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INTRODUCTION

The minimization of threats to human health 
and life during the performance of various haz-
ardous tasks has led to an increasing search for 
technical means and devices that can assist or 
even replace humans in carrying out these tasks 
[1]. These tasks are often conducted in difficult 
terrain conditions where vehicles cannot be used, 
leading to the deployment of Unmanned Ground 
Vehicles [2, 3]. This applies to both civilian and 
military applications [4].

By design, UGVs are utilized in challenging 
terrains and hazardous conditions. They can be 
controlled remotely, in a teleoperation system, 
semi-autonomously, or in “follow me” mode 
[1, 3, 5, 6]. This means that, unlike automotive 

vehicles, humans do not control them directly 
from onboard, which further increases the re-
quirements they must meet [3].

One of the key aspects that influence the ef-
fectiveness of UGVs is their ability to move 
through terrain, generally referred to as off-road 
mobility. Several factors affect off-road mobility, 
including the range of movement speeds, the abil-
ity of UGVs to overcome terrain obstacles, the 
tractive forces developed by the drive systems, 
rollover stability, and maneuverability [7–14]. 
This creates a spectrum of functions and potential 
capabilities that have recently been the subject of 
extensive research.

As it is increasingly anticipated that within 
the next decade, the control of UGVs will be sig-
nificantly more autonomous, a critical research 
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problem is their capability to navigate predeter-
mined paths with minimal deviation from the 
designated trajectories. The mechanical structure 
of the platform, particularly the characteristics of 
its steering system, predominantly influences this 
capability. Unlike automotive vehicles, due to the 
specific applications and differing requirements, 
UGVs practically do not use Ackerman steering 
systems. Exceptions include robotic commercial 
chassis that appear as manned vehicles, such as 
ATVs (All-Terrain Vehicle) and UTVs (Utility 
Terrain Vehicle) [15]. Currently, skid-steer sys-
tems predominate in many UGV solutions [4, 
16]. The influence of their properties and factors 
affecting the platform’s ability to follow prede-
termined paths has been relatively well studied. 
Research [17] has shown that one of the factors 
affecting the replication of the desired path is 
kinematic discrepancy. This can occur in both 
wheeled [17, 18] and tracked platforms [19]. Dif-
ferent dynamic radii of the wheels, resulting from 
variations in tire pressure or uneven load distribu-
tion among the wheels, cause the resultant path 
to deviate from the intended one despite attempts 
to synchronize their rotational speeds [20–22]. In 
extreme cases, even with a desired straight-line 
motion, significant deviations occur after trav-
eling 30–50 meters [11, 13, 23]. This effect is 
mitigated in non-pneumatic wheels [24], where 
tire pressure cannot vary. In tracked chassis plat-
forms, this phenomenon also arises from different 
pre-tension levels in the right and left tracks. In 
platforms weighing 500 kg or more, where hy-
drostatic drive systems with hydraulic motors di-
rectly driving each wheel are used [11, 17], devia-
tions from the intended path are also linked to in-
ternal leaks within the drive system [17, 20, 22]. 
The properties of the terrain, particularly soil, on 
which the platforms operate, also significantly af-
fect their ability to follow the designated trajec-
tory. This mainly concerns varying coefficients 
of adhesion and the resulting slips between the 
wheels and the ground [18–20]. Given that soil 
properties and the skid-steer turning process it-
self are highly energy-intensive, on less cohesive 
soils, platforms may bury themselves while turn-
ing in place, losing their ability to complete the 
task. This is unacceptable in hazardous and crisis 
conditions for humans.

