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Abstract: In the following article, the results of a study on the impact of the suspension system
used in Unmanned Ground Vehicles (UGVs) on the kinematic excitation of cameras in teleoperation
systems are presented. As indicated by preliminary reconnaissance studies, these excitations
significantly affect the operator’s ability to perceive the environment and recognize images

while driving. Currently, there is a lack of publications and guidelines in the literature regarding

the design of UGV suspensions and their evaluation in terms of improving operator perception in
teleoperation systems. The studies were conducted in a simulated environment using multibody
systems, where various suspension structure variants were developed. The tests were carried out
on the ISO 5008 rough test track. The evaluation of the tested suspension structures was carried out
using a proprietary method, enabling parametric analysis and the selection of favorable solutions
for improving image recognition by the UGV operator. Future research can focus on adjustment of
the UGV suspension characteristics which could have significant influence on situational awareness
and the operator’s ability to act effectively, especially during dynamic missions.
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1. Introduction

Human activity in areas that require performing monotonous,
complex, and time-consuming tasks [27], especially where
health and life can be at risk, has led to significant interest in
the possibility of robotizing such operations and developing
unmanned technologies [21]. Advanced systems increase the
autonomy levels of the mentioned technologies [12, 23], yet
they are defined differently for mobile robots (rescue, military),
vehicles, or industrial robots [10]. Thanks to this approach,
there is a reduction in human involvement and participation in
task execution, which leads to a minimization of their psycho-
physical strain. Ultimately, as a result, tasks can be conducted
with greater efficiency and repeatability.

In recent times, there has been a significant technological leap
in increasing achieved levels of autonomy, particularly in the case
of cars and industrial robots [38, 24, 30]. Both move and per-
form tasks in a known and structured environment [40, 7]. Cars,
for instance, travel on a known road where familiar and defined
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objects appear (other vehicles, horizontal and vertical road signs,
etc.), and a GNSS signal is typically available, which, supported
by RTK corrections, ensures high location accuracy [33]. On the
other hand, industrial robots usually perform tasks in industrial
halls where every object in their working field can be defined.

Nevertheless, there are still areas where increasing level of
autonomy is decidedly more challenging, and often an operator
must take control over task execution, possibly remotely con-
trolling the robot, for instance, in a teleoperation system [36].
This can occur, especially when robots are designated to perform
tasks in tough, unfavorable terrain conditions, in an unknown,
heterogeneous, and dynamically changing environment that is
difficult to define. Examples include unmanned ground vehicles
and mobile robots used in rescue operations after natural disa-
sters or during military actions [4, 13]. They move over nume-
rous irregularities and overcome significant terrain obstacles,
which exert forces through the drivetrain and suspension onto
the robot’s structure, and subsequently onto the teleoperation
system’s cameras, thereby complicating the operator’s task and
reducing their situational and operational awareness [8, 14, 11].
The challenge in this case is to shape the force transfer path
to the teleoperation system’s cameras in a way that minimizes
their adverse effects.

One possible direction is to avoid a rigid connection of the
cameras to the robot’s structure and to utilize vibration isola-
tion or actively controlled platforms (gimbals) [37, 31]. However,
conducted analyses [25, 32] showed that this approach might be
ineffective. In crisis situations, the image from the teleoperation
system is the only signal based on which the operator builds
awareness and makes decisions. The situation is different for
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manned machines and vehicles where operators/drivers directly
perceive the movements and vibrations of the machine/vehicle,
allowing them to, for example, reduce speed when there is a risk
of rollover instability and tipping of the machine/vehicle. In
the case of UGVs, if the camera is stabilized and has a different
angular position than the robot’s structure, and the operator
does not feel excessive tilts, it might lead to the robot’s over-
turning and failure to complete the task.

A potential solution to this problem could be the design of
the UGV’s suspension system (both in structure and characte-
ristics) that minimizes the negative impact of kinematic excita-
tion on the teleoperation system’s cameras, caused by ground
irregularities it traverses. In the literature, numerous research
findings dedicated to the design of suspension systems for machi-
nes and vehicles can be found [41, 3, 35]. They primarily focus
on three criteria:

— health and comfort [6, 17, 39, 42] in terms of vibration fre-
quency and amplitude;
— safety [22, 29] concerning stability and motion steadiness.

Research is also carried out on autonomous UGVs in the con-
text of defense technology advancement [34], UGVs suspension
designs tailored for desert terrains [2], and minefields [15]. Stu-
dies also explore hydropneumatic solutions used for heavy UGVs
[20], accompanied by various controllers based, among others, on
adaptive [26], adaptive sliding [5], or fuzzy [1] control systems.

