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Estimation of influence of ride smoothness
of transport-technological machines on driving safety
in off-road conditions

Roman R. Bukirov

St. Petersburg State University of Architecture and Civil Engineering, Saint Petersburg, Russian Federation

ABSTRACT

BACKGROUND: Driving safety of transport-technological machines, especially in off-road conditions, largely depends
on the stiffness and damping of suspension. These properties directly affect the ride smoothness and static transverse stability
of the vehicle on a slope, ensure the ability of long-term motion on rough roads in the range of operating velocities without
exceeding the established limits of vibration accelerations, causing unpleasant sensations and rapid fatigue of a driver,
constant contact of wheels with the ground, as well as avoiding excessive wheel bump. Therefore, it is necessary to provide
the suspension with the required elastic and damping characteristics by using a pneumohydraulic shock absorber in the design
and to evaluate its effect on the safety of driving in off-road conditions.

AIM: The work aimed to develop a method for assessing the impact of ride smoothness of transport and technological machines
on the main indicators of driving safety in off-road conditions in the development of new technical solutions aimed at improving
the ride smoothness.

METHODS: The work employed modeling of oscillatory processes of the vehicle masses connected with each other by stiffness-
damping links at unsteady and steady oscillations, modeling of the influence of the stiffness of the elastic suspension element
on the static transverse stability of the vehicle on a slope are performed in the Mathcad software environment.

RESULTS: The mathematical modeling of oscillatory processes of masses of the vehicle resulted in establishment that
the application of the proposed shock absorber enables in case of driving over a single bump of 0.08 m height at a speed
of 30 km/h to reduce body displacement from 0.070 m to 0.056 m and its acceleration from 3.50 m/s? to 1.35 m/s2, there
by achieving complete damping of the oscillatory process of the masses already in the period 4, and in the case of driving over
a sinusoidal bump, the oscillatory process is largely stabilized, the wheel follows the bump profile, and as a result the body
movement decreases from 0.045 m to 0.030 m, and the acceleration of the body after the transition process decreases from
2.2 m/s? to 0.8 m/s2. The analysis of evaluation of influence of smooth running on static transverse stability of the vehicle has
shown that as a result of considering the elastic and hydraulic characteristics of the shock absorber and the pneumatic tires
themselves, the angle of static stability on lateral overturning can be increased from 38° to 43° with maximum permissible
angle of body roll of 8.4°.

CONCLUSION: The knowledge of methods of estimation of influence of ride smoothness of transport-technological machines
on the main indicators of driving safety in off-road conditions enables to analyze the efficiency of application of the proposed
technical solutions aimed at increasing the ride smoothness of the vehicle in off-road conditions.

Keywords: transport-technological machines; vehicle suspension; pneumohydraulic shock absorber; oscillating system
of suspension; elastic-damping property of suspension; static transverse stability of vehicle.
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ODVII'VIHaJ'IbHOG nccneaposaHme

OueHKa BAMAHUA NNIABHOCTU XOAa TPAHCNOPTHO-
TEXHONIOrMYeCcKUX MaluMH Ha 6e30MacHOCTb ABUXKEHUS
B YCJIOBUSAX 6e37,0p0XKbS

P.P. bykupos

CaHKT-leTepbyprckuii rocyAapCTBEHHbINA apxMTEKTYpHO-CTpouTeNnbHbIN yHuBepceuTeT (CMBIACY), CankT-letepbypr, Poccuiickas Penepaums

AHHOTALMA

06ocHoBaHMe. be3onacHoCTb ABMKEHUS TPAHCMOPTHO-TEXHOMOMMYECKUX MaLLWH, 0CODEHHO B YCOBUAX OE3[10pOXXbS, B 3Ha-
UWTESNIbHOM CTEMEHM 3aBUCUT OT yNpyroaeMndUpyIOLLMX CBOUCTB NOJBECKM, KOTOPbIE HEMOCPEACTBEHHO BAIMAKT Ha NNABHOCTb
X0/a W CTaTUYECKYH0 MOMepeyHylo YCTOMYMBOCTb MaLUMHBI Ha Kocorope, obecrneynBaloT BOMOXKHOCTb A/IMTENBHOTO ABUKE-
HWSA M0 HEPOBHLIM [JOPOraM B WHTEpBaJie 3KCMJTyaTaLMOHHbIX CKOPOCTel 6e3 NpeBbILLEHWs YCTAaHOBNEHHBIX HOpPM BMBpO-
YCKOPEHWI, BbI3bIBAKILLMX HEMPUATHBIE OLLYLLIEHUA U BBICTPYI0 YTOMNSEMOCTb Y BOAMTENS, BE30TPBIBHOMO ABMKEHUS Kofleca
OT [LOpOry, a TaKxke «Henpobos» noaBecky. MoaToMy ana noaBecky Heobxoaumo obecneumntb TpebyeMble ynpyronemMnou-
pYlOLLME XapPaKTEPUCTMKM MYTEM MPUMEHEHMSA B KOHCTPYKLUMM MHEBMOrWUAPABNMYECKOro aMopTU3aTopa M NPOBECTU OLEHKY
€ero BMAHUA Ha Be3onacHOCTb ABUXKEHUS B YCIOBUAX 6e30pOKbS.

Lienb paboTbl — pa3paboTka MeToAa OLEHKM BIUSHWSA NIABHOCTU X0fa TPAHCNOPTHO-TEXHOMOMMYECKMX MALUKH Ha FNaBHble
nokasarenu 6e3omacHOCTH IBUKEHMUS B YCIOBUSX He340p0xKbsA Mpu pa3paboTKe HOBbIX TEXHUYECKWUX PELUEHUIA, HanpaBJieH-
HbIX Ha MOBLILUEHWE NIaBHOCTW XOAa.