These factors have led to the use of articulated 
steering systems in UGVs. In this case, the steer-
ing process is significantly less energy-intensive 
and does not degrade the terrain, thereby greatly 

reducing the likelihood of the platform becoming 
immobilized compared to skid-steering. Since 
various possible configurations [25–27] of the 
steering joint position and the implementation of 
the steering mechanism exist, this increases the 
potential factors that can influence the UGV’s 
ability to maintain the intended trajectory with 
such a system. Due to the required force to over-
come steering resistance and the steering speed, 
hydrostatic steering systems dominate, whose 
properties also cause difficulties in maintaining 
the intended path [28]. Studies [25–30] using 
developed models have examined the impact of 
equivalent stiffness and damping in the hydrau-
lic actuators of the steering system on the snak-
ing process. Key parameters identified include 
hydraulic oil aeration, the diameter and length of 
hydraulic hoses, and the pressure within the steer-
ing system at any given moment. In [31], the in-
fluence of the gain between the operator and the 
actuator system on the directional stability of the 
platform with an articulated steering system was 
also determined.

This study focuses on the issue of UGVs fol-
lowing a designated path. Given the previously 
mentioned factors, the focus is on articulated steer-
ing systems. The results of previously published 
studies mainly address phenomena occurring with-
in the hydraulic system itself, treating the mechani-
cal structure of the steering joint as ideal, which 
constitutes a significant simplification. Therefore, 
this study presents the results of research on the 
impact of mechanical clearances in the kinematic 
pairs of the articulated steering mechanism of an 
unmanned ground vehicle on the accuracy of the 
UGV in following the designated path.

METHODS AND MATERIALS

The investigation was carried out utilising a 
simulation approach. The first step involves creat-
ing test tracks with obstacles representing differ-
ent environmental conditions in which unmanned 
ground vehicles (UGVs) are expected to function.

Following that, a UGV simulation model was 
created based on the physical object “Dromader” 
and taking into account the steering system clear-
ances. The clearance value of 0.1 mm was deter-
mined based on the measurement of the physical 
object. 

Following this, evaluation indicators were de-
veloped to analyse the results of the simulation 
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studies. In the final step, simulation studies were 
carried out in accordance with the adopted meth-
odology, and an assessment was performed based 
on the predetermined evaluation indicators. The 
developed methodology was presented using a 
flowchart (Fig. 1).

Description of test tracks

For the purposes of the conducted research on 
the influence of clearance in the steering system 
of an articulated UGV on the resulting driving 
trajectory, a proprietary method was developed, 
taking into account various operational character-
istics of the UGV: 

Test I – Maneuvering between obstacles ar-
ranged along a line, requiring high-intensity op-
eration of the steering system. The trajectory is 
described by a cosine function. The location of 
obstacles was determined based on an analysis of 
forested terrain. The distances between obstacles 
were set at Dlp = 2.6 m, over a distance lp = 6 ∙Dlp, 

The average diameter of the obstacles 350 mm 
and the amplitude A = 2 m (Fig. 2).

Test II – Avoiding a single obstacle lying in 
the path of the UGV and then returning to the 
original trajectory (Fig. 3). The trajectory is de-
scribed by a function similar to tanh and consists 
of three segments: the first segment is the maneu-
ver to avoid the obstacle lp’ = 10 m, the second 
segment is straight driving lp’’ = 0.5 m, and the 
third segment is the return to the original direc-
tion of travel lp’’’ = 12.5 m. The entire maneuver 
is performed over a distance of lp = 23 m, A = 2.1 
mm The trajectory amplitude value was chosen 
to ensure a clearance of approximately 20% of 
the vehicle’s width between the UGV and the 
obstacles being traversed. During the simulation 
studies, the displacement of the front (Xp, Yp) and 
rear (Xt, Yt) parts of the UGV was recorded at the 
intersection point of the longitudinal symmetry 
axis and the axis of the running gear, parallel to 
the ground plane XY (Fig. 4).