Mentioned papers concern the adaptation of suspension pro-
perties to defined functions and requirements set for manned
vehicles and machines, aimed at reducing the negative impact of
ground unevenness on the human and the body frame. Existing
ISO 2631 guidelines [18], such as recommendations regarding
vibration frequency and total acceleration acting on a human,
serve as a basis for designing suspension systems focused on
enhancing comfort and safety. In the studies [2, 20, 15, 28, 19],
research was conducted on shaping the suspension properties
of UGVs. However, they primarily addressed the impact of the
suspension system on the platforms’ ability to overcome terrain
obstacles [15] or develop traction force [19]. What is missing,
however, are research findings regarding the impact of the pro-
perties (structure and characteristics) of the UGVs’ suspension
system on building situational and actionable awareness and the
efficiency of task execution using teleoperated platforms. In this
case, the movement of teleoperation cameras and, consequently,
what the operator sees on the monitor screens can be signifi-
cant. This pertains to tasks of reconnaissance and identification
of objects/threats in the immediate vicinity of the platforms.
Current existing indicators to evaluation of suspension systems
are proper to manned vehicles and there are not taking into
consideration unmanned character of mobile robots. It can be
fulfilled by proposed approach. Study proposes a method for
evaluating the influence of the suspension properties of unman-
ned ground platforms controlled in a teleoperation system on
the movement of their cameras, and consequently, the operator’s
ability to recognize and identify.

2. Preliminary research

To evaluate the influence of the movement of the teleopera-
tion system’s cameras on the operator’s ability to recognize
and identify images, preliminary identification tests were con-
ducted. The trials were performed with the participation of
30 operators aged between 27 and 42, controlling UGVs using
a teleoperation system while driving along a test track (Fig. 1).
During the tests, the operators’ task was to recognize (locate)
and identify (read) markers (Fig. 2), placed on the left and
right of the test track at locations unknown to the operators.
The UGV, during the test, traveled in a straight line over
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uneven terrain, causing angular accelerations of the vehicle’s
body [9].

During the research, the UGV traveled on the experimental
test track, which had terrain irregularities (Fig. 2) [9]. The irre-
gularities height was 0.15 m, and they were alternately placed
on the left and right sides of the track every 3 m. During the
tests, the UGV traveled at average speeds v, (j=1,..,5) of 0.5
0.7; 1.3; 2.5, and 3.4 m/s. An IMU sensor was mounted on the
platform to measure kinematic quantities: angle, angular velo-
city, and angular acceleration of the vehicle body relative to the
axes: 1 — longitudinal, 2 — vertical, and 3 — transverse.

Fig. 1. A view of the vehicle and control station used during the
research

Rys. 1. Widok pojazdu i stanowiska sterowania uzywanego podczas
badania

Main technical parameters of the vision and measurement sys-
tems used during the research are provided in Table 1.

Tab. 1. Parameters of the vision and measurement system
Tab. 1. Parametry systemu wizyjnego i pomiarowego

Name of parameters Value of the parameter

Number and type of cameras | Three LC — 1/3 Sony 650TVL

Converter 1/3” Sony CCD
Resolution TVL 650
Sensitivity 0.1 lux

Transmission system BMS dedicated

Frequency 1400 MHz
Number of channels 3
Time delay 120 ms
VECTORNAV VN-100
MU Pitch/Roll Accuracy: 0.5 deg

Accel In-Run Bias Stability < 0.04 mg

In the studies, the markers consisted of letters or numbers.
Between trials, their positions were changed or swapped to
avoid memory-based identification attempts. The control sta-
tion (Fig. 1) was located in a closed room away from the track,
thus operators did not have direct visual contact with the dri-
ving area.
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0,15 m

Fig. 2. Test track: a) track profile; b) markers
Rys. 2. Tor testowy: a) profil toru; b) znaczniki
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Fig. 3. Changes in average efficiency indicators for locating markers 1770 and identifying markers ﬁ, function
of average values: a)a,,.; b) v, ;5 ¢) 0, 5d) 0,5€) o,,.;T) y,,.,
Rys. 3. Zmiany wartosci srednich wskaznikéw skutecznosci odnajdowania znacznikéw 1, oraz identyfikacji
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Tab. 2. Classification of suspension system efficiency in remotely controlled wheeled UGVs based on marker identification
Tab. 2. Klasyfikacja efektywnosci uktadu zawieszenia w sterowanych zdalnie kotowych UGV pod wzgledem identyfikacji znacznikéw

