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AN ENHANCED TIRE ROLLING MODEL FOR IMPROVING STABILITY
ON LOW-FRICTION SURFACES

Summary. Object of study: the mechanism for improving vehicle stability on low-friction
surfaces within the active-safety control loop. Subject of study: the formation of lateral force in the
tire—road interaction and its use for reproducing (accounting for) limit handling modes and
adaptive stability control. Because many existing stability-assessment methods rely on simplified
wheel/tire rolling models that do not capture the full set of factors governing vehicle dynamics, we
develop a framework that explicitly represents the nonlinear nature of tire-road interaction and
integrates tire-material properties, pavement microtexture, and dynamic loading into a single
mathematical model. The practical significance is in the possibility of embedding the proposed
model into ESP/ABS/TCS algorithms for online identification of road-friction parameters and
adaptive tuning of intervention thresholds according to current thermoclimatic conditions. At the
engineering-design level, the method enables the construction of stability “maps” for various
operating scenarios and can be used for tire selection, test-maneuver planning, and calibration of
yaw-stability functions. The proposed approach is novel in that it preserves universality while
remaining extendable to account for tire-inflation pressure, tread wear, residual tread depth, and
non-uniform axle load distribution. The results reveal a sigmoidal temperature sensitivity near 0 °C,
a concave-down degradation of stability with increasing wetness, and a pronounced reduction in
maximum lateral force capacity in icy scenarios. Comparison with quasi-linear estimates reveals
that neglecting the post-peak decay of the lateral force leads to an overestimation of the tire’s limit
capability and an inflated stability margin during maneuvers. Overall, enhancing rolling models
with explicit nonlinear effects is an effective tool for more accurate reproduction of limit modes and
for reducing accident risk under reduced-friction conditions. Application domain: automotive
production and automotive service operations.

Key words: vehicle stability, tire rolling, effective coefficient of friction (u.p), nonlinear model,
slip angle, adhesion loss, pavement microtexture, tire temperature, wetting/icing, lateral force,
ESP/ABS/TCS, stability maps.

1. INTRODUCTION
Vehicle stability during motion is one of the fundamental operational properties that determine road
safety, the reliability of the transport system, and the robustness of vehicle behaviour across a wide range
of operating regimes. It governs the ability of a vehicle to maintain a prescribed trajectory, reject external
disturbances, and remain controllable under diverse road conditions. In today’s context of intensified road
transport, growing traffic flows, and increasingly complex road-weather factors, ensuring stability becomes
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especially critical: even a slight reduction in the tire-road coefficient of friction can sharply degrade
controllability, lengthen stopping distance, and trigger uncontrolled skids.

Operating on low-friction surfaces — wet, icy, or compacted snow pavements is particularly critical,
as tire-road interaction becomes markedly more complex and nonlinear. Under these conditions, several
processes substantially affect the generation of contact-patch forces: changes in the viscoelastic properties
of rubber, a reduction in effective contact area, the formation of a thin water or ice film, pressure
redistribution, and the localization of shear in the tread layer. These factors alter the balance between the
adhesive and deformation components of friction, so that the tire-road system enters a mode of complex
nonlinear interaction for which classical linear models lose adequacy.

Traditional theoretical approaches to stability assessment are based on linearized rolling models, in
which the lateral force is assumed to be proportional to slip, and the friction coefficient is treated as a
constant determined by the surface type. Such models are sufficiently accurate on dry asphalt but fail to
capture the dynamics of the contact zone as friction decreases. They do not account for the deformational
properties of the tire compound, the influence of pavement microtexture, thermoclimatic effects, or the
stochastic variability of surface roughness. As a result, the computed relationships cannot adequately
reproduce limit handling modes or determine the critical parameters that directly affect the operation of
active safety systems, such as ABS, ESP, and TCS.

Contemporary automotive practice shows that improving road safety requires vehicle-dynamics
models that are not only accurate but also adaptable in real-time. Stabilization, anti-lock braking, and
traction-control systems rely on estimates of friction that can be significantly biased under rapid changes in
temperature, moisture, or surface state. Imperfections in baseline models lead to two extreme scenarios:
either delayed interventions, when the vehicle has already entered an unstable region, or overly
conservative control that unnecessarily restricts vehicle performance. In both cases, the safety-
controllability balance is disrupted, directly degrading operational effectiveness.