Figure 1. The flowchart of study methodology
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Model description

To conduct the simulation studies, a multi-
body model of a UGV with an articulated steer-
ing system was developed using the Adams 
View software. The model corresponded to the 
physical prototype of the articulated tracked 
vehicle “Dromader” (Fig. 5a). The geometric 
layer of the model was developed based on the 
CAD model of the UGV Dromader (Fig. 5b). 
The physical model consisted of simplified ge-
ometry that included the masses and mass mo-
ments of inertia of the individual elements, as 
well as their kinematic relationships. The basic 
parameters are presented in Table 1.

The following simplifying assumptions 
were used for building the model:

 • The masses of elements significant for the 
resultant center of mass of the front and rear 
sections of the UGV were considered. The list 
of elements is presented in Table 2. The struc-
tural model is shown in Figure 7.

 • The model was constructed from rigid bodies 
with constant density throughout their volume.

 • The positions of the resultant centers of mass 
were determined based on the CAD model.

 • A simplified contact model between the run-
ning gear and the ground was used, employing 
the impact force function (1).

 • The influence of energy losses in kinematic 
joints and the drive system was neglected.

 • The drive system used a differential mecha-
nism, distributing power in parallel to four 

Figure 2. The trajectory of obstacle avoidance in Test I

Figure 3. The trajectory of obstacle avoidance in test II

Figure 4. The position of trajectory recording for the front and rear parts of the UGV
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track assemblies. A constant drive speed cor-
responding to 1 m/s was applied.

 • In selected kinematic nodes, a clearance of 0.1 
mm was applied, appropriate to the considered 
variant of the simulation model, by replacing 
the kinematic constraint with a force con-
straint representing contact between surfaces.

The developed model consists of two sections 
(1, 4), four track assemblies (2, 3, 5, 6), two le-
vers (7, 8), two tie rods (9, 10), and two actuators 
composed of cylinders and pistons (11, 12, 13, 
14) (Fig. 6).

The structure of mutual connections is shown 
in Figure 7, while the list of masses and mass mo-
ments of inertia is presented in Table 2

A simplified impact force contact model was 
used for the interaction between the running gear 
and the ground, accounting for static and dynamic 
friction coefficients with increasing slip velocity 
(Fig. 4).

 𝐹𝐹𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑥𝑥, �̇�𝑥, 𝑥𝑥1, 𝑘𝑘, 𝑒𝑒, 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚, 𝑑𝑑)    (1)  (1)
where: x – the distance between model elements,  

ẋ – the relative velocity between two ele-
ments, x1 – the minimum distance between 
elements at which the normal contact 
force  – FIMPACT is not yet calculated, k – 
the stiffness of the interaction between the 
surfaces of the elements, e – the exponent 
of the normal contact force characteristic, 
cmax   – the maximum damping value of the 

Figure 5. UGV “Dromader” with articulated steering: a) Physical object (own photo), b) CAD model

Table 1. Basic geometric parameters of the developed UGV Dromader model
Symbol Name Value, mm

a Total length 2900

ant Distance from the steering joint axis to the front track attachment axis 1040

anp Distance from the steering joint axis to the rear track attachment ax 580

at Distance from the joint to the rear of the UGV 1700

b Width 1124

Figure 6. Components of the UGV Dromader model and kinematic connections
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Figure 7. Diagram of the structure of kinematic and force connections

Table 2. Masses, mass moments of inertia of model elements and description of constraints
Masses and mass moments of inertia of model elements

Symbol Name Mass, kg Mass moment of Inertia:
Ixx, kg∙mm2; Iyy, kg∙mm2; Izz, kg∙mm2

1 Rear frame 250 6.05E+007; 4.88E+007; 2.51E+007

2, 3, 5, 6 Track assemblies 20 1.56E+006; 8.05E+005; 8.05E+005

4 Front frame 250 5.612E+007; 4.59E+007; 2.28E+007

7, 9 Lever 1.5 6567.03; 6102.93; 1602.78

8, 10 Tie rod 1 3734.63; 3383.49; 487.17

11, 13 Actuator cylinder 2.5 1.30E+004; 1.30E+004; 490.15

12, 14 Actuator piston 1 8777.79; 8777.79; 42.88

15 Ground - -

Description of constraints

Symbol Type of constraint

1–2, 1–3, 4–5, 4–6, 1–7, 1–9, 1–11, 1–13, 12–7, 14–9, 7–8, 9–10, 8–4, 10–4 Rigid or clearance rotary kinematic constraints