Suspension — _
performance level n, (%] 7, (%] Qpurs [deg/s) 7 s [deg/s] Dy [deg/s]
Excellent 100 100 < 1.7 <14 < 1.0
Good 100 < 95-100) (1.7-3.3> (1.42.6> (1.0-2.0>
Acceptable 100 < 90-95) (3.3-6.6> (2.6-4.5> (2.0-8.6>
Unacceptable < 100 <90 > 6.6 > 4.5 > 8.6

To evaluate the efficiency of the task performed by the tele-
operator, two indicators were used:

— a markers detection efficiency index 7, calculated as the
ratio of the number of markers found by the operator during
a single drive i to the total number of markers placed on
the route ¢, during that drive, according to the equation:

7 =100 % (1)
13

c

— a markers identification efficiency index h, calculated as the
ratio of the number of identified markers by the operator
during a single drive i, to the number of markers found i,
during that drive, according to the equation:

7 = % 100 % 2)
During each drive, the number of markers found, and the

number of markers identified were noted. Cameras head motion

were described by:

— average of angular displacement RMS values of the camera
head around the longitudinal axis @,

— average of angular displacement RMS values of the camera
head around the transverse axis 7,,.q;

— average of angular displacement standard deviation values
of the camera head around the longitudinal axis o, ;

— average of angular displacement standard deviation values
of the camera head around transverse axis o ;

— average of maximum angular displacement values of the
camera head around the longitudinal axis «,, ;

— average of maximum angular displacement values of the
camera head around the transverse axis y,,, -

As a result of the conducted research, it was found that the
dominant influence on the ability to recognize and identify an
image has the angular velocity around the longitudinal axis and
around the transverse axis.

The change in average values of the marker detection effi-
ciency index h and marker identification index h, depending
on the average effective values, standard deviations, and maxi-
mum angular displacements of the teleoperation system’s camera
head during the research is presented in Fig. 3. To evaluate the
results obtained from the conducted tests, four levels of suspen-
sion performance were defined: Excellent, Good, Acceptable,
and Unacceptable. These levels are determined by the number
of detected obstacles, with the assumption that a performance
is deemed “Unacceptable” when less than 90 % of the obstac-
les are detected.

According to the proposed classification (Table 2), the effec-
tiveness level of the suspension system was divided into four
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groups. The key indicator for this classification is the value of
the marker detection efficiency index 7 . In the context of mis-
sions related to driving, detecting, and identifying objects, the
failure to find any object is deemed unacceptable. As a result
of the discussed research, it was possible to develop universal
criteria that can be used to evaluate the suspension systems of
teleoperated wheeled UGVs.

3. Simulation Studies

The impact of the suspension structure used in the wheeled
UGV on the effectiveness of object observation using cameras
during off-road driving was studied via simulation. Conduc-
ting such experimental studies would be highly challenging
in practice and would require substantial financial resources.
Therefore, an advanced simulation model of the UGV was con-
structed, incorporating different suspension structures. During
these simulation studies, the platform models moved along
a test track (Fig. 4), which imposed a kinematic excitation ¢(t)
with constant specified driving speeds of 4, 5, and 7 km/h (in
accordance with ISO 5008 standard).

During recording, selected kinematic features were recorded:
— angular displacement a(t), ﬂ(t), and y(t),
— angular velocityo'z(t)7 ,B(t)7 and ;}(t),
— at the center mass position of the platform (Fig. 5).

265

1840

Fig. 4. Excerpt of the test track used in simulation studies [32]
Rys. 4. Fragment toru testowego uzytego w badaniach symulacyjnych[32]

3.1. Unmanned Ground Vehicle model

For the purpose of simulation studies, a numerical model of
a 6 x 6 UGV (unmanned six-wheeled ground vehicle) was used,
weighing 2800 kg, with an axle base of 1.80 m, wheel track of
1.80 m, and wheel diameter of 0.50 m (Fig. 5). The model was
developed using the multi-body method in the Adams 2014.0.1

L+
m,|

L2

Fig. 5. Main dimensions of the UGV model [32]
Rys. 5. Gtéwne wymiary modelu UGV [32]
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Fig. 6. Model of UGV Suspension
Structures I-V with the orientation of the
global coordinate system: a) side view;

b) front view; q(t) — kinematic excitation [32]
Rys. 6. Model struktur zawieszenia UGV |-V

w widoku: a) bocznym; b) przednim;

q(t) — wymuszenie kinematyczne [32]

software (MSC Software Corporation)

[25]. To this end, a set of simplifying

assumptions were adopted, including:

— rigid bodies/non-deformable, with
homogeneous density throughout
their volume,

— reduction of mass and mass moments
of inertia to the resultant values m,
and [,

— contact forces of wheels with the
ground were calculated analytically
using the impact force model accor-
ding to the equation (5),

— ideal kinematic constraints (with-
out friction),

— a constant angular velocity of the dri-
ving wheels was assumed during the
entire pass on the test track.