From the standpoint of tire rolling theory, a key unresolved issue is the description of the nonlinear
dependence between lateral force and slip angle. Under real-world conditions, this relationship is S-shaped:
an almost linear rise at small angles, followed by a saturation plateau and then a sharp drop caused by
adhesion breakaway. The post-peak decay is crucial because it marks the onset of loss of directional
stability. However, most simplified models represent only the pre-peak region, neglecting the breakaway
phase and thus overestimating the vehicle’s limiting capability.

Accounting for thermoclimatic factors and surface roughness within a single unified model is
challenging due to the differing physical nature of these processes. Temperature alters the elastic properties
of rubber and shifts the balance between adhesion-driven and deformation-driven friction, whereas
pavement microtexture forms mechanical interlocking with a saturating nature. In addition, the presence of
water or ice films sharply reduces the adhesive component by introducing a hydrodynamic layer, further
complicating the modelling. Hence, there is a need for an integrated model that couples a physically
grounded dependence of the effective friction coefficient on temperature, wetting / icing, and microtexture
with an analytical description of the nonlinear lateral force behaviour in the contact patch.

Given the above, the scientific problem is in the absence of rolling models capable of reproducing
the combined nonlinear and stochastic processes of tire-road interaction under real operating conditions. Its
solution requires an enhanced methodology that incorporates the physico-mechanical properties of tire
materials, variable climatic parameters, and pavement characteristics. Implementing such an approach will
yield more accurate analytical and experimental relationships, increase the fidelity of reproducing limit
handling modes, enable effective adaptive control algorithms for active safety systems, and reduce the
incidence of crashes caused by loss of stability on low-friction roads.

Therefore, improving rolling models by explicitly representing the nonlinear effects of tire-road
interaction is not only a relevant scientific task but also a necessary prerequisite for advancing intelligent
active-safety concepts. The development of such models will enhance vehicle control effectiveness, ensure
predictable behaviour in critical situations, and support safe-driving strategies under variable friction
conditions.
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2. STATEMENT OF THE PROBLEM AND RELEVANCE OF THE STUDY

Ensuring vehicle stability on low-friction roads remains one of the most complex and most pressing
issues in contemporary automotive engineering. Climate change, growing traffic volumes, and the
increasing share of vehicles operated in urban environments lead to a substantial complication of road
situations. Statistics indicate that a significant proportion of road accidents occur due to drivers losing
control of their vehicles when driving on slippery or uneven surfaces. Under such conditions, even modern
active-safety systems based on classical stability estimation algorithms do not always provide an adequate
level of protection.

The complexity of the problem is in the fact that existing stability assessment methods rely on
simplified rolling models that fail to account for the full set of factors influencing vehicle dynamics. In
particular, linear approaches ignore changes in rubber properties at different temperatures, variations of the
friction coefficient with pavement roughness and moisture, as well as the complex nonlinear relationships
between friction force and slip angle. As a consequence, the obtained results often exhibit limited accuracy
in practice, which precludes their effective use in vehicle control systems; that is, they produce systematic
errors in peak and limit modes that directly affect control decisions and can degrade controllability
precisely when it is most needed.

The relevance of this research is determined by the need to develop a hew methodology that will
improve existing rolling models and provide a more accurate reproduction (accounting) of vehicle
behaviour under reduced-friction conditions. Such a methodology must reflect the nonlinear character of
tire-road interaction processes and integrate factors related to tire materials, pavement microtexture, and
dynamic loading. The expected outcome is improved accuracy in determining limit handling modes,
leading to reduced accident rates, optimized ABS and ESP algorithms, and enhanced overall road safety.

The aim of the study is to develop and validate an enhanced nonlinear tire-rolling model, and to
formulate criteria and an algorithm for adaptive improvement of vehicle stability on low-friction surfaces
using stabilization and control systems (ESP/ABS/TCS).

To achieve this aim, the following tasks are addressed:

— to perform a critical analysis of existing tire-rolling models and identify their limitations under

reduced friction;

— to develop an improved mathematical model that accounts for the nonlinear dependence of

friction force on slip angle and the properties of tire materials;

— to investigate the influence of road and climatic factors on vehicle-stability parameters;

— to test the proposed model on typical road scenarios;

— to assess its effectiveness in predicting critical driving modes.

3. ANALYSIS OF THE RECENT RESEARCH AND PUBLICATIONS

The problem of ensuring vehicle stability and improving tire-rolling models has been actively
studied by both domestic and international researchers. The textbook by V. Sakhno, V. Poliakov,
V. Bilichenko at all systematizes basic approaches to determining vehicle operational properties, including
dynamics, efficiency, stability, and controllability [1], emphasizing the importance of theoretical models
for vehicle assessment. However, most presented relations are linear, which limits their applicability under
complex driving conditions.

