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Abstract

This thesis presents the design, implementation, and virtual validation of advanced
wheel slip control strategies aimed at enhancing traction performance and stability
in RWD electric vehicles. To overcome the high-frequency torque oscillations typical
of classical non-linear methods, a chattering-free Conditional Integral Sliding Mode
Control (CISMC) is developed and compared against standard PI and Traditional
Sliding Mode Control (TSMC) baselines. The overall control architecture incorpo-
rates an adaptive Road Estimator Module based on the Burckhardt interpolation
model, which continuously monitors vehicle kinematics and utilized friction to
dynamically assign optimal reference targets. The complete control loop is inte-
grated natively within the high-fidelity IPG Automotive CarMaker co-simulation
environment via MATLAB/Simulink. The robustness and adaptive qualities of the
controllers are systematically evaluated through critical testing maneuvers under
non-uniform road profiles, including sudden friction transitions (p-jumps) and
asymmetrical surfaces (p-split), with insights on sliding-mode controllers stability
by Lyapunov function theory. The comparative simulation results validate the
superior capability of the proposed CISMC topology, which achieves remarkable slip
tracking accuracy and convergence while completely suppressing torque oscillations
and chattering.
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Nomenclature

Longitudinal vehicle acceleration

Tire-road friction coefficient

Peak friction coefficient

Wheel rotational speed

Wheel slip ratio

Optimal slip ratio

Boundary layer thickness.

Longitudinal tire force

Lateral force acting on wheel.

Vertical tire force

Aerodynamic drag.

Total resistive force

Rolling resistance acting on wheel.

Index for axle identification (R for rear, F' for front)
Index for wheel identification (L for left, R for right)
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Introduction

1.1 Background and Motivation

The global automotive industry is currently undergoing a historic transition from
Internal Combustion Engines (ICE) to Electric Powertrains (EP). This evolution
represents a fundamental paradigm shift, particularly within the high-performance
and motorsport sectors, and is not merely characterized by a change in energy
source but also by a radical transformation in vehicle dynamics control capabilities.
The fundamental motivation for the shift from ICE to EP in high-performance
applications lies in the superior controllability of electromagnetic torque. As estab-
lished by Hori et al. [1], the torque response of an electric motor is approximately
two orders of magnitude faster than that of an ICE, which is constrained by intake
manifold dynamics, the delays of the ignition cycle and mechanical transmission
latencies, unlocking the ability to modulate torque in sub-millisecond intervals.

In a motorsport context, this increased bandwidth allows for the implementa-
tion of Optimal Slip Ratio Control. This strategy ensures that the tire-road
interface remains consistently at the peak of the friction coefficient curve, maximiz-
ing longitudinal force and acceleration efficiency regardless of rapid variations in
road surface conditions.

Furthermore, electrification enables a transition from centralized propulsion to
distributed drive systems, such as four or two independent In-Wheel Motors (IWM).
De Novellis et al. discussed how this over-actuated configuration allows for so-
phisticated Torque Vectoring (TV) strategies [2]: by independently modulating
the torque at each wheel, the controller can generate a direct yaw moment. For a
high-performance vehicle, this decouples lateral stability from longitudinal traction
and, unlike traditional Electronic Stability Control (ESC) systems that rely on
dissipative braking interventions, TV enhances the vehicle’s ability and agility by
actively assisting cornering maneuvers, thereby reducing understeer and improving
transient response without sacrificing kinetic energy.
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Despite these technical advantages, the implementation of high-performance trac-
tion control faces two major hurdles: the highly non-linear nature of tire dynamics
and the sensory gap experienced by the driver.

The tire-road friction coefficient is a non-linear function of the slip ratio, and
its optimal peak is a moving target influenced by tire temperature, vertical load,
and road surface variability. Consequently, the controller must exhibit extreme
robustness to handle these unmodeled dynamics and parameter uncertainties.

Moreover, the lack of traditional acoustic and vibrational cues in electric vehicles
can impede a professional driver’s ability to perceive the limit of adhesion.
Research by Corno [3] addresses this by proposing Haptic Traction Control (HTC).
This system integrates the control logic with the Human-Machine Interface (HMI)
by using an active accelerator pedal to provide force-feedback proportional to the
wheel slip. By restoring this physical intuition, the system enables a driver-in-the-
loop architecture where the human operator can modulate inputs in harmony with
the automated slip regulation, ensuring safety and stability without compromising
the fun-to-drive factor essential in motorsport.

1.2 Traction Control Challenges in Electric Vehi-
cles

The primary objective of a Traction Control System (TCS) is to modulate the drive
torque such that the friction between the tire and the road surface is maximized, pre-
venting wheel spin during acceleration. While the hardware advantages of electric
powertrains provide the necessary bandwidth for superior control, the implementa-
tion of a robust and efficient slip control strategy involves significant challenges
stemming from the highly non-linear nature of tire dynamics and environmental
variability.

1.2.1 The Physics of Tire-Road Interaction and Slip Control

The generation of longitudinal force between a vehicle and the ground is not a
simple phenomenon of static friction, but a complex, distributed process occurring
within the tire’s contact patch. This interaction is the foundation of traction
control, as the controller’s primary task is to manage the physical states of this
interface to prevent the transition from stable grip to unstable sliding.

At the heart of traction control is the concept of the wheel slip ratio (o) , which
defines the relative difference between the wheel’s tangential velocity and the
vehicle’s longitudinal velocity.
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In the initial stage of torque application, the tire-road interface remains mostly
in a stick condition, where the rubber deforms but does not slide relative to the
pavement. In this linear region, the traction force increases proportionally with
the slip ratio. However, as torque increases, the rear part of the contact patch
begins to slip or micro-slide. This represents a transition from elastic deformation
to kinetic friction.

The longitudinal force (F}) generated at the contact patch is a non-linear function
of this slip ratio; the relationship between the friction coefficient (1) and the slip
ratio is fundamentally non-linear and is often described using semi-empirical models
such as the Pacejka "Magic Formula" [4]. The p — o characteristic curve typically
exhibits three distinct zones:
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Figure 1.1: Friction coefficient as function of slip [5].

The Linear Region
At low slip values (typically o < 0.05), the friction coefficient increases linearly.
Here, the vehicle is easy to control, and the driver feels a direct correspondence
between pedal input and acceleration.

The Peak Region
The curve reaches a maximum value, fi,q, , at an optimal slip ratio (o). This
point represents the physical limit of the tire’s adhesion. In high-performance
scenarios, maintaining the tire exactly at this peak yields the maximum
possible longitudinal acceleration.

The Unstable Region
Beyond the optimal slip point, the friction coefficient begins to decrease. This
is a critical instability: as the tire spins faster, it generates less force, leading
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to a runaway effect where the wheel accelerates rapidly toward a burnout
state.

Overall, there exists an optimal slip ratio where the friction coefficient reaches its
maximum. Beyond this point, the tire enters the unstable region where increasing
the wheel speed leads to a decrease in traction, resulting in a loss of directional
stability and acceleration.

The focus of modern EV traction control, as proposed in the seminal work of Hori
et al. [1], is to maintain the tire as close to this optimal point as possible. This
Optimal Slip Ratio Control is far superior to the heuristic torque-reduction
methods used in early ICE-based systems, as it directly manages the state of the
tire-road interface.

A major challenge highlighted in the research by He [6] is that the optimal slip point
is a moving target. The shape of the u — o curve changes drastically depending on
road conditions (e.g., dry asphalt vs. wet concrete) and tire temperature. On a
dry racing track, the peak might be sharp and at a relatively high slip ratio; on a
wet surface, the peak is lower, flatter, and occurs at a lower slip ratio.
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Figure 1.2: Friction coefficient as function of slip for different road surfaces [7].

Furthermore, the operational limits of a tire are fundamentally governed by the
Friction Ellipse theory, a concept that defines the theoretical maximum resultant
force that the tire-road interface can sustain. This principle points that the total
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transmissible traction force is a finite resource, determined by the product of
the instantaneous vertical load and the local friction coefficient. From a vectorial
perspective, the magnitude of the resultant force composed of both longitudinal (F)
and lateral (F}) components cannot exceed this adhesion limit without inducing
macro-sliding.

In high-performance maneuvers, this creates a critical coupling between traction
and cornering stability. If a significant portion of the friction potential is consumed
by longitudinal acceleration, the residual capacity for lateral force generation is
proportionally diminished. Consequently, if a traction control system fails to
regulate slip effectively, the saturation of the friction circle by longitudinal forces
leads to a phenomenon known as contact patch saturation. In such a state, the tire
becomes incapable of providing the necessary centripetal force for steering, resulting
in a total loss of directional stability. In a motorsport context, this loss of lateral
authority is particularly hazardous, as it can lead to uncontrollable understeer or
oversteer during high-speed transients.

Accordingly, the strong coupling between longitudinal and lateral tire dynamics
requires the traction control system to regulate slip with high precision, ensuring
that the resultant tire force remains within the admissible friction-ellipse boundary.
The synthesis of such a controller is further complicated by the strongly non-linear
and time-varying nature of the tire-road interface. As reported by Yang et al.
[4], once the slip ratio exceeds the optimal threshold (o > o, ), the local system
behavior transitions from a stable to an unstable regime, so that further increases
in wheel speed induce a positive-feedback effect driving the tire rapidly toward full
sliding.

Furthermore, as previously noted, the plant is subject to high degrees of environ-
mental stochasticity. The friction peak is not a static parameter but a moving
target that shifts according to the road surface composition, instantaneous vertical
load, and the tire’s thermal state [6]. Under these unsteady conditions, traditional
linear control strategies, such as the Proportional-Integral-Derivative (PID) con-
troller, often prove inadequate. Linear controllers are typically tuned for a specific
operating point and lack the structural robustness required to manage the sudden
gain jumps and parameter uncertainties typical of near-limit vehicle operation.

Consequently, the academic literature has explored a diverse array of advanced
architectures, ranging from Model Predictive Control (MPC) to smart paradigms
such as Fuzzy Logic (FL) and artificial Neural Networks (NN). In this context,
Sliding Mode Control (SMC) emerges as a particularly compelling solution due to
its inherent robustness to bounded uncertainties.

5
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1.2.2 Slip-Based Control Strategy

The shift toward slip-based control in electric vehicles offers different advantages
that are particularly critical in motorsport and high-performance environments.
First and foremost, the quasi-instantaneous torque modulation capability of elec-
tromagnetic actuators allows the controller to track the optimal slip ratio even
under transient conditions, such as rapid vertical load shifts during cornering.
Furthermore, this strategy transforms the electric motor into a sophisticated sensor,
providing a high-fidelity estimation of the tire-road interface states without the
latency associated with traditional mechanical observers

Despite its theoretical superiority, slip-based control introduces several engineering
trade-offs:

Robustness and Smoothness
A highly aggressive slip controller is necessary to catch sudden instabilities;
however, this often leads to the phenomenon of Chattering, especially when
using robust frameworks like Sliding Mode Control. Chattering can induce
mechanical fatigue in the drivetrain and degrade the driving experience.

Estimation Lag
While the motor response is fast, the calculation of the slip ratio depends on an
accurate estimation of the vehicle’s longitudinal velocity (v) . In motorsport,
where all wheels may be near the limit of adhesion, obtaining a true ground
speed reference is difficult, and errors in this estimate can lead to improper
control interventions.

Sensory Gap
A highly efficient automated slip controller can effectively mask the physical
limits of the car from the driver. By instantly correcting every micro-slip,
the system removes the tactile cues that professional drivers use to sense the
limit. This necessitates the integration of feedback mechanisms to restore
the driver-in-the-loop synergy without sacrificing the safety provided by the
control system.

Within this framework, the control architecture is typically structured hierarchically:
a high-level supervisor determines the target slip ratio based on the desired vehicle
dynamics and actual road conditions, while a low-level slip requlator modulates the
motor torque to track this reference. By maintaining the tire at the peak of the u—o
curve, the system effectively decouples the driver’s longitudinal demand from the
physical limits of the tire-road interface. This ensures that the vehicle remains in a
high-performance envelope where traction and lateral stability are simultaneously
optimized. Consequently, slip-based control does not replace the driver’s authority
but rather allows for the safe exploitation of the electric powertrain’s full potential.

6
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1.3 Project Goals and Research Questions

The preceding analysis of the tire-road interface and the advantages of electric
powertrains highlights a major control challenge: maintaining the optimal slip ratio
in a highly non-linear, dynamic and unsteady environment. Although Sliding Mode
Control provides the robustness required for this task, its practical implementation
in high-performance EVs introduces specific technical challenges that this thesis
aims to address.

Problem Statement. Standard SMC is often plagued by the chattering phe-
nomenon, where high-frequency switching of the control law excites drivetrain
resonances and causes mechanical fatigue.

Furthermore, while a smoother switching function (e.g., using a saturation function)
can mitigate chattering, it often introduces a steady-state error, preventing the
tire from reaching the ideal peak of the friction curve. In a motorsport context,
where a 1-2% deviation from the optimal slip ratio translates to lost lap time, this
represents an inadmissible compromise.

Additionally, the controller must remain adaptive to varying road conditions without
requiring manual re-tuning for every surface change.

Project Goals. The primary goal of this research is the design, implementa-
tion, and validation of an Adaptive Conditional Integral Sliding Mode Controller
(ACISMC) tailored for a high-performance electric vehicle. The specific technical
objectives are:

o Chattering Suppression: to implement a continuous approximation of the
switching law that minimizes high-frequency torque ripples without sacrificing
the response time of the electromagnetic actuators.

o Environmental Adaptation: to develop an adaptive algorithm capable of
identifying and compensating diverse track conditions (e.g., dry vs. wet
asphalt).

o Simulation Validation: to verify the controller’s performance using a high-
fidelity co-simulation environment (e.g., CarMaker and CarMaker4Simulink)
under realistic racing maneuvers.

o Comparative Performance Benchmarking: to perform a rigorous cross-evaluation
between the proposed ACISMC and baseline control strategies, such as stan-
dard PID and Traditional SMC. This objective aims to quantify the trade-offs
between computational complexity and the resulting improvements in tracking
accuracy and vehicle stability.
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Research Questions. The investigation first examines the tracking accuracy
of the slip ratio under highly dynamic conditions, evaluating how the integration
of a Conditional Integral term can mathematically eliminate the residual errors
inherent in standard boundary-layer Sliding Mode Control. This phase of the study
aims to quantify the performance gap between traditional robust methods and the
proposed integral-augmented architecture.

Subsequently, the analysis shifts toward the adaptive capabilities of the controller.
The study investigates the algorithm’s internal mechanisms for compensating for the
shifts in the tire-road friction peak, simulating transitions between heterogeneous
surfaces (e.g., dry asphalt to wet concrete). The goal is to determine the controller’s
ability to maintain the optimal slip without requiring manual calibration for
environmental changes.

1.4 Thesis Structure

This dissertation is organized into five primary chapters, following a path that
transitions from theoretical modeling to the synthesis and comparative validation
of advanced non-linear control laws. The methodology adopted ensures that the
final controller design is rooted in a deep physical understanding of the tire-road
interface and is benchmarked against established industry standards.

State-of-the-Art. A systematic review of existing literature is performed to
situate the research within the broader control landscape. This chapter explores
diverse methodologies, ranging starting from the foundational PID regulators to
more sophisticated intelligent paradigms such as FL. and MPC. By evaluating the
performance trade-offs inherent in these established strategies, the chapter identifies
the specific technical gaps and limitations, particularly regarding robustness and
environmental adaptability, that justify the development of advanced SMC variants
as the primary focus of this dissertation.

Vehicle and Tire Modeling. This chapter establishes the analytical foundation
of the research. It provides a comprehensive derivation of the longitudinal vehicle
and tire dynamics, with a specific focus on the non-linearities of the tire-road
interaction. By employing semi-empirical models, such as the Pacejka Magic
Formula, the chapter defines the state-space representation of the plant and identifies
the critical implications that these physical constraints impose on the controller’s
architecture.

Baseline Controller Design. To provide a rigorous basis for comparison, this
chapter details the design process of the baseline control strategies. It covers the

8
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tuning of a standard PI and the formulation of a Traditional Sliding Mode Control.

Adaptive CISMC Design. This chapter details the mathematical derivation
of the Adaptive Conditional Integral Sliding Mode Controller. It explains the
integration of the conditional integral term for error elimination and the development
of the adaptive law used to track the variable friction peak. The stability of the
proposed control law is formally analyzed using Lyapunov’s direct method.

Simulation, Results, and Comparative Analysis. The final technical chapter
presents the results obtained from high-fidelity co-simulations. A comparative
performance analysis is conducted across the three implemented technologies,
evaluating their robustness, tracking accuracy, and impact on vehicle stability
under diverse track conditions.






State-of-the-Art

This chapter provides a comprehensive overview of the control strategies developed
in literature for wheel slip requlation and the optimization of longitudinal vehicle
dynamics. The state-of-the-art review traces the technical evolution from classical
linear control, such as industry-standard PID and threshold-based logic, to more
sophisticated robust non-linear strategies. Within this context, the investigation
focuses on how advanced methods like Sliding Mode Control address the inherent
non-linearities and parameter uncertainties of the tire-road interface that simpler
linear controllers often fail to manage. Furthermore, the survey extends into modern
predictive and intelligent paradigms, evaluating Model Predictive Control and Neural
Network-based architectures for their capacity to handle multi-variable optimization
and real-time environmental adaptation. By critically analyzing these diverse
methodologies, the chapter establishes the theoretical and technical foundation
necessary to justify the selection and development of the Adaptive Continuous
Integral Sliding Mode Control framework presented in this work.

11
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2.1 Control Objectives and Performance Metrics

The primary objective of a Traction Control System is to regulate the longitudinal
slip ratio such that the tire-road friction capability is maintained at its maximum
potential value, corresponding to fi,q.. This task is inherently multi-objective,
since it involves a delicate balance between longitudinal performance, directional
stability, and drivability. From a control systems perspective, the goal is to track a
time-varying optimal slip reference while rejecting disturbances, such as sudden
changes in road surface conditions or vertical load transfers.

The definition of rigorous evaluation criteria is essential to quantify the efficacy of a
traction control strategy and to provide a consistent framework for the comparative
analysis presented in this chapter. Beyond the primary goal of maintaining the slip
ratio at its optimal peak, several key performance indicators act as the analytical
lenses through which the subsequent bibliographic review is conducted.

Specifically, the effectiveness of each control paradigm, ranging from traditional to
predictive, is qualified by the following performance metrics:

Tracking Accuracy Ability of the controller to minimize the steady-state
error between the actual and reference slip, particularly under non-linear
working conditions.

Transient Response Quantifies controller’s ability to react to abrupt varia-
tions in operating conditions (change in road friction, reference slip, etc...).

Robustness System’s capability to maintain stability despite parametric
uncertainties.

Chattering This metric assesses the high-frequency oscillations in the control
signal, which can lead to mechanical wear and reduced passenger comfort.

2.2 Traditional Traction Control

The most straightforward approach to implementing traction control for anti-slip
regulation involves the use of classical feedback loops and heuristic rules, which
seek to maintain wheel slip within a stable range through relatively simple control
architectures. These methods are often the first choice for industrial applications
due to their low computational demand and the ease with which they can be
integrated into existing vehicle hardware.

As discussed in reference [8], PID controllers are frequently utilized to regulate
the drive torque of in-wheel electric motors by acting directly on the error between
the actual and target slip. While this represents a linear and highly accessible

12
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approach, it often comes with limitations related to non-linearities of the tire-road

interface, as a single set of gains may not remain optimal across diverse road

surfaces or during aggressive dynamic transitions.

The control law is typically expressed in the time domain as T.(t) = K,e(t) +
de(t)

K; [y e(T)dr + K4=5;, tracking the error e = 0 — 0.

To augment these basic structures without significantly increasing mathematical
complexity, fuzzy logic layers are often introduced. The work in reference [9]
proposes a correctional algorithm that uses FL control to handle the ambiguity of
low-friction or irregular road surfaces. By translating human-like expert knowledge
into linguistic rules, this method provides an intuitive way to adjust the control
response to road roughness without requiring a complex analytical model of the
environment.

The control action is determined by a set of if-then rules that map the slip error
and the change in error to a gradient in correctional torque AT, used to evaluate
T, = [ AT, dt.

A primary technical drawback of general linear or threshold-based ASR is high slip
ratio overshoot, which can reach 50% on low-adhesion roads and up to 500% during
abrupt friction transitions [8]. This excessive overshoot causes the acceleration
curve to jitter, negatively impacting both drivability and the speed of stabilization.