11–12, 13–14 Linear kinematic constraints

15–2, 15–2, 15–5, 15–6 Driving system to ground contact

normal contact force, d – the penetration 
value of the surfaces of the two elements 
at which the maximum damping value 
cmax is applied. The value of the traction 
force depends on the normal force (1) and 
the relative slip velocity (Fig. 8).

Evaluation indicatorsTo evaluate the test results, 
indicators characterizing the trajectory were devel-
oped. In the case of Test I, these were the coordi-
nates of the extreme points Ai. In the further analy-
sis, these coordinates were used to calculate charac-
teristics describing the deviation of the main path of 
the UGV with clearances in the articulated steering 
system compared to the reference trajectory: 
 • The edges of the main path represented by the 

functions y’135(x), y’246(x), y’’135(x), y’’246(x), 
determined based on the maximum values A1, 
A3, A5, and the minimum values A2, A4, A6.

a) 𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12) 

, determined 
based on the points A’1, A’3, A’5  ∈ y’135, deter-
mined based on the points A’2, A’4, A’5 ∈  y’246

b) 

𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12) 

, determined 
based on the points A’’1, A’’3, A’’5  ∈ y’’135

c) 

𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12) 

, determined 
based on the points A’’2, A’’4, A’’5  ∈ y’’246

The average value of the functions y’(x), 
y’’(x), serving as an indicator of the main direc-
tion of driving of the 
 • front part of UGV:

 

𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12) 

 (2)

 • and rear part of UGV

 

𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12) 

 (3)
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The average value was used to determine the 
trajectory correction for comparing the ampli-
tudes A’ik and A’’ik (Fig. 9) of displacement rela-
tive to the main direction:
 

𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12) 

 (4)

 

𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12) 

 (5)

Additionally, the following parameters were 
adopted to evaluate the corrected characteristics 
y’(x)k and y’’(x)k:
 • For Test I:

− The relative error of the displacement am-
plitude values of the front part UGV A’ik 
relative to the reference amplitude:

 

𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12) 

 (6)

− The relative error of the displacement am-
plitude values of the rear part of UGV A’ik 
relative to the reference amplitude:

 

𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12) 

 (7)

− The relative error of the maximum devia-
tion value of the main path y’imax from the 
straight-line path:

 

𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12) 

 (8)

The relative distance from the obstacle con-
sidered as the ratio of the distance from the ob-
stacle to the width of the vehicle (the distance r 
determined on the simulation path)

 

𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12) 

 (9)

 

𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12) 

 (10)

 • For Test II, the following was adopted to eval-
uate the results:
− The difference between the maximum value 

of the trajectory deviation from the desired 
trajectory:

 

𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12) 

 (11)
The ratio of the maximum deviation value 

from the reference trajectory to the width of the 
UGV:

 

𝑦𝑦′135(𝑥𝑥) = 𝑎𝑎1𝑥𝑥2 + 𝑏𝑏1𝑥𝑥 + 𝑐𝑐1 
A’1, A’3, A’5  ∈ y’135 

 
𝑦𝑦′246(𝑥𝑥) = 𝑎𝑎2𝑥𝑥2 + 𝑏𝑏2𝑥𝑥 + 𝑎𝑎2 
 
A’2, A’4, A’5  ∈ y’246 

 
𝑦𝑦′′135(𝑥𝑥) = 𝑎𝑎3𝑥𝑥2 + 𝑏𝑏3𝑥𝑥 + 𝑐𝑐3 
 
A’’1, A’’3, A’’5  ∈ y’’135 
 
𝑦𝑦′′246(𝑥𝑥) = 𝑎𝑎4𝑥𝑥2 + 𝑏𝑏4𝑥𝑥 + 𝑎𝑎4 
 
A’’2, A’’4, A’’5  ∈ y’’246 
 

 𝑦𝑦′(𝑥𝑥) = 𝑦𝑦′135(𝑥𝑥) + 𝑦𝑦′246(𝑥𝑥)
2  (2) 