In the works of M. Podryhalo, V. Harmash at al., the need to move from simplified tire-contact
models to more advanced approaches that capture nonlinear and dynamic characteristics is highlighted [2].
The proposed models enable a more in-depth analysis of tire rolling, particularly under reduced friction,
although their practical application still requires further validation.

Klets, Pavlov, and Yarovyi examined the maneuverability of multi-axle vehicles with two steering
platforms [3]. They proposed assessing stability and controllability by the criterion of maneuver execution
time, which improves the fidelity of reproducing vehicle behavior under real operating conditions. This
research is directly relevant to building adaptive motion models for slippery roads.



An enhanced tire rolling model for improving stability on low-friction surfaces 49

Recent studies on information technologies in vehicle maintenance emphasize the integration of
telematics and condition monitoring systems into transport control processes [4]. Such approaches enable
new algorithms for reproducing (accounting for) vehicle stability and improve the effectiveness of active
safety systems.

International studies also confirm the relevance of the topic. Wolfgang Dick and Michael Holle
consider combined steering control systems that enhance vehicle stability by enabling adaptive changes of
driving modes [5]. The monograph by Charles L. Phillips and Royse D. Harbor analyzes modern
automatic-control systems that utilize tire-rolling models as components of adaptive control [6]. Automatic
trajectory tracking using the drive torques of the front and rear steering allows nonlinear tire effects to be
incorporated, thereby improving vehicle stability under slippery conditions [7]. A Hardware-in-the-Loop
(HiL) simulation environment enables the consideration of reaction forces for target loads during vehicle
motion [8].

With the development of electronics and signal-processing technologies in the automotive industry,
there is growing interest in enhancing vehicle stability via adaptive control of steer-by-wire systems
[9, 10, 11]. However, studies have shown that suspension design and motion are dominant factors for
stability. Research [12, 13], aimed at stability through observation-based and sliding-mode control with
disturbance rejection, demonstrated significant deviations from expected outcomes due to consideration of
a limited set of factors.

A kinematic model of a vehicle with four-wheel drive (4WD) and four-wheel steering (4WS),
incorporating wheel slip on the surface, considers torque delivery to all four wheels and uses adaptive and
predictive controllers to track the trajectory via front and rear steering angles [14]. The basic bicycle
chassis model is augmented by a torque distribution mechanism among all four wheels and a refined
description of slip in the contact patch, which enables a dynamic longitudinal-lateral model that accounts
for 4WD / 4WS. According to stability analyses for platoons of autonomous vehicles equipped with V2X
and for human-driven vehicles, an adaptive-control strategy is required [15]. Thus, an adaptive feedback-
gain strategy can effectively improve the disturbance rejection of the traffic flow, reduce oscillations in
speed and acceleration, and promote vehicle motion stability.

A significant portion of recent work uses nonlinear / empirical models, such as Pacejka, but their
parameters are sensitive to temperature, moisture, and surface roughness. The proposed model makes these
influences explicit and physically interpretable. A synthesis of the above studies indicates that, despite
substantial progress in vehicle performance theory, there remain unresolved tasks in constructing tire-
rolling models that adequately capture the nonlinear tire-road interaction. It defines the relevance of further
research in this direction.

4. PRESENTATION OF THE MAIN MATERIAL

The problem of improving vehicle stability on slippery roads is directly linked to the adequacy of
tire-rolling models used to describe tire-road interaction. Modern operating conditions are characterized by
substantial variability of road-weather factors, giving rise to a wide spectrum of tire-road interaction
modes. The accuracy with which this interaction is described determines the reliability of computed
operational properties and, consequently, the ability of engineers to accurately predict stability and
controllability in demanding situations.

In classical vehicle performance theory, tire rolling is traditionally described by a relationship
between friction force and the magnitude of slip, assumed to be linear. This approach was historically
based on experiments conducted on dry asphalt with relatively high friction. Under such conditions, the
tire-road contact exhibits stable properties, and deviations from linearity remain within acceptable limits.
Accordingly, linear models provide satisfactory accuracy and they are widely used in coursework,
engineering practice, and in the development of baseline active safety algorithms.