These heuristic methods do not provide a complete resolution for the sudden,
transient variation of friction encountered on complex road surfaces. Further focus
is required on the relationship between longitudinal force changes and the transient
response of the powertrain to fully optimize recovery from slip events.

Moreover, while classical control theory can verify localized stability, these systems
struggle to maintain low overshoot during the rapid non-linear transitions typical
of high-performance driving.

2.3 Robust Non-Linear Control

The limitations observed in classical PID and fuzzy-based strategies highlight
the need for a more rigorous mathematical framework. While heuristic and linear
methods attempt to approximate the system’s behavior around a nominal operating
point, they often fail to account for the global dynamics of the vehicle. In facts,
traction control is fundamentally a non-linear tracking problem operating in a highly
uncertain environment, therefore a more robust framework is needed to provide
guaranteed stability boundaries and consistent performance despite unmodeled
dynamics, such as load transfers or varying powertrain response characteristics.

Within the domain of robust non-linear strategies, Sliding Mode Control is

13
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distinguished by its ability to maintain invariant performance in the presence of
modeling inaccuracies and external disturbances. The design objective involves
two primary phases:

 Sliding Surface Design: a stable trajectory is defined in the state space such
that when the system state is restricted to this surface, the tracking error
asymptotically converges to zero.

o Control Law Formulation: a discontinuous control law is designed to force the
system state onto the sliding surface in finite time and maintain it there.

In the reference [10], the traction control problem is addressed using a Traditional
Sliding Mode Control framework. The primary objective is to drive the system
state toward a sliding surface, typically defined as the error between the actual and
reference slip ratios, s = 0 — 0yey.

The core of this strategy is the implementation of a discontinuous control law,
which is realized through a switching term, often formulated as ug, = K - sgn(s),
where K is a positive gain and sgn(s) is the sign function. This switching term
is technically significant because it characterises the reaching phase, forcing the
wheel dynamics to move toward the sliding surface in finite time.

However, as noted in the reference, this constant switching across the sliding surface
is the source of chattering, which results in high-frequency oscillations in the motor
torque command.

While highly robust against disturbances, this traditional approach can excite
unmodeled dynamics in the electric drivetrain.

To address the limitations of the discontinuous law, specifically the steady-state
error and the chattering, works in literature, as in reference [10] and [11], introduce
an augmented version of SMC that incorporates an integral term. In these
versions, the sliding surface s(t) is redefined to include the integral of the slip error:

s(t) = e(t) + A /Ote(T)dT

Unlike the traditional law, which may allow a persistent offset if the switching gain K
is too low, the integral term ensures that the tracking error asymptotically converges
to zero even in the presence of constant disturbances. It provides global robustness,
as the sliding surface can be designed to include the initial conditions of the system,
effectively eliminating the reaching phase and its associated vulnerabilities.

Building upon the augmented integral architectures, recent research and the specific
methodologies analyzed in the literature review lead to an approach specifically
designed to refine the control law by smoothing the response during the most
critical phases of traction regulation, named Conditional Integral Sliding
Mode Control.
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In reference [10], a solution to the chattering problem related to TSMC control is
proposed, introducing a sophisticated switching logic that manages the integral
term, leading to a trade-off solution between tracking precision and transient
stability. Unlike a standard integral sliding surface, which is active at all times,
the conditional approach operates based on the system’s proximity to the sliding
surface. In this framework, the integral action is only enabled when the system
state enters a predefined boundary layer surrounding the sliding surface.

By deactivating the integrator when the system is far from the sliding surface, such
as during a sudden jump in friction or a large initial slip, the controller prevents
the integrator windup typically responsible for massive overshoots observed in
traditional ASR implementations.

Within the boundary layer, the integral term takes over the task of rejecting constant
disturbances. This allows the discontinuous switching gain to be significantly
reduced or replaced with a smoother saturation function, effectively eliminating
the high-frequency vibrations in the torque command.

This evolution from the simple switching laws of control, to the integral-augmented
strategies, concludes with the CISMC as the most balanced solution. It provides the
capability to handle the non-linearities of the tire-road interface while maintaining
the control smoothness required for modern electric drivetrains.

2.4 Predictive Control

Predictive models in the automotive industry have evolved from theoretical frame-
works into functional prototypes that significantly outperform traditional control
systems. These operate by utilizing a mathematical model of the vehicle’s dynamics
to predict future behavior and optimize control actions accordingly.

One prominent application is in traction control, where Hybrid Model Predic-
tive Control models manage the nonlinear relationship of tire slip on low-friction
surfaces like ice, achieving up to 20% improvement in slip regulation over standard
linear methods.

In reference [12], a MPC approach specifically designed for traction control is
proposed by treating the vehicle’s wheel dynamics as a hybrid system. The core of
this solution lies in the recognition that tire-road interaction is highly nonlinear,
making traditional linear controllers ineffective during sudden changes in surface
friction. To manage this, the researchers use a Piecewise Affine (PWA) model,
which approximates the complex, nonlinear tire-force curve by dividing it into
distinct linear operating regions based on the amount of tire slip.

At each sampling interval, the MPC algorithm solves an optimization problem
that minimizes a cost function, balancing the deviation from the target slip against
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the effort required from the actuators, while respecting physical constraints like
maximum engine torque and braking limits. Because solving these complex mathe-
matical problems in real time is computationally expensive for standard vehicle
hardware, the authors employ Explicit MPC. This technique moves the heavy
calculations offline, partitioning the state space into various polyhedral regions
where the optimal control law is pre-calculated as an affine function.

Another solution presented in [13] utilizes Nonlinear Model Predictive Con-
trol (NMPC) to address the highly complex and nonlinear nature of tire-road
interactions. Unlike the hybrid or piecewise linear approaches, NMPC directly
incorporates the nonlinear tire model into its optimization process, which allows
it to more accurately represent the physical limits of the vehicle under varying
conditions.

The controller accomplishes slip regulation by solving a constrained nonlinear
optimization problem at every time step, minimizing the error between the actual
and the reference slip while also penalizing excessive changes in motor torque, to
ensure a smoother control.

A critical advantage of this NMPC approach for in-wheel motor configurations is
its ability to handle the rapid torque response of electric motors. Simulation results
indicated that this solution provides superior tracking performance and robustness
compared to standard linear control methods, effectively preventing wheel lock-up
and spinning even under extreme driving maneuvers.

2.5 Comparative Analysis

Evaluating the various control strategies for automotive traction systems reveals
a clear progression from simple regulation to complex, predictive optimization.
Each method offers a distinct balance of computational demand and performance
accuracy.

PID controllers remain the industry standard due to their simplicity and ease of
implementation. However, they struggle with the highly nonlinear and time-varying
nature of tire-road friction, often leading to sub-optimal performance in extreme
conditions like ice or sudden maneuvers. Linear MPC improves upon this by using
a predictive model and handling system constraints, but its reliance on a single
linear model makes it inaccurate when the vehicle operates outside a specific narrow
range of slip .

To capture more complex dynamics, MPC with PWA models approximate nonlin-
earities by switching between different linear regimes. This provides a significant
boost in accuracy, but also increases the mathematical complexity of the opti-
mization problem. NMPC sits at the top of the performance hierarchy, directly
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integrating nonlinear tire models and motor dynamics to provide the most precise
tracking and robustness, especially for four-in-wheel motor electric vehicles.

The primary drawback of NMPC is its extreme computational cost, which of-
ten requires high-end processors or complex simplification techniques to run in
real-time.

Between these extremes lie Sliding Mode Control variants. TSMC offers fast
convergence and finite-time stability but can suffer from chattering. CISMC
emerges as the ideal trade-off for modern automotive applications. It combines
the robustness of sliding mode control with integral action, effectively rejecting
disturbances and eliminating steady-state error without the extreme computational
overhead of NMPC. CISMC provides near-optimal results by maintaining the
desired slip ratio even under uncertainty, yet it remains simple enough to be
implemented on standard electronic control units without the heavy optimization
solvers required by predictive models. This balance of stability and manageable
complexity makes CISMC a highly practical choice for mass-market vehicle systems.

2.6 Market Analysis

For the vast majority of mass-market vehicles, the primary controller used is the
PID controller. It is the industry workhorse because of its low computational
weight and high reliability for standard driving conditions. In these systems, the
controller monitors wheel speed sensors and, upon detecting slip, triggers either
motor torque reduction or brake intervention.

In the EV segment, which now accounts for a rapidly growing portion of the
mass market, the control strategy is shifting. Approximately 60% of EVs sold
in 2024 utilized specialized traction modules designed for the instant torque of
electric motors [14]. Because electric motors can adjust torque much faster than a
mechanical engine or a hydraulic brake system, suppliers are moving toward more
advanced, high-frequency control loops. While many still use sophisticated PID
variants, there is a clear trend toward Predictive Traction Systems and Al-enhanced
algorithms, which saw a 47% increase in adoption in 2024.

The current market trend shows a shift from reactive systems to proactive architec-
tures, led by major OEMs and Tier-1 suppliers:

« BYD iTAC (Intelligent Torque Adaptation Control): BYD has rede-
fined traction logic by moving away from traditional ABS-based wheel sensors.
Their iTAC system utilizes the electric motor’s internal speed sensors, which
offer significantly higher resolution and faster sampling rates. Unlike conven-
tional PID-based systems that wait for a detected slip threshold to cut power,
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iTAC "anticipates" slip by monitoring motor speed fluctuations. It stabilizes
the wheel in milliseconds by applying "negative torque" or millimetric torque
adjustments. In real-world performance, this has demonstrated a 0.7-second
improvement in 0-60 km/h acceleration on low-friction surfaces like snow
compared to conventional systems.

o Bosch Integrated Traction Control & VMM: As a global leader, Bosch
is shifting toward Vehicle Motion Management (VMM), a software suite that
orchestrates brakes and motors through a centralized architecture [15]. Their
logic increasingly adopts Model Predictive Control (MPC) to calculate required
torque based on "road perception'—integrating cloud-based data regarding
road friction and slope. This high-level integration is visible in systems like
the iBooster, which coordinates slip during regenerative braking. By using
predictive algorithms, Bosch avoids unwanted wheel lock-ups during energy
recovery without the characteristic vibrations on the brake pedal associated
with legacy ABS/TCS interventions.

The choice of controller is heavily influenced by cost and regulatory mandates such
as Euro NCAP or Bharat NCAP [15]. OEMs prioritize systems that can guarantee
safety across a wide range of drivers and road surfaces at the lowest possible cost
per unit. This economic reality is why the high-complexity models like NMPC are
currently reserved for the premium and motorsport segments, while the reliable,
cost-effective PID and basic predictive models continue to rule the mass market.
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The synthesis of a high-performance slip control strategy requires a rigorous physical
mapping of the vehicle’s motion, centered on the longitudinal degree of freedom.
This section establishes the mechanical equilibrium and the kinematic relationships
that govern the flow of torque from motor to tire-road interface.

To construct a high-fidelity control plant, the modeling must synthesize four deeply
coupled physical domains: the rotational equilibrium of the wheel, the dynamic trans-
fer of vertical loads, the kinematic definition of slip, and the inherently non-linear
nature of tire friction. By deconstructing these interdependencies, the boundary
between stable traction and uncontrolled spinning is defined, providing the controller
with the analytical foundation necessary to operate precisely at available adhesion.
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3.1 Vehicle Model

The dynamic model employed in this study is based on a two-track formulation
and restricted to the planar vehicle motion, in order to achieve an optimal balance
between physical fidelity and computational tractability for the synthesis and
validation of the anti-slip control logic.

In accordance with the primary research objective, hence the regulation of lon-
gitudinal wheel slip, the dynamics associated with body roll, pitch, and vertical
heave are neglected in this approximation. This modeling assumption allows for
the reduction of the system’s state space to 7 fundamental Degrees of Freedom
(DoF):

 Longitudinal and lateral translatory motions within the 2%y? ground plane;
« Yaw motion about the vertical z”-axis;

o Angular rotation of the four individual wheels.
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Figure 3.1: Force diagram in vehicle reference plane.

Governing equations for vehicle planar dyanmics are derived from the translational
force equilibrium along the longitudinal axis (%) combined with the rotational
torque balance about the wheel axis, providing the analytical framework necessary
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to evaluate the vehicle’s trajectory and stability under the influence of the four
individual tire-road contact forces.

Forces, torques and velocities terms in Figure 3.1 are defined below:
F,,; Longitudinal traction force acting on ij-wheel.

F, Lateral force acting on ¢j-wheel.

Fyon;; Rolling resistance acting on 4j-wheel.

Foero Aerodynamic drag.

3.1.1 Longitudinal Dynamics

According to Newton’s Second Law, the vehicle’s translation is the result of the net
balance between the tractive forces generated at the four tire-road interfaces and
the diverse environmental resistances opposing the motion. This global equilibrium
is expressed as:

Mi, = Fpij— Fres (3.1)
,J

Where M represents the total vehicle mass and v, is the longitudinal acceleration.
While F,;; is the tractive force at each driving wheel, the term F,.; encapsulates
the lumped resistance effects, primarily dominated by aerodynamic drag and rolling
resistance, which, considering a flat road, can be expressed as:

1
Faero = §pOdAUg2g (32)
Froll - fer (33)

Foero represents the aerodynamic drag, where p is the environmental air density,
Cy is the aerodynamic drag coefficient, and A is the frontal area of the vehicle.
F.o accounts for the rolling resistance, with f, being the rolling resistance coeffi-
cient.

3.1.2 Vertical Load

A fundamental aspect of longitudinal dynamics is the redistribution of vertical
loads during acceleration and braking transients. Since the tractive force that a
tire can generate is strictly proportional to its vertical load £’ ;;, the controller
must account for the pitch of the vehicle body.

Assuming a rigid chassis and neglecting aerodynamic downforce for this derivation,
the vertical loads on the front and rear axles are determined by the moment
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equilibrium around the contact patches:

(3.4)

Fz,F = Fz,F,static - AFZ
FZ,R = Fz,R,static + AFZ

Where the generalized term for dynamic longitudinal load transfer, denoted as AF,

is defined as:
o vahg + Faeroha

L
This definition accounts for the inertial load transfer (292) and the aerodynamic

L
pitch moment (Foezoha)),
The explicit definition for the vertical load is finally given by:

AF,

(3.5)

F — Mgb*M{}zhg*Faeroha
z, — 7

r _ Mga+Mizhg+Faeroha (36)
Z,r - 7

where a and b are the horizontal distances from the CoG to the front and rear
axles, respectively, and L = a + b is the wheelbase.

While the driven wheels contribute only to the rolling resistance and lateral guid-
ance, the driving ones must manage the entirety of the driving torque output.
This concentration of force on a single axle makes the system highly sensitive to
longitudinal dynamic load transfer.

As the vehicle accelerates, the inertial reaction at the center of gravity induces a
pitch moment that increases the vertical load on the rear axle. This phenomenon
provides a physical advantage for an RWD layout: the normal force, and thus the
maximum friction potential, are enhanced precisely at the wheels where the driving
torque is applied.

The equations derived in this section provide the macroscopic framework of the
vehicle’s longitudinal motion dynamics. However, the system remains under-
determined until the tractive force (F}) is explicitly modeled. As this force is a non-
linear function of the relative motion between the tire and the road, the following
section is dedicated to the microscopic tire dynamics and the characterization of
the friction-slip relationship.

3.2 Tyre-Road Interaction Model

This section transitions from the rigid-body dynamics of the chassis to the physics
of traction force generation. By characterizing the wheel’s rotational equilibrium
and defining the kinematic variables that govern the tire’s capacity to transmit
shear forces, the non-linear plant that the traction controller must regulate is
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defined. Central to this discussion is the relationship between longitudinal slip and
friction coefficient, which defines the physical boundary of the vehicle’s performance
envelope.

3.2.1 Longitudinal Slip

While a comprehensive vehicle model requires the consideration of both longitudinal
slip (o) and lateral slip (og) to describe combined-slip maneuvers, this thesis
is specifically constrained to the longitudinal degree of freedom (o = o), in the
direction of the wheel velocity vector.

The decision to omit lateral slip dynamics from the control synthesis is motivated
by the project’s focus on pure longitudinal traction optimization and anti-spin
regulation for Rear-Wheel Drive (RWD) architectures. By isolating the longitudinal
component, the controller can more precisely manage the transmissible torque
during high-acceleration transients, where the primary objective is the prevention
of wheel-spin and the maintenance of the tire within its stable longitudinal friction
region.

Parallel to
longitudinal

wheel axis xW¥

Paralllel to
longitudinal
vehicle axis xB

Figure 3.2: Wheel slip model.
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In this context, the longitudinal slip ratio o is defined as the normalized difference
between the rotational velocity of the driving wheel and the average rotational
velocity of the driven wheels:

Wdriving, Rj (37)

Wdriving,Rj —Wdriven,avg

Wdriving,Rj ~—Wdriven,avg :
, traction
ORj =

, braking

Wdriven,avg
Where Wariving,rj is the rotational speed of the j-th rear wheel, and Wgriven avg 18

the reference free rolling speed for slip ratio evaluation, retrieved as the average
rotational speed of the j-th front wheels, given by “W’%

Control-oriented model definition. Slip definition is adapted to prevent
mathematical instabilities that typically occur at near-zero velocities, and to
account for both driving and braking regimes within a single, unified expression:

ORpi = Wdriving,Rj — Wdriven,avg (3 8)
’ ma‘X(|wd7”iUi7Lg,Rj |7 |wd7"iven,avg|7 6)

where € represents a numerical tolerance which ensures that the denominator
remains non-zero during standstill conditions (Vipe,w = 0). In this context,
vehicle’s speed is retrieved directly from the average driven wheels rotational speed
as:

V;)hcl = Wdriven,avg * RF (39)

3.2.2 Wheel’s Dynamics

By applying the principle of angular momentum conservation to the j-th driving
wheel, the governing differential equation is established as:

Iwij = Tdrive,Rj - Tewt,Rj - Fx,RjRR (310)

Z;’rive,l"

@y
Ext,ij r’)
1
]
I
e
By .

Figure 3.3: Single wheel free body diagram.
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In this formulation, I,, represents the moment of inertia of the wheel assembly
(including the integrated rotor in case of IWM), Tyive r; is the driving torque at
the wheel, provided by the electric motor, and 7., r; represents the sum of all
external resistive torques, including the hydraulic braking torque T g;.

Control-oriented model definition. It is important to note that for the
actual controller synthesis, the fundamental equations derived above may be
further manipulated to account for specific hardware configurations and external
disturbances. Furthermore, in the context of Sliding Mode Control, the resistance
forces F}..s and the non-linearities in 7., ;; are often lumped into a single uncertainty
term [16]. This abstraction allows the adaptive law to compensate for exogenous
factors without requiring an exact analytical measurement of every external variable.

3.2.3 Pacejka’s Magic Formula and Tire Force Non-linearity

To understand the challenge of longitudinal traction control, the physical mechanism
by which a pneumatic tire generates force must be examined.

Unlike the friction between two rigid bodies, tire-road friction is a result of both
molecular adhesion and hysteretic deformation of the rubber. This relationship is
fundamentally non-linear and is most comprehensively described by the Pacejka
Magic Formula [17].

The dependency of the traction force generated by the wheel at a specific wheel’s
slip condition is described through a semi-empirical trigonometric structure:

Foij = F.ij lij (3.11)
tij(0i;) = Dsin (C arctan (Bo,;; — E(Bo;; — arctan(Bo;;)))) (3.12)

where B, C', D and E are Pacejka’s coefficients, each corresponding to a specific
physical attribute of the tire-road interaction:

o Stiffness Factor (B): represents the initial slope of the curve, corresponding
to the elastic longitudinal stiffness of the tire carcass and tread blocks before
macro-sliding begins.

 Shape Factor (C): governs the width of the peak, and determines how sharp
the transition between static and dynamic friction is.

o Peak Factor (D): defines the maximum friction coefficient 4., according to
the road surface condition (e.g., dry asphalt vs. icy road).

o Curvature Factor (E): accounts for the drop-off in friction after the peak,
characterizing the transition into the fully developed sliding regime.
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These empirical coefficients, identified for a specific tire carcass, enable the Magic
Formula to reconstruct the tire’s characteristic curves with high fidelity across a
broad operational envelope. Although the model provides a robust approximation
for most driving maneuvers, its predictive accuracy may diverge under highly
non-linear or transient conditions.

These characteristic mappings analytically describe the evolution of the longitudinal
force (F}), the lateral force (F,), and the self-aligning torque (M,) as a coupled
function of the state variables: vertical load (F), longitudinal slip (o), sideslip
angle and camber angle.