 
 

 𝑦𝑦′′(𝑥𝑥) = 𝑦𝑦′′135(𝑥𝑥) + 𝑦𝑦′′246(𝑥𝑥)
2  (3) 

 
 

 𝑦𝑦′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′(𝑥𝑥) (4) 
 

 
 𝑦𝑦′′(𝑥𝑥)𝑘𝑘 = 𝑌𝑌𝑡𝑡 − 𝑦𝑦′′(𝑥𝑥) (5) 

 
 

 δ𝐴𝐴′ = 1 −  𝐴𝐴′
𝑖𝑖𝑘𝑘

𝐴𝐴′𝑎𝑎
∙ 100% (6) 

 
 

 δ𝐴𝐴′′ = 1 −  𝐴𝐴′′
𝑖𝑖𝑘𝑘

𝐴𝐴′′𝑎𝑎
∙ 100% (7) 

 
 

 δ𝑦𝑦′ =
𝑦𝑦′

𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖
𝑦𝑦′

𝑎𝑎
∙ 100% (8) 

 
o  

 δ𝑟𝑟′
𝑖𝑖 = 𝑟𝑟′

𝑖𝑖
𝐵𝐵 ∙ 100% (9) 

 

 δ𝑟𝑟′′
𝑖𝑖 = 𝑟𝑟′′

𝑖𝑖
𝐵𝐵 ∙ 100% (10) 

 
o  

 Δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖 (11) 
 
 

 δ𝑌𝑌𝑖𝑖𝑎𝑎𝑖𝑖 = 𝑌𝑌𝑎𝑎𝑖𝑖
𝐵𝐵 ∙ 100% (12)  (12)

RESULTS AND DISCUSSION

The simulation study was conducted at a con-
stant kinematic speed of the differential mecha-
nism drive, from which the speed is further dis-
tributed in parallel according to the load to four 
running gear systems. This approach prevented 
the occurrence of circulating power within the 
system, which could lead to disturbances in the 
UGV’s trajectory.

The study was divided into three stages. The 
first stage aimed to record the actuator move-
ment in accordance with the planned trajectory. 
For this purpose, the front section of the UGV 

Figure 8. The friction coefficient as a function of slip velocity for the impact contact type [15]



236

Advances in Science and Technology Research Journal 2025, 19(1), 229–242

was kinematically linked to the reference trajec-
tory, while the steering joint freely adjusted to the 
movement trajectory. At the same time, the actua-
tor extension Δls was recorded during the drive.

In the second stage, the reference trajectory 
for the UGV was recorded without considering the 
clearances in the steering joint. For this purpose, 
the UGV chassis was kinematically released from 
the reference trajectory, and the steering was ex-
ecuted by implementing the recorded time course 
of the actuator extension Δls. In the third stage, 
the main study was conducted to assess the impact 
of clearances on trajectory deviations relative to 
the reference trajectory. The tests were performed 
similarly to the second stage, but with the addi-
tion of clearances in selected kinematic pairs of 
the steering joint. The study was conducted under 
the following variants (Fig. 9): a – without clear-
ances (reference trajectory); b – clearances in all 
pins: (1–13, 1–9, 14–9, 1–4, 10–4) (Fig. 10); c – 
clearance in 1–4; d – clearance in 1–9; e - clear-
ance in 14–9; f – clearance in 9–10; g – clearance 
in 10–4; h – clearance in 1–13. Example trajecto-
ries obtained from the simulation studies of the 
reference drive (variant a) and the variant with 
clearances (variant b) are presented in global XY 
coordinates (Figs. 9 and 10). The analysis of the 
results revealed a clear impact of the clearances 
in the steering joint system on the disturbances 
of the main path, described by the characteristics: 
y’ and y’’. Due to the significant similarity, where 
the trajectories of the front and rear part of the 
UGV overlap, the comparative analysis of the 

main path was limited to the trajectory of one part 
of the UGV (Fig. 10).

