure 16: (a) Slope values of slip rate curves of outer track at different threads of track. (b) Slope values of slip rate curves of inner track at
different threads of track.
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Figure 18: (a) Slope values of slip rate curves of outer track at different track-ground contact lengths. (b) Slope values of slip rate curves of
inner track at different track-ground contact lengths.

Table 5: Max and min slope values of both tracks at different track-ground contact lengths.

Outer track/(10e − 4) Inner track/(10e − 4)
Max value Min value Max value Min value

L� 3.5m 0.4039 − 0.3993 1.5277 − 1.4591
L� 4m 0.3868 − 0.3799 1.3767 − 1.2996
L� 4.45m 0.3758 − 0.3675 1.2877 − 1.2033
L� 5m 0.3663 − 0.3567 1.2185 − 1.1254
L� 5.5m 0.3603 − 0.3498 1.1831 − 1.0819
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Figure 19: (a) Outer track slip rate comparison of vehicle slope steering with different heights of CG. (b) Inner track slip rate comparison of
vehicle slope steering with different heights of CG.
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Figure 20: Continued.
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Figure 20: (a) Slope values of slip rate curves of outer track at different heights of CG. (b) Slope values of slip rate curves of inner track at
different heights of CG.

Table 6: Max and min slope values of both tracks at different heights of CG.

Outer track/(10e − 4) Inner track/(10e − 4)
Max value Min value Max value Min value

h� 1m 0.4462 − 0.4482 1.3790 − 1.2800
h� 0.9m 0.4037 − 0.3993 1.3277 − 1.2361
h� 0.81m 0.3758 − 0.3675 1.2877 − 1.2033
h� 0.75m 0.3507 − 0.3395 1.2485 − 1.1711
h� 0.5m 0.3205 − 0.3083 1.1879 − 1.1330
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Figure 21: (a) Outer track slip rate comparison for slope steering with different track widths. (b) Inner track slip rate comparison for slope
steering with different track widths.
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As shown in Figures 21(a) and 21(b), the slip rate of
the outer track increases gradually and the inner slip rate
decreases gradually. ,e track width could increase the
contact area, so as to improve vehicle trafficability.
However, for the slope steering performance of UTVs,

oversize width of track will augment the slip rate of outer
track, even lead to totally skid. Choose the min and max
values to evaluate the variation trend of curves, the in-
crease percentages of the outer track are 0.48%, 0.42%,
0.49%, and 0.84% and the increase percentages of the
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Figure 22: (a) Slope values of slip rate curves of outer track at different track widths. (b) Slope values of slip rate curves of inner track at
different track widths.
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inner track are 1.93%, 5.1%, 2.09%, and 5.52%. Obvi-
ously, as the length increases, the increase range is av-
eraged nearly.

Figure 22 shows the curves of slope values of slip rate
curves, and Table 7 shows the max and min slope values of
both tracks at different track widths.

With the augmenting of track width, the slip rate of the
outer track gradually increases and the slip rate of the inner
track gradually decreases. To enlarge the track width can
augment the contact area, so as to improve the maneu-
verability of a vehicle. However, on a slope, to overly enlarge
the width of the track will increase the slip rate of the outer
track, possibly leading to overturning.

5. Conclusion

In this paper, an improved dynamic steering model is
proposed when considering the shear stress-shear dis-
placement relation of soil at the track-ground interface to
investigate the slope steering performance of a tracked
vehicle. ,e influence of ground characteristics, slope
angle, and radius on the slope steering performance of a
tracked vehicle is illustrated. ,erefore, to make steering
control strategy on the slope for the UTVs must consider
about the angle of gradient and terrain conditions so as to
plan corresponding steering velocity for both tracks,
enabling vehicle get through field gradient terrain as the
predetermined route with stability and high
effectiveness.

,e track slip rate is adopted as an index to evaluate the
influence of typical vehicle structure parameters, heavy
mass, thread of the track, and track-ground contact length,
height of CG, track width, and on the slope steering per-
formance of a tracked vehicle. Structural parameters must be
fully considered when designing a UTV, especially for
driving on loose slope terrain.

A major project for future research is to measure the
characteristics of the ground and the slope angle by the
sensors of UTV fusion online. ,e acquired parameters
would be input to the dynamic model of tracked vehicle
slope steering and help UTVs make path and motion
planning.
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