Sensitivity to Vertical Load (F), vs. o)

The longitudinal force is not solely a function of slip but is deeply coupled with
the vertical load.

Longitudinal Force vs Longitudinal Slip
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Figure 3.4: Longitudinal force and longitudinal slip mapping for various vertical

loads [18].

As illustrated in the F, — ¢ map, an increase in vertical load, resulting from the
longitudinal load transfer discussed in Section 3.1.1, shifts the entire curve upward.
However, it is important to observe that the force does not increase linearly with F,
but is subjected to a load sensitivity. This degressive behavior explains how, as the
rear axle gains load during acceleration, the tire stiffness and peak force capacity
change, making the plant of the traction controller time-varying and non-linear.
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Control-oriented model definition. Despite the Pacejka model provides su-
perior fidelity for offline vehicle simulations, its high degree of non-linearity and
large parameter set make it computationally expensive for real-time Optimal
Slip Identification. Specifically, it requires iterative numerical methods that are
often incompatible with the fixed-step execution constraints of embedded vehicle
control units. Consequently, to facilitate the design of an adaptive law capable
of autonomous surface identification, the focus must shift toward a model that
preserves the fundamental non-linear phenomenology of the y — o curve while
offering a differentiable and analytically manageable form. For this reason, the
Burckhardt Tire Model, which preserves the essential characteristics of the
Pacejka curve with a reduced parameter set, will be utilized in Chapter 4 to identify
the optimal slip and adapt the control law to varying road conditions.

3.2.4 Burckhardt Tire Model

The Burckhardt Tire Model offers a simplified alternative to the Magic Formula,
replacing Pacejka’s extensive parameter set with a three-coefficient exponential
structure. This formulation is especially effective for adaptive control and real-time
estimation, as it explicitly characterizes tire’s adhesion limit through a continuous
and differentiable function of the longitudinal slip [19][20]. The longitudinal friction
coefficient is expressed as:

pij(03) = e1(1 — e7%79) — c3045 (3.13)

Where c¢1, ¢; and c3 are the road surface dependent coefficients defining the curve’s
profile. The physical significance of these parameters is defined as follows:

c1: Governs the asymptotic value of the friction coefficient, effectively scaling the
peak magnitude fi,q;-

co: Dictates the exponential growth rate, representing the normalized longitudinal
stiffness of the tire in the linear elastic region.

c3: Introduces the slope of the sliding region, characterizing the friction drop-off
beyond the saturation point.
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Table 3.1: Burckhardt Tire Model Coefficients

C1 Co C3
Asphalt, dry 1.2801 23.99  0.52
Asphalt, wet 0.857 33.822 0.347

Concrete, dry 1.1973 25.168 0.5373
Cobblestone, dry 1.3713 6.4565 0.6691
Cobblestone, wet  0.4004 33.708 0.1204
Snow 0.1946 94.129 0.0646
Ice 0.05  306.39 0

| Dry Asphalt road

Wet Asphalt road

Friction coefficient (1)
=
()

[ ISnowy Asphalt road
( 4 :
L
0 20 40 60 80 100
Wheel slip A(%)

Figure 3.5: Burckhardt tire-road friction curves for different road conditions.

[21].

In the initial low-slip stage, the friction coefficient increases rapidly. Physically,
this represents the elastic deformation of the tire tread blocks, dominated by the
term (1 — e~ 2%4).

As slip increases, the tire reaches its maximum friction potential (fi..) at the
optimal slip ratio (o, ). This is the mathematical ideal region where the gain
from the exponential adhesion term is exactly balanced by the loss from the linear
term (cgo;;). It coincides with the condition du/0do = 0, which ensures maximum
longitudinal acceleration and optimal vehicle stability.

28



Vehicle and Tires Models

Control-oriented model definition. The structural simplicity of the Burck-
hardt formulation is particularly beneficial for the synthesis of the traction control
law. Friction coefficient equation is analytically differentiable, allowing for a direct
derivation of the optimal slip condition. By applying the first-order necessary
condition for a maximum at the friction peak (Ou/do = 0), the optimal slip ratio
can be retrieved in a closed-form expression.
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Control Methodologies for
Slip Regulation: PI and
Traditional Sliding Mode

Approaches

To provide a rigorous basis for comparison, this chapter details the design process
of the baseline control strategies that serve as the foundation for this thesis study.
The primary objective is to establish a performance benchmark by implementing
two distinct control philosophies: one based on classical error-correction and the
other on robust nonlinear requlation.

The first section covers the implementation of a standard PI, while the second
focuses on the formulation of a TSMC, detailing the mathematical derivation of
the switching law and the Lyapunov stability criteria required to ensure global
convergence.
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4.1 Vehicle’s Architecture and Parameters

The vehicle platform under consideration employs a Rear-Wheel Drive (RWD)
architecture, characterized by the integration of two independent direct-drive
motors on the rear axle. Unlike traditional internal combustion powertrains,
this configuration eliminates the compliance of differentials, allowing for a high-
bandwidth response to torque commands.

The model under analysis involves either known or measurable quantities and
unknown constant or varying parameters. The table below reports the main vehicle
characteristic parameters, independent of operating condition.

Table 4.1: Main vehicle parameters.

Parameter Symbol Value Unit
Vehicle Mass m 1600 kg
Wheelbase L 268 m
Distance from CG to Front Axle Ly 1.796 m
Distance from CG to Rear Axle l, 1.152 m
Vehicle Front Area A 2.156 m?
Yaw Inertia Jyaw 2700  kgm?
Rear Wheel Radius R, 0.343 m
Front Wheel Radius Ry 0.331 m
Rear i-th Wheel Moment of Inertia Jri 1.5  kgm?
Front i-th Wheel Moment of Inertia I 1.5 kg-m?
Maximum Motor Torque TEM maz 240 Nm
Maximum Motor Power Pertmaz 170 kW
Motor Build-up Time TEM Tl.m S
Gear Ratio ig 9 -
Efficiency i 0.95 -
Gravity Acceleration g 9.81 m/s?

4.2 Problem Statement

The primary objective is to develop a robust slip control system for a RWD EV
equipped with two independent motors. The controller must stabilize wheel slip
at a precisely calculated optimal reference value, ensuring maximum longitudinal
traction and preventing loss of control during high-torque acceleration or braking.
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4.3 General Control Architecture

To ensure a rigorous and unbiased performance evaluation, the three control
strategies proposed in this thesis are implemented within a unified, modular
architecture composed of different building blocks.
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Figure 4.1: General control architecture.

Slip Observer
This block is responsible for calculating the real-time longitudinal slip (¢;;) for
each driving wheel by processing the front wheels rotational speed (wp;) and
the driving wheels rotational speed (wp;). The slip is mathematically defined
as in Eq.(3.8).

wwdrivin g

SLIP
OBSERVER

w .
Wdriven
—_—

Figure 4.2: Slip observer.

Utilized Friction Estimator
It provides the controller with a direct measure of how much of the available
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grip is being exploited, determining the ratio of longitudinal force to vertical
load currently being exerted by the wheel.

UTILIZED TR}
FRICTION

ESTIMATOR

Figure 4.3: Utilized friction estimator.

Reference Slip Estimator
This serves as the target-setting module for the control system, computing the
optimal slipping condition for the tire corresponding to the observed friction
condition of the road.

This control loop originates with the real-time acquisition of state variables from
the vehicle model, including wheels angular speed (w), traction forces (F), vertical
loads (F.) and gas and brake pedal inputs (Gas, Brake). These signals are processed
by the observation layer to derive the actual slip and the current friction utilization
condition.

During nominal driving conditions, driver’s commands are passed directly to the
conventional powertrain control unit. The transition to active regulation is governed
by the supervisory logic of a flag (TCSON), which triggers the intervention of the
controller only when a predefined threshold, determined by the divergence between
actual and reference slip, is surpassed, indicating the onset of unstable wheel spin.
The condition for the onset of active regulation is defined by:

TCSON = (abs(slip)>0.9*slip_target)

Once activated, the specific control law, whether PI, TSMC, or CISMC, assumes
command of the torque distribution to mitigate the detected slip error, returning a
target torque (Thy;) for the Electric Motor Control Unit (MCU).

To complete the operational overview of the general control architecture, it is
necessary to detail the physical interpretation of the controller’s output and its
interaction with the vehicle’s braking system. Regardless of the core algorithmic
strategy deployed, the final output of the loop is structurally defined as a net
driving torque request at the wheel.

However, during active decelerating maneuvers where the system triggers traction
control intervention under braking (e.g., maintaining optimal negative slip to
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maximize braking force on low-adherence surfaces), a specialized torque coordination
strategy is required to maintain energy efficiency. Under such conditions, if the
hydraulic braking systems are actively decelerating the wheel assembly, forcing
the electric motor to independently combat the primary deceleration torque would
result in significant parasitic energy dissipation and unuseful electromagnetic work.

To prevent this efficiency loss, the supervisory architecture introduces a torque
subtraction layer such that, when a braking command is initiated by the driver or
the high-level vehicle management unit, the torque actively exerted by the hydraulic
friction brakes (Tyqke) is algebraically subtracted from the overall driving torque

request computed by the controller (T4 ,,,)-
Tg}\% = Tgreiqymg — Thrake (41)

By implementing this equilibrium, the control loop effectively offsets the torque
demands. The friction brake system handles a portion of the negative workload,
allowing the electric motor to scale down its active power consumption while
maintaining the precise net wheel torque necessary to track o,,. This coordination
guarantees that the anti-slip control framework remains energetically optimized,
eliminating antagonistic work between the hydraulic and electromagnetic actuators.

Consequently, this shared configuration allows for a rigorous comparative analysis
of how each mathematical approach manages the inherent nonlinearities and control
challenges, within a controlled and uniform environment.

4.3.1 Utilized Friction Estimator
The calculation is fundamentally defined by the relationship:

Fy
P = — (4.2)

F,
To ensure this estimation is robust enough for real-time control, the computation
algorithm implements several signal-conditioning precautions to mitigate noise and
physical inconsistencies:

o The vertical force F, is constrained to a minimum value (F} i, = 300 Nm)
to prevent numerical instability or division by zero during dynamic weight
transfers computation.

e The calculated friction candidates are clamped between predefined minimum
and maximum bounds (tmer = —fmin = 1.5, ) to keep the values within a
physically plausible range.
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« Confidence weights based on a threshold ratio (ky, = (%) L 6) are used to

prioritize previous stable estimates when current data is deemed less reliable,
such as during low-force scenarios.

This p,; value is a critical input for the subsequent Reference Slip Estimator,
as it allows the system to map the current grip usage against the theoretical limits
of the road surface.

4.3.2 Reference Slip Estimator

To maximize the vehicle’s longitudinal performance and stability across varying
track environments, a high-level Reference Slip Estimator block is implemented
within the general supervisory architecture. This module operates as a real-time
state interpreter that evaluates the current maximum adhesion capabilities of the
tire and continuously computes the optimal target longitudinal slip (o,cf = gopt)-

This tracking optimization uses the analytical Burckhardt Tire Friction Model
exposed in Sec. 3.2.4, which mathematically establishes the non-linear relationship
between the longitudinal slip ratio and the friction coefficient (u(o)) through surface-
dependent parameters (¢y, ¢a, ¢3). To compute the optimal slip values corresponding
to the seven different road conditions listed in Table 3.1, the first-order necessary
condition for a maximum at the friction peak is exploited:

Oopt = Arg Max p(o) (4.3)
o

o —0 4.4

Oopt ao-opt ( )

Performing the partial derivative with respect to slip on Eq. (3.13), it’s possible to
derive the formal definition of optimal slip as function of Buckhardt parameters:

1
Gopt = — In (CICQ) (4.5)

Co C3

From this, peak friction coefficient value can be retrieved as only function of

Buckhardt parameters:
fmaz = C1 — & (1 +In (qCQ)) (4.6)
Co C3

This allows to build a standardized dataset of peak friction coefficient and optimal
slip values for the seven road conditions reported in Table 3.1:
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Table 4.2: Burckhardt Tire Model Peak Friction and Optimal Slip Standardized
Values

Oopt,k  Mmaz,k k
Asphalt, dry 0.17 1.1700 1
Asphalt, wet 0.13 0.8013 2
Concrete, dry 0.16 1.0900 3
Cobblestone, dry  0.40 1.0000 4
Cobblestone, wet  0.14  0.3800 5
Snow 0.06 0.1900 6
Ice 0.04 0.0500 7

To determine which environmental condition (e.g., Dry Asphalt, Wet Asphalt,
Snow, Ice, etc.) matches the physical terrain in real time, the module operates
an active matching algotihm, where the instantaneous state pair (p,;, o) forms a
dynamic operating point in the friction-slip plane.

For each standard road, a predicted fricion coefficient as function of the measured

slip (sigmag;):
,U/Rj(O-Rj) = sign(aRj) . 01(1 — G_CQURj) — CgO'Rj (47)

At each time step, the algorithm evaluates the consistency between p,; r; and
pr;i(or;) and derives a set of weight coefficients wy, that quantify the likelihood of
each road model:

1
 |pri(oR)) — turs| +€

where k = 1,2, ...,7 identifies the road condition from the ones listed in Tab. 4.2,
and ¢ is a tolerance introduced to avoid division by zero.

(4.8)

Wk, Rj

Finally, the optimal slip ratio (oot rj) and maximum friction coefficient (fimaz,r;)
corresponding to the real-time operation can be obtained:

7
Zk:l Wk,Rj Hmaz,k

Kmaz,Rj = 7 (49)
2 k=1 Wk,R;
ZZ;:l Wk, Rj Oopt,k
Oopt,Rj = 7 (410)
> k=1 Wk.Rj
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4.4 Design of PI Control Logic

The first baseline control strategy proposed is a Proportional-Integral (PI) controller
for slip regulation. The input of the PI controller is the error between driving
wheel’s actual rotational speed and reference rotational speed corresponding to
optimal slip condition for maximum traction. The output of the PI controller is a
driving torque request at the wheel.

4.4.1 Reference Rotational Speed

The PI control block directly reacts to the error e; between reference and actual
rotational speed of the wheel:

€j = Wref,Rj — WRj (411)

The reference rotational speed for the wheel is the one corresponding to the optimal
slip ratio condition, derived from Eq.(3.7):

Wdri . .
oL traction
Wref,Rj = opt (4.12)

wdT’iUC?‘LR]‘ (1 + UoptRj) , braklng

target slip

REFERENCE
ROTATIONAL
SPEED
ESTIMATOR

gas/brake
command

Figure 4.4: Reference rotational speed estimator.

4.4.2 Control Law

The control law for the PI control strategy is derived from the rotational equilibrium
equation at the wheel of Eq. (3.10):

Trive,rj = Twwr; + Fu rjRR (4.13)
Expressing the traction force as function of vehicle speed (V'):

Fw,Rj = mVRR (414)
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Differenziating according to the expression of the slip ratio as function of vehicle
speed:

_ wrjRRr—V
TR} = "on (4.15)
V =wrjRr (1 —0gj) —wrjRr 0r;

We can substitute Eq. (4.14) and (4.15) in Eq. (4.13) to obtain a new expression
of driving torque request at the wheel:

Tdrive,Rj - [[w +m (1 - JRj) R?%] ij - mejR?% de (416)

This definition allows for treating the driving torque request as the resultant of
two main dynamics contributions:

Tarive,rj = Letri,rj + ATR; (4.17)
Turirj = [Lw +m (1 — ogj) R%] Wg; (4.18)
ATRj = —mejR%{ é'Rj .

The control torque T, is the output torque of the PI, retrieved from Eq. (4.16)
considering null rate for the slip ratio (6g; = 0). This term models the dynamics
of the wheels, forcing the real-time wheel rotational speed to be the same as the
reference rotational speed (wy.s) corresponding to optimal slip condition.

{Tctrl,Rj = k’p €; + kl fej(t)dt (4 19)

€j = Wref,Rj — WRj

The torque error AT between driving torque request and control torque is directly
proportional to g; and is representative of the disturbances on the system and
uncertainces of the parameters, related to slip dynamics.

A compensation torque Ty, is implemented in the control law to correct the
error in torque, and it’s saturated considering a maximum compensation capability
equal to 20% of maximum electric motor torque [8]:

0.2 - Tmax. ATg; > 0.2 - Trae
Tomps,rj = § ATgj, —0.2 - Trar < ATg; < 0.2 - Thaz (4.20)

—0.2-Tpar ATp; < —0.2- Tpas

Finally, the driving torque request at the wheel is obtained by sum of the two
contributions:

Tdrive,Rj = Tctrl,Rj + Tcmps,Rj (421)
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In Fig. 4.5 a schematic representation of the control law implementation inside the
control loop.
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Figure 4.5: PI control scheme.
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4.5 Design of Traditional Sliding Mode Control
Logic

The second baseline control strategy proposed is a Traditional Sliding Mode (T'SM)
controller for slip regulation. TSMC works by applying a discontinuous, high-
frequency switching command to force the system’s state onto a predefined sliding
surface, representing the ideal stable trajectory in the system’s state-space, which
forces the tracking error convergence to zero, and then maintain it there despite
disturbances or model uncertainties.

4.5.1 Sliding Surface Definition

The foundational step in the synthesis of a sliding mode control strategy involves
the mathematical definition of an appropriate sliding surface within the system
state space. Being the primary objective of slip regulation for traction control to
force the actual wheel slip to asymptotically track the optimal target reference
calculated by the upper-level observation layer, in the traditional form of a SMC,
the sliding surface (s) is chosen as coincident with the error in slip ratio [10]:

5j =€ = 0j — Oopt, (4.22)

During the initial reaching phase, the controller applies a high-frequency switching
law to force the system state trajectories toward the surface in finite time. Once the
surface is reached, the system enters the sliding phase, where the state is strictly
constrained to s = 0. On this ideal trajectory, the tracking error is identically zero,
and the system dynamics become completely decoupled from external matched
disturbances, parameter uncertainties, and the severe nonlinearities inherent to the
tire-road interface.

4.5.2 Control Law

A proper control law has been defined for the TSMC, in order to guarantee
controller’s ability of driving the system trajectories toward the sliding surface and
maintaining them within it.

As illustrated in the structural layout of the controller in Fig. 4.6, the output of
the control law, which is a driving torque request at the wheel, here referenced to
as the command torque 7,,,,4 rj, is analytically decomposed into two distinct
components:

Tdrive,Rj = Tcmnd,Rj (423)
Tcmnde = Teq,Rj + Tsw,Rj (424)
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This dual formulation decouples the control action into a continuous model-based
term and a discontinuous robust term, each addressing a specific phase of the
sliding mode execution.

The equivalent torque T, is a continuous term enforcing the condition s = 0
in the nominal model. It is derived under the ideal nominal condition where the
derivative of the sliding surface is zero ($ = 0). By isolating the nominal wheel
dynamics, which are governed by the wheel inertia and the longitudinal tire force
acting at the tire radius, the equivalent torque is formulated as:

Teqrj = Tuwrj + Fiu rjRR (4.25)

This component effectivelty establishes a baseline torque required to balance the
rotational wheel acceleration with the active longitudinal tire-road forces.

The switching torque 75, is a robust discontinuous term designed to account
for unmodeled dynamics, parametric variations, and the severe nonlinearities of
the tire-road interface that deviate from the nominal model. It is mathematically
defined as proportional to the sign of s and is representative of slip dynamics ($):

Towrj = —K - sign(s;) (4.26)

where K is a constant positive switching gain, calibrated to overcome the maximum
bounded uncertainties of the system.

Because the signum function switches instantaneously between +1 based on the
polarity of the slip tracking error, the switching law introduces a strict bang-bang
behavior within the actuator command.

While this aggressive discontinuous switching mathematically guarantees deter-
ministic convergence and absolute robustness against matched disturbances, its
high-frequency chattering nature presents severe physical limitations, which will be
addressed in subsequent sections.

Wheel’s Dynamics

To accurately bridge the kinematic state requirements with the physical limitations
of the powertrain, a dedicated wheel’s angular acceleration estimator is implemented.
This evaluates the required wheel angular acceleration by differentiating the slip
definition of Eq. 3.7:

wdm’ven,j (l_o—j)'i'wdriven,j é'j traCtion
Wrj = (1=0;)? ’ (4.27)
Wdriven,j (1 + Jj) + Wdriven,j Oj, braklng

In an unconstrained state model, rapid changes in surface friction conditions or
high-frequency switching from the sliding mode controller can cause this calculated
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derivative to spike to physically impossible values. To prevent numerical instability
and maintain absolute consistency with the vehicle’s physical limits, an actuator-
boundary guard is integrated into the block logic.