The values of masses and mass
moments of inertia are presented in
Table 3, while the main dimensions
and the positions of the centers of gra-
vity are given in Table 4.

3.2. Suspension structure in
the vehicle model

In the simulation studies, three vehicle

structure variants were developed:

— wheels mounted directly to the
vehicle frame (Fig. 6a),

— rear axles are attached to longitudinal
control arms and the front wheels on
a transverse control arm (Fig. 6b, ¢),

— independent wheel suspension with
a shock-absorbing spring (Fig. 6d, e)
[16].

Tab. 3. Masses and moments of inertia of the UGV body and wheel model [32]

Tab. 3. Masy i momenty bezwtadno$ci bryty nadwozia modelu UGV oraz két jezdnych [32]

Name m [kg] I, [kgm’] 1, [kem’] L, [kgm?]
1. vehicle weight m 2800 25 400 25 400 25 400
2. tire weight m, 20.88 1.9293 0.9778 0.9778
3. wheel rim m 15.25 0.4687 0.2625 0.2625

Tab. 4. Principal dimensions of the model in numerical analyses [32]

Tab. 4. Gtéwne wymiary modelu w analizach numerycznych [32]

Name Length [mm]
1. | Overall width B 2010
2. | Wheelbase distance L1 990
3. | Axle track L 1800
4. | Vertical position of the chassis center of mass h 750
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3.3. Discrete Model of a)
the flexible wheel

In the vehicle model, a discrete wheel
model was implemented. It consists of
rigid bodies arranged circumferentially
in a ring, representing the tire tread.
These discrete elements were coupled to
the rim using linear forces and moments.
Unit stiffness and damping values were
chosen based on literature data to
achieve the desired resultant stiffness
and damping parameters in the circum-
ferential, radial, and lateral directions.

The wheel-ground contact is of a multi-
-point nature and is influenced by both
the wheel deflection and the ground
curvature. The forces arising from this
contact are computed independently for
each #th tread element that is in contact
with the ground. The total normal force
from the wheel to the ground is derived
from the summation of the normal forces
of the n-number of tread elements.

Q
—

0,1 [m]

o o
8 8

vertical displacement
[=}
(=]
N

of the wheel axis
[=)
®

o

n
Fy=2..

N

(3) 0 02

horizontal displacement of the wheel axis

The force occurrence of the i-th tread
element is determined by the condition:

b) c)

Fig. 9. View of the wheel model while overcoming a 90 mm height obstacle at a speed of
approximately 1 km/h: a), b), c) sequential stages [32]

Rys. 9. Widok modelu kota podczas pokonywania przeszkody o wysokosci 90 mm przy predkosci
wynoszgcej okoto 1 km/h: a), b), c) kolejne etapy [32]

M0 T e displacement of the wheel axle model
e profile of irregularities
= > aum—
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2 0o
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04 06 . . .
horizontal displacement of the wheel axis

Fig. 10. Comparison of the wheel center position while overcoming a step-type obstacle:
a) comparison of the MSS wheel models (constant tread length model), MSP (model in the form of

radially arranged spring-damper links), measurement — result of the measurement conducted on

P inactive if ¢, > ¢,
i active if ¢ <gq

i 0

the physical object, b) result of the test conducted on the model (Fig. 9) used in this study [32]
Rys. 10. Poréwnanie potozenia srodka kota podczas pokonywania przeszkody typu wystep:

a) poréwnanie modeli kota MSS (model o statej dtugosci $ladu), MSP (model w postaci promieniowo

rozmieszczonych tacznikéw sprezysto-ttumigcych) pomiar — wynik pomiaru dokonanego na obiekcie

(4) fizycznym, b) wynik préby przeprowadzonej na modelu (rys. 9) wykorzystanym w pracy [32]

where: g, — the distance between the i-th
tread element and the ground.

Fig. 7. Discrete Model of the wheel [32]
Rys. 7. Dyskretny model kota [32]

FNi_damp‘

C-Qo

Qe qotd q

Fig. 8. Function describing the damping force in the wheel-ground
contact [32]

Rys. 8. Przebieg funkcji opisujgcej site ttumienia w kontakcie koto-ziemia [32]
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K Ni_stiff ky'r'ound '(qo -4 )e (5)

where: kqmn , — ground stiffness, (¢, — ¢) — tread element pen-
etration into the ground, e — exponent determining the shape
of the characteristic (according to MSC Adams recommenda-

tions, e = 1.5) [9].