An example of the corrected trajectory adjust-
ed for deviations from the main direction of drive 
is shown in Figure 11. It indicates that the sec-
tions of the UGV maintain a constant amplitude 
of movement, with the amplitude of the second 
section being 12% smaller than that of the front 
section in all cases: 100–104 mm.

The analysis of the corrected trajectory ampli-
tude values Aik indicates that the clearances in the 
steering system consistently caused a reduction in 
this value. Comparing the corrected amplitudes 
to the reference, the relative error had a constant 
value of approximately 4% for variant b, while in 
other cases, it did not exceed 1% (Fig. 12). The 
conducted analysis additionally allowed for de-
termining the impact of clearances in the steering 
system on the distance from the obstacles for the 
front and rear sections of the UGV. Considering 
the dimensions of the obstacles (35 cm) between 
which the UGV performs the avoidance maneu-
ver, and the vehicle width of 110 cm, it was found 
that the clearances did not have a significant im-
pact on reducing the distance margin to the ob-
stacles between the compared models. However, 
the effect is clearly visible when comparing the 
trajectory of the front and rear sections, resulting 
in a decrease in the distance from approximately 
24% to 11–13% (Fig. 13).

The analysis of the relative errors of the cor-
rected amplitude values Aik for the model con-
sidering all clearances (variant b) is significantly 

Figure 9. Reference trajectory for UGV with a steering system without clearances – variant a
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Figure 10. Reference trajectory for UGV with a steering system with clearances – variant b

Figure 11. Corrected trajectory of movement for the UGV drive with clearances in the steering system

greater (almost 9 times higher) than the relative er-
rors of the other models with clearances (c-h) (Fig. 
14). It should be noted that the relative error of the 
amplitude value Aik for the model considering all 
clearances (variant b) does not equal the sum of the 
relative errors of the other models with clearances 
(c-h) and is twice as large as them, and it cannot be 
determined as the product of these errors. Based on 
this, it can be concluded that to evaluate the impact 
of clearances on trajectory accuracy, one should not 
use the individual errors directly but rather employ 
models that account for clearances in all joints. The 
studies indicate that accuracy is correlated with the 

distance of the connection relative to the steering 
axis in the joint – the larger this radius, the smaller 
the impact on trajectory error. The analysis of the 
main path deviation y′ for variant b showed that 
the UGV collided with an obstacle (the fourth 
obstacle) after traveling approximately 22 meters 
(Fig. 14). In model d, the collision occurred after 
traveling twice the distance. In the other cases, 
no collision occurred over the considered section.

Table 3 presents the coefficients of the di-
rectional functions y’, y’=Ax2+Bx. The coef-
ficient a in the function y′ indicates an increase 
in the angle of trajectory deviation – α from the 
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Figure 13. The relative distance value of the UGV structure to the passed obstacle

Figure 14. Characteristics y′ determining the main direction of travel for all considered model

Figure 12. The relative value of the corrected amplitude error to the reference
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Table 3. Coefficients A, B of the directional function y’

Parameter
Tested variants

b c d e h g h

Coefficients
A 5.541E-07 4.329E-08 1.802E-07 1.205E-07 5.877E-08 3.687E-08 1.385E-07