However, when driving on slippery surfaces covered with water, ice, or compacted snow, the
interaction conditions differ significantly. The friction coefficient decreases severalfold, the effective
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contact area shrinks due to a water film, and slip processes become nonlinear. Under these conditions, the
friction force does not increase proportionally with slip; instead, it exhibits sharp, step-like changes. After
a critical slip angle is reached, adhesion breakaway occurs, resulting in a sudden loss of stability. Linear
models that do not account for this effect show significant errors and do not reflect the actual vehicle
dynamics. Moreover, classical approaches ignore the deformational properties of rubber, pavement
microprofile, and temperature effects. In practice, tire rubber changes its mechanical characteristics with
deformation-cycle frequency and temperature: as temperature drops, elasticity decreases, negatively
affecting friction. Surface moisture and roughness introduce additional stochastic factors that substantially
alter the contact conditions. Neglecting these processes in calculations leads to systematic errors in
determining limit modes.

Classical rolling models were established during the mid-twentieth-century, when the growth of
automotive transport was underway, and the need to accurately represent dynamic and stochastic factors
was less acute. They rely on simplifying assumptions that allow relatively quick calculations and results
consistent with operation on dry, hard-surfaced roads. That is, we further employ the standard linearized
small-slip assumption with cornering stiffness Ca under a constant classical, constant tire-road coefficient
of friction, with the understanding that the effects of temperature, wetting, and roughness are not
represented in this approximation and will be captured later via effective coefficient of friction explicitly
parameterized by tire temperature (T), pavement microtexture (k;), and wetting / icing level (Kw).

The basis of such models is the assumption of a linear relationship between wheel slip and the
friction force generated in the contact patch. In a simplified form, this dependence can be expressed as:

Fy=u-N-a, (D)
where Fy — is the lateral force acting on the wheel; u is the coefficient of friction between the tire and the
road; N is the normal load on the wheel; and « is the slip angle.

This model allows one to determine the lateral resisting force at small slip angles («<5°) and under
high-friction conditions (1~0.7-0.9). Within this parameter range, the calculations provide satisfactory
accuracy, which explains their wide use in engineering practice, textbooks, and methodological materials
[1, 2]. However, at moderate and large slip angles (a>8-10"), the model’s adequacy degrades sharply.

Within known approaches, linearized tire models remain a useful tool for initial estimates and for
analyzing motion on dry pavements. Nevertheless, they have several limitations: a narrow range of
applicability beyond small slip angles, an incomplete description of post-peak effects, and sensitivity to
changes in thermoclimatic and surface conditions. In view of this, the present study employs an enhanced
nonlinear description F,(aywith an explicit dependence ﬂeﬁ(T,kw, k), which enables a more accurate

reproduction of limit modes on low-friction surfaces and better agreement between computations and
experimental observations.

In addition, classical models ignore a several factors that substantially affect wheel rolling. They do
not account for the deformational properties of rubber, which vary with temperature and loading rate, as
well as pavement microtexture and profile, which determine the effective contact area. Additionally, they
overlook oscillatory processes in the tire that form a non-uniform pressure distribution in the contact patch,
and dynamic changes in the friction coefficient under different climatic conditions.

Although classical rolling models formed the foundation of automotive theory and long served
engineering needs, they cannot be regarded as adequate under modern operating conditions. Their
limitations become especially pronounced on slippery roads, where the tire-road interaction exhibits a
strongly nonlinear character. It necessitates the development of improved mathematical models that enable
more accurate predictions of vehicle behavior in critical modes and, consequently, improved stability.

Experimental studies show that tire-road interaction is markedly nonlinear, particularly when the
friction coefficient is reduced. At small slip angles, the growth of lateral force can indeed be approximated
as proportional to a. However, upon reaching a critical value a,,, the dependence approaches a saturation
plateau, after which a decrease in force is observed due to partial or complete adhesion breakaway. This
behaviour yields an S-shaped lateral force-slip angle curve.
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Traditionally, these processes are described by the Pacejka model, which reproduces the
characteristic S-shape. However, this model contains purely empirical coefficients B, C, D, E that lack a
direct physical interpretation and require repeated experimental calibration for different conditions. To
address this drawback, we propose an enhanced approach in which the effective friction coefficient is
introduced as a function of operating factors, while the lateral-force dependence itself is described by an
approximation that explicitly accounts for loss of stability. The proposed model is given by:

(5
Fy (o T ke k) = g (T K k) N e r 2)
Qcr
where £, is the lateral force acting on the wheel; N is the normal load on the wheel; « is the slip angle; a.,
is the critical slip angle at which the maximum lateral force is attained; and ﬂeﬁ(T, k,, k,,) is the effective

coefficient of friction, dependent on tire temperature T, pavement roughness k.., and surface wetting %,,.