The maximum achievable angular acceleration is strictly bounded by the maximum

electromagnetic torque available from the motor (T744) scaled through gear ratio

and inertia:

-max g@&x ) ig *NEM (4 28)
ij = Iw .
s = WRj, |Wrj| < Wi (4.29)
I WhaT - sign(wry), |y > wpe

o
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Figure 4.6: TSM control scheme.
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4.5.3 Proof of Stability

To guarantee that the system state trajectory converges to the sliding surface s = 0
in finite time and remains strictly restricted to it, a formal stability analysis must
be conducted utilizing the Lyapunov Direct Method.

For an individual wheel assembly, a positive-definite scalar Lyapunov candidate
function is formulated [22]:

V(s;)=3s7>0, Vs; #0
{V(O) ) (4.30)

According to Lyapunov stability criteria, the system is asymptotically stable if
the time derivative of the chosen candidate function is strictly negative-definite
( V(s;) < 0) outside the equilibrium. This condition enforces the classic sliding
reaching condition:
V(Sj) = éij < 0, VSj # 0 (431)
Recalling that the traditional sliding surface is defined to coincide directly with
the slip tracking error (Eq. (4.22)) its time derivative corresponds to the tracking
slip error dynamics:
85 =6 — Gop, (4.32)

Applying nonlinear slip dynamics derived earlier with Eq. (4.26), we choose:
5, = —K - sign(s;) (4.33)
This gives the following Lyapunov function derivative:

V(s;) = —K - sign(s;) s; = —K - |sj| <0 (4.34)

Finally, choosing a constant positive gain (K > 0) for the switching term ensures
asymptotic stability for the system (Eq. (4.31)).
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An Advanced Approach
Proposal: Conditional

Integral Sliding Mode
Controller

To overcome the conflicting limitations related to the baseline controllers of Chapter
4, this section proposes a Conditional Integral Sliding Mode Control (CISMC)
framework. The core philosophy of the CISMC approach lies in the continuous
modulation of the robust switching term based on the instantaneous state trajectory
distance from the sliding surface, while simultaneously an integral control term is
conditionally activated to asymptotically eliminate residual steady-state tracking
errors without risking integrator wind-up during large transient maneuvers.

This multi-layered approach ensures robust slip tracking while entirely mitigating
the actuator chattering typically associated with traditional sliding mode implemen-
tations.

The controller design will be carried out by initially designing a sliding surface
defining the desired closed-loop behavior of the system. A stabilizing control law
will then be derived assuming no parametric uncertainties.
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5.1 Control Architecture

The deployment of this advanced nonlinear controller does not necessitate any
modification to the external supervisory or physical plant layers. Specifically,
the fundamental vehicle architecture, the geometric and mass parameters of the
RWD electric platform, and the physical problem statement regarding optimal
longitudinal tire-road friction utilization remain identical to those detailed for the
baseline PI and TSMC implementations in the Sections 4.1, 4.2 and 4.3.

Furthermore, the general control architecture, including the feedback loops, the
vehicle state observation layer, the reference slip estimation module, and the torque
coordination logic for braking, is preserved in its entirety. This architectural consis-
tency ensures a scientifically rigorous basis for comparison, isolating the evaluation
of the powertrain response from external systemic variations. Consequently, the
structural modification introduced in this section is confined exclusively to the
internal control logic of the controller block itself, specifically reshaping how the
tracking error is processed and how the motor torque command is mapped to
reconcile robustness with actuator smoothness.

5.2 Sliding Surface Definition

The sliding surface is formulated, according to integral sliding mode control theory,
as a weighted sum of the state error (o; — ooy ;) and the integrated state error:

si=e+ K [ es(r)r = 0 (5.1)

This formulation offers two main advantages. First, it ensures that once the
state trajectory is constrained to the s; = 0, the tracking error is mathematically
guaranteed to converge exponentially toward zero. Second, through the explicit
structural inclusion of the initial condition e;(0), the controller completely eliminates
the traditional reaching phase. This forces the sliding condition to be identically
satisfied from the exact onset of the regulation window (¢ = 0), thereby guaranteeing
absolute exponential error convergence from the very beginning of the control action,
even in cases where the initial tracking error is non-zero (e;(0) # 0) [23].

In Eq. (5.1), 7 is a dummy variable used for integration, while K; is a constant
positive gain determining the convergence rate [24]:

ej(t) = e;(0) - e~ (5.2)
i e;(f) =0

t 5.3

- A%mmz%@ é@—5W) (53)
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The dynamics of the closed-loop slip control system therefore acts as a first order
low pass filter with time constant equal to 1/K;.

5.3 Control Law

The control law considered assumes no parameter uncertainty, and it’s expressed
as function of two unknown functions (f and ¢g) modeling the inverse dynamics of
the plant [25]:

= fo},Wariven,;) (5.4)
9 = 9(0j, Wariven,;) 5.5)
The dynamics of the system is described as follow:
6= f+g-ur, (5.6)
Sj=¢+Ki-ej =05~ Oopt, + K1 ¢ (5.7)
This leads to the following expression of § as function of the control input u:
$;=[f+g-urj+ Ki-ej — op, (5.8)
Finally, the control input wu:
upj = —; (f + K1 - ej = Gopr, — 5) (5.9)

where term K7 - e enforces the condition s = 0 and $ encompasses the discontinuous
law forcing the system trajectories onto the sliding surface.

The output of the control logic, u, corresponds to a driving torque request at the
wheel axle:

Tdri'ue,Rj = URj (510)

The definition of slip dynamics ($) for the CISM controller will be discussed in the
next section (Section 5.3.1), where an alternative formulation of Eq. 4.33 will be
proposed as a solution for the chattering problem.

5.3.1 Chattering Solution

In practical applications, because the inverse dynamics embedded within the nomi-
nal control law represents only an approximation of the true physical plant behavior,
and because the vehicle is continuously subjected to exogenous disturbances and
parametric uncertainties, state trajectories are constrained to the surface s = 0

47



An Advanced Approach Proposal: Conditional Integral Sliding Mode Controller

solely by virtue of the high-gain control discontinuity. However, when dealing
with a discrete-time digital processor, the ideal infinite-frequency switching can
no longer be physically sustained. This limitation forces the state trajectories to
oscillate aggressively across s = 0, giving rise to the chattering phenomenon.
The are strongly coupled to the hardware sampling time, the magnitude of the
discontinuous switching gain, and the internal unmodeled dynamics of both the
vehicle system and the electromagnetic actuators.

To mitigate the resulting high control effort, the severe high-frequency oscillations
in the system response and general control degradation, a virtual boundary layer
of thickness ¢ is mapped symmetrically around the sliding surface, establishing a
localized envelope within which the aggressive discontinuous gain is systematically
smoothed. This continuous boundary layer approximation serves to smooth the
switching command inside the tracking zone, thereby eliminating the high-frequency
chattering. Nevertheless, this attenuation introduces an inherent trade-off, as it
compromises absolute tracking precision and robustness against disturbances once
the state vector resides inside the boundary layer. Consequently, the boundary layer
thickness must be meticulously calibrated, selecting the minimum possible value
that satisfies the physical chattering suppression requirements of the powertrain
without excessively sacrificing steady-state regulation performance.

e(0)

Figure 5.1: Sliding surface illustration [25].

Given fixed width ¢, the discontinuous switching term is made proportional to s
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employing a proper saturation function, to substitute to sign(s) in Eq: (4.33):

%
Sj (2

sat | — | = ‘ (5.12)
(§0> sign <5j>, s; <
¥

The relationship between boundary layer thickness and tracking error is given as
[25]:

Vt>0, lej(t)] <2-Kee for all trajectories starting inside the boundary layer

(5.13)
where ¢ is the boundary layer thickness lying on the horizontal axis illustrated in
Fig. 5.1, defined as:

®
—_ — 5-14
c K, (5.14)

It is therefore guaranteed that:
VE>0, lei(t)<2-¢ (5.15)

Values of ¢ and K5 are tuned in simulations reported in Chapter 5.3.3.

5.3.2 Anti Wind-up Strategy

Because the sliding surface defined in Eq. (5.1) incorporates a continuous time-
integral component of the tracking error, its real-time implementation is vulnerable
to integrator wind-up. This risk is highly pronounced in traction control loops
since the actual available electromagnetic motor torque is constrained by the electric
motor structural limits. When a large transient maneuver forces the tracking error
to remain large over a sustained interval of time, a conventional integrator continues
to accumulate, causing the virtual torque request to far exceed the physical capacity
of the actuator, resulting in severe overshoots and extended settling times once the
system attempts to recover from saturation.

To mitigate this operational vulnerability, a specialized conditional anti-windup
framework is implemented. This scheme works by dynamically switching between
distinct sliding surface definitions based on the saturation state of the actuator.
The operational logic is formalized through two distinct execution windows:

t
+ K1 [ e(r)dr = ¢;to), | < T
55 = €j 1 to 63(7—) T 6]( 0) ‘uRj| —= “drive,Rj (516)

mazx
€5 |uRj| > Tdrive,Rj
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As long as the calculated reference control command resides safely within the
physical torque limits of the electric motor (Ju| < Tj7%%) the primary integral
sliding surface is employed.

The moment the torque request triggers actuator saturation (ju| > T ), the
accumulation of the integral slip error is immediately halted.

To prevent a discontinuous step change in the sliding surface, which could riskly
lead to chattering amplification, the mathematical boundaries of the integral term
are dynamically shifted such that the initial slip error e;(0) is overwritten by the
error at the instant of exit from saturation window (e;(y)), and the integration
lower bound (;,) is re-indexed from t;, = 0 to t;, = to (see Eq. (5.16)).

This ensures that the sliding surface is shifted so that the trajectories at (o) are
located at s = 0 and exponential convergence is obtained immediately.

The reference physical limit for maximum driving torque is retrieved as function of

electric motor limits:

Toive = TEN ~ig - MEM (5.17)

In Fig. 5.2 a schematic representation of the control law implementation inside the
control loop.

n t
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Figure 5.2: CISM control scheme.
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5.3.3 Proof of Stability

Coherently with the apporach adopted for the TSMC case study (Sec. 4.5.3), a
formal stability analysis is conducted for the CISM controller according to Lyapunov
theory.

The positive-definite scalar Lyapunov candidate function considered is:

V(s;)=3s7>0, Vs;#0 (5.18)
V(0)=0
The derivative with respect to time is:
V(Sj) = Sij = (f -+ g - URj -+ K1 “ e — doptj) S; (519)

Both definitions satisfy the conditions discussed in Sec. 4.5.3, hence V (s; — o0) —
oo and V(s;) < 0, given the following relationships:

1 ) .
UR; = _E (f -+ K1 c €5 — Uoptj - Sj) (520)

Being ¢ a positive constant by definition, it can be stated that:

sign(s;) = sign <Sj> (5.22)
¥
Hence to discuss about the negativity of V(sj), the simplification §; = —Ky-sign(s;)
and Eq. (5.20) can be susbtituted in Eq. (5.19):
V(s;) = —Ky - sign(s;)-s; = —Ky - |s;| <0 (5.23)

Finally, choosing a constant positive gain (K5 > 0) for the switching term ensures

V(s;) <0, Vs; # 0, hence asymptotic stability for the system.
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Simulations and Results

This chapter presents the virtual validation framework and the comparative perfor-
mance analysis of the proposed wheel slip controllers.

To achieve seamless integration with the IPG Automotive CarMaker simulation
environment, specific software adaptation blocks were developed to handle motor
torque commands and state variable routing.

Subsequently, the controllers’ performance is evaluated and compared through a
series of critical maneuvers under varying friction conditions, including abrupt road
surface transitions (p-jumps) and asymmetrical surfaces (u- split). Finally, the
simulation results are presented and analyzed with a specific focus on slip tracking
accuracy, motor torque smoothness, and the suppression of powertrain torsional
oscillations, highlighting the distinct performance advantages offered by the CISMC
strategy.
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Simulations and Results

6.1 Simulation Environment

To evaluate the proposed control algorithms under realistic conditions, a high-
fidelity simulation environment is established by interfacing MATLAB /Simulink
with IPG Automotive CarMaker. Within this framework, CarMaker handles the
complex, non-linear physical plant dynamics, including the multi-body chassis, a
detailed powertrain configuration, aerodynamic forces, and dynamic tire models,
while the complete control logic runs entirely within Simulink.

6.1.1 CarMaker for Simulink

The validation environment is built as a co-simulation architecture using CarMaker
for Simulink (CM4SL).

CMA4SL establishes a real-time co-simulation loop where the high-fidelity multi-body
chassis and tire dynamics run natively within CarMaker, while the customized
control algorithms execute entirely inside MATLAB/Simulink. Communication is
synchronized at each simulation time step using dedicated S-Functions, allowing the
control loop to read real-time kinematic states directly from the CarMaker Data
Dictionary (via Read CM Dict blocks). Concurrently, the calculated controller
torque commands are directly injected back into the virtual powertrain assembly
using a Model Plug-in layer (via Write CM Dict blocks), overriding the nominal
vehicle actuators to close the loop under realistic unmodeled physical constraints.

<X
N
C:

W ¥

] @

arMaker Open CarMaker GUI

X Mo POWERTRAIN

Figure 6.1: CM4SL environment.

Within this co-simulation architecture, the developed slip control logic is embedded
directly inside the IPGVehicle > Powertrain subsystem. Rather than delegating
torque generation to CarMaker’s native internal powertrain or driver models, the
customized Simulink plug-in bypasses the default actuator commands, overwriting
target torque values for the electric motor, whenever the controller state is active.
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Simulations within CarMaker4Simulink environment have been carried out with a
timestep of 0.001 s.

6.1.2 Actuator Target Assignment and Modified Power-
train Subsystem

Once the core tracking loop within the Traction Control System computes the
raw corrective action, the output is routed to the EM Target Assignment layer

req

(Tpy, = %) The theoretical controller output is scaled and saturated ac-
g

cording to the physical operational boundaries of the electric motors. The vali-

dated electromagnetic request is then explicitly assigned to the dictionary variable

PT.Control.Motor.Trq_trg.

. ) Wheel o )
PowerTrain =~ Traction EM 1 D,M-ngeﬁ;que 1" PowerTrain
—|  Target | -
Control Assigngment And driving Upd
System Rotational Speed | ®w

Torake

I —

Figure 6.2: Actuator target assignment and Modified Powertrain subsystem

However, to ensure that the overall vehicle plant model seamlessly executes the
controller’s request, the default torque transmission paths inside CarMaker must be
bypassed. This is achieved by routing the torque target through a customized Mod-
ified Powertrain block configuration located between the native PowerTrain
and PowerTrain Upd interfaces.
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‘‘‘‘‘‘‘‘

Figure 6.3: Modified Powertrain block within Simulink.

Within this modified powertrain stage, the calculated motor torque (Thg;) is re-
elaborated: the block automatically models the driveline transformations, such
as the reduction gear efficiency and transmission ratios to derive the net driving
torque applied directly at the wheel axle (Tyriping)-

Figure 6.4: Detail on Modified Powertrain block.

Controller’s activity state is defined by reading a flag which constantly observes
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the distance between the actual wheels’ slipping state and the optimal slip value:
control-loop is enabled whenever o; > oy, ; = 0.9 - 04y 5, in order to initiate the
control action just before entering an unstable condition.

A dedicated decision block continuously reads the functional state of the controller

(ON or OFF):

o Controller OFF: The decision block passes the nominal, unmodified variables
directly from the default CarMaker Powertrain Interface.

o Controller ON: The loop instantly switches to inject the modified, controller-
derived kinetic and kinematic quantities directly into the PowertrainUpd
Interface.

By establishing this overriding sequence, the simulation ensures that the high-fidelity
chassis model updates its longitudinal tire forces based strictly on the optimized
slip control requests, preventing any internal algebraic loops or parameter conflicts
from disrupting the co-simulation layer.

6.2 Selected Test Maneuvers and Simulation Sce-
narios

The scenarios tested to evaluate and compare the performance of the proposed
controllers have been selected to replicate operational conditions that typically
challenge vehicle stability and traction control systems.

Three distinct test benchmarks have been designed:

Low Friction
Full gas pedal maneuver starting from approximately 10 km /h, followed by a
braking maneuver. Road friction coefficient is fi,0qq = 0.3.

Mu-jump
Constant gas pedal (=~ 70%), starting from approximately 10 km/h. Road
friction coefficient varies from fiyo0d,nigh = 1 1O froad,iow = 0.3. Speed of the
vehicle is not over 20 Km/h when the change in road friction is encountered.

Mu-split
Constant gas pedal (=~ 70%), starting from approximately 10 km/h. Road
friction coefficient varies from fi,oadnigh = 1 t0 fiR, 04,,, = 0.3 for the right
wheels and pr, ., ,,., = 0.1 for the left wheels. Speed of the vehicle is not over
20 Km/h when the change in road friction is encountered.
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6.3 Low Friction Maneuver

The first test profile begins with an initial constant-speed cruising phase at
Vone =~ 10 km/h (= 2.8 m/s), followed by a 100% full gas pedal step input
initiated at approximately 4.5 seconds after simulation starts, demanding max-
imum available acceleration torque. Finally at ¢ ~ 14.5 s a braking demand is
commanded.

The road is characterized by uniform low friction coefficient .00 = 0.3, repre-
sentative of packed snow or extremely wet cobblestones, and the Reference Slip
Estimator identifies a constant optimal longitudinal slip peak of o,,; = 0.1038 for
both rear wheels, during the traction phase, switching to a negative sign target
oopt = —0.0976 during the braking phase.

Results shown in this section refer to the simulation being stopped as soon as
Vone = 0.8 m/s after the braking phase, to avoid loss of information given by poor
mathematical definitions fidelity at such low speed.

6.3.1 Traction Control System OFF
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Figure 6.5: Vehicle and driving wheels’ speed with traction control OFF.
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Without an active traction control system, the full-throttle tip-in causes immediate,
severe spin on both wheels.

The wheels accelerate exponentially, peaking at a peripheral speed of over 62 m/s,
while the actual vehicle velocity increases at a slower rate due to the loss of effective
force transmission.

Braking phase is not initiated due to complete loss of adherence at the tire-ground
contact.

Comparing actual longitudinal slip against reference optimal value for both wheels
(Fig. 6.6), slip increase is visible as soon as pedal input is applied (¢ ~ 4.5 s): it
bypasses the stable linear region and jumps straight to an initial spike reaching full
spin (0 = 1) and maintaining a value above 0.8 afterwards.
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Figure 6.6: Actual vs. reference longitudinal slip with traction control OFF.

The consequences of uncontrolled slip are confirmed by the utilized friction coeffi-
cient plot in Figure 6.7, showing how the adherence capabilities of the tire-road
interface are never efficiently exploited (|ptu| < |froaa|) @s the tire is operating deep
within the unstable sliding region.
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Figure 6.7: Utilized vs. road friction coefficient with traction control OFF.
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6.3.2 PI Controller

Figure 6.8 illustrates the binary operational state of the PI activation block.
As expected, the controller switches from an idle state (0) to an active state
(1) immediately at ¢t ~ 4.5 s as the wheel slip crosses the activation threshold
(0; > o4p,;). The PI controller remains fully engaged throughout both the traction
and braking phases.
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Figure 6.8: PI controller activity.

Under active PI control, the vehicle’s longitudinal behavior is significantly improved.
As plotted in Figure 6.9, the driving wheel speeds no longer diverge into uncontrolled
spin; instead, they are held at a regulated distance above the vehicle speed curve
in the V-t plane. This tight velocity coupling matches the target optimal slip (op)
velocity profile.

The system remains stable during steady-state acceleration, and the control loop
successfully prevents wheel lock-up during the sudden traction-to-braking transition
at t =~ 14.5 s.
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25 Vehicle and Driving Wheels Speeds - Pl Controller
T T

——Vehicle
——Rear-Left Wheel
—— Rear-Right Wheel

Speed [m/s]

0 | |
0 5 10 15
Time [s]

Figure 6.9: Vehicle and driving wheels’ speed with PI.

The slip tracking performance is verified in Figure 6.10. The PI controller suc-
cessfully contains the initial slip spike, bringing the longitudinal slip magnitude to
match the optimal value of 0.1038 during the traction phase, and cleanly transitions
to -0.0976 during the deceleration phase.