MeTopabl. MosenvpoBaHue KonebaTenbHbIX NPOLECCOB Mace MalLMHbI, COeAMHEHHBIX MeXAY coboii ynpyroaemMndupyrowmmu
CBA3AIMM NpU HEYCTAHOBMBLUMXCA M YCTaHOBMBLUMXCA KONEDaHMAX, MOAENMPOBaHWE BUSIHUE XECTKOCTM YNpYroro ajieMeHTa
MOJBECKM Ha CTaTUYECKYI0 MOMepPeyHyHo YCTOAYMBOCTb MaLLIMHBI Ha KOCOrope, BbIMOJIHEHHbIX B NporpaMMHoi cpege Mathcad.
PesynbTatbl. B pesynbrate MaTeMaTuyeckoro MogenupoBaHus KonebarenbHbIX NpoLeccoB Macc MaluHbl Bbio YCTaHoB-
NIeHO, YTO MPUMEHEHWe MpefnaraeMoro aMopTWU3aTopa NO3BOASET B C/lyyae Npoe3fa eAMHUYHOW HEepOBHOCTU BbiCOTOM
0,08 M npu ckopocTu aBuxeHUs MalmHbl B 30 KM/4 cHU3WTb nepeMeLluenuns Kysosa ¢ 0,070 M o 0,056 M 1 ero yckopeHus
¢ 3,50 M/c? po 1,35 M/cZ, TeM caMbIM A0CTUraeTcs MoJIHOe ralleHue KonebaTeslbHOro MpoLecca Macc ye B YeTBepToM
nepuofe, a B CyYae ABUKEHUA MO CUHYCOMAAMNbHOM HEPOBHOCTU KonebaTembHbIA NPOLECC B 3HAYMUTENbHOI CTEMEHM CTa-
bunusmpyetcs, Koneco Konupyet npoduab HEPOBHOCTW, B pe3ynbTaTe Yero nepeMelleHune Kysosa cHikaetcs ¢ 0,045 M
£0 0,030 M, a ycKopeHue Ky30Ba nocsie NepexoaHoro npouecca cHukaetcs ¢ 2,2 M/c2 o 0,8 M/c2. AHanmu3 oLeHKN BAMAHNSA
MNaBHOCTM X0[a Ha CTAaTUYECKYH0 MOMepeyYHylo YyCTOWYMBOCTb MalUMHBI MOKa3aJl, yTo B pesynibTaTe yyeTa ynpyrogemnoupy-
IOLLMX XapaKTepUCTUK aMopT13aTopa M caMWX MHEBMOLLIMH MO3BONSET NOBLICUTL YroN CTaTMYECKOM YCTOWYMBOCTM Mo HOKO-
BOMY OMPOKMAbIBaHMIO ¢ 38 [0 43 npyu MaKcUManbHO AOMYCTUMOM Yriie KpeHa Ky3oBsa B 8,4.

3aksioueHme. 3HaHWe METOAMK OLEHKW BNMSHUA NNABHOCTM X0a TPAHCMOPTHO-TEXHONMOMMYECKMX MaLLUMH Ha rNaBHble NOKa-
3aTenn Be3onacHoOCTU ABMKEHUA B YC0BUAX 6e3[0p0XKbsA NO3BOAKT NPOBECTM aHanM3 3GheKTMBHOCTU NPUMEHEHUSA MPea-
naraeMblX TEXHUYECKUX PEeLUEeHMIA, HanpaBeHHbIX Ha MOBLILUEHWE N1aBHOCTW X0Aa MalUMHbI B YCIOBUAX Be30,0p0o3KbA.

Kntouesble cnoBa: TPaHCMOPTHO-TEXHOMOMMYECKME MALLMHbI; NMOABECKA MaLUMHbI; MHEBMOrMAPABIMYECKUI aMOpPTU3aTop;
KonebaTtenbHas cucTeMa NoABECKM; yNpyroaeMnupyioLLas xapakTepucTuka noBecKY; CTaTUYeCKas nonepeyHas ycToi-
YMBOCTb MaLLMHBbI.
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INTRODUCTION

The safety of transport and technological machines
(TTMs) based on the truck chassis with a high center
of gravity in off-road conditions largely depends
on the elastic-damping properties of the suspension.
The design and characteristics of these systems
determine the reliability of wheel contact with the ground
when driving over uneven terrain [1-10] and the vehicle's
stability on rough roads [11-19].

Oscillations of the vehicle's sprung and unsprung
masses caused by uneven surfaces negatively impact
key traffic safety parameters, especially in off-road
conditions. Both the suspension system and pneumatic
tires are designed to minimize these oscillations [20].
Their combined performance significantly affects
ride smoothness and, consequently, overall driving
safety. Mass oscillations largely depend on the vehicle
parameters and their relationships. These parameters
include [9, 10, 21] the masses of the sprung and unsprung
parts, suspension damping levels, suspension rigidity,
and pneumatic tire rigidity. Changes to these parameters
greatly affect the oscillatory processes. Typically, simple
single-mass oscillatory systems are used to evaluate
how the damping oscillations of the sprung mass are
dampened under different system parameters. However,
these models do not account for the influence of unsprung
masses, which are critical to understanding the stability
of the vehicle and its contact with the road [20]. To study
the oscillatory process of all vehicle masses, a two-
mass oscillatory system is used [6, 20]. This model
incorporates the effects of unsprung masses in the vehicle
oscillatory system. It enables a more detailed evaluation
of how these unsprung masses influence the oscillations
of sprung masses, vehicle stability, and the consistent
contact of wheels with the ground.

PROBLEM STATEMENT

A previous study [4] proposed a technical solution
involving a pneumohydraulic shock absorber (PHS)
containing an elastic element in the form of an internal
pneumatic chamber [22]. Single-mass oscillatory systems
were adopted as oscillatory systems. Free oscillations
arising after the vehicle body is raised and dropped
from a certain height were analyzed to simulate the
effects of driving over uneven terrain. However, since
vehicle motion on uneven roads typically generates
unsteady oscillations, followed by free oscillations
after passing such surfaces [10], a more realistic
understanding of the vehicle's oscillatory behavior was
needed. This study focuses on both unsteady and steady
oscillations of a vehicle using two-mass oscillatory
systems that were implemented in the Mathcad software
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environment. A patented technical solution, featuring
a PHS design with an additional pneumatic chamber,
is examined. Particular attention is paid to evaluating
the effect of the elastic element of the proposed PHS
and pneumatic tires on the static lateral stability of the
vehicle. The research was conducted on a TTM based on
the chassis of a KAMAZ 43502 truck. This TTM is equipped
with repair tools intended for the maintenance of other
TTMs located at construction sites far from established
road infrastructure.

ANALYSIS OF ROAD
IRREGULARITIES UNDER OFF-ROAD
CONDITIONS

Road irregularities, characterized by conditions like
potholes, subsidence, distorted cross-sections, and
alternating transverse ridges and depressions with
slightly sloping edges, are registered. These uneven
surfaces severely impact the suspension system and exert
increased stress on its elements, resulting in significant
oscillations of the vehicle body. Such conditions increase
driver fatigue, slow reaction times, and lead to frequent
suspension breakdowns, and wheel separation from
the road. These issues, in turn, deteriorate vehicle
control and force drivers to reduce speed to mitigate
impacts, ultimately lowering the operational efficiency
of the vehicle.

Road irregularities on gravel roads often form owing
to weak road surfaces, uneven construction, delayed
repair of minor defects, low road elevation, and the
lack of proper drainable features like slopes and
ditches [23].