B 0.0014476 0.0015496 0.0005263 0.0021982 0.0012992 0.0004954 0.0002900
The angle 

of trajectory 
deviation, o

α 0.0829450 0.0887866 0.0301597 0.1259493 0.0744389 0.0283859 0.0166188

Figure 15. The relative error of the main movement trajectory for all models with respect to the reference 
trajectory measured at the end of the measurement section

Figure 16. Trajectory of the UGV model while overcoming a single obstacle

reference with the driving distance of UGV. The 
coefficient b indicates a constant trajectory angle 
deviation resulting from dynamic interactions oc-
curring only in the initial stage of the simulation. 
The comparison shows that dynamic interactions 
had a negligibly small impact on the angle of 

trajectory deviation - α, amounting to less than 
0.12°. This translates to a trajectory error of 0.2% 
over the considered measurement section.

Comparison of the relative difference in the 
deviation of the directional function with re-
spect to the desired trajectory at the end of the 
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Figure 17. The deviation value of the trajectories of models b–h from the desired trajectory

Figure 18. The impact of clearance in the steering system on the relative error value relative 
to the width of the UGV

measurement section indicates that, in the case of 
the steering joint with clearances in all pins, it is 
above 80%, whereas, in the case of clearances in 
individual pins, it does not exceed 25% (Fig. 15).

The trajectory study during the avoidance of a 
single obstacle was conducted according to the test 
II described in the methodology. Example results 
are presented in Figure 16. The analysis of the re-
sults used both the absolute and relative deviation 
values relative to the width of the UGV. The study 
indicates that the greatest deviation from the refer-
ence trajectory occurred in the variant b. 

Comparing the obtained results, it was found 
that the maximum deviation from the desired 

direction after performing the obstacle avoidance 
maneuver for variant b was approximately eight 
times greater compared to the other models (Fig. 
17). In the first case, it exceeded 200 mm, while 
for variants c-h, it averaged 25 mm. Comparing 
the deviation values of the trajectory relative to 
the width of the UGV, it was found that a single 
obstacle avoidance maneuver results in an error 
close to the assumed width margin of the corridor, 
amounting to approximately 18% (Fig. 18). In the 
other variants, the error did not exceed 6%. This 
indicates that after a single obstacle avoidance ma-
neuver in the case of variant b, the error is close to 
the assumed width margin of the path.
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CONCLUSIONS

The article presents the results of simulation 
studies on the influence of clearances in the steering 
system of an articulated UGV on deviations from 
the designated driving trajectory. For this purpose, 
a simulation model was developed in a Multibody 
environment, and a research methodology was cre-
ated that takes into account movement in terrains 
requiring both high and low-intensity steering.

The studies indicate that these clearances in 
joins of the steering system have a particularly sig-
nificant impact on the main movement direction. 
The deviation from the main movement trajec-
tory that can be described as a quadratically func-
tion. In case of test I, the value of deviation from 
the desired direction at the end of the test track was 
about 80%. In the case of avoiding a single ob-
stacle in the driving track (test II), the error of the 
movement trajectory was 18%. 

Including clearances in all rotary joints result-
ed in more than three times the deviation from the 
designated trajectory compared to other variants, 
significantly accelerating the moment of UGV col-
lision with an obstacle. 

Clearances in the system did not have as sig-
nificant an impact on changing the trajectory am-
plitude. The relative error for variant b was ap-
proximately 3.5%, while for the other models, it 
did not exceed 0.5%. The model took into account 
the play in the kinematic connections of the steer-
ing joint; therefore, the change in travel speed had 
no effect on the obtained errors of the motion tra-
jectory. By additionally taking into account in the 
model the elastic-damping parameters of the flex-
ible elements in the steering system and the run-
ning gear, the tests should be conducted taking into 
account different ranges of travel speeds.

Future research directions will include ex-
amining the impact of other factors on trajectory 
deviations from the designated path, such as the 
influence of the running gear, changes in the posi-
tions of the resultant centers of mass, and the char-
acteristics of the steering system’s actuators and 
control elements.
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