Looking closely at the controller’s tracking performance (Fig 6.11), longitudinal slip
tracking error is kept to zero for the whole simulation, despite a negligible overshoot
t0 €mar < 0.02 in correspondence of the transition phase (¢ ~ 14.5). Wheel’s
rotational speed tracking error (w; — wy.y,;) follows the same trend, with magnitude
of overshoot ranging from 0.3 to —0.9 rad/s approximately. This behavior is caused
by the physical wind-up of the integral channel before the controller can adapt to
the rapid change in torque direction.

62



Simulations and Results

Longitudinal Slip [-]

Actual vs. Reference L itudinal Slip - Pl Controller
T T

- - -Reference Optimal Slip
—— Rear-Left Wheel
— Rear-Right Wheel

o[ W ,

0.05 —

Slip Ratio [-]

-0.05 — -
01 ! ! L

0 5 10 15

Time [s]
Figure 6.10: Actual vs. reference longitudinal slip with PI.
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Figure 6.11: PI controller tracking error.
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Controller’s capability to enhance friction utilization at the tire-ground contact is
reported in the Figure 6.12, where |py| > |ftroaa| for both wheels throughout the
whole controller’s intervention. Unlike the TCS OFF configuration, the system fully
exploits the available adherence of the tire-road interface during both acceleration
and deceleration, drastically improving overall safety and acceleration metrics.
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Figure 6.12: Utilized vs. road friction coefficient with PI.

Controller’s Output

As previously discussed in Sec 4.4, the control logic outputs a driving torque request
at the wheel, which is further manipulated for electric motors target setting.

The calculated torque request generated by the PI control logic is reported in Figure
6.13 and Figure 6.14. The total command torque is mathematically decomposed
into the primary Control Torque and an auxiliary Compensation Torque serving as
an anti-windup layer.

As highlighted in the zoomed-in version of controller’s output plot in Figure 6.14,
the compensation torque remains strictly zero during regular operations. Even,
during the extreme reference sign inversion at ¢ ~ 14.5 s, the control torque
never hits its saturation bounds, hence the anti-windup compensation loop doesn’t
activate.
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Figure 6.13: PI controller output torques.
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Figure 6.14: PI controller output torques, detail.
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Finally, target electric motor torque commands and actual physical motor torque
outputs are detailed in Figure 6.15.

The resulting target torque for the electric motor is a smooth steady profile, and is
easily tracked by the EM torque.
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Figure 6.15: Electric motors torque with PI controller.

However, during the torque reversal phase at t ~ 14.5 s, the reference signal
demands an instantaneous change in sign: this step change forces the target torque
to change at a frequency out of the maximum physical motor envelope, hence the
actual motor torque tries to track this extreme demand with an instantaneous
step response, according the hardware capability limits, inevitably resulting in a
short-time oscillation, before stabilizing into a steady braking profile.
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Figure 6.16: Electric motors torque with PI controller, detail.
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6.3.3 TSM Controller

The primary objective of this architecture is to exploit the robust, non-linear
discontinuous reaching laws of sliding mode theory to ensure faster transient
response and absolute invariance to model uncertainties compared to the baseline
PT controller.

The controller utilizes an identical switching threshold mechanism to the PI lay-
out, mapping the idle state to 0 and full engagement to 1. The loop triggers
instantaneously at ¢ &~ 1 s, remaining active throughout the entire high-slip regime.
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Figure 6.17: TSM controller activity.

Figure 6.18 illustrates the vehicle longitudinal speed and the tangential wheel
velocities.
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The application of the non-linear switching manifold completely alters the transient
response compared to the PI baseline.

The TSMC limits the initial spin surge instantaneously, locking the wheel velocity
tightly onto the tracking line prescribed by the optimal reference slip.

However, a close inspection of the wheel speed curves during steady-state traction
reveals high-frequency, low-amplitude oscillations directly superimposed onto the
velocity trajectories.

This kinematic ripple is the physical manifestation of high-frequency actuator
switching.
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Figure 6.18: Vehicle and driving wheels” speed with TSMC.
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This tracking behavior is further confirmed by the longitudinal slip development
plotted in Figure 6.19.

TSMC demonstrates a remarkably steep reaching phase, forcing the longitudinal
slip to hit the optimal reference boundary (o, = 0.1038) within milliseconds, even
during the aggressive torque reversal at ¢t ~ 14.5 s, where the slip profile switches
instantly to match the negative reference.

Unlike the PI controller, which suffered from integral wind-up lag, the TSMC crosses
the zero-slip line with practically zero transient delay. Despite this exceptional
speed, the slip never fully stabilizes at a smooth constant value; instead, it exhibits
continuous high-frequency chatter directly around the reference optimal slip curve.
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Figure 6.19: Actual vs. reference longitudinal slip with TSMC.

To quantify this tracking capability, Figure 6.20 isolates the raw longitudinal slip
tracking error.
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The tracking error metrics highlight the trade-offs of the traditional sliding mode
approach.

During the severe traction-to-braking step transition at ¢t ~ 14.5 s, the peak slip
tracking error magnitude is again approximately 0.2.

Because the traditional sliding control law employs a discontinuous sign function
(sign(s)), the tracking error does not asymptote to a clean zero. Instead, it enters a
continuous, high-frequency chattering around the zero-error axis, with a persistent
average residual oscillation amplitude of approximately +0.05.

Moreover, it’s visible how the intensity of chattering is inversely proportional to
vehicle speed. While at low speeds (Ve < 5 m/s) the maximum error amplitude
is in the order of 0.14, at high speeds (Vyna > 12 m/s) the system is more stable,
guaranteeing a lower amplitude of oscillations (€4, =~ 0.02).
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Figure 6.20: TSM controller tracking error.
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As reported in Figure 6.21, ensuring that the longitudinal slip is restricted to the
peak zone (o = 0.1038), the TSMC maximizes force transmission, maintaining the
utilized friction coefficient close or higher than the road nominal one.

Utilized friction coefficient magnitude is always higher than road theoretical fric-
tion’s one, and also higher than in the PI case, confirming a higher capability of
the TSM controller of maximizing adherence at tire-ground contact.

The rapid tracking response during the torque reversal guarantees that the tire
contact patch switches from maximum acceleration force to maximum braking
force almost instantaneously. However, matching the slip fluctuations, the calcu-
lated friction forces exhibit high-frequency noise, which can introduce mechanical
vibrations.
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Figure 6.21: Utilized vs. road friction coefficient with TSMC.
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Controller’s Output

The underlying cause of the high-frequency kinematic fluctuations is identified by
examining the controller output variables. Figure 6.22 illustrates the computed
command torque request.

To counteract unmodeled drivetrain dynamics and external disturbances, the
switching gain must be set to a high value. Consequently, the controller command
signal switches back and forth between its extreme operational limits.
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Figure 6.22: TSM controller output torques.

This severe chattering behavior is continuously sustained during both the steady-
state traction phase (t =5 s + 14 s) and the braking phase (t = 14 s = 15 s).
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Figure 6.23: Electric motors torque with TSM controller.

Figure 6.23 displays the target electromagnetic motor torque command set for the
electric motors.

Because modern permanent magnet synchronous motors possess high-bandwidth
power electronics, the physical actuator actively attempts to execute this high-
frequency chattering profile.

As a result, the actual motor torque output continuously oscillates over a massive
envelope. While this switching enforces absolute mathematical robustness on the
slip tracking layer, it is physically unacceptable in a production vehicle.

In a real powertrain layout, high-frequency torque chattering of this magnitude
would excite the torsional resonant modes of the drive shafts, generate severe
acoustic noise, accelerate mechanical fatigue of the reduction gears, and cause high
thermal losses in the power inverter stages.

Controller’s Stability

To confirm the theoretical stability proofs discussed in Section 4.5.3 with direct
numerical simulation, Figure 6.24 illustrates the real-time tracking of the sliding
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manifold surface s alongside its corresponding computed time derivative V(s) =55
for both rear wheels.

Controller Stability - TSM Controller
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Figure 6.24: TSM controller’s stability analysis.

Before controller’s intervention, both variables obviously rest at zero. The severe
torque demand caused by gas pedal input induces an instantaneous perturbation in
wheel kinematics, forcing the sliding surface variable to spike away from the ideal
manifold (s = 0). Concurrently, the Lyapunov derivative exhibits an immediate,
sharp negative impulse, plunging deeply into the negative-definite region.

This behavior strictly validates the reaching condition: it proves that the non-linear
control law reacts to the tracking error by generating an immediate corrective
action that forces the system trajectory back toward the sliding surface.

After this reaching phase, rather than settling smoothly at absolute zero, both s and
V exhibit continuous, high-frequency chattering around the zero axis. Because the
controller relies on a discontinuous sign(s) term, it overcorrects at every sampling
interval. Consequently, the sliding surface oscillates rapidly across zero with a
bounded, residual amplitude.

Matching this behavior, the Lyapunov derivative oscillates rapidly in phase with
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the switching control law. Because s switches signs every time s crosses zero, their
product chatters symmetrically around the zero line.

While the system remains macroscopically stable and bounded within this tight
limit cycle, this continuous chattering represents high-frequency energy that directly
causes the torque oscillations seen in the actuator outputs.
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6.3.4 CISM Controller

The core objective of this advanced architecture is to overcome the physical lim-
itations of the previous two setups, aiming to match the instantaneous, robust
tracking response of the TSMC while completely eliminating the high-frequency
actuator chattering that compromises powertrain integrity.

The operational profile of the CISMC loop is shown in Figure 6.25
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Figure 6.25: CISM controller activity.

Mirroring the previous control configurations, the threshold switch registers an
immediate transition from an idle state (0) to full enforcement (1) at ¢ ~ 4.5 s
when the driver’s full-throttle step input occurs.

The controller remains continuously active, handling the localized slip dynamics
through both traction and braking regimes.
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Figure 6.26 shows vehicle longitudinal speed alongside individual rear wheels
tangential velocities.
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Figure 6.26: Vehicle and driving wheels’ speed with CISMC.

Speed profiles are altered by the introduction of the conditional integral sliding
surface.

At t =~ 4.5 s, the rear wheels velocities rise smoothly above the vehicle velocity
baseline with almost zero overshoot or transient spin spikes.

Crucially, unlike the TSMC speed profiles, the velocity lines under CISMC are
perfectly smooth and continuous during steady-state acceleration (¢ =5 s+ 14 s).
The high-frequency ripple is entirely suppressed, demonstrating that the boundary
layer smoothing successfully translates to clean kinematic wheel behavior.
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This tracking capability is confirmed by the longitudinal slip development reported
in Figure 6.27.

The CISMC achieves excellent tracking performance. When the full throttle
step is applied, the actual slip converges exponentially onto the optimal target
(0opt = 0.1038), despite an istantaneous overshoot to 0.17. Once the sliding manifold
is reached, the slip remains tightly locked on the target reference without any of
the high-frequency oscillatory chatter seen in the TSMC.

During the sharp torque inversion at ¢t ~ 14.5 s, the tracking remains stable. Thanks
to the conditional integration rule, the integral term is frozen the moment the
actuator saturates during the rapid torque reversal, preventing integration wind-up.
When the system exits saturation to track the braking target (., = —0.0976), the
slip converges cleanly to the new value with negligible lag and zero undershoot.
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Figure 6.27: Actual vs. reference longitudinal slip with CISMC.
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Because the controller stabilizes the tire slip ratio precisely at the absolute peak of
the road profile (0 = 0.1038), as shown in Figure 6.28, utilized friction coefficient
is held continuously close to and above its theoretical physical maximum.

By avoiding the tracking fluctuations of the PI and the high-frequency chattering
forces of the TSMC, the CISMC maintains a steady force application at the contact
patch, ensuring predictable, maximized acceleration performance.
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Figure 6.28: Utilized vs. road friction coefficient with CISMC.
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Controller’s Output

Chattering elimination can be visualized by analyzing the controller’s internal
outputs of Figure 6.29.

As discussed in Section 5.3, the control input, u,., corresponds to a driving torque
request at the wheel axle. This signal is saturated accordingly to the physical limit
for maximum driving torque (see Eq. (5.17)) and translated into a target torque
command for the electric motor, as seen in detail in Section 6.1.2.
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Figure 6.29: CISM controller’s output torques.

As explained in Section 5, the CISMC logic avoids chattering by replacing the
discontinuous sign function with a continuous saturation function inside a predefined
boundary layer (¢). The output torque profile displayed in detail in Figure 6.30
reflects this design, providing clean, smooth changes in torque demand during both
the steady acceleration and steady braking regimes.
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Electric Motors Torque - CISM Controller
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Figure 6.30: Electric motors torque with CISM controller.

The target torque command sent via the PT.Control.Motor.Trq_trg is entirely
free of high-frequency switching noise.

During traction (t =5 s+ 14 s), the torque command remains a continuous signal
below 100 Nm per wheel.

During the traction-to-braking transition at ¢ ~ 14.5 s, the controller demands
a smooth, rapid drop to full negative braking saturation before settling into a
stable deceleration torque profile. Since the command signal is smooth, the actual
physical torque delivered by the in-wheel motors matches the target exactly.
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Controller’s Stability

To evaluate how the CISMC resolves the physical limitations of the traditional
formulation, Figure 6.31 and 6.32 isolates the internal components of the system
inverse dynamics in the control law (functions f and g), and the time-domain
evolution of the sliding surface s.

Considering the operational time window within which the controller’s state is
ON (t g 4.5), despite the initial sudden torque surge perturbing the wheel plant
kinematics, causing a brief, localized deviation, the sliding surface is held at zero.
Because the CISMC replaces the discontinuous sign function with a continuous
saturation interpolation function inside a predefined boundary layer, the control
law smoothly handles the perturbation, forcing the tracking error to converge
exponentially back toward the ideal trajectory (s = 0) within milliseconds of the
initial tip-in.

By allowing the control law to interpolate continuously within the boundary
layer, the high-frequency switching phenomenon is completely eliminated. Within
this layer, the system behaves similarly to a high-gain linear controller where the
conditional integral term continuously estimates and compensates for the unmodeled
dynamics and external disturbances. This structural change ensures that the sliding
surface tracking remains smooth and precise, preventing the high-frequency ripple
from reaching the wheel speed trajectories.

During the rapid transition from full acceleration to an aggressive braking demand
at t =~ 4.5 s, the reference slip target shifts instantly from a positive to a negative
value. This step change creates a large tracking error, causing s to experience a
transient spike.

The sliding variable briefly exits the boundary layer (|s| > ¢), which automatically
switches the controller back to its robust sliding mode reaching law (sign(2)) to
drive the error down rapidly.

Simultaneously, the conditional logic detects that the motor actuators have hit
their physical saturation limits and temporarily freezes the integral state. This
prevents integration wind-up and ensures that as soon as s is pulled back inside
the boundary layer, the tracking variable hooks cleanly back onto the zero axis
without any undershoot or secondary oscillations.

While function f represents the autonomous, unforced dynamics of the wheel
slip state, which scales based on the current vehicle velocity and estimated wheel
deceleration trends, function g maps how effectively the electromagnetic motor
torque translates into slip acceleration. Both functions match the macroscopic
physical phases of the vehicle maneuver. They change smoothly during steady
acceleration and steady braking, remaining entirely free of high-frequency noise.
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Figure 6.31: CISMC system inverse dynamics functions.
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Figure 6.32: CISM controller sliding surface.
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6.4 Mu-jump Maneuver

The second testing scenario evaluates the transient response, adaptability, and
stability of the vehicle when encountering a sudden decrease in road surface
adherence. The maneuver is simulated under a constant 70% gas pedal input,
initiated from an initial cruising velocity of Vip &= 10 km/h.

To evaluate the worst-case transient response, the surface step transition occurs
precisely while the vehicle velocity is low (Vype &~ 20 km/h), maximizing the
potential for severe wheel spin if the control loop fails to instantly re-stabilize the
plant.

The road is characherized by an initial dry asphalt section followed by snowy/wet
cobbleston, and again wet asphalt. Inherently, friction coefficient varies in the range
troad € [1,0.3,0.5], and the Reference Slip Estimator identifies optimal longitudinal
slip peaks in the range o,y ~ 0.10 < 0.14

6.4.1 Traction Control System OFF

45 Vehicle and Driving Wheels Speeds - TCS OFF
T T

— Vehicle
——Rear-Left Wheel
—Rear-Right Wheel|

40

35

Longitudinal Speed [m/s]

Time [s]

Figure 6.33: Vehicle and driving wheels’ speed with traction control OFF.
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When the maneuver is tested with the Traction Control System completely deacti-
vated, on the initial high-adherence surface, the constant 70% throttle command
produces stable vehicle acceleration, with the wheel speeds tracking the vehicle
velocity curve.

However, the instant the rear wheels cross the friction bump at t ~ 1.5 s, the
abrupt reduction in available tire-road friction lowers the admissible longitudinal
force, causing the rear tires to exceed the adhesion limit.

Since the electric motor continues to output an unconstrained, high driving torque,
the excess energy goes entirely into accelerating the wheel, hence the tangential
wheels’ speeds spike exponentially, shooting from under 24 km/h (6.6 m/s) to a
severe spinning state over 100 km/h (28 m/s) within a few seconds, up to almost
160 km/h (44 m/s).

This divergence can be visualized analysing longitudinal slip behavior in Figure
6.34.

Actual vs. Reference Longitudinal Slip - TCS OFF
T I
——Rear-Left Wheel
—— Rear-Right Wheel
0.8 H| —

0.6 -

0.4 H -

o
[
¢
|

Slip Ratio [-]

o
T

.02 H -

-0.6 -

08 ‘ ‘
0 5 10 15

Time [s]

Figure 6.34: Actual vs. reference longitudinal slip with traction control OFF.

86



Simulations and Results

Ignoring initial spikes in slip given by maneuver start, prior to the transition, the
longitudinal slip is bounded within the stable region (¢ < 0.01). At the friction
jump (¢ = 2.6 s), the slip breaks through the stable limit and rises monotonically,
saturating near a full spinning state of o &~ 0.76. At this operating point, the tire
is completely decoupled from efficient force generation.

The severe consequences of this transition on force transmission is highlighted in
Figure 6.35, which tracks the utilized friction coefficient.

Utilized vs. Road Friction Coefficient - TCSOFF
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Figure 6.35: Utilized vs. road friction coefficient with traction controll OFF.

Upon crossing the p-jump, the utilized friction drops abruptly: since the slip
simultaneously shoots up to the unstable region, the tire operates on the downward
tail of the low-friction curve, utilizing only a fraction (u,; =~ 0.23) of the road
physical limit.

87



Simulations and Results

6.4.2 PI Controller

PT activation history is illustrated in Figure 6.37.
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Figure 6.36: PI controller activity.

On the initial dry asphalt section (@ = 1.0), the high adherence allows the tire
contact patches to transfer the demanded powertrain torque within the stable
linear elastic micro-slip zone. Consequently, the longitudinal slip remains below
the activation threshold, and the PI status is OFF.

The sudden reduction in road adherence causes an immediate slip departure,
consequently the control loop registers this threshold breach instantly, switching to
full engagement (1).

Figures 6.37 and 6.38 display the resulting wheel peripheral speeds, vehicle longitu-
dinal velocity, and longitudinal slip comparison to optimal target.

Upon entering the low-friction zone, the Reference Slip Estimator updates the
optimal slip reference from crﬁf;l = 0.1410 to ag‘;‘)'?’ = 0.1038.

Because the linear PI lacks of predictive action, it relies entirely on the feedback
error accumulation. As a result, the driving wheel speeds experience a transient
surge: the longitudinal slip exhibits a visible overshoot, peaking at o = 0.12.

The controller takes approximately 26 ms to stabilize the slip onto the target.
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Figure 6.37: Vehicle and driving wheels” speed with PI.
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Figure 6.38: Actual vs. reference longitudinal slip with PI.
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When entering the intermediate road friction segment (u = 0.5), the supervisor
updates the target slip to aff;O":’ = 0.1370 . Due to the sudden increase in road
capacity, an instantaneous drop in wheel speed and a corresponding undershoot in
longitudinal slip down to ¢ = 0.1342 is visible. This happens because PI control
loop briefly ramps up the torque to exploit the higher friction limit, achieving then

steady-state convergence onto the new reference line.

Figure 6.39 details the isolated wheel speed error.
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Figure 6.39: PI controller tracking error

Considering the operating window of the controller (¢ ~ 1.5 + 15 s), since the first

severe u-jump, the longitudinal slip tracking error is held constant at zero for the
whole maneuver.

The only exception is made for a slight rise in longitudinal slip error of e, ~ 0.002,
corresponding to an overshoot in rotational wheel speed error of e, ~ 0.2 m/s, in
coincidence of the rise in road friction coefficient from p = 0.3 to = 0.5.
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Figure 6.40 displays the utilized friction coefficient generated at the driving wheels.