The damping force depends on the speed, and its rise time
depends on the tread penetration into the ground surface. The
function describing the increase in damping along with the value
of penetration takes a shape similar to the hyperbolic tangent
in the range F,, , = (0-c_ ) and has been determined based

on the equation (Fig. 8):

FNiidamp = Cgmuml ’ qOStep(q7 q007(q0 + d) ) 1) (6)
where: ¢~ ground damping coefficient; Step(..) — a func-
tion describing the gradual increase in value from 0 to 1 as
a function of penetration g.

The wheel’s tire model consists of 36 elements, representing
the tire tread in accordance with the recommendations provided
in [16]. An essential feature of a wheel model is its “absorbing”
properties. These influence the trajectory of the wheel’s center.
In the study, a result of measurement and simulation of the
wheel center’s positional change while overcoming a bump of
90 mm in height at a speed of approximately 1 km/h was pre-
sented. A similar simulation test was performed for the wheel
model used in this study.
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As a result of the test, a graph depicting the change in
the position of the wheel model’s center while overcoming an
obstacle-type protrusion was plotted (Fig. 10b).

The displacement graph of the wheel axis model presented
in Fig. 10b is closely aligned with the measurement (Fig. 10a).
Therefore, it was concluded that the adopted wheel model pos-
sesses “absorbing” characteristics.

Based on the simulations, an analysis was conducted to
evaluate the test results. The following performance indicators
were used for evaluation:

— Root Mean Square (RMS) value of angular displace-
ments around the longitudinal axis a,,  and the trans-
verse axis y,,

— Standard deviation value o of angular displacements
around the longitudinal axis O and the transverse axis
Oy

—  Maximum value of angular displacements around the lon-
gitudinal axis @, . and the transverse axis y,,,

- Root Mean Square (RMS) value of angular velocities
around the longitudinal axis ., vertical axis ,BHMS,
and the transverse axis 7,

— Standard deviation value o of angular velocities around
the longitudinal axis O'a,(t), vertical o Aoy and the trans-
verse axis o3

Angular Velocity [degss]
s 8
/ /
e
=
=—
—
——
—
—
—R =

15

w

Time[s]
Data Series[-]

—  Maximum value of angular velocity around the longitu-
dinal axis «,,,,, vertical axis B, ., and the transverse

axis 7,

MAX

4. Results

Examples of simulation results obtained during the simulation
tests are presented in Fig. 11. They present the time histories
of angular velocities and angular displacements recorded at
the location of the center of gravity for two variants of road
wheel suspension.

Figure 12 shows a graphical comparison of the values of eval-
uation indicators calculated based on changes in angular dis-
placements around the longitudinal axis a(t) and transverse axis
y(?) during simulations.

The analysis of the obtained results indicates that the change
in driving speed has a significant impact on the angular displa-
cements of the models around the longitudinal axis (Fig. 12a).
Larger differences between angular displacements occurred in
the case of displacements around the transverse axis (Fig. 12b).
Structure III is the least sensitive to changes in driving speed
and, as a result, in angular displacements around the transverse
axis. In this case, an increase in driving speed 4-7 km/h resulted

Fig. 11. Angular velocities time series
fragments at a speed of 7 km/h for
structure Il relative to the axes:
1 —longitudinal, 2 — vertical, 3 — transverse,
and for structure lll: 4 — transverse velocity,
5 — vertical, 6 — velocity relative to
the transverse axis [32]
Rys. 11. Fragmenty przebiegéw czasowych
predkosci katowych nadwozia przy predkosci
jazdy 7 km/h i struktury zawieszenia Il
wzgledem osi: 1 — podtuznej, 2 — pionowej,
3 — poprzecznej, oraz dla struktury IlI:

i 4 — predkos$¢ poprzeczna, 5 — pionowa,

> 30 6 — predkos¢ wzgledem osi poprzecznej [32]

w4 km/h m5km/h m7km/h

®4km/h m5km/h ®7km/h

®4km/h ®5km/h = 7 km/h

m4km/h m5km/h =7 km/h

m4km/h m5km/h =7 km/h

9.5 v’ m4km/h m5km/h m7 km/

| Il Ul v \ | Il

1 v \ I 1] 1] v \

Fig. 12. Comparison of the values of evaluation indicators (effective values, standard deviation, maximum values) of angular displacements: a)
around the longitudinal axis; b) around the transverse axis, I-V — suspensions structure [32]
Rys. 12. Poréwnanie wartosci wskaznikéw oceny (wartosci skutecznych, odchylenia standardowego, wartosci maksymalnych) przemieszczen katowych: a)

wokot osi wzdtuznej; b) wokdt osi poprzecznej, |-V — struktura zawieszenia [32]
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in a slight change in the effective value of angular displacements
Yaus from 1.86 to 1.93 deg, and the value of standard devia-
tion o, 1.82-1.9 deg and a change in the maximum value of
Yy 8:33-8.34 deg. At the same time, in the case of structure
11, a similar change in speed resulted in an increase in the effec-
tive value of angular displacement around the transverse axis by
0.15 deg, the value of the standard deviation by 0.12 deg, and
the value of the maximum angular displacement by 2.05 deg.