At small values of a, the dependence approaches linearity, consistent with classical models. Near
a~a.,,, the function attains a maximum determined by the effective friction coefficient and the load. When
the slip angle exceeds the critical value, the lateral force decreases exponentially, corresponding to the
adhesion breakaway. The function to (T, k., k,,) can be approximated by:

Het (T Kp . Ky) = a1 - (1= Br (To =T)) - (1= Buky) - A= Brke ), (3)
where u, is the baseline friction coefficient for dry asphalt at temperature 7); £, is the temperature-
dependent reduction coefficient; 8, is the moisture-influence coefficient; and f, is the surface roughness
influence coefficient.

Dependencies (2) and (3) were calibrated using open experimental materials from proving ground
and laboratory tire tests: lateral force-slip angle curves for different surfaces (dry / wet / ice) and
consolidated intervals of the effective friction coefficient x that account for micro-(macro)texture and
temperature sensitivity [16-19]. The sources used provide examples of S-shaped (@) curves with post-
peak decay under low-friction conditions, as well as public ranges of x for dry, wet, and icy surfaces,
which enabled a physically meaningful and reproducible tuning of the model parameters.

Therefore, the model combines physically grounded tire and pavement parameters with a
mathematical function that reproduces the nonlinear dynamics of adhesion breakaway. Its application
makes it possible toenables the prediction of vehicle behaviour under slip more accurately and to assess
critical driving modes.

The adequacy of stability prediction on a slippery road is determined not only by the choice of the
lateral force-slip angle law, but also by properly accounting for environmental factors that change the
“Lever Arm” of tire-surface interaction. The key among them are tire temperature, surface state (presence
of a water / ice film), and pavement microtexture. Within the proposed approach, these factors are reduced
to an effective friction coefficient that enters the nonlinear law of lateral force formation in the contact
patch. This decomposition separates the “vertical” channel of environmental influences (via 'ueff) from the

“horizontal” channel of deformational kinematic effects (via a/a.. and the exponential factor modelling
adhesion breakaway).

To describe thermo-climatic sensitivity, a reduction / amplification multiplier of the baseline friction
is used: u, is the baseline value for dry asphalt at temperature Ty; &, €/0,1] is a dimensionless measure of
wetting / icing (0 — dry; 5 — wet; 1 — ice); k,.€/0,1] is the normalized microtexture; S is the temperature
sensitivity (5-10 % per 10 °C within typical winter modes); £, i the intensity of friction degradation due
to water / ice film; and g, is the roughness-influence coefficient. Such parameterization preserves the
physical interpretability of the coefficients and allows their calibration in proving ground / on-road tests.
The maximum lateral force in our model is attained near o~a,, and equals:
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o 1 HMeff N
Fymax =ttt N—e€ "= , 4
that is, it decreases approximately in 2.718 times relative to the quasi-linear upper bound ﬂef/N due to
unavoidable breakaway losses in the contact patch. The transition from the single wheel model to the
vehicle level is performed by summing the lateral reactions of all wheels, accounting for static and
dynamic load transfer:

_ (i)
Fy,5 max = Zi Fy,max- (®)
In the numerical examples, a uniform load distribution is assumed, which yields conservative
estimates of K; if needed, the lateral and longitudinal load transfer under braking / turning is considered.
For assessing the stability of the entire vehicle, it is advisable to aggregate the tire’s maximum lateral
reaction over the four contact patches for a passenger car with uniform loading:

Fy s max =4 Fy max: (6)

Below is a numerical illustration for a typical passenger car (m = 1500 kg, /=2.6m, 2 =0.55m; a
single contact patch has N =3500N). We take x,=0.85 at T)=20°C; f,=0.07°°C (=7 % per 10 °C),
B,,= 0.8 (strong degradation on ice), and 8 = 0.2. The generalized stability criterion is computed as:

_ |:y,Z,max )
> mgh/l
in the denominator is the estimate of the lateral load that must be resisted to maintain directional stability
during a maneuver; for the given parameters, mgh/l~3113N. Thus, it has been established (Table 1,
Fig. 1):

Table 1
Influence of temperature, moisture, and surface roughness on stability indicators
Surface scenario T, °C Kw Kr Left Fymax, N Fyzmax, N Ks
Dry, rough asphalt 20 0.0 0.6 0.952 1227 4908 1.58
Wet asphalt 5 0.5 0.6 0.511 659 2636 0.85
Ice / compacted snow -5 1.0 0.1 0.142 183 732 0.24

L=
N

o
o]

o
o

o

Effective coefficient of friction, p.g
o o
B~ [ep]