Certain types of irregularities on granular surfaces
are unaffected by soil compaction or the loads applied
to the soil. These surfaces are prone to developing lateral
ripples (waves), also known as "washboard" or "comb"
effects. These patterns form owing to surface forces
created by the rolling motion of vehicle wheels. Studies [24]
have shown that waves form on earth roads when vehicles
travel at speeds over 5.6 km/h. These waves are created
as soil particles build up in front of the wheel, eventually
forming ridges that grow in height and width over time.
Waves on gravel roads tend to form when wheels lock
during braking. At high speeds, the wheel often lifts off
the ground near the crest of each wave, briefly losing
contact with the surface. When the wheel lands after
passing the crest, it creates a significant impact, creating
additional prerequisites for suspension and new wave
formation. There is also a strong influence of the wheel
mass and suspension properties on the formation
of various wave patterns. Heavy wheels, such as those
found in TTMs, create pulsations of higher amplitude and
shorter wavelengths.
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STUDY OF MODERN

DESIGN SOLUTIONS

IN THE FIELD OF INCREASING
SMOOTHNESS OF RIDE

Modern vehicle suspensions typically use separate
units for damping and elastic elements. However, these
elements often fail to provide the smooth ride needed
in off-road conditions. When vehicles traverse uneven
terrain, vibration acceleration values can become
excessively high. This leads to suspension breakdowns
and a loss of wheel contact with the road, which reduces
the safety of TTM movement.

A key metric for vehicle performance is the average
operating speed [1-10], which largely depends on the
elastic-damping capabilities of the suspension when
operating a TTM in hard-to-reach areas with poor road
conditions.

Studies [7] have found that increasing the rigidity
of the elastic elements or extending the suspension’s
dynamic travel can improve the average speed and prevent
suspension damage in rough terrains. However, increasing
the dynamic travel can be restricted by chassis design
constraints and may raise the vehicle’s center of mass,
which negatively impacts operational safety. Conversely,
increasing rigidity can intensify driver discomfort
by amplifying vibration disturbances.

At the same time, when TTM is moving over uneven
surfaces, the resulting suspension breakdowns indicate
insufficient efficiency of their elastic-damping capabilities.
Vertical vibration accelerations exceeding 5 m/s? force
drivers to reduce speed, which can cut the average
operating speed of the TTM by 50%. This slowdown results
in lower road safety, up to a 70% rise in fuel consumption,
a decrease in the overhaul period by up to 40%, and the
loss of vibration-sensitive loads (equipment), which
damage rates ranging from 15% to 30% [1].

The shortcomings of modern suspensions are tied to
their high energy capacity, which arises from the overly
rigid characteristics of elastic elements with linear or
progressive designs [5, 8, 25]. Such elastic elements
struggle to sufficiently absorb vehicle vibrations after
crossing uneven surfaces. To reduce the suspension
energy capacity, additional elastic elements, such as
pneumatic cylinders connected to external energy
sources, are sometimes introduced [1-3, 5, 26].
While these additions decrease the energy capacity of
the suspension, they transfer more force from road
irregularities to suspension travel limiters, ultimately
causing a breakdown. Furthermore, these modifications
complicate the suspension design and increase costs.

The shock absorber plays a crucial role in ensuring
the safe operation of TTMs. Its primary function is to
actively dampen vibrations after hitting an obstacle,

Tom 91, N2 5, 2024

DOl https://doiorg/1017816/0321-4443-628957

Tpamopb\ /1 CeNbX03MalUMHbI

thereby reducing the rocking motion of the vehicle body
[1-10, 12, 13, 26, 27]. Moreover, the elastic elements
in the TTM suspension can significantly reduce vibration
processes [1-10, 12, 13, 25]. These components must be
designed with specific elastic characteristics to effectively
minimize the amplitude of oscillations in vehicle's sprung
mass when it encounters uneven surfaces. The joint
operation of the elastic and damping elements in a TTM'’s
suspension system is essential for achieving optimal ride
smoothness. Together, they work to reduce the mean
square acceleration of the vehicle body, which reduces
driver fatigue, lowers the risk of suspension breakdown,
ensures constant contact of the wheel with the road, and
leads to better maneuverability of the TTM [4].

The suspension’s elastic element plays a critical
role not only in ensuring a smooth ride and maintaining
constant wheel contact with the road but also in enhancing
the lateral stability of TTMs. When operating off-road,
irregularities such as slopes or obstacles can cause
the vehicle to unload on one side while overloading the
other. This imbalance results in body roll, increasing the
risk of lateral sliding or overturning, especially when the
wheels have insufficient grip on the surface. Changes in
the rigidity of the suspension’s elastic element directly
affect the roll angle of the TTM body [14], since the ability
to perceive the load caused by unloading of one side of
the vehicle and loading of the other changes. Therefore,
efforts to improve ride smoothness must also consider the
effect of the suspension’s elastic elements and pneumatic
tires on the lateral stability of the TTM.

PHSs [1], installed in TTM suspension systems and
containing an internal elastic element [22, 28-30], are
widely used in off-road conditions. These shock absorbers
enable lower energy consumption of the suspension
and allow for adjustments to their elastic-damping
characteristics. However, they exhibit high stiffness values
at the end of the compression stroke. This is caused by
the insufficient volume of compressed air and the high
pressure in the pneumatic chamber, which ultimately
leads to suspension breakdowns. Reducing the high values
of the elastic characteristics of such shock absorbers
is possible by incorporating an additional pneumatic
chamber connected to the internal pneumatic chamber
of the absorber. This reduces the relative change in the
volume of compressed air at the end of the compression
stroke [5].

To further reduce energy consumption and high values
of the elastic characteristics of known PHS designs at the
end of the compression stroke, a new technical solution
is proposed. This design consists of a PHS with an
additional pneumatic chamber [31], presented in Fig. 1.
It significantly reduces the rigidity and maximum forces
in the suspension. As a result, the force impact from
irregularities and the natural frequency of body oscillations
are reduced.
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PROPOSED TECHNICAL SOLUTION

The developed PHS, presented in Fig. 1 [31], is equipped
with an additional pneumatic chamber 5, installed parallel
to the main PHS unit. The main PHS features liquid
cavities (B and C) containing shock-absorbing fluid, which
are designed to dampen oscillations. It also includes
a cylindrical reservoir (cavity D) filled with compressed
air at a calculated pressure. This reservoir is installed
coaxially on the hydraulic part of the shock absorber
and, together with the additional pneumatic chamber,
absorbs road forces. This design significantly reduces
the energy capacity of the PHS's elastic element while
providing the required elastic-damping characteristics
for effective performance in roadless terrain. In addition,
this device allows for the adjustment of gas spring
properties, significantly increasing the adaptive
capabilities of the suspension. As a result, the proposed
technical solution eliminates the need for additional
elastic elements in the suspension, thereby simplifying
its design.

When the TTM moves, impacts from road irregularities
are dampened mainly owing to the elasticity of
compressed nitrogen in cavities 0 and E when cylinder 3
moves upward relative to cylinder 4 and partially owing
to the compression of nitrogen in cavity A. During the
compression stroke, the volume of cavity A decreases
as liquid is displaced by rod 15 moving downward
relative to cylinder 3. This displacement is compensated
by the movement of piston 8.

The damping of oscillation amplitudes after an impact,
or attenuation, occurs owing to the hydraulic resistance
of piston 7, caused by the liquid flow through the channels
and valves of the piston 7.