A graphical comparison of RMS values, standard deviations,
and maximum angular speeds around the longitudinal, vertical,
and transverse axes is shown in Fig. 13.

The largest change in the effective value of angular velocity
around the longitudinal axis occurred in the case of structure II
(an increase of 4.2 deg/s), constituting approximately 75 %
of the velocity value achieved at a driving speed of 4 km/h.
The smallest change occurred in structure I (an increase of
1.2 deg/s), which is approximately 35 % of the initial value. The
dispersion of the velocity values around the longitudinal axis
around the mean value was also the largest in the case of struc-
ture IT (change by 4.6 deg/s), while the smallest in structure V
(1.75 deg/s). The maximum values of angular velocity around
the longitudinal axis have changed similarly. In the case of struc-
ture II, the increase in the maximum value (Fig. 13a) was close
to 20 deg/s (representing approximately 45 % of the maximum
value that occurred in the case of driving at a speed of 4 km/h),
while in structure V there was an increase in the maximum value
of the angular velocity around the longitudinal axis by 5.2 deg/s
(thus constituting approximately 45 % of the initial value). The
greatest intensity of changes in angular velocity around the ver-

tical axis (Fig. 13b) based on changes in the RMS value and
standard deviation occurred in the case of structures III, IV,
and V (changes of approximately 0.8 deg/s). The smallest in
the case of structure I (RMS change by 0.2 deg/s). In turn, in
the case of examining this structure, the greatest change in the
value of the maximum angular velocity around the vertical axis
occurred (an increase of approximately 4.8 deg/s). The smallest
impact on changes in angular velocities around the transverse
axis (Fig. 13¢), caused by changes in driving speed, occurred in
the case of structure I. The largest change in angular velocities
around the transverse axis occurred in structures IV and V.

Figure 14 shows a graphical comparison of the effective values,
standard deviation, and values of maximum angular displa-
cements of the tested structures around the longitudinal and
transverse axes.

In structure II (Fig. 14a), there was the highest effective value
of angular displacements around the longitudinal axis (1.46 deg),
the standard deviation value (1.38 deg), and the maximum value
(5.26 deg). They were higher than the lowest value in structure
IV by 71 %, 73 %, and in the case of the maximum value by
115 %, respectively. Angular displacements around the trans-
verse axis (Fig. 14 b) were the smallest in structures I and II.
In their case, there was also the smallest dispersion of displa-
cement values around the average value. By far the highest
effective value of angular displacements around the transverse
axis occurred in structure IV (2.27 deg) and was greater than
the smallest one by approximately 26 %. The highest standard
deviation value was also recorded in this structure. The maxi-
mum angular displacement around the transverse axis occurred

a . -
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Fig. 13. Comparison of the values of evaluation indicators (RMS values, standard deviation, maximum values) of angular velocity: a) around the
longitudinal axis; b) around the vertical axis; c) around the transverse axis, |-V — suspensions structure [32]

Rys. 13. Poréwnanie wartosci wskaznikéw oceny (wartosci skutecznych, odchylenia standardowego, wartosci maksymalnych) predkosci katowej: a) wokot
osi wzdtuznej; b) wokdt osi pionowej; ¢) wokét osi poprzecznej, |-V — struktura zawieszenia [32]
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Fig. 14. Comparison of RMS values, standard deviations, and maximum angular displacements: a) around the longitudinal axis; b) around the
transverse axis of the central camera while passing structure models at a speed of 5 km/h, I-V — suspensions structure [32]

Rys. 14. Poréwnanie wartosci skutecznych, odchylen standardowych i maksymalnych przemieszczeri kagtowych: a) wokét osi wzdtuznej; b) wokét osi
poprzecznej, kamery srodkowej podczas przejazdu modeli struktur z predkoscig 5 km/h, |-V — struktura zawieszenia [32]
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Fig. 15. Comparison of RMS values, standard deviations, and maximum angular velocities: (a) around the longitudinal axis; b) around the
vertical axis; c) around the transverse axis of the central camera while passing structure models at a speed of 5 km/h, I-V — suspensions

structure [32]

Rys. 15. Poréwnanie wartosci skutecznych, odchyleri standardowych i maksymalnych predkosci katowej: a) wokét osi wzdtuznej; b) wokdt osi pionowej;
c) wokét osi poprzecznej, kamery srodkowej podczas przejazdu modeli struktur z predkoscia 5 km/h, 1-V — struktura zawieszenia [32]

in structure IV and amounted to 9.1 deg. This result is appro-
ximately 43 % greater than the maximum displacement that
occurred in structure I.