The PI controller provides a massive improvement compared to the unstable, open-
loop configuration.

During the steady-state windows of both the low-friction zone (t = 1.5+ 8.5 s) and
intermediate-friction zone (¢ = 8.5+ 15 s), the utilized friction coefficient overcomes
the road nominal friction coefficient, guaranteeing a maximization of tire traction
capability.
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Figure 6.40: Utilized vs. road friction coefficient with PI.

91



Simulations and Results

Controller’s Output

Figure 6.41 reports the internal parts of the calculated torque command for both
rear wheels.

While accelerating on dry asphalt (@ = 1), for the majority of the time the wheel
slip stays below the activation threshold, hence the control loop is inactive, so the
command torque is zero.

Once a threshold breach is detected, while approaching the end of the dry asphalt
segment, the controller activates, injecting a torque command (= 500 Nm) to bring
the wheel to the desired slipping condition (0., = 0.1410). After few milliseconds
there is the jump in surface friction down to p = 0.3, which lowers the target
slip down to o,y = 0.1038. This makes the torque command decrease to finally
stabilize to T.nng &= 450 Nm for the whole low-friction segment.

When the driving wheels cross the boundary from the low-friction surface to the
higher adherence intermediate section (u = 0.5) at ¢ = 8.5 s, the road can instantly
support a higher longitudinal tractive force. The sudden increase in road grip acts
as an external mechanical load, quickly pulling the wheel speeds down. This causes
the actual longitudinal slip to instantly drop below the reference target (see Fig.
6.38).

This kinematic drop creates a spike in tracking error (see Fig. 6.39). Because a
standard PI controller is purely reactive, it responds directly to this localized error
signal, hence as a result, the target torque jumps from its previous low-friction
holding value of approximately 400 Nm and climbs toward a new steady-state value
of roughly 750 Nm. Once the wheel speeds accelerate enough to match the new
optimal slip target (o, = 0.1370), the tracking error returns to zero, and the
torque command stabilizes cleanly.

As the T,;,; coming from the PI never overcomes saturation limits, 7¢,,,s = 0 for
the whole simulation.

The behavior described is obviously matched by the EM torque signals, as displayed
in Figure 6.42.

As the torque profile requested by the controller is smooth and within actuator’s
feasibility limits, the electric motors easily manage to match the target imposed.
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Figure 6.41: PI controller’s output torques.
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Figure 6.42: Electric motors torque with PI controller.
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6.4.3 TSM Controller
The operational status of TSM control loop is tracked in Figure 6.43.
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Figure 6.43: TSM controller activity.

Again, for the very first portion of the dry asphalt section, the controller’s status
sits flat at 0. As soon as the slip ratio crosses the engagement threshold, the status
flag steps cleanly to 1, and remains locked at full engagement for the remainder of
the simulation window.

Figure 6.44 and 6.45 illustrate the vehicle and wheel velocities alongside the
longitudinal slip tracking trajectories.

TSM controller reacts more aggressively than the PI.

The wheel velocities exhibit negligible macroscopic overshoot, completely suppress-
ing the severe wheel spinout seen in the open-loop configuration, and matching the
vehicle speed profile with a fixed distance between curves, corresponding to the
target slip.
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Figure 6.44: Vehicle and driving wheels’ speed with TSMC.
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Figure 6.45: Actual vs. reference longitudinal slip with TSMC.
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During controller’s intervention window, the actual slip curves never form a perfectly
flat line. Instead, they exhibit a continuous, dense, high-frequency oscillation around
the reference targets. This is a direct visual indicator of sliding mode chattering,
confirming that the state trajectories are continuously crossing back and forth over
the sliding surface as the control law switches between its upper and lower bounds.

The actual longitudinal slip curves for the rear wheels converge onto the updated
target within milliseconds, completely suppressing the severe wheel spinout seen in
the open-loop configuration.

Since the controller is activated fews milliseconds after the start of the simulation,
for ¢t < 1 sthe longitudinal slip profile displays severe chattering with high amplitude
of oscillations. This is mainly caused by the fact that the vehicle is travelling at
low speed, influencing stability of mathematical definitions in the model, and that
the controller is trying to bring the wheels at a condition of higher slip to match
the reference o,y = 0.1410.

As the road surface switches from p =1 to u = 0.3, the reference slip target steps
down to 0.1038, and the actual longitudinal slip curves for both the rear-left and
rear-right wheels track this change rapidly, with only a small tracking undershoot
down to approximately 0.05.

When transitioning to the intermediate-friction section (@ = 0.5), the reference
slip target steps up to 0.1370. Unlike a linear controller which would suffer from
tracking delays, the non-linear switching law forces the actual slip to jump upward
instantly.

The tracking error plot directly reflects the underlying longitudinal slip dynamics,
revealing a reduced tracking capability at lower vehicle velocities. Within this
initial low-speed regime, the system exhibits a maximum tracking overshoot of 0.20
and undershoot of —0.05. As the vehicle velocity increases, the amplitude of these
slip oscillations progressively decays, indicating enhanced tracking stability.

By ensuring instant convergence to the optimal slip zones, the TSMC maximizes
longitudinal force transmission. The utilized friction coefficient drops directly from
its asphalt value to stabilize on a flat plateau above 0.3 on the low-grip surface.
The moment the vehicle crosses the boundary at t = 8.5 s, steps upward instantly
to hit a flat plateau above 0.5. Because the slip tracking is tight, the friction
allocation is remarkably improved, though it is superimposed with a low-amplitude,
high-frequency noise ripple matching the slip chattering.
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Figure 6.46: TSM controller’s tracking error.
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Figure 6.47: Utilized vs. road friction coefficient with TSMC.
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Controller’s Output

The internal torque calculation plot in Figure 6.48 that the primary Control Torque
command switches violently between its upper and lower bounds to maintain the
sliding state.

When the vehicle hits the intermediate-friction surface (1 = 0.5), the controller
shifts its macroscopic operating point to match the higher tractive capability.
However, the high-frequency switching remains active.

As illustrated in Figure 6.49, the Target Torque command and the Actual Torque
output of the electric motors oscillate rapidly across a huge peak-to-peak switching
band between tires and motors feasibility limits.

While this aggressive switching behavior enforces mathematical tracking invariance
against road variations, it represents an unacceptable physical penalty in a real
vehicle application, directly justifying the need for a smoothed, chattering-free
sliding mode variant.
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Figure 6.48: TSM controller output torques.
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Figure 6.49: Electric motors torque with TSM controller.

Controller’s Stability

To evaluate the stability and switching behavior of the TSMC, Figure 6.50 tracks
the sliding surface s and the calculated Lyapunov function derivative (V(s) = $s)
for both rear wheels.

For the portion of controller’s activity along the high-friction surface, sliding surface
reaches its maximum overshoot (0.05) and undershoot (-0.2) values, and chatters
around an equilibrium value of approximately 0.03, an offset from the ideal condition
s = 0 caused by system instability at low speeds.

The instant the vehicle hits the low-friction boundary, the driving wheels accelerate
rapidly, forcing the sliding surface to spike violently up to a positive peak of
approximately 0.02, from this point on chattering around the equilibrium s = 0.
As travelling speed increases, the amplitude of chattering oscillations decreases, as
the system and control loop stabilize.
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Figure 6.50: TSM controller’s stability analysis.

Lyapunov function derivative plot confirms that the non-linear control law generates
an aggressive corrective energy response that forces the perturbed state trajectories
back toward the sliding surface. Because the discontinuous control law (sign(s))

switches signs at every solver step, the derivative $ alters its direction continuously.

As a result, V exhibits rapid, symmetric high-frequency chattering directly across

the zero trajectory, between 0.15 and —0.15.
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6.4.4 CISM Controller

The dynamic activation state history of the CISMC loop is recorded in Figure
6.51. Identical to the baseline PI configuration, At ¢ &~ 1.5 s the sudden loss of
road friction forces the slip ratio to cross the activation threshold, shifting the
controller’s state instantly to 1 (active). The CISMC remains fully engaged for the
rest of the simulation window to manage the changing road friction.
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Figure 6.51: CISM controller activity.

Figure 6.52 and 6.53 illustrate the vehicle and wheel velocities alongside the resulting
longitudinal slip tracking trajectories.

When entering the low-friction zone (1 = 0.3), the reference slip target steps
down to 0.1038. The CISMC layout handles this severe transition with good
damping, despite an instantaneous overshoot up to 0.18. The driven wheel velocities
experience negligible macroscopic overshoot or uncontrolled spinout. The actual
longitudinal slip curves for both rear wheels converge exponentially onto the
reference line within approximately 0.5 seconds.

When transitioning to the intermediate-friction surface, the controller manages to
track the higher slip reference (0.1370) with zero overshoot and null delay, locking
cleanly onto the new target condition.
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Figure 6.52: Vehicle and driving wheels’ speed with CISMC.
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Figure 6.53: Actual vs. reference longitudinal slip with CISMC.
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Crucially, unlike the fuzzy and wide oscillation bands seen under traditional SMC,
both the wheel velocities and longitudinal slip lines remain perfectly thin, smooth,
and ripple-free during controller’s active phase (t = 1.5 =+ 15). This confirms the
succesful chattering suppression performance of the CISMC.

The tracking performance of the controller is plotted in Figure 6.54.

At the initial friction drop (¢ /&~ 1.5 s), the longitudinal slip tracking error experiences
an isolated, brief positive peak limited to a maximum of 0.06, matching the robust
transient performance of the TSMC but without its steady-state noise.

Once the transient perturbations are rejected, the slip tracking error converges
directly to a flat, noise-free absolute zero line. By allowing the integral term
to operate within the boundary layer, the controller completely eliminates the
persistent chattering error observed in the traditional SMC layout.

Figure 6.55 illustrates the evolution of the utilized friction coefficient at the rear-left
and rear-right wheels.

Within controller’s intervention time window (¢ = 1.5 <+ 15 s) the utilized friction
coefficient is always higher than road nominal one.

The moment the vehicle crosses onto the u = 0.3 section, the available road
friction drops instantly. Under CISMC control, the utilized friction coefficient
drops directly to a transient low of 0.29 for a fraction of a second before recovering
sharply, stabilizing onto a perfectly flat, noise-free line at 0.32.

When transitioning to the section at u = 0.5, the road capacity steps upward and
1 displays a fast and sharp transient response, shooting up to 0.54, where it
stablizes.
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Figure 6.54: CISM controller’s tracking error.
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Figure 6.55: Utilized vs. road friction coefficient with CISMC.
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Controller’s Output
The underlying control inputs driving this performance are reported in Figure 6.56.

The control input (u,f) behaves as a smooth, continuous signal, as the conditional
integration block manages the actuator bounds safely.

At t =~ 8.5 s, the controller increases its torque command to exploit the intermediate
grip surface, stepping up smoothly from a low-friction holding value of approximately
50 Nm to a new steady-state plateau of roughly 100 Nm per wheel.

As illustrated in Figure 6.57, the Target Torque command line and the Actual
Torque output line overlap perfectly, tracking the demands with no visible lag.
Most importantly, the huge high-frequency switching seen under traditional SMC
are completely eliminated. The actual motor torque line remains perfectly smooth
and quiet through both the = 0.3 and p = 0.5 surfaces.
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Figure 6.56: CISM controller’s output torques.
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Electric Motors Torque - CISM Controller

Figure 6.57: Electric motors torque with CISM controller.
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Controller’s Stability

As stated previously, the smooth control output achieved by the CISMC relies
on the real-time estimation and cancellation of the vehicle’s non-linear dynamics
through functions f and g.

Function f and ¢ evolves smoothly without high-frequency oscillations, showing
step-like transitions exactly synchronized with the surface boundaries.

While these model-based terms absorb the deterministic non-linear variations of
the plant, the auxiliary switching block is relieved of high-gain duties, ensuring a
highly stable control command.

In Figure 6.59 tracking metrics for the sliding surface are reported.

At the initial high-to-low p-jump (¢ &~ 1.5s), the sudden acceleration of the driving
wheels forces the sliding surface into an istantaneous positive spike peaking at
approximately 0.1.

The most significant improvement over the traditional sliding mode architecture is
seen in the fact that, once the transient spike is suppressed, s returns to and stays
flat at exactly zero for the whole simulation.

The controller completely eliminates the high-frequency chattering seen in tra-
ditional SMC, proving that the conditional integral term successfully handles
the remaining unmodeled errors asymptotically, guaranteeing a noise-free, highly
accurate slip regulation.
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System Inverse Dynamics Approximation Functions - CISM Controller
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Figure 6.58: CISMC system inverse dynamics functions.
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Figure 6.59: CISM controller stability.
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6.5 Mu-split Maneuver

To establish a clear benchmark for evaluating the active control strategies, this
section analyzes the vehicle’s open-loop response during an asymmetric transition
to a u-split surface.

Under a constant 70% gas pedal demand, the vehicle crosses a road boundary
where the left wheels encounter a low-grip profile (17, = 0.3) and the right wheels
drop onto an ultra-low adherence profile (ug = 0.1).

6.5.1 Traction Control System OFF

The vehicle and wheels velocity profiles under open-loop operation are illustrated
in Figure 6.60.
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Figure 6.60: Vehicle and driving wheels’ speed with traction control OFF.

Prior to the transition, the vehicle accelerates uniformly on dry asphalt. Both the
rear-left and rear-right wheel tangential speeds perfectly match the longitudinal
velocity of the vehicle body.

109



Simulations and Results

The instant the vehicle crosses the friction boundary at low speed (V5o &~ 20 km /h),
the absence of a traction control system causes an immediate, loss of kinematic
stability. Because a constant 70% throttle command continues to inject power into
the driving axles, the wheels immediately accelerate beyond the physical limits of
the road.

Due to the severe asymmetry of the road, the two driven wheels diverge rapidly.
The right wheel, sitting on the most critical g = 0.1 surface, spins out more violently,
peaking at approximately 72 m/s by t ~ 8.5 s. The left wheel, experiencing a
slightly higher grip level (1 = 0.3), also breaks away completely but climbs at a
lower rate, reaching a peak near 44 m/s.

Because the wheel speeds diverge so massively from the actual vehicle velocity,
the vehicle completely loses stability and simulation is ended prematurely by the
software, not managing to complete the maneuver.

Figure 6.61 confirms this unstable behavior by mapping the longitudinal slip ratios
of both wheels.
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Figure 6.61: Actual vs. reference longitudinal slip with traction control OFF.
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Both slip curves experience an immediate exponential growth at t = 4.5 s.

Left wheel slip shoots straight to the maximum saturation boundary of 1.0 within
less than 4 s from the transition point. Right wheel follows a slightly delayed but
equally unstable trajectory, reaching full spinning condition at the same time.

The physical consequences of this uncontrolled spinout on force generation are
recorded in Figure 6.62, which tracks the utilized road friction coefficient.
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Figure 6.62: Utilized vs. road friction coefficient with traction controll OFF.

Because the tire operates within the unstable region of the u— o curve, the available
tractive force continuously degrades. Furthermore, the massive difference in force
production between the right and the left track introduces a severe, uncontrolled
yaw moment across the chassis. In a physical vehicle, this highly asymmetric force
distribution would instantly spin the car out of its lane.
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6.5.2 PI Controller

This section evaluates the tracking capabilities, transient errors, and structural
limitations of the PI architecture during the highly asymmetric p-split event.
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Figure 6.63: PI controller activity.

On dry asphalt (z=1.0), both wheels operate below the activation slip threshold,
keeping controller’s status at 0. The moment the vehicle crosses the friction
boundary, the sudden slip departure causes controller’s activation at ¢t ~ 1.

Figure 6.64 and 6.65 capture the resulting vehcile and wheels tangential velocities
and longitudinal slip profiles.

For the rear-left wheel (1 = 0.3), at the friction bump the reference slip target
steps down to 0.0935. The actual slip shoots upward dramatically, peaking at an
undershoot of 0.07 and overshoot of 0.1290 at ¢ =~ 1 s before the integral gain
accumulates enough error to decelerate the wheel.

For the rear-right wheel the reference slip target steps down to 0.0568. It undergoes
a smaller, yet distinct overshoot up to 0.09.
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Figure 6.64: Vehicle and driving wheels’ speed with PI.
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Figure 6.65: Actual vs. reference longitudinal slip with PI.
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Both slip metrics eventually converge to their reference target by ¢t ~ 1.4 s. However,
because the slip targets fo the surfaces are unequal, a continuous wheel speed
difference develops. By t = 6 s, the rear-right wheel travels at roughly 13.7 m/s
while the rear-left wheel at 13.2 m/s to maintain that optimal slip ratio on the
slicker road patch.

Controller’s tracking deviations are reported in Figure 6.66.

Mirroring the slip plots, the longitudinal slip tracking error spikes to +0.017 and
—0.035 on the left wheel and —0.033 on the right wheel. The corresponding physical
wheel speed error peaks at 0.375 and —0.9 rad/s for rear-left and —1 rad/s for
rear-right.

Tracking error stabilizes after 0.8 seconds, lying flat for the rest of the simulation.

Figure 6.67 illustrates the resulting utilized friction coefficient generated at each
tire contact patch.

Once the PI loop stabilizes the slip onto the optimal target (¢ > 1.5 s), the utilized
friction curves settle onto two distinct, flat plateaus: rear-left wheel stabilizes
perfectly at p = 0.30, fully exploiting the maximum tractive capacity of the snow
track, while for the rear-right wheel the controller manages to maximize friction
utilization up to p ~ 1.
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Figure 6.66: PI controller tracking error.
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Figure 6.67: Utilized vs. road friction coefficient with PI.
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Controller’s Output

The internal torque composition plot in Figure 6.68 clearly shows the decoupled
operation of the anti-windup loops.

At the instant of activation, the primary Control Torque for both wheels spikes
instantly proportionally to the slip error. T,,,q saturates, reaching feasibility limits
for both wheels.

Limit overcoming is more aggressive in the case of the left wheel, for which
Compensation Torque (7},,,s) doesn’t manage to bring the final Control Torque
(T%try) within the predefined boundaries.

The rear-right channel experiences a less severe saturation window, demanding a
smaller contribution from its matching anti-windup compensation path.

After this brief transition phase, output torque stabilizes to 435 Nm for the left
and 143 Nm for the right wheels.

Figure 6.69 tracks the resulting target and actual electromagnetic torques.
Both electric motors track their respective controller commands with negligible lag.

On the ultra-low-grip right track (4 = 0.1), the motor stabilizes to provide a
holding torque of approximately only 20 Nm.

On the low-grip left track (x = 0.3), the torque must be limited less severely,
holding a steady-state value of 50 Nm.
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Figure 6.68: PI controller’s output torques.
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Figure 6.69: Electric motors torques with PI controller.
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6.5.3 TSM Controller

This section investigates the closed-loop performance of the TSMC architecture
under the asymmetric p-split condition.

The activation history of the control loop is shown in Figure 6.70.

On the majority of the dry asphalt section (¢ < 1 s), both wheels operate within
the stable linear elastic micro-slip regime, holding the activation flags flat at 0
(inactive). At ¢t &~ 1 controller switches to full engagement (1) simultaneously on
both wheels.
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Figure 6.70: TSM controller activity.

Figure 6.71 and 6.72 detail the vehicle speed, wheels tangential speeds and longitu-
dinal slip behaviors.

The moment the vehicle encounters the friction bump (¢t ~ 1 s), the TSMC
demonstrates its robust sliding invariance. Unlike the PI controller, there is no
large macroscopic wheel speed runaway or delayed recovery, and both driving
wheels are aggressively constrained by the switching logic.
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Figure 6.71: Vehicle and driving wheels’ speed with TSMC.
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Figure 6.72: Actual vs. reference longitudinal slip with TSMC.
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The actual longitudinal slip trajectories for the rear-left and rear-right wheels
converge onto their target line within milliseconds, experiencing a very minor,
transient overshoot that is quickly contained (= 0.2).

While macroscopic tracking is tight, both wheel speed lines and slip lines exhibit a
distinct high-frequency chattering across the sliding surface s = 0.

Controller’s tracking performance is reported in Figure 6.73.

At the transition point (¢ ~ 1 s), the slip tracking error begins its reaching phase,
exhibiting an isolated positive impulse bounded to a maximum of +0.07 on both
tracks, initiating the sliding mode phase after only 0.8 seconds.

Outside of this initial transition peak, the errors do not settle to a smooth zero
line. Instead, the slip tracking error chatters continuously with a persistent average
amplitude of roughly 40.02.