METHODS OF MATHEMATICAL
MODELING OF THE ELASTIC
CHARACTERISTIC

OF THE PNEUMATIC ELEMENT
OF THE PROPOSED TECHNICAL
SOLUTION

The characteristics of the PHS pneumatic element are
defined by its elastic properties, which can be expressed
as a relationship between the vertical load and the elastic
element deformation measured directly above the wheel
axis [5, 25].

The force exerted by the pneumatic elastic element
depends on the initial pressure, the height of the air
column, and the effective area of the pneumatic chamber
piston. Considering and applying the polytropic law,
the equation for the elastic characteristic of the PHS
pneumatic element is determined based on the suspension
stroke [32]:
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Fig. 1. Design parameters of the pneumohydraulic shock absorber
with an additional pneumatic chamber according to the patent
for utility model RU N2 218675: A — a gas compensation cavity;
B and C — lower and upper liquid cavities; 0 and £ — a gas spring;
S, — total shock absorber stroke; S, — rebound stroke; S, and
S, — compression stroke and static deformation; 7 — a safety
valve; 2 — an adjusting valve; 3 — a lower cylinder; 4 — an upper
cylinder; 5 — an additional pneumatic chamber; 6 — a sealing
sleeve; 7 — a hydraulic piston; 8 — a pneumatic piston; 9 —
a guiding (separating) sleeve; 10 — a damping gasket; 17 — a top
cover of the shock absorber; 12, 13 — lugs for shock absorber
mounting; 74 — a retaining ring; 15 — a rod; 16 — a protective
casing.

Puc. 1. KoHctpyktuBHble napametpbl MMA ¢ ponosHuTENbHON
MHEeBMaTUYECKOM KaMepoil MO MaTeHTy Ha MoMe3Hyw Mofesb
RU N 218675: A — ra3oBas KoMmneHcaLuoHHas nonocts; Bu C —
HUWXKHSAA W BEPXHAA XUAKOCTHas nonocTb; O u E — rasosas
npyxuHa; S, — obLwLmii Xxon, aMopTu3atopa; S; — Xop, otbos; S,
N S, — XOA, CxaTua U cTaTuyecKas AedopMaums; 1 — npenoxpa-
HWUTENbHBIA KNnanaH; 2 — perysiMpoBOYHbINA KanaH; 3 — HUKHWM
UMIMHAP; 4 — BEPXHWA UMAMHAP; 5 — AononHuTenbHas nHeB-
MaTuyecKasl KaMepa; 6 — YMNOTHUTeNbHas BTYIKa; 7 — ruppas-
JIMYECKMIA MOpLLEHb; 8§ — MHEBMaTUYeCKW NopLueHb; 9 — Ha-
npaensiolas (pasgenutensHas) BTyNKa; 10 — amopTusupytoLLas
NPOKnagKa; 11 — BepXHAA KpbilKa aMopTu3artopa; 12, 13 — npo-
YLUMHBI 1A YCTAHOBKW aMOPTU3aTopa; /4 — CTOMOpHOe KONbLLO;
15 — WToK; 16 — 3aLUMTHBIN KOXYX.
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hoi )
P:pm'Fd.(hK'i—KJ > 1)

where p,. is the initial pressure, F.; represents
the effective area of the pneumatic chamber piston,
h, denotes the height of the air column, i indicates the gear
ratio between the wheel stroke and the deformation
of the elastic element; A refers to the wheel stroke, and
n is the polytropic index.

The efficiency is analyzed by assessing the reduction
in the natural frequencies of the sprung mass of the vehicle
obtained from the static position. The natural frequencies
of the sprung mass of the vehicle are determined using
the equation [1, 2, 9, 10, 20, 21

Wy =], )

where ¢, is the stiffness of the elastic element
of the shock absorber in the static position, and
M is the sprung mass weight that accounts for
the wheel.

METHODS OF MATHEMATICAL
AND PHYSICAL SIMULATION
OF THE OSCILLATORY PROCESS
OF VEHICLE MASSES

To study the oscillatory processes of a vehicle,
an oscillatory system is used, consisting of several
masses connected to each other by elastic-damping
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bonds [33], allowing for the analysis of the vertical
dynamics of oscillations. Specifically, we consider
a two-mass oscillatory system (Fig. 2) to evaluate the
behavior of the masses in two situations: driving over
a single irregularity (unsteady oscillations, Fig. 2a) and
facing the most unfavorable conditions, such as driving
over sinusoidal irregularities (Fig. 2b), i.e., under steady
(forced) oscillations.

When investigating unsteady oscillations, any
irregularities in the adjacent sections of the road
are neglected, assuming that prior to encountering
the irregularity, the system was stationary, meaning
that the vehicle was not oscillating. A single irregularity
is used for this analysis because the oscillations largely
depend on the specific road section where the oscillating
system is located at that moment. Therefore, we consider
the largest irregularity, while the effect of smaller
irregularities is assumed to be minimal [10]. This
analysis allows us to analyze the motion of the system
as it transitions from rest to free oscillations, after
the transient phase. These free oscillations help ascertain
the degree of damping and the stability of the wheel
contact with the road.

For steady (forced) oscillations, which result
from sinusoidal irregularities, the transition process
from unsteady oscillations to steady oscillations is
considered [10]. Although steady oscillations occur less
frequently, they represent one of the most demanding
operating conditions for the suspension. This scenario
is critical as it can lead to short-term loss of wheel
contact between with the road. This type of oscillation
also enables to closely simulate the TMM movement
along the comb.

The mathematical model of the oscillation systems under consideration is described using the following system

of two second-order differential levels [20,33-36]:

m-z +1;(21 —a’n)—i—r(z'1 —22)+C[(Zl —n)+cs(z1 —22)=O, 3
M-z, +r(z’2 —Z'1)+CS(22 —ZI)ZO,
where dn and # are the disturbance functions from the road (displacement and speed).
Road disturbance functions for a single irregularity calculated using the following equations [20,33-36]:
dn:nVaHsin(ZnS_ZSOJ((D(S—SO)—CD(s—SO—l)), ()

n=£ l—cos(ZnS_SO
2 /

where @ is the Heaviside function.