Figure 15 shows a graphical comparison of RMS values, stan-
dard deviations, and maximum angular velocities around the
longitudinal, vertical, and transverse axes.

In structure II, there were not only the highest values of
angular displacements around the longitudinal axis (Fig. 15a)
but also the highest values of velocities around the longitudi-
nal axis. In this case, the effective value of speed and standard
deviation was approximately 7.3 deg/s, and the maximum was
48.68 deg/s. These values significantly exceeded the lowest values
that occurred in structure V. They were higher than them by
3.96 deg/s and 37.26 deg/s, respectively. In the case of angular
velocity around the vertical axis (Fig. 15b), the highest effective
and maximum values were achieved by structures III, IV, and V.
They were much smaller in structures I and II. The absolute dif-
ferences between the extreme values were for the effective value

and standard deviation approximately 0.6 deg/s, and for the
maximum value approximately 1.7 deg/s. The highest values of
angular velocity around the transverse axis (Fig. 15¢) occurred
in structure IV, while the lowest in structure III.

In order to select the best structure, a system for evaluating
the obtained results was proposed in which, for each assessed
indicator (e.g., RMS value of angular displacement), the struc-
tures are ranked from the smallest value of a given quantity to
the largest value. Then each structure receives pi points from
0 points. (in the case of the highest value of the assessed quan-
tity) up to 1 point. (in the case of the smallest value of the
assessed quantity — the best solution). The remaining struc-
tures receive intermediate values proportionally. The final value,
which is the final assessment of a given structure A (after taking
into account all assessment indicators), is calculated based on

the relationship:
A =a.z?:1(ki.pi) (7)



Study on the Influence of an UGV Suspension System on Camera Motion of the Teleoperation System

where: a — a parameter that takes the value 1/3 if any of the
wheels lost contact with the ground while running on the track
or 1 if none of the wheels lost contact with the ground while
driving; k, — weight and — of this assessed quantity; p, — the
value of points awarded to a given structure after assessing
¢ — this value.

Based on the posted research, it was concluded that the angu-
lar velocities of the cameras have the greatest impact on the
operators’ ability to observe the surroundings. Therefore, it was
decided that the indicators associated with them had the highest
k, weight value. The AHP (Analytic Hierarchy Process) method
was used to determine the value of weights assigned to a given
quantity. It is used for the multi-criteria analysis of decision-
-making problems [23]. Before starting the analysis using it,
a definition of the decision-maker’s preferences is established
and determined using relative importance ratings (Table 4).

In the proposed evaluation system, it was found that the
angular velocities of the cameras are the strongly preferred quan-
tity. The values of the weights adopted in the proposed evalu-
ation system for individual indicators are summarized in Table 5.

Tab. 4. The scale of weights assigned, depending on the importance
of individual criteria in the AHP method [32]

Tab. 4. Skala wag przypisywanych w zaleznosci od waznosci
poszczegdlnych kryteriow w metodzie AHP [32]

Value Rating of element A against B
9 And is extremely preferred
7 A is very strongly preferred
5 A is strongly preferred
3 A is poorly preferred
1 A is equivalent to B

The structure that obtained the highest number of points
in the adopted evaluation system is the best structure. During
the tests, the wheels of structures I and II lost contact with the
ground several times. In the case of structures III, IV, and V,
the wheels did not detach from the ground. The assessment was
conducted for driving speeds of 5 and 7 km/h. The final results
of the assessment of all indicators considered (Table 5) using the
adopted system are graphically presented in Fig. 16.

As a result of the research and evaluation, the best (among)
the examined structures for UGV are structures IIT (swinging)
and V (flexible). Ultimately, these structures received a score
of 36 points (III — driving speed of 5 km/h) and 33.9 points (V
— driving speed of 7 km/h). Structures I and II are by far the
worst in both cases. They obtained scores of 7 and 9 points. It
should be noted that increasing the driving speed to 7 km/h
resulted in the fully flexible structure receiving the best rating.