Figure 6.74 reports the resulting utilized friction coefficient on the two asymmetric
tracks.

TSMC manages to achieve a maximized road capacity utilization.

The rear-left tire drops onto a perfectly flat plateau slightly above 0.30, fully
exploiting the maximum tractive capability of the track.

The rear-right tire stabilizes onto a higher plateau at approximately 0.8, maximizing
adherence in the lowest-friction segment.

Both plateaus are superimposed with a low-amplitude, high-frequency noise ripple
matching the underlying slip chattering frequency.
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Figure 6.73: TSM controller tracking error.
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Figure 6.74: Utilized vs. road friction coefficient with TSMC.
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Controller’s Output

As shown in the torque decomposition plot in Figure 6.75, the primary Control
Torque commands switch violently between their upper and lower limits.

When hitting the friction bump, the controller successfully decouples the macro-
scopic torque operating points to match the unequal road limits.

The average torque request is forced into a wide chattering band that oscillates
heavily between 6100 and -1900 Nm, with higher frequency of oscillations for the
left wheel.

As testified by Figure 6.76, electric motors are forced to execute these massive,
high-frequency oscillations.

While the TSMC effectively manages the asymmetric traction drop and eliminates
the severe transient overshoots, the resulting actuator chattering represents an
unacceptable physical penalty.

High-frequency torque switching of this magnitude across both axles would generate
heavy drivetrain vibrations and severe mechanical stress on the half-shafts and
reduction gears, directly highlighting the need for a boundary-layer smoothing
technique.
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Figure 6.75: TSM controller output torques.
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Figure 6.76: Electric motors torque with TSM controller.
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Controller’s Stability
Sliding surface trajectories are collected in Figure 6.77.

The sliding variable s oscillates symmetrically directly around the s = 0 axis for
the entire duration of the active phase, with amplitude 4+0.022.

Concurrently, the Lyapunov derivative chatters rapidly across the zero line, alter-
nating between £0.4. This confirms that while the system remains globally stable
and bounded, the discontinuous sign(s) term prevents asymptotic convergence.
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Figure 6.77: TSM controller stability.
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6.5.4 CISM Controller

This section analyzes the performance of the proposed CISMC strategy under the
asymmetric p-split maneuver.

The activation timing of each wheel controller is tracked in Figure 6.78.

On the dry asphalt section, both wheels operate within the stable linear regime,
keeping the activation flags flat at 0. At ¢ ~ 1.5 s, the sudden loss of road friction
forces the slip ratio to cross the activation threshold, shifting the flags instantly to
1. Both control channels remain fully engaged for the remainder of the simulation
window.
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Figure 6.78: CISM controller activity.

Figure 6.78 and 6.79 illustrate the vehicle and wheels tangential velocities and
longitudinal slip tracking trajectories.

The CISMC layout handles the split friction with remarkable damping capabil-
ity. The driven wheel velocities experience almost zero macroscopic overshoot or
uncontrolled spinout, safely matching the vehicle velocity trajectory.

As shown in Figure 6.80, the reference slip targets for both wheels step down to
0.1038 (left) and 0.0604 (right).
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Figure 6.79: Vehicle and driving wheels’ speed with CISMC.
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Actual vs. reference longitudinal slip with CISMC.
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Driven by the non-linear sliding law, the actual longitudinal slip trajectories, after
initial overshoots up to 0.1958 (for the rear-left) and 0.1878 (for the rear-right),
converge exponentially onto the reference lines within a 0.6 seconds.

Crucially, unlike the fuzzy and wide oscillation bands seen under traditional SMC,
both the wheel velocities and longitudinal slip lines remain perfectly thin, smooth,
and ripple-free during all active phases.

Controller tracking performance is reported in Figure 6.81.

At the initial friction drop (¢ &~ 1.5 s), the longitudinal slip tracking error experiences
an isolated, brief overshoot to 0.0781 on both wheels, matching the robust transient
performance of the TSMC but without its steady-state chattering and noise.

The key benefit of the conditional integration block is seen after the initial overshoot.
Once the transient perturbations are rejected, the slip tracking error converges
directly to a flat, noise-free absolute zero line.

By allowing the integral term to operate within the boundary layer, the controller
completely eliminates the persistent chattering error observed in the traditional
SMC layout.

By keeping the slip tracking tightly locked onto the optimal reference , the CISMC
ensures a perfectly smooth friction profile, perfectly matching the road friction
coefficients.
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Figure 6.81: CISMC controller tracking error.
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Figure 6.82: Utilized vs.

road friction coefficient with CISMC.
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Controller’s Output

The underlying control inputs driving this controller’s performance are reported in
Figure 6.83 and 6.84.

The primary Control Torque commands behave as smooth, continuous signals.
The conditional integration block manages the actuator bounds safely; during the
initial transition window, the torque request spikes to its upper limit, where the
anti-windup logic freezes the integrator to prevent numerical saturation growth.
Afterwards, torque request stabilizes at 140 Nm for right wheel and 426 Nm for
left wheel, coherently to the higher traction capability at u = 0.3.

The resulting actual electromagnetic torques track the respective controller’s target
with negligible lag.

On the low-grip left track, electric motor torque stabilizes at 50 Nm, while on the
ultra-low-grip right track the torque is limited severely, holding a perfectly smooth
steady-state value of only 16.5 Nm.

Most importantly, the huge high-frequency switching bands seen under traditional
SMC are completely eliminated, as the actual motor torque lines remain perfectly
smooth and quiet through the entire maneuver.
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Figure 6.83: CISM controller output torques.
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Figure 6.84: Electric motors torque with CISM controller.
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Controller’s Stability

Figure 6.85 tracks the behavior of the internal system dynamics approximation
functions f and g.

Both functions mimics the dynamics of the vehicle’s maneuver. In correspondence
of the friction bump, they adapt smoothly to capture the changing wheel slip
acceleration trends on the snow and ice sections.

Because these model-based feedforward terms handle the non-linear plant dynamics,
the auxiliary sliding law only needs to reject minor residual errors, keeping the
total actuator demand stable.

The numerical analysis of controller’s stability is visualized in Figure 6.86, tracking
the sliding surface s.

Considering the time window during which the controller intervenes, the sudden
slip perturbation in correspondence of the friction bump causes an overshoot up
to 0.17. This spike is suppressed instantaneously, allowing the tracking states to
enter the continuous boundary layer (|s| < ¢) so that the discontinuous switching
law is smoothly interpolated inside this layer, allowing the controller to completely
eliminate the high frequency chattering seen in traditional SMC.
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Figure 6.85: CISMC system inverse dynamics functions.
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Figure 6.86: CISM controller stability.
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6.6 Performance Comparison

This section provides a comprehensive comparative analysis of the three control
architectures evaluated throughout this thesis.

While the previous section examined each controller independently under specific
transient conditions, this comparative discussion evaluates their global performance
across the three selected maneuvers.

The objective is to evaluate the fundamental trade-offs inherent to each control
methodology. Specifically, the analysis focuses on the balance between transient
robustness under non-linear system variations, steady-state regulation accuracy,
and the physical feasibility of the control inputs, together with the overall vehicle’s
performance improvement. By assessing these characteristics simultaneously, this
section demonstrates how the architectural enhancements introduced in the CISMC
successfully reconcile the limitations of both classical linear control and conventional
non-linear sliding mode techniques.

Table 6.1 resumes and collects the parameters selected during controller’s design,
for each architecture implemented.

Table 6.1: Parameters and gains of the implemented controllers (PI, TSMC, and
CISMC).

Symbol Value

PI Controller

Proportional Gain k, 2000
Integral Gain k; 300
TSMC Controller

Sliding Gain K 4000
Braking Sliding Gain Kirake 2000
CISMC Controller

Sliding Gain traction K 8
Sliding Gain braking Ky, ... 350
Reaching Gain traction Ky 15
Reaching Gain braking Ko, 0. 50
Boundary Layer traction %) 0.02

Boundary Layer braking Obrake 0.06
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6.6.1 Low Friction Maneuver

When the full acceleration step is commanded, the open-loop system (TCS OFF)
encounters an immediate, catastrophic wheel spinout, with the longitudinal slip
rapidly saturating at ¢ = 1. This response confirms that the available engine
torque vastly exceeds the physical tractive capacity of the road.

When active control is engaged, all three architectures (PI, TSMC, and CISMC)
demonstrate high effectiveness in suppressing the slipping runaway state. As
evidenced by the longitudinal slip tracking trajectories, each controller successfully
intervenes at the exact onset of the acceleration step without any visible operational
delay. Both the linear PI loop and the non-linear sliding mode variants force
the longitudinal slip curves to intercept and lock onto the optimal target slip
(0opt = 0.1038).

The traditional sliding mode controller (Fig. 6.19) fails to achieve a smooth,
asymptotic convergence. Due to the discontinuous switching nature of the sign
function, the actual longitudinal slip profile is trapped in a high-frequency chattering
cycle.

Actual vs. Reference Longitudinal Slip - P Controller Actual vs. Reference Longitudinal Slip - CISM Controller

(a) PI controller. (b) CISMC controller.

Figure 6.87: Zoomed-in longitudinal slip comparison, traction.

The PI controller (Fig. 6.87a) provides a cleaner steady-state longitudinal slip signal
than the TSMC. Because it is a linear loop relying on continuous error accumulation,
it does not induce high-frequency chattering. The slip profile appears as a thin
line; however, it exhibits minor low-frequency waves and tracking deviations due
to its pure reliance on reactive gains without non-linear plant compensation.

The CISMC (Fig. 6.87b) demonstrates its superiority by combining the advantages
of both layouts. The actual longitudinal slip trajectory tracks the reference target
as an exceptionally thin, smooth, and ripple-free line. By implementing a bound-
ary layer dual logic, the high-frequency chattering seen in TSMC is completely
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suppressed. Simultaneously, the conditional integration block actively suppresses
residual unmodeled plant mismatches, forcing the tracking error to a noise-free
absolute zero line that outperforms the PI's low-frequency tracking variance.

........................

(a) PI controller. (b) CISMC controller.

Figure 6.88: Zoomed-in longitudinal slip comparison, braking.

In the PI layout (Fig. 6.88a), the transition down to the braking reference line
introduces a visible settling delay. The linear controller requires a finite time
to process the sudden error sign inversion and discharge its integrator history,
resulting in a slightly wider transient trajectory before locking back onto the
negative reference.

In the CISMC layout (Fig. 6.88b), the step-down is executed with extreme precision.
The moment the target drops, the sliding surface variable s exits the boundary
layer, immediately freezing the integrator and switching the control law back to its
high-gain sliding mode reaching state. This non-linear drive pulls the slip down
exponentially. Once inside the negative boundary layer, the conditional integrator
re-engages smoothly, ensuring that the actual slip locks onto the braking target
with zero undershoot or secondary settling waves, maintaining optimal deceleration
tracking until the simulation is ended.

The parameters, summarized in Table 6.2, isolate the specific operational trade-offs
across the simulation.

The macroscopic kinematic metrics, specifically Top Speed (V}'%") and distance
required to bring the vehicle speed to 0.8 m/s normalized by the top speed (in the
table referenced to as Normalized Braking Distance) highlight how traction
management directly translates into vehicle performance.

The impact of integration management is explicitly evident during the deceleration
phase initiated at ¢ ~ 14.5 s. The CISMC minimizes the normalized braking
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distance yielding a direct safety improvement over the classical PI architecture,
with a reduction of 0.26%.

The quality of the regulation loop is measured via the Root Mean Square Error
(RMSE) of the longitudinal slip and the Settling Time evaluated under a strict
+1% tolerance band.

Even though the CISMC achieves steady-state convergence slower than PI, the
linear PI framework requires almost 5s to fully decay its initial setting oscillations
and clamp perfectly onto the reference target.

TSMC settling time is not specified, as the oscillations never fully lay within the
+1% tolerance band.

The CISMC minimizes the tracking error, yielding a low RMS value(0.0054) nor-
malized with respect to opeqr comparable to the PI (0.0011), and extremely lower
than the TSMC (0.0294).

Moreover, Torque Standard Deviation is extremely high for the TSMC, which is
a behavior representative of the chattering phenomenon characterizing this control
law, while it’s kept the lowest for the CISMC.

To qualitatively evaluate how friction generation is managed at the tire-road
interface, it’s possible to analyze the maximum and average friction deviation
indexes (Max Ay and Average Ap).

While CISMC manages to achieve results comparable to the PI strategy, the
average is strongly influenced by the initial overshoot at the regulation start, which
decreases the overall percentage value, bringing the wheel to a higher slip condition,
hence loosing adherence at the tire-road interface.
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Low-u Maneuver Comparative Results

Performance Indicator PI TSMC CISMC
Normalized Braking Distance [m] 0.7814 0.7838 0.7794

Top Speed [m/s] 20.5964 21.1458 18.5244
Avg. Longitudinal Acceleration [m/s?] 1.5584 1.5720 1.5720

Settling Time [s] 0.015 - 0.2940

Wheel Slip & Friction

Slip RMS [-] 0.0011 0.0294 0.0054

Opeak|—] 0.1074 0.1953 0.1707

Max Ap - Rear Left [%] 20.4199 17.4330 17.5712
Avg Ap - Rear Left [%] 6.7141 8.8810 5.7574

Max Ap - Rear Right [%] 20.4199 17.4330 17.5712
Avg Ap - Rear Right [%] 6.7141 8.9103 5.7574

Torque & Actuation Metrics

Torque Std. Deviation - Rear Left [Nm] 4.8792 224.2332 2.6084
Torque Std. Deviation - Rear Right [Nm|]  4.8793 224.2257 2.6084
Chattering Frequency [Hz] - 409.8814 -
Control Effort [(Nm)?] 3.06 x 10° 1.54 x 10" 2.98 x 10°

Table 6.2: Performance comparison between PI, TSMC, and CISMC controllers
during Low-p simulation.

Finally, with comparable or better results, CISMC guarantees a reduction in
Control Effort (energy of the signal computed as ||ul[7,) of —98% with respect
to TSMC and —2.6% with respect to PIL.
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6.6.2 Mu-jump Maneuver

When the sequential multi-step friction transitions are encountered under a contin-
uous acceleration demand, the open-loop system immediately suffers from severe
instability at the first friction dropout boundary. The sudden mismatch between
the requested drivetrain torque and the collapsed tractive capability causes the
longitudinal slip to uncontrollably diverge to o = 0.8.

When active control is engaged, all three architectures (PI, TSMC, and CISMC)
demonstrate high adaptability in rejecting these abrupt surface disturbances.

Both the linear PI loop and the CISMC force the longitudinal slip curves to
intercept and track the step-changing optimal targets corresponding to each road
segment, while the TSMC fails to achieve a smooth convergence.

Actual vs. Reference Longitudinal Slip - CISM Controller

(a) PI controller. (b) CISMC controller.

Figure 6.89: Zoomed-in longitudinal slip comparison.

The performance indexes, systematically organized in Table 6.3, break down the
specific control capabilities during non-uniform road travel.

While TSMC strategy allows to reach highest Top Speed and Average Acceler-
ation, PI and CISMC is comparable, with lowest Settling Time for the PI case
- difference probably given by the fact that the CISMC is disadvantaged by the
presence of a higher overshoot (opeq) at the beginning of the regulation.

However, the linear PI regulation relies entirely on continuous error accumulation
without non-linear plant compensation, which makes it reactive and prone to
prolonged low-frequency setting waves during sharp friction step variations.

Figure 6.90 highlights the tracking error curve in correspondence of the friction
jump, for the PI and CISMC cases. Here it’s visible how CISMC manages to keep
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the tracking error lower under surface adherence variation, manifesting a higher
adaptability to system’s variability.
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Figure 6.90: Zoomed-in tracking error comparison.

Since the primary physical limitation of sliding mode strategies is their compatibility
with real electromagnetic actuators, this engineering trade-off can be quantified by
the Torque Standard Deviation.

As predictable, TSMC displays the highest value among the three controllers,
while CISMC manages to keep it the lowest, providing a solution to the structural
limitations of the TSMC, and a performance improvement with respect to PI.

To mathematically evaluate how effectively each control loop exploits the available
adherence limit across the transient friction steps, the maximum and average
friction deviation indexes (Max Apu and Average Ap) are analyzed, certifying

how closely the actual tire operational point matches the peak of the local friction
curve.

CISMC manages to achieve higher tire-road adherence and friction utilization with

respect to the linear PI controller, manifesting more efficient traction exploitation
at the road.
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p-Jump Maneuver Comparative Results

Performance Indicator PI TSMC CISMC
Top Speed [m/s] 48.4583 60.9005 48.0719
Avg. Longitudinal Acceleration [m/s?] 2.3289 2.9046 2.3064
Settling Time [s] 0.011 - 0.319
Wheel Slip & Friction Metrics

Slip RMS [-] 1.9161 x10~* 0.0192 0.0040
Opeak |-] 0.1370 0.1860 0.1796
Max Ap - Rear Left [%] 13.5266 273.5032 14.4233
Avg Ap - Rear Left [%)] 7.1305 7.8987 6.9777
Max Apu - Rear Right [%] 13.5266 273.5033 14.4233
Avg Ap - Rear Right [%)] 6.9104 7.9701 6.7602
Torque € Actuation Metrics

Torque Std. Deviation - Rear Left [Nm] 24.7233 207.0892 24.0148
Torque Std. Deviation - Rear Right [Nm] 25.8619 208.3752 25.0774
Chattering Frequency [Hz] - 409.9878 -
Control Effort [(Nm)?] 1.14 x 10'1°  3.49 x 10" 1.12 x 10°

Table 6.3: Performance comparison between PI, TSMC, and CISMC controllers
during p-Jump simulation.

Finally, with comparable or better results, CISMC guarantees a reduction in
Control Effort (energy of the signal computed as ||u[[7,) of —97% with respect
to TSMC and —1.75% with respect to PI.

These collected quantitative indicators mathematically validate the architectural
superiority of the CISMC, which breaks the structural trade-off between non-linear
robustness and actuator longevity under highly transient friction conditions.
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6.6.3 Mu-split Maneuver

In this scenario, the left and right wheels encounter drastically different friction
conditions at the road interface, generating a massive destabilizing yaw moment
that tests the differential tracking performance of the powertrain.

When the jumps in friction are encountered by the wheels, the open-loop system im-
mediately suffers from severe instability, uncontrollably reaching full spin condition
in few seconds.

As evidenced by the longitudinal slip tracking trajectories (Fig. 6.65, 6.72, 6.80),
each controller successfully handles the sudden grip variations, preventing runaway
wheel spin during drops in friction and avoiding prolonged slip undershoots when
the road surface grip partially recovers.

The performance metrics which allow to provide a comparative analysis of the
three controllers tested are reported in Table 6.4.

As for the simulations discussed previously, the TSMC allows to reach highest top
speed, while CISMC vehicle performance is comparable to PI one, also in terms of
average acceleration.

u-Split Maneuver Comparative Results

Performance Indicator PI TSMC CISMC
Top Speed [m/s] 21.7326 22.6205 19.6712
Avg. Longitudinal Acceleration [m/s?] 0.9670 0.9561 0.9612
Settling Time [s] 0.51 - 0.29
Wheel Slip & Friction Metrics

Slip RMS [-] 0.0018 0.0221 0.0040
Opeak -] 0.1383 0.2004 0.1958
Max Ay - Rear Left [%] 19.1808  260.1806  15.2440
Avg Ap - Rear Left [%)] 8.5150 8.3081 5.6937
Max Ap - Rear Right [%] 946.3363 701.5474 20.7246
Avg Ap - Rear Right [%] 902.2839  642.4977 20.7246

Torque € Actuation Metrics

Torque Std. Deviation - Rear Left [Nm] 29.1013 223.5607 2.8698
Torque Std. Deviation - Rear Right [Nm]  32.4636 229.4097 0.5686
Chattering Frequency [Hz] - 411.6896 -
Control Effort [(Nm)2] 6.51 x 107 1.86 x 1011 2.63 x 10°

Table 6.4: Performance comparison between PI, TSMC, and CISMC controllers
during p-Split simulation.
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During the p-Split maneuver the CISMC succeeds in obtaining the lowest settling
time amd Slip RMSamong the three control strategies.

Best results in terms of friction utilization are achieved by the PI and TSMC, but
the CISMC stays comparable, guaranteeing anyway a substantial improvement for
traction at the tire-road interface.

Major strength points of the CISMC strategy are reported for what concerns the
Torque and Activation Metrics.