D((D(S—SO)—CD(S—SO—I)), 5)

Road disturbance functions for a sinusoidal irregularity were calculated using the following equations

[20,33-36:
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Fig. 2. Calculation scheme of a two-mass oscillating system: a — passing a bump; b — passing a sinusoidal bump; M — sprung mass;
m — unsprung mass; ¢, — gas spring stiffness of the shock absorber; ¢, — tire stiffness; r — damping capacity of the shock absorber;
r, — damping capacity of the tires; z;, z, — vertical displacement of unsprung and sprung mass; Va — direction of motion (velocity);
g — kinematic disturbance; SO — beginning of a bump; s — considered section of the road; { — length of a bump; H — height of bumps.
Puc. 2. PacyeTHas cxeMa A4BYXMaccoBoii KonebaTenbHOi CUCTEMbI: @ — NPOe3f HEPOBHOCTY; b — [BUMKEHWUE NO CUHYCOMAANbHOM HepoB-
HocTW; M — noapeccopeHHas Macca; m — HenofpeccopeHHas Macca; C, — MeCTKOCTb ra30BO MPYXWUHBI aMOPTU3aTOPa; C; — ECTKOCTb
LWKH; r — AeMndupyoLLas cnocobHoCTb aMopTU3aTopa; r, — AeMNQUPYHLLAs CNOCOBHOCTb LKH; Z;, Z, — BEPTUKaNbHOE NepeMeLLeHme
HenofpeccopeHHON 1 NOAPECCOPeHHOI Macchl; Va — HanpaBneHue ABUMXEHUS (CKOPOCTb); § — KUHEMAaTUYECKOe BO3MyLLieHue; SO — Ha-
Yyarno HepoBHOCTH; S — PacCMaTpPUBAEMbIiA y4acToK nyT; [ — AnMHA HepOBHOCTU; H — BbICOTA HEPOBHOCTEM.

dn:H-coq~cos(coq-t), (6)
n=H-sin(mq-t+(p), )

where o, is the specified frequency of the external
disturbance, ¢ represents the phase shift, and ¢
denotes the considered time interval of the oscillatory
process.

To solve the given differential equation system (3),
the Mathcad software environment employs the Runge-
Kutta method with an adapted integration step. The stability
and accuracy of the numerical solution depend on the size
of the integration step. The smaller the step, the higher
the calculation accuracy. This step is determined
by the number of calculation points. Increasing the number
of points reduces the step size. Furthermore, to obtain
numerical results for calculating Eq. (3), the Mathcad
package has a special function Rkadapt that checks how
quickly the approximate solution changes and adapts
the step size, allowing to increase calculation accuracy
[20,33-36]. Before solving, the system of equations (3)
is transformed into the Cauchy form, where generalized
system variables (mathematical variables) are replaced
by machine variables corresponding to Mathcad’s
variables.

DAl https://doiorg/1017816/0321-4443-628957

The resulting displacements of the vehicle masses
as it moves over road irregularities are analyzed
by calculating the acceleration values of these masses,
while their spread reaches large values. The system
of differential equations (3), reduced to the Cauchy form,
does not allow for a direct numerical solution of mass
acceleration. Therefore, for the numerical solution
of mass acceleration, the following equation was used
[9, 10, 20, 21]:

a= wo2 -z, (8)

where z is the vertical mass displacement.

METHODS FOR ASSESSING

THE INFLUENCE OF THE STIFFNESS
OF THE ELASTIC SUSPENSION
ELEMENT AND PNEUMATIC TIRES
ON THE STATIC LATERAL STABILITY
OF THE VEHICLE

To assess the effect of increasing the ride smoothness
on the TTM lateral stability, a turnover scheme (Fig. 3)
was considered. This scheme highlights the most heavily
loaded rear axle of the KAMAZ 43502 truck. When
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modeling the TTM stability, the angular deviation of the
body mass was considered. This included the angular
deformation of the suspension’s elastic elements where
one side unloads and the other side bears additional load.
It accounted for the proposed PHS and the pneumatic
tires, both of which deform during a roll. Furthermore,
factors such as the height of the center of gravity,
the difference in wheel track width, and the installation
of the PHS were considered.

The main parameter for assessing lateral stability
on a slope, according to GOST 31507-2012, is the lateral
stability coefficient of the vehicle [12-19, 37, 38]. This
coefficient helps determine the angle of static stability
for lateral overturning and the permissible angle of body
roll. According to GOST 31507-2012, the angle of body roll
ranges from 6.5° to 8.4°, while the minimum permissible
value for the static stability angle is 21° across all vehicle
trajectories [12, 38].

The lateral stability coefficient is determined by the
equation [38]:

Fig. 3. Calculation scheme of the machine under static
transverse stability: Rt — average tire track, m; Rs — mounting
distance of shock absorbers in the suspension, m; g — height
of the center of mass, m; ¢, — stiffness of the elastic element
of the shock absorber, N/m; ¢, — stiffness of pneumatic tires, N/m;
M sin(y) — transverse component of the gravity force; y — body
roll angle; B — angle of the transverse slope of the road.

Puc. 3. PacuétHas cxeMa nofpeccopyBaHusi MaLLMHbI NPy CTaTye-
CKOM MonepeyHoN YCTOMYMBOCTH: Rt — CPEAHSSA Komes LWKH; Rs —
paccTosiHWe YCTaHOBKM aMOPTU3aTOpOB B NMOLBECKE; g — BbICOTA
LieHTpa Macc; ¢, — XECTKOCTb YNPYroro 3eMeHTa aMopTu3aTopa;
¢, — WECTKOCTb NHeBMATUYECKMX LWnH; M sin(y) — nonepeyHas
COCTaBNALLAA CUIbI TAXKECTH; \y — YroN KpeHa Ky3oBa; f — yron
MonepeyHoro HakoHa Aoporu.
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The standard value of the static stability angle
for lateral overturning according to GOST 31507-2012,
depending on the lateral stability coefficient, is determined
using the following equations [12, 37, 38]:

=42,4-n1-2,4; with 0,55<1n<1,0,
kt n T] (10)

B, =25-n+15; with n>L0.

However, these equations do not consider the influence
of the suspension’s elastic elements and pneumatic
tire characteristics on lateral stability. To address this,
the lateral stability coefficient was derived by including
the angular deformation of the proposed PHS elastic
elements and the pneumatic tires occurring during
roll. The coefficient was calculated using the following
equation [14, 37]:

_ Rt Ga  Ga
2-hg 2-¢c,-Rt c, -Rs

n ) (1)

where Ga is the overturning force.

The transverse component M sin(y) of the vehicle
gravity, having an arm &g, forms an overturning force
that accounts for the elastic properties of the elastic
elements of the suspension and pneumatic tires
[14, 37]:

_2-c, -Rs-sin(\y)+2~ct - Rt -sin(y)
2-Rs Rt '

Ga

(12)

The angle of static stability for lateral overturning
at the moment one wheel lifts off the road is determined
by the following equation:

B, = arctg(n). (13)

The loss of vehicle stability involves overturning,
which leads to far more serious consequences compared
to sliding. Therefore, it is necessary to ensure that
the vehicle parameters and suspension properties are
designed to prevent overturning. Stability must begin
to fail with lateral sliding on a slope. In order for lateral
sliding to precede lateral overturning, the following
condition must be met [12-19, 37]:

n>o, (14)

where ¢ is the coefficient of tire adhesion to the road.
The slope angle for the lateral slip is determined using
the following equation [12-19, 371:

By, = arctg(o). (15)
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RESULTS OF A PRACTICAL STUDY
OF THE ELASTIC CHARACTERISTIC
OF THE PNEUMATIC ELEMENT

OF THE PROPOSED TECHNICAL
SOLUTION

To assess the efficiency of using an additional
pneumatic chamber and its effect on the natural
frequencies of body oscillations, we compare the elastic
characteristics of a design with and without the additional
pneumatic chamber. Since the TTM under consideration
has repair equipment on board, the vehicle’s mass change
is negligible.