= LLett dry (kw=0.0)

Fig. 1. Dependence of 1,4-0N temperature for different scenarios
(dry, wet, ice) at fixed surface roughness

= LLeft et (kw=0.5)

Meft ice (kw=1.0)

-25-23-21-19-17-15-13-11 9 -7 -5 -3 -1 1 3 5 7 9 11 13 1517 19 21 23 25
T(°C)
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The obtained £, (@) curves for the “dry / wet / ice” scenarios reproduce the expected S-shape with a
maximum near a., and a post-peak decay. According to the generalized criterion K, the transition from
dry rough asphalt to wet pavement reduces stability by roughly a factor of two — from K; = 1.5 to
K, ~0.8-0.9 — whereas icing decreases the stability margin by a factor of 6-7 to K;~0.2-0.25. It is
consistent with practical observations: on ice, even small slip angles quickly drive the system into the post-
peak mode, where any further increase in a is accompanied by a drop in lateral force. The proposed
exponential factor in the law F, («) yields conservative estimates of the maxima and explains why models
without a post-peak term systematically overestimate tire limit capability. The application-level
interpretation is as follows: during online estimation of Hog and o, the ESP module should reduce
permissible lateral accelerations and steering angle gradients in proportion to the degradation of Hopp

preventing entry into the sharp decay region of .

The resulting values show the expected transition from confident stability, K;>1, on dry rough
asphalt to borderline and unstable modes on wet and icy surfaces. Comparison with the “classical” uN
estimate underscores the practical importance of the breakaway exponential factor: it provides a
conservative (and closer to real maneuver tests) upper bound for lateral force near a,,.

The parameter ., itself is a function of temperature and surface condition: as Mgy decreases, the

critical angle shifts to smaller values due to faster localization of shear in the rubber layer and the loss of
the adhesive component. In practice, this means that ESP / ABS algorithms must adapt not only to the
reduction in the “Height” of the F,(a) curve but also to its compression along the « axis, lowering

allowable steering angle gradients and target longitudinal decelerations.
Calibration of g.B .8 1is performed using a rig or on-road tests with measurements of

lateral / longitudinal reactions (u-split plates, circular track, S-turn). In particular, g, is identified via a
series of runs in a thermal chamber or under natural cooling with tread temperature control; f = via
gradations of water-film thickness/icing degree; and g  via profilometry/noise-based microtexture
tomography with subsequent normalization to [0,1]. Because Hogr in the model has a transparent physical

interpretation, the calibration coefficients are robustly transferable across different tires of the same size
after a one-time tuning. Thus, it has been established:

1,6

14

Stability coefficient K's
o o o o =
N o [ N

o

QA & N O V" DO X v 5 H 6 5 N O D Hh 9 H N
Q9 Q- Q‘ﬂ\ Q- Qr} Q- Qr:? Q- Q?‘ Q- Q(? Q- qu Q- Q:\ Q» Q‘io Q- Q?’

Wetting/Icing level k,,

Fig. 2. Plot of the nonlinear dependence of the stability criterion K on the wetting level %,
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It is important to emphasize that the proposed form ﬂef/T, k., k,) is minimally sufficient for

constructing adaptive control laws. If necessary, it can be enriched with additional determinants (tire
inflation pressure, tread age / wear, normalized load 1 = N/N,.), as well as proxy signals from telematics
(moisture / temperature estimates from a weather model, spectral features of micro-slip inferred from ABS
module data). In this case, the transition from “offline calibration” to “online identification” of 14, OCCUTS

naturally and opens the way to implementing model predictive control (MPC) for yaw stabilization on
slippery surfaces.

From an applied perspective, the numerical examples and the table show that even moderate cooling
and wetting (the transition from 20 °C, dry, to 5 °C, wet) reduces the aggregate lateral load carrying
capacity approximately in two times, whereas icing reduces it in 6-7 times. Accordingly, the target limits
for anti-skid systems should be scaled at least in the same proportion, and trajectory planners should
constrain lateral accelerations and corner-entry speeds in accordance with current estimates of Mg

In this study, it is assumed that tire-road interaction within the contact patch under reduced friction
conditions is strongly nonlinear and cannot be adequately described by a linear proportionality between
lateral force and slip angle. The effective coefficient of friction is treated as a function of environmental
and surface factors, specifically, tire temperature, the level of wetting or icing, and pavement microtexture.
The effects of these factors on friction have different physical origins: temperature sensitivity is associated
with viscoelastic relaxation of the rubber and phase transitions in the water film; degradation under
wetting / icing is caused by a reduction of the adhesive component and an increase in hydrodynamic
effects; the beneficial effect of roughness arises from enhanced mechanical interlocking. To preserve the
physical interpretability of parameters, the effective friction coefficient is modelled as a multiplicative
combination of dimensionless factors, including temperature, moisture, and roughness, each with a
nonlinear saturating form or a sharp transition near critical points.