5. Discussion | Conclusions

Selecting the most advantageous structure of the suspension
system for performing the task of off-road driving and obse-
rving the surroundings, required the development of a method
for assessing suspension systems and conducting numerical
tests. For this purpose, numerical models of five alternative
suspension system structures for UGV were developed, and
their tests were conducted while driving on a rectilinear off-
-road track (ISO 5008) constituting kinematic excitation. In
addition, the influence of camera placement and movement
speed on the interactions occurring on the cameras was exa-
mined.

The most advantageous solution is when the robot is sus-
pended with an independent connection of the wheels to the
body frame. The values of the angular velocities of the cam-
eras, which are a critical factor determining the effectiveness
of this type of task, have the lowest values and approach the
limit values of the range of good effectiveness of the UGV sus-
pension.

Tab. 5. Summary of the values of weights and indicators to which they refer, adopted in the

UGV suspension structure assessment method [32]

Tab. 5. Zestawienie wartosci wag i wskaznikéw, do ktérych sie odnosza, przyjetych w systemie oceny

struktury zawieszen UGV [32]

k, Rating Index
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Fig. 16. Summary of the results of the assessment of suspension system structures using the
adopted assessment method: a) at a driving speed of 5 km/h; b) at a driving speed of 7 km/h,

|-V - suspensions structure [32]

Rys. 16. Zestawienie wynikéw oceny struktur uktadu zawieszenia z wykorzystaniem przyjetego
systemu oceny: a) przy predkosci jazdy 5 km/h; b) przy predkosci jazdy 7 km/h, |-V — struktura

zawieszenia [32]
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In the next step, a system was created for assessing the
suitability of suspension system structures based on a point
assessment of several values, such as effective values, standard
deviations, and maximum values. Due to the amount of move-
ment of the teleoperation system cameras, the most advanta-
geous solution is to place them in the longitudinal axis of the
robot. Depending on the compared parameter, the intensity
of the impacts to which the center camera was subjected com-
pared to the side cameras decreased from several to several
dozen percent.

Conducting tests at different driving speeds made it pos-
sible to assess the structures in terms of their sensitivity to
changes in driving speed and its impact on the values that
affect the cameras of the teleoperation system. The smallest
impact of changes in driving speed on the vibrations of the tele-
operation system cameras occurred in the case of structures III
and V. Structure I is the most “sensitive” to changes in driv-
ing speed. In this case, the calculated evaluation indices at the
highest driving speed (7 km/h) were higher than the values cal-
culated at the lowest driving speed (4 km/h) by up to 190 %.

As a result of the assessment, based on the developed
system, structure III (the best result for a driving speed of
5 km/h) and structure V (the best result for a driving speed
of 7 km/h) were considered the best UGV designs.

Proposed method can be used to evaluate other suspension
structures with different velocities and other terrain conditions.
This take into account mostly limits of operator perception
in objects detection and identification. Future research can
focus on adjustment of the UGV suspension characteristics
which could have significant influence on situational awareness
and the operator’s ability to act effectively, especially during
dynamic missions.
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Badanie wptywu uktadu zawieszenia bezzatogowej platformy

lgdowej na ruch kamery uktadu teleoperac

Streszczenie: w ponizszym artykule przedstawiono wyniki badar wptywu zastosowanego

w bezzatogowej platformie ladowej (BPL) uktadu zawieszenia na wymuszenia kinematyczne kamer
w systemie teleoperacji. Jak wynika z opisanych wstepnych badan rozpoznawczych, te wymuszenia
istotnie wptywajg na zdolnos¢ percepcji operatora oraz jego umiejetnos¢ rozpoznawania obrazu
podczas jazdy. Obecnie w literaturze brakuje publikacji i wytycznych w zakresie projektowania
zawieszen w BPL oraz ich oceny pod kgtem poprawy percepcji operatorow w systemie teleoperaciji.
Przeprowadzone badania dowodzg, ze odpowiednie dostosowanie charakterystyki zawieszenia
BPL moze znacznie poprawi¢ swiadomosc¢ sytuacyjng i umiejetnos¢ dziatania operatorow. Badania
zostaty przeprowadzone w sposéb symulacyjny w srodowisku przeznaczonym do modelowania
uktaddw wielocztonowych, gdzie opracowano rézne warianty struktur zawieszenia. Jako wymuszenie
zastosowano model toru testowego ISO 5008 standard. Ocene badanych struktur zawieszenia
przeprowadzono za pomocg autorskiej metody, ktéra pozwolita na parametryczng analize i wybdr
najlepszych rozwigzan pod katem poprawy rozpoznawania obrazu przez operatora BPL.
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