The data used to construct the elastic characteristic
were obtained during the vehicle design process
(Table 1).

The results of the mathematical analysis of the
PHS elastic characteristics are presented in Fig. 4.
These results indicate that the elastic characteristic
with the additional pneumatic chamber (line 2, Fig. 4)
exhibits a flatter curve compared to the design without
it (line 1, Fig. 4), which leads to a significant decrease
in the elastic element rigidity at the end of the suspension
travel.

The intersection of the lines at the static load
point occurs because the initial parameters for the
pneumatic shock absorber system were based on the
calculated force under static load P, of the equipped
vehicle. It is used to calculate the forces of dynamic
compression S, and rebound S,. The position of
the static load depends on the specified initial gas
pressure and its volume in the chambers. Therefore,
the parameters of the elastic characteristic may
vary.
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RESULTS OF A PRACTICAL STUDY
OF OSCILLATORY PROCESSES
OF VEHICLE MASSES

Reducing suspension rigidity by connecting an additional
gas chamber significantly reduces both the rigidity
and maximum forces in the suspension, which in turn
decreases the force impact and the natural frequency
of body oscillations. Consequently, the relative damping
coefficient for both the body and the wheels increases,
leading to improved overall vehicle oscillation dynamics.
For this purpose, a linear two-mass mathematical
model of a single-support suspension was developed
based on Eg. (3). This model replaces the nonlinear
characteristics of the PHS with linear approximations
(Fig. 4 and Table 2). Suspension compression breakdown
and wheel-road separation during rebound were excluded
from the analysis since these events are unlikely to
occur. The model was evaluated using Mathcad software,
applying the Runge—Kutta numerical method with an
adapted integration step.

For transient oscillation analysis caused by a single
irregularity, zero initial conditions were set. This
allowed the irregularity of the adjacent road sections
to be ignored. Similarly, for the study of steady-state
oscillations owing to sinusoidal irregularities, zero
initial conditions were used. However, these sinusoidal
irregularities were assumed to maintain a steady-state
form over the entire road section under consideration.
The kinematic disturbance of oscillations for both
scenarios was defined using specific functions and their
derivatives, described by Egs. (4)-(7).

A graphical interpretation of the numerical results
for driving over a single 0.08 m high and 3 m long
irregularity at 30 km/h is presented in Fig. 5.

Table 1. Initial data for construction of elastic characteristics of suspension on the basis of KAMAZ 43502 truck chassis in loaded condition
Ta6nuua 1. VcxoaHble AaHHbIe 4715 NTOCTPOEHUSA YNpYroii XapaKTEPUCTUKY NoABECKY Ha Base Wwaccy rpy3oBoro asToMobuns KAMA3 43502

B CHapAXeHHOM COCTOAHUU

Parameter Value
Sprung mass accruing to the rear wheel, kg 3071,00
Unsprung mass accruing to the rear wheel, kg 629,00
Static load accruing to the rear wheel, kN 30,10
Static suspension travel, m 0,14
Dynamic suspension deflection, m 0,14
Suspension travel at which the compression buffer is triggered, m 0,21
Suspension travel at which the rebound bumper is triggered, m 0,03
Full suspension travel, m 0,28
Rigidity of the KAMA-URAL 390/95R20 pneumatic tire, N/m 8,19-10°
Resistance coefficient of the KAMA-URAL 390/95R20 tire, N-s/m 6,60-10°%

Suspension gear ratio

1,10
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Fig. 4. Results of modeling the elastic characteristic of the PGA: 7 — gas spring force without additional chamber; 2 — gas spring force
with additional chamber; 3 — line showing the shock absorber position under static load; 4 — tangent line to the static load occurring
in the design without additional chamber; 5 — tangent line to the static load occurring in the structure with additional chamber; S, —
rebound stroke; S, — compression stroke; .S,. — suspension stroke at which the rebound buffer is activated; S,, — static stroke;
C, — angle of inclination to the tangent line 4; C, — angle of inclination to the tangent line 5; S; and S, — reduced static deflections.
Puc. 4. PesynbTaTthl MofenmpoBaHus ynpyron xapaxktepuctuku [MMA: T — cuna ra3oBom npy»KuHbI 6e3 JONOHUTENBHOM KaMepbl; 2 — cuna
ra3oBO MPYXWHbI C LOMONHUTENILHON KaMepol; 3 — JNMHMSA, NOKa3biBaloLlasi MOJIoXEHWe aMopTU3aTopa NOA CTAaTUYECKOW Harpy3Kow;
4 — KacaTesibHasi IMHWUA K CTAaTUYECKON Harpy3Ke, BO3HMKalOLLasA B KOHCTPYKLMM Be3 AONOHUTENbHON KaMepbl; 5 — KacaTeNbHas JIMHUS
K CTaTMYeCKOI Harpy3Ke, BO3HMKIOLLAs B KOHCTPYKLMM C OMOJIHUTENbHOI KaMepow; S, — Xop, oTbos; S. — Xop, cxkatus; S, — Xof,
MOABECKY, NpK KOTOpoM cpabatbiBaeT bydep otbos; S,, — cTatnueckmit xon; C; — Yron HaKNoHa K KacaTenbHoil uHuN 4; C, — yron
HaKJOHa K KacaTenbHoi IMHWK 5; S, N S, — npuBefeHHbIe cTaTUyeckue Nporubbl.

Table 2. Suspension parameters with installed PGA of KAMAZ 43502 truck
Ta6nuua 2. MapameTpbl noaBecky ¢ ycTaHoBneHHbIMU [TA rpy3oBoro asTomobuns KAMA3 43502

Value
Parameter PHS with PHS without

additional additional

chamber chamber
Rigidity of the elastic element of the shock absorber under static load, kN/m 73,70 150,30
Rigidity of the elastic element of the shock absorber at the final stroke of the suspension, kN/m 177,60 1581,00
Drag coefficient of the shock absorber, N-s/m 8403,00 12520,00
Frequency of partial low-frequency oscillations of the body, Hz 0,78 11N
Circular frequency of natural oscillations of the unsprung mass, Hz 6,00 6,25
Damping coefficient of oscillations of the sprung mass, rad/s 1,37 2,04
Aperiodicity coefficient of the rear sprung mass 0,28 0,29
Relative damping coefficient of unsprung mass oscillations 0,18 0,29
Coefficient of absorption capacity of the elastic element of the shock absorber 1,60 3,16
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The curves of the vehicle’s damped oscillations
reveal that the greatest displacements occur as the
vehicle passes over the irregularity. Once the wheel
leaves the irregularity, the oscillations gradually subside.
The movement of the sprung mass (line Z2, Fig. 5a and c)
shows a phase shift relative to the unsprung masses
(line Z1, Fig. 5a and c). This shift occurs because, upon
driving over an irregularity, the unsprung mass responds
first, followed by the body. Using the proposed PHS,
the movement of the unsprung masses when encountering
the irregularity does not exceed its specified height,
demonstrating that the wheel closely follows the road'’s
irregularity profile.