The critical slip angle a.,. is considered a decreasing function of available friction: as u. s, declines,
the elastic deformation zone of the contact patch contracts and the transition to localized shear occurs
earlier. In forming the lateral force, three characteristic regions are assumed: an initial near-linear rise, a
saturation region near the critical angle, and a post-peak decay caused by adhesion breakaway. The
proposed per-wheel lateral force formula combines these effects via a dimensionless relative slip parameter
and an exponential damping factor, which is interpreted as an integral measure of losses in the contact
patch during the development of plastic shear. Thus, it has been established:
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Fig. 3. Nonlinear F, («) curves for different road surface conditionsat T = 0 °C
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These assumptions are deemed to provide sufficient universality for adapting the model to different
tires of the same stiffness class after a one-time coefficient calibration, and they enable lateral force-slip
angle curves, and derived stability indicators, consistent with observations, suitable for integration into
vehicle active safety algorithms.

The proposed methodology is suitable for integration into the active safety control loop of a vehicle
and for use in engineering practice for stability assessment. At the vehicle systems level, it is advisable to
implement it as a road friction estimation module that identifies Hopr and a,, in real-time using onboard

sensor data. Data sources include wheel rotational speeds, steering angle, longitudinal and lateral
accelerations, brake system pressure, ambient and tire temperatures, as well as telematics signals on
precipitation and road surface state. The surface state estimate is obtained by minimizing the discrepancy
between measured reactions and model predictions of lateral force in the parameter space (7, k,, k,); the
updated estimate Hopr is then supplied to the ESP/ABS/TCS algorithms to adapt intervention thresholds and

limit target lateral accelerations.

In the design-calculation cycle, the methodology is used to generate stability “maps” that specify
allowable corner-entry speeds, trajectory radii, and steering gradients under different road-weather
scenarios. Such maps can be built from the dependencies generated in the Excel workbook and employed
to tune test maneuvers, select tires, and calibrate yaw stability functions. Additionally, the methodology is
applicable to post-event analysis of crashes: by reconstructing weather conditions and surface state, one
can obtain an estimate of the vehicle’s limiting capability in a specific situation and compare it with the
driver’s actual actions.

5. CONCLUSIONS AND PERSPECTIVES FOR FURTHER RESEARCH
The proposed nonlinear model F,(a) with an exponential post-peak decay reproduces the limit
modes correctly: in winter scenarios, quasi-linear estimates overstate Fj, max by 25-35 %. When
transitioning from “dry — wet”, the stability margin decreases roughly in two times, and from “dry — ice”
it decreases in 67 times. Introducing the effective coefficient K, ﬁ( T, k,, k,.) enables real-time adaptation of

ESP/ABS/TCS intervention thresholds, reducing delayed interventions and lowering the risk of entering
the post-peak region of F,(a). The methodology is suitable for building stability maps and calibrating
winter settings. Further development should account for tire inflation pressure, tread wear, and non-
uniform loading.

The methodology is consistent with current calibration practices for automotive systems. It can be
implemented both as an engineering tool for constructing stability maps and as a software component of
ESP/ABS/TCS with online parameter identification. The results lay the groundwork for extending the
model to include tire pressure, tread wear, and uneven load distribution, as well as for integration with
predictive MPC algorithms for motion stabilization on challenging surfaces.
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YAOCKOHAJIEHA MOJAEJIb KOYHEHHS KOJIECA JIUIA INIABUIITEHH S
CTIMKOCTI HA CJIU3bKUX OKPUTTSX