When using a PHS without an additional pneumatic
chamber (Fig. 5c¢), the body exhibits significant
movement upon encountering an irregularity, often
exceeding the height of the irregularity itself. After
passing the irregularity, prolonged oscillatory processes
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of the masses are registered. Furthermore, body
acceleration reaches high levels (Fig. 5d), increasing
driver fatigue and compelling the driver to reduce the
TTM speed to reduce discomfort caused by the road
irregularities.

Conversely, when using a PHS with an additional
pneumatic chamber (Fig. 5a), the body movement upon
hitting an irregularity remains below the irregularity
height and is reduced by 15.8% compared to the design
without a pneumatic chamber. Suspension breakdown
does not occur as the movement of the unsprung mass
stays within the maximum dynamic deformation limit
of the suspension, set at 0.14 m during simulations.
After the wheel passes the irregularity, free vibrations
fade within four seconds. Body acceleration, presented
in Fig. 4b, is significantly decreased by 2.6 times,
highlighting the effective absorption capacity of the
proposed PHS. As a result, the driver does not have

m/s®

1.5

0.5

-2 ts
IZl 1 2 3 4 5

(=]

Fig. 5. Unsteady oscillatory process of the mass of the machine in time ¢ (sec.), resulting from the passage of a single bump: Z1 and
7.2 — displacement of unsprung and sprung masses; @ — displacement (stroke) of the machine masses without the additional chamber;
b — acceleration of the body without the additional chamber; ¢ — displacement (stroke) of the car masses with the additional chamber;
d — acceleration of the body with the additional chamber.

Puc. 5. HeycTaHoBuBLUMIACA KonebaTeNbHbIA NPOLLECC MACC MaLLMHbI M0 BPEMEHM ¢ (CEK.), NONYYEHHbIN B pe3ynbTaTe Npoesaa eavuHUYHOM
HepoBHOCTU: Z1 1 Z2 — nepeMeLLeHne HenoapeccopeHHol U NoApeccopeHHol Macchl; @ — nepeMeLLeHue (X0Z) Mace MalUMHbI C ycTa-
HOBMEHHBIM B MOJBECKY aMOPTU3aTopa, UMEIOLMIA JOMOSHUTENBHYI0 NMHEBMOKaMepy; b — YCKOpPeHWe NoapeccopeHHoii Macchl B Ciyyae
MUCMO/b30BaHUKM aMopTU3aTopa C AOMOJHUTENBHOW NHEBMOKAaMEPOW; ¢ — MepeMeLLeHne (Xoa) Macc MallMHbl C YCTaHOBAEHHBIM B MOA-
BECKy aMOpTU3aTopa, He UMEIOLLIEro ONONHUTENbHYI0 MHEBMOKaMepy; d — YCKOpeHWe NoAPeccopeHHON Macchl B Cly4ae UCMob30BaHu
aMopTur3atopa 6e3 LOoNoNHMTENbHON NMHEBMOKaMepbl.
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to slow down, since this irregularity no longer causes
discomfort. According to studies [1], typical peak
vibration accelerations in trucks range from 4 to 5 m/s2.
In However, with the proposed PHS, the maximum body
acceleration is limited to 1.35 m/s2, demonstrating its
effectiveness.

A graphical interpretation of the steady-state
oscillation calculations for driving over a sinusoidal
irregularity, which represents the most demanding
suspension operation mode (movement over a comb-
like pattern), is presented in Fig. 6. The height
of this irregularity is 0.08 m, and its length is 3 m
with a disturbance frequency o, of 17. 45 s~!, which
corresponds to a TTM speed of 30 km/h.

The analysis of the obtained steady-state oscillations
of the vehicle masses shows that, with the proposed
PHS, wheel displacement does not exceed the height
of the irregularity. Similarly to passing over a single
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irregularity, a phase shift is observed between the vehicle
masses. After an initial transient phase lasting
approximately 1 s, the oscillations transition to a steady
state The displacements of the vehicle masses and
their accelerations reach high values when hitting the
irregularity.

Using the PHS with an additional pneumatic chamber
(Fig. 6¢c and d) results in more steady-state oscillations
of the vehicle masses after the transient process, while
ensuring constant contact of the wheel with the road.
This allows the wheels to follow the irregularity
closely, reducing the body displacements by 25%, and,
consequently, its accelerations by 2.6 times. During
the transient process, peak body acceleration reaches
just 0.8 m/s2, significantly lower than the typical vibration
acceleration in trucks, which ranges from 4 to 5 m/s? [1].
After the transient process, body acceleration stabilizes
at 0.4 m/s2, enabling the vehicle to drive on this irregularity
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Fig. 6. Characteristics of steady-state oscillatory processes of the car masses by time ¢ (sec.), obtained as a result of passing a sinusoidal
bump: Z1 and Z2 — displacement of unsprung and sprung masses; @ — displacement (stroke) of the car masses without an additional
chamber; b — acceleration of the body without an additional chamber; c — displacement (stroke) of the car masses taking into account
an additional chamber; d — acceleration of the body taking into account an additional chamber.

Puc. 6. XapaKTepucTuKa YCTaHOBMBLUMXCS KoNnebaTeNbHbIX NPOLECCOB MacC MalUMHbI MO BPEMEHW ¢ (CEK.), MOMYYeHHbIe B pesyrbTaTe
npoesaa CUHYCOMAANbHOM HepoBHOCTU: Z1 M Z2 — nepeMeLLeHre HENOAPECCOPEHHOI U NOAPECCOPEHHOI MacCkl; @ — NepeMeLLeHne
(xon) Macc aBToMobUns 6e3 LONONHUTENBHON KaMepbl; b — ycKopeHue Ky3oBa 6e3 AONoNHUTENbHON KaMepbl; ¢ — nepeMelleHmne (Xog)
Macc aBTOMOBWIA C Y4eTOM [ONOHUTENBHON KaMepbl; d — YCKOpEeHWe Ky30Ba C Y4ETOM AOMOHUTENBHOM KaMepel.
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for 480 minutes without causing excessive driver fatigue.
This complies with the regulatory limits for vertical
accelerations over specific exposure times as presented
in GOST 31191.1-2004 [1-3, 39, 40]. When driving a vehicle
equipped with the proposed PHS at a resonant speed
of 8.6 km/h over a single irregularity, the movements
of the sprung masses increase to 0.11 m, causing
their accelerations to reach 2.6 m/sZ. Over sinusoidal
irregularities, peak acceleration values of the sprung
masses rise to 3.2 m/s2. These values enable the vehicle
to handle such irregularities for 60 minutes. However,
driving in resonant mode can lead to increased loads
on the vehicle units and components, as well as increased
discomfort for the driver and passengers.