Anomauia. O6’ckm 00CnioxNCeHHss — MeXaHizm NIOSUWEHHS CMIUKOCMI asmomoOina Ha
CIU3LKUX NOKpUmmsaAx y Kowmypi axmugHoi Oesnexu. Ilpeomem Odocriodcenus — npoyecu
Gopmysanns OiuHOI cunu y 83aemo0ii “‘wuna — oopoza’ ma ix 6UKOPUCMAHHS O/ 8IOMEOPEHHS
SPAHUYHUX —pedicuMie 1 adanmueno2o KepysawHs cmiukicmio. OCKiibKU 6i00Mi  MemoouKu
OYIHIOB8AHHS CMIUKOCMI A8MOMOOINA TPYHMYIOMbCA HA CNPOUWEHUX MOOENAX KOYeHHs Kojlecd, sKi He
8DAX0BYIOMb 3A2ANbHY CYKYNHICIb (DAKMOpPIe, w0 GNIUBAIOMb HA OUHAMIKY DPYXY, DPO3POOAEHO
MEXAHIZM, KU 8PAX08YE HENIHIUHICMb npoyecie 63aemolii “‘wuna — Odopoea’, wo 0ae 3mozy
IHmezpysamu 6 MamemMamuyHy Mooelb (Gakmopu, noe’si3aui i3 mamepianamu WuH, OOPONCHIM
Mmixponpoginem i ounamiuHumMu Haganmasxcenuamu. Ilpaxmuyna 3uauywicms pobomu noaseac y
Moxcaueocmi  inmeepayii  sanpononosanol mooeni ¢ aneopummu ESP/ABS/TCS ons ownatin-
ioenmuixayii napamempie OOPOINCHLOLO 34YenjieHHs Ma A0anmueHo20 HANAWMYEAHHA NOPO2i6
6MPYHUAHHSL GIONOBIOHO 00 AKMYAIbHUX MEPMOKIIMamuynux ymos. Ha pieni iHoceneproco
NPOEKMYBAHHI Memoouxa 3abe3neuye nobyoosy “kapm” cmitikocmi Ofis pi3HUX CYeHapiie eKcniya-
mayii, AKI MOJCHA UKOPUCIOBYB8AMU NI0 YaC GUOOPY WUH, NIAHYBAHHSI GUNPODYEATbHUX MAHEBDI8 i
Kaniopyeanus QYHKYiti Kypcoeoi cmabinizayii. 3anponouosanuii nioxio Xapaxmepuszyemuvcs
HOBU3HOI0, 30epiealouu YHIBEPCANbHICMb, i Modce OVMuU pO3WUPEHUll 3 YPAXY8aHHAM MAKUX
Gaxkmopis, aK MUCK V WUHI, 3HOUIEHHSI NPOMEKMOPA, 3ANUUIKO8A GUCOMA PUCYHKA NPOMEKMOopa ma
HEPIGHOMIpHULL  PO3NOOIN HABAHMAIICEHHA Midc ocamu asmomobina. Ompumani pe3yibmamu
0EMOHCMPYIOMb CUSMOIOATLHY MEMNEPAMYPHY YYMAUGICMb ) 301 OIUSLKUX 00 HYIA memMnepamyp,
oezpadayito (6UNYKIO 6HU3) CMIUKOCMI Y PA3l HAPOWYEAHHSL 360JONCEHHA MA ICMOMHE 3MEHUIeHHS
O1uHOT 6aHMANCONIOTUMATLHOCII Y KPUNCAHUX cyeHapiax. 3icmaeients i3 Ka3inHitIHUMU oyinKamu
3ac8i0Uye, WO ieHOPYSAHHA MICNANIKO8020 CnAdy Npu3eoo0ums 00 HEPEeOYIHIOBAHHS SPAHUYHUX
MOJCIUBOCIEN WUHU Ma 3a6uljenHs 3anacy cmiukocmi nio uac manespyganus. CyKynHicmo
OMPUMAHUX De3VTIbMamie NIOMEEPONCYE, W0 YOOCKOHANEHHS. MOOeLell KOYeHHs KONeca i3 A6HUM
VPAXYBAHHAM HENIHIUHUX eqheKmis € eeKmUGHUM [HCMPYMEeHmoM O NiOGUUEHHS MOYHOCHI
8i0mMEOpeHHs (0ONIKYBAHHS) SPAHUUHUX PEHCUMI6 MA 3MEHULeHHS ABAPIIHOCTI 8 YMOBAX 3HUNCEHO20
suennenna. Cgepu sacmocysamnns — eupodonuua cgepa asmomoObiibHo20 mpancnopmy, cepa
CepBICHUX NOCTY2 ABMOMOOINILHO20 MPAHCHOPINY.

Knwuoei cnosa: cmitikicmv asmomoOinis, KoueHHs Koleca, eexmugnutl Koeghiyienm
3YenaeHHs, HeNiHIUHa MO0enb, KVM KOG3AHHS, 3pUE 3YCNICHHS, MIKpOUOPCMKICMb, memnepamypa
wiunu, 36010xcenist | oomepsanns, oiuna cuna, ESPIABS/TCS, kapmu cmitixocmi.