The simulation analysis shows that the amplitude
of the oscillations depends on the disturbance frequency,
which is influenced by the TTM speed and the length
of the irregularity.

RESULTS OF A PRACTICAL STUDY
OF STATIC TRANSVERSE
STABILITY OF A VEHICLE

ON A SLOPE

A decrease in the rigidity of the suspension’s
elastic element can negatively compromise vehicle
stability when moving on a slope. To analyze how an
additional pneumatic chamber affects stability, we use
the calculation scheme presented in Fig. 3. The initial
data include the rigidity values for the PHS and pneumatic
tires, as detailed in Tables 2 and 3. The most dangerous
is modeled, where the roll angle of the body reaches
its maximum, causing unloading on one side and load
the other side.

Table 3. Initial data for determination of machine stability on slope

Tabnuua 3. McxoaHble faHHblE 4518 onpefeseHns YCTOMYMBOCTM
MaLLMHbI Ha Kocorope

Parameter Value
Distance between elastic elements 0,57
of suspension (PHS), m
Average track of tires, m 1,92
Height of the center of mass, m 0,98
Body roll angle, deg 8,40

Using a single-mass model to simulate this worst-
case scenario, with a body roll angle of 8.4°, the lateral
stability coefficient was calculated at 0.932, and
the critical slope angle for lateral rollover was 43°.
Values calculated according to the methodology proposed
in GOST 31507-2012, yielded a lateral stability of 0.98
and a critical slope angle of 38°, with a calculated body
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DAl https://doiorg/1017816/0321-4443-628957

Tractors and Agricultural Machinery

roll angle of 6.5°. These results demonstrate that as the
roll angle approaches critical values, the lateral stability
coefficient decreases. However, the road’s lateral slope
angle exceeds the static stability angle for lateral
rollover, obtained without considering the elastic
properties of the PHS and pneumatic tires. This
demonstrates the importance of including suspension
and tire characteristics when evaluating vehicle static
stability.

The relationship between suspension rigidity and
static stability angle, as modeled in Mathcad [37] using
the proposed technical solution (Fig. 7), indicates that
reducing the rigidity of the PHS elastic element does not
cause a significant decrease in the angle of static stability
and even exceeds the standard values. If a regulating
pneumatic valve is installed between the primary and
additional pneumatic chambers of the PHS, particularly
on the side facing the slope, the static stability angle
can be increased to 44°. According to the presented
graph (Fig. 7), rigidity values ranging from 50 kN/m
to 1,000 kN/m affect the angle of static stability
on the slope. Beyond this range, increased rigidity no
longer improves TTM stability.

The study assumes static conditions. Under dynamic
conditions, with oscillations of the sprung masses
on the elastic elements of the suspension, the stability
angle can decrease. However, owing to the reduced
oscillations with the proposed PHS, the dynamic stability
remains nearly unchanged.

Table 4 presents the calculated lateral slip angles
for different road surface types and conditions commonly
found in roadless terrain. These values were obtained
for the KAMA-URAL 390/95R20 [41] high-traffic tires,
which are installed on the chassis of the KAMAZ 43502
truck.

The results (Table 1), reveal that the maximum lateral
slip angle is 35°, significantly lower than the calculated
static stability angle for lateral turnover, which is 43°.
This ensures the vehicle slides smoothly down the slope
rather than overturning, thereby satisfying the condition
of Eq. (14), and enhancing the safety of TTM operation
in roadless terrain.

CONCLUSION

The safety of TTM operation in off-road conditions
depends on various vehicle parameters and their
interaction in the oscillatory system. The presented
calculation methods for oscillatory systems allow
for analyzing these processes, assessing the effect
of the additional pneumatic chamber in the PHS, and
evaluating its effect on key indicators of traffic safety
in off-road conditions.

The study found that when encountering a single
irregularity, the proposed PHS reduced body movement
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Fig. 7. Influence of the stiffness of the elastic element of the
shock absorber on the static transverse stability of the machine
on a slope: 7 — dependence when using a PHA with an additional
pneumatic chamber; 2 — dependence when using a PHA without
an additional pneumatic chamber.

Puc. 7. Bnusanue KECTKOCTW ynpyroro aneMeHTa amopTu3atopa
Ha CTaTUYECKYI0 MOMEPEeYHyi0 YCTOMYMBOCTb MaLLMHBI Ha KOCOro-
pe: 1 — 3aBUCUMOCTb Npu ncnonb3oBaHum MIA ¢ [ONOAHMTENBbHON
MHeBMaTHyecKoii KaMepol; 2 — 3aBUCMMOCTb MPK CMO/b30BaHWM
[rA 6e3 fononHMTENbHOWM NHEBMATUYECKO KaMepbl.

by 15.8% at the point of impact and decreased body
acceleration by 2.6 times. Furthermore, the oscillatory
motions of the vehicle masses completely dampened
in period 4. The wheel follows the profile of the irregularity
without causing a breakdown of the suspension.

For the most demanding conditions, such as driving
on a comb-shaped sinusoidal irregularity, the proposed
PHS stabilized the oscillatory movements of the vehicle
masses significantly. The wheels adapted to the wave
irregularity without damaging the suspension, decreasing
body movements by 25%. Body acceleration during the
stabilized oscillatory process also reduced by 2.6 times.
Consequently, the TTM could traverse such uneven
surfaces at a speed of 30 km/h for 480 min without
increasing driver fatigue.

The study also determined that critical parameters
such as TTM speed along uneven surfaces, the frequency
of impacts from these surfaces, and their lengths affect
significantly the oscillatory system.

The presented method for assessing the static
stability of a vehicle on a slope can be used to assess
vehicle stability, considering the elastic characteristics
of the suspension elements and pneumatic tires.
The study showed that with a maximum permissible body
roll angle of 8.4°, the angle of static stability for lateral
rollover reached 43°. This value is 13.2% higher
than results calculated using the method presented
in GOST 31507-2012.

The PHS elastic element rigidity was found
to significantly influence the angle of static stability
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for lateral overturning in the range of 50-1,000 kN/m.
Beyond this range, further increases in rigidity have
minimal effect on stability but negatively affect ride
smoothness. At the same time, dynamic stability remains
largely unaffected by these changes.
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AOMO0/HUTE/IbHAAA UHOOPMAL UA

Bknag aBtopa. PP. BykupoB — paspaboTka TexHu-
YECKOro pelleHns B BWAE MHEBMOrMAPaBIMYECKOro
amopTn3atopa C [OMNOJHWUTESIbHOW MHEBMATUYECKON
Kamepow, pa3paboTka METOLUKM MaTeMaTUYecKOro Mo-
LeNMpoBaHNs IBYXMacCOBbIX 0LHOOMOPHbIX KonebaTens-
HbIX CUCTEM MpUW YCTaHOBMBLUMXCA W HEYCTAHOBMBLUMXCS
KonebaHuax, pa3paboTKa MaTeMaTW4ecKoro annaparta
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