CISMC allows for the lowest Torque Standard Deviation, which is one order of
magnitude lower than the PI and two orders of magnitude lower of the TSMC.
This architectural superiority is confirmed also by the Control Effort metrics.
CISMC is realized with the lowest control effort between all three control strategies
implemented, with a reduction of —99% with respect to TSMC and —60% with
respect to PL.
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6.7 Robustness to Parameters Variability

Since in physical automotive applications control robustness against plant parameter
variations is a critical factor for vehicle safety and stability, and real-time parameters
such as the effective wheel radius, longitudinal tire forces and vertical loads fluctuate
continuously due to centrifugal tire growth, tread wear, and load transfer during
acceleration or braking, to test the structural resilience and superiority of the
proposed CISM control loops, a sensitivity analysis was conducted.

For the three maneuvers exposed in the previous sections, all three controllers have
been analyzed under the bounded variability of the following quantities reported in
Table 6.5.

Parametric Variations

Physical Parameter Nominal Minimum Maximum
Effective Wheel Radius [m] 0.343 0.2944 0.3046
Longitudinal Tire Force [N] Dynamic —1374 6593
Vertical Load [N] Dynamic 3252 4487

Table 6.5: Range of parametric perturbations applied during simulations.

As demonstrated by the evaluation conducted across Sections 6.3, 6.4 and 6.5, all
controllers demonstrated a satisfactory capability to adapt to the abovementioned
parameters variability, without any performance degradation. Hence, to further
investigate controllers’ robustness, the asymmetric p-split simulation campaign,
recognized as the most dynamically critical operational profile due to its severe
cross-track disturbance, was replicated for all three controllers, considering an
increase of the total vehicle mass from its nominal value of 1600 kg up to an
overloaded condition of 2100 kg (a +31.25% mass increase). This severe unmodeled
plant perturbation directly shifts the vehicle’s longitudinal inertia, and consequently
the system’s dynamics and response.

The resulting longitudinal slip profiles are illustrated in Figure 6.91a and 6.91b for
the PI and TSMC, and in Figure 6.92 for the proposed CISMC solution.

As evidenced by the longitudinal slip curves in the PI simulation plot, the linear
architecture undergoes a severe performance degradation under non-nominal mass
conditions. Because the PI loop relies solely on fixed feedback gains without
inertia compensation, the altered vehicle momentum completely saturates the
error-integration capacity.
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Figure 6.91: Longitudinal slip profile comparison with m = 2100 kg.
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The actual slip on the low-adherence patch exhibits high-amplitude, low-frequency
tracking waves, drifting aggressively away from the optimal reference line and
failing to prevent localized wheel spinning. This unstable behavior demonstrates
that the linear framework cannot guarantee vehicle drivability when the plant
parameters stray significantly from the nominal calibration point.

Conversely, the traditional TSMC proves its inherent non-linear robustness by
forcing the longitudinal slip to remain bounded around the optimal target despite
the 500 kg mass mismatch.

Actual vs. Reference Longitudinal Slip - CISM Controller
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Figure 6.92: Longitudinal slip profile with CISM controller, with m = 2100 kg.

The proposed CISMC achieves the superior control compromise under severe
uncertainty.

A shown in the CISMC longitudinal slip plot, despite the system operating with an
unmodeled mass of 2100 kg, the actual longitudinal slip curves on both the rear-left
and rear-right wheels converge seamlessly and rapidly onto the optimal slip targets.
The control logic safely absorbs the parameter mismatch without tracking lag or
signal distortion. Most importantly, the tracking line remains perfectly clean and
noise-free, completely preserving the zero-chattering behavior of the torque output.
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6.8 Robustness to Compliant Driveshafts and
Time Delay Costraints

To thoroughly investigate the industrial feasibility of the proposed CISMC topology,
the co-simulation framework was upgraded to include severe hardware-representative
non-idealities.

In real-world automotive traction control, assuming an infinitely rigid connection
between the electric motor and the wheel hub introduces a significant modeling
gap. To prove that the CISMC is suitable for a vehicle-in-the-loop implementation,
the control loop was stress-tested by incorporating the following non-idealities:

o Torsional Drivetrain Compliance: the rear half-shafts were modeled as
compliant spring-damper systems with physical torsional stiffness (kpg) and
torsional damping (¢pg).

o Actuation and Communication Latency: a communication delay of
5 ms was introduced, by means of a low-pass filter, to replicate CAN bus
propagation bottlenecks and inverter power electronics settling times.

The CISMC was subjected to these combined constraints across all three operational
scenarios to evaluate its tracking performance and chattering-rejection capabilities.

Real Powertrain Constraints

Parameter Value Unit
Drive Shaft Torsional Stiffness kps 804583.66 Nm /rad
Drive Shaft Torsional Damping cps 286.48 Nms/rad
Equivalent Filter Time Constant Tipf 0.005 s
Filter Cut-off Frequency feut—of Fios 200 Hz

Table 6.6: Physical constraints and drivetrain non-idealities implemented for the
real-world validation framework.

The proposed CISMC demonstrates an exceptional capacity for tracking persistence,
establishing a highly robust operational boundary that remains uncompromised
across the distinct road-adherence profiles.
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The controller successfully decouples the wheels’ slipping dynamics from the high-
frequency parasitic dynamics injected by transmission compliance and actuation
lag.

The conditional integration mechanism dynamically manages sudden transient
errors without entering anti-windup saturation or generating overshoot cascades.

The actuator control effort and corresponding electric motor responses illustrated
in Figure 6.94 confirm the chattering-free nature of the CISMC under realistic
hardware latencies, with complete absence of high-frequency switching or destructive
torque reversals across all configurations, and settling into a smooth, chatter-free
steady-state command.

By maintaining highly precise, chatter-free slip regulation across all transient and
steady-state events, the CISMC proves that robust non-linear tracking can coexist
with actuator longevity.
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Conclusions

7.1 Research Synthesis and Key Contributions

This thesis has successfully addressed the foundational engineering trade-off inherent
to high-performance EV traction control: the reconciliation of non-linear tracking
robustness with powertrain actuator longevity. While classical linear control
architectures may fail to handle severe tire-road friction dropouts without excessive
slip overshoot, Traditional Sliding Mode Control introduces high-frequency torque
ripples (chattering) that can induce incompatibilities with actuators’ phyisical
limits and trigger drivetrain resonances.

The primary contribution of this work is the development and virtual validation of
a Conditional Integral Sliding Mode Control topology integrated with an adaptive
Burckhardt-based Road Estimator Module. By introducing the implementation of
a conditional integration block managed by a continuous saturation interpolation
within a properly designed boundary layer, high-frequency chattering was en-
tirely extinguished, while completely preventing anti-windup saturation lag during
aggressive torque reversals.

7.2 Quantitative Performance Verification

The proposed control architecture was systematically benchmarked against a
standard industrial PI controller and Traditional Sliding Mode Control layout
across three critical operating conditions within a high-fidelity IPG CarMaker
co-simulation environment:

e Uniform Low-; Maneuver: the CISMC guaranteed exponential convergence
onto the optimal slip target during full-acceleration and braking demands,
yielding smooth, noise-free steady-state tracking lines.

o Transient u-Jump Maneuver: during sudden changes in road friction, the
CISMC successfully prevented the critical wheel spinouts seen in the open-loop
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configuration. Crucially, the CISMC minimized the total Control Effort to
1.12 x 10'°, representing a massive 97% reduction in actuator energy
stress compared to the unmodulated TSMC and a 1.75% improvement over
the linear framework.

e Asymmetric p-Split Maneuver: Under cross-track friction imbalances
(ur = 0.1, ur = 0.3), the CISMC successfully decoupled the independent
rear axle dynamics, allowing the high-grip tire to safely maximize its tractive
throughput while suppressing localized wheel spinning on the ice-like patch.

These results mathematically confirm that the proposed CISMC topology breaks
the structural compromise between non-linear stability boundaries and actuator
physical preservation.

7.3 Future Outlook and Research Directions

While the virtual validation of the proposed control loop demonstrates high effi-
cacy, several compelling pathways remain open for future academic and industrial
extension:

1. Integration with Full-Vehicle Lateral Dynamics: The current slip control
configuration operates primarily on an independent wheel-by-wheel longitudi-
nal layer. Future work could focus on scaling this topology to cooperate with
an upper-level Torque Vectoring and Electronic Stability Control supervisor,
actively modulating independent yaw moments to decouple lateral cornering
stability from longitudinal traction constraints.

2. Driver Intent Integration in Reference Slip Estimation: The baseline
reference slip architecture focuses primarily on maximizing the instantaneous
road friction coefficient. To enhance subjective drivability, future updates could
incorporate a refined estimation block that blends environmental adherence
limits with the driver’s torque request from the accelerator and brake pedals.
By dynamically mapping the driver’s intent into the reference generation
profile, the controller can allow controlled, transient slip variations during
aggressive maneuvers to improve responsiveness, while maintaining absolute
safety boundaries under steady-state tracking.

3. Regenerative Braking Optimization and Energy Harvesting: Since
the concept vehicle utilizes independent motors, the ABS control law can be
expanded into a multi-objective optimization framework during deceleration.
Future research could explore a dynamic actuator blending algorithm designed
to maximize energy recovery into the high-voltage battery pack. The sliding
manifold will act as the core supervisor, distributing the high-frequency slip
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control effort primarily to the electric motors for regenerative harvesting,
and smoothly blending in the hydraulic friction brakes only when satisfying
extreme braking torque demands or handling low-speed actuator saturation
limits.

. Hardware-in-the-Loop (HIL) Validation: To bridge the gap between
software-in-the-loop (SIL) co-simulations and real-world implementation, the
control code will be deployed on an automotive micro-controller (e.g., dSPACE)
interfaced with a physical electric motor testbench, exposing the sliding mani-
folds to physical signal noise, measurement latencies, and actuator constraints.
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List of Acronyms

ACISMC Adaptive Conditional Integral Sliding Mode Controller
CISMC Conditional Integral Sliding Mode Control

EP Electric Powertrain
ESC Electronic Stability Control

FL Fuzzy Logic

HMI Human-Machine Interface
HTC Haptic Traction Control

ICE Internal Combustion Engine
IWM In-Wheel Motor

MPC Model Predictive Control
NMPC Non-linear Model Predictive Control

PID Proportional-Integral-Derivative
PWA Piecewise Affine

RWD Rear-Wheel Drive

SMC Sliding Mode Control
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List of Acronyms

TCS Traction Control System
TSMC Traditional Sliding Mode Control

TV Torque Vectoring
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Definitions

Chattering

A phenomenon characteristic of Variable Structure Systems (VSS) and Sliding
Mode Control (SMC) consisting of high-frequency, finite-amplitude oscillations
of the system state trajectory around the sliding manifold. This behavior is
primarily caused by the discontinuous nature of the switching control law in
the presence of non-ideal factors, such as finite sampling frequencies, actuator
delays, or unmodeled high-frequency dynamics.

163






Bibliography

Y. Hori, Y. Toyoda, and Y. Tsuruoka. «Traction control of electric vehicle:
basic experimental results using the test EV "UOT electric march"». In:
IEEFE Transactions on Industry Applications 34.5 (1998), pp. 1131-1138. por:
10.1109/28.720454 (cit. on pp. 1, 4).

Leonardo De Novellis, Aldo Sorniotti, Patrick Gruber, and Andrew Pennycott.
«Comparison of Feedback Control Techniques for Torque-Vectoring Control
of Fully Electric Vehicles». In: IEEE Transactions on Vehicular Technology
63.8 (2014), pp. 3612-3623. DOI: 10.1109/TVT.2014.2305475 (cit. on p. 1).

Matteo Corno. « A Haptic-Based Traction Control System». In: 2013 American
Control Conference (ACC). IEEE, 2013, pp. 6430-6435. 1SBN: 978-1-4799-
0177-7. DOT: 10.1109/ACC.2013.6580847 (cit. on p. 2).

Ying Yang, Yingjing Liang, Guoqing Xu, and Jieming Zhang. «Novel traction
control of electric vehicle based on single wheel dynamics». In: The Journal of
Engineering 2019.23 (2019), pp. 9006-9012. DOI: https://doi.org/10.1049/
joe .2018.9168. eprint: https://ietresearch.onlinelibrary.wiley.
com/doi/pdf/10.1049/ joe.2018.9168. URL: https://ietresearch.
onlinelibrary.wiley.com/doi/abs/10.1049/joe.2018.9168 (cit. on
pp. 3, 5).

Abhinav Kumar and Ankit Gupta. «Review of Factors Controlling Skid
Resistance at Tire-Pavement Interface». In: Advances in Civil Engineering
2021 (Oct. 2021), pp. 1-16. DOI: 10.1155/2021/2733054 (cit. on p. 3).

Y. He. «The Electric Vehicle Torque Adaptive Drive Anti-Skid Control Based
on Objective Optimization». In: Jordan Journal of Mechanical and Industrial
Engineering 15 (Mar. 2021), pp. 39-49 (cit. on pp. 4, 5).

Kerem Karakoc. «Design of a Magnetorheological Brake System Based on
Magnetic Circuit Optimization». In: () (cit. on p. 4).

165


https://doi.org/10.1109/28.720454
https://doi.org/10.1109/TVT.2014.2305475
https://doi.org/10.1109/ACC.2013.6580847
https://doi.org/https://doi.org/10.1049/joe.2018.9168
https://doi.org/https://doi.org/10.1049/joe.2018.9168
https://ietresearch.onlinelibrary.wiley.com/doi/pdf/10.1049/joe.2018.9168
https://ietresearch.onlinelibrary.wiley.com/doi/pdf/10.1049/joe.2018.9168
https://ietresearch.onlinelibrary.wiley.com/doi/abs/10.1049/joe.2018.9168
https://ietresearch.onlinelibrary.wiley.com/doi/abs/10.1049/joe.2018.9168
https://doi.org/10.1155/2021/2733054

BIBLIOGRAPHY

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Luole Guo, Hongbing Xu, and Jianxiao Zou. «Acceleration slip regulation
control strategy for four-wheel independent drive electric vehiclesy. In: IEEJ
Transactions on Electrical and Electronic Engineering 14.4 (2019), pp. 630-639
(cit. on pp. 12, 13, 39).

Liang Li, Xu Ran, Kaihui Wu, Jian Song, and Zongqi Han. «A novel fuzzy
logic correctional algorithm for traction control systems on uneven low-friction
road conditions». In: Vehicle System Dynamics 53.6 (2015), pp. 711-733. DOT:
10.1080/00423114.2015.1012212. eprint: https://doi.org/10.1080/
00423114 .2015.1012212. URL: https://doi.org/10.1080/00423114.
2015.1012212 (cit. on p. 13).

Sheng Kang, Junjie Chen, Guangqi Qiu, and Hangkai Tong. «Slip Ratio
Adaptive Control Based on Wheel Angular Velocity for Distributed Drive
Electric Vehicles». In: World Electric Vehicle Journal 14.5 (2023). 1SSN: 2032-
6653. DOI: 10.3390/wevj14050119. URL: https://www.mdpi.com/2032-
6653/14/5/119 (cit. on pp. 14, 15, 41).

Pushkin Kachroo and Masayoshi Tomizuka. «Vehicle traction control and its
applications». In: (1994) (cit. on p. 14).

Francesco Borrelli, Alberto Bemporad, Michael Fodor, and Davor Hrovat.
«An MPC/hybrid system approach to traction control». In: Control Systems
Technology, IEEE Transactions on 14 (June 2006), pp. 541-552. DOI: 10.
1109/TCST . 2005 . 860527 (cit. on p. 15).

Lei Yuan, Hong Chen, Bingtao Ren, and Haiyan Zhao. «Model predictive slip
control for electric vehicle with four in-wheel motors». In: 2015 34th Chinese
Control Conference (CCC). IEEE. 2015, pp. 7895-7900 (cit. on p. 16).

Congruence Market Insights. Traction Control System Market Size, Share,
Trends, and Analysis. Market Research Report. 2024. URL: https://www.
congruencemarketinsights . com/ report /traction- control - system-
market (visited on 05/02/2026) (cit. on p. 17).

Kings Research. Traction Control System Market Size, Share, Industry Analy-
sis, and Forecast 2031. Industry Report. 2024. URL: https://www.kingsrese
arch.com/traction-control-system-market-955 (visited on 05/02/2026)
(cit. on p. 18).

Yuri Shtessel, C. EdwardsEVUotElectricMarch, Leonid Fridman, and Arie
Levant. Y. Shtessel, C. Edwards , L. Fridman, A. Levant. Sliding Mode Control
and Observation, Series: Control Engineering, Birkhauser:Basel, 2014, ISBN:
978-0-81764-8923. Jan. 2016. 1SBN: 978-0-81764-8923. DOI: 10.1007/978-0-
8176-4893-0 (cit. on p. 25).

H.B. Pacejka. Tire and Vehicle Dynamics. Jan. 2006. DOI: 10.1016/B978-0-
7506-6918-4.X5000-X (cit. on p. 25).

166


https://doi.org/10.1080/00423114.2015.1012212
https://doi.org/10.1080/00423114.2015.1012212
https://doi.org/10.1080/00423114.2015.1012212
https://doi.org/10.1080/00423114.2015.1012212
https://doi.org/10.1080/00423114.2015.1012212
https://doi.org/10.3390/wevj14050119
https://www.mdpi.com/2032-6653/14/5/119
https://www.mdpi.com/2032-6653/14/5/119
https://doi.org/10.1109/TCST.2005.860527
https://doi.org/10.1109/TCST.2005.860527
https://www.congruencemarketinsights.com/report/traction-control-system-market
https://www.congruencemarketinsights.com/report/traction-control-system-market
https://www.congruencemarketinsights.com/report/traction-control-system-market
https://www.kingsresearch.com/traction-control-system-market-955
https://www.kingsresearch.com/traction-control-system-market-955
https://doi.org/10.1007/978-0-8176-4893-0
https://doi.org/10.1007/978-0-8176-4893-0
https://doi.org/10.1016/B978-0-7506-6918-4.X5000-X
https://doi.org/10.1016/B978-0-7506-6918-4.X5000-X

BIBLIOGRAPHY

[20]

[21]

23]

[24]

[25]

Hooi Siang Kang, M. Jalil, and Musa Mailah. «Development of a Virtual
Driving Simulator for Transportation Research». In: Dec. 2004 (cit. on p. 26).

Carlos Canudas-de-Wit, Panagiotis Tsiotras, Efstathios Velenis, Michel Basset,
and G.l Gissinger. «Dynamic Friction Models for Road/Tire Longitudinal
Interactiony. In: Vehicle System Dynamics - VEH SYST DYN 39 (Mar. 2003),
pp. 189-226. pDOI: 10.1076/vesd.39.3.189.14152 (cit. on p. 27).

Reza Jazar. Vehicle dynamics: Theory and application, second edition. Jan.
2014, pp. 1-1066. 1SBN: 978-1-4614-8543-8. DOI: 10.1007/978-1-4614-8544-
5 (cit. on p. 27).

Jaffar Seyyed Esmaeili, ABDULLAH BASCI, and Arash Farnam. «Design
and Verification of Offline Robust Model Predictive Controller for Wheel
Slip Control in ABS Brakes». In: Machines 11 (Aug. 2023), p. 803. DOI:
10.3390/machines11080803 (cit. on p. 28).

Zixian Li, Shiju Pan, Kang Mao, and Youchun Xu. « Combined acceleration slip
regulation for multi-wheel distributed electric drive vehicles considering torque
loss factory. In: Control Engineering Practice 146 (May 2024), p. 105893. DOI:
10.1016/j.conengprac.2024.105893 (cit. on p. 44).

Jean-Jacques E. Slotine and Weiping Li. « Applied Nonlinear Control». In:
1991. URL: https://api.semanticscholar.org/CorpusID: 106519536 (cit.
on p. 46).

Charles L. Phillips and Royce D. Harbor. Feedback Control Systems. 4th.
Upper Saddle River, N.J.: Prentice Hall, 2000. 1sSBN: 9780130156907 (cit. on
p. 46).

Rune Wiben and Mads Hellegaard Andersen. «Design of Slip-based Active
Braking and Traction Control System for the Electric Vehicle QBEAKH».
Branch of study: Energiteknik. Supervisor: Hans-Christian Becker Jensen.
Kandidatspeciale (Master’s Thesis). Aalborg, Denmark: Aalborg University
(AAU) - Study of Energy, June 2012. URL: https://vbn.aau.dk/ (cit. on
pp. 47-49).

167


https://doi.org/10.1076/vesd.39.3.189.14152
https://doi.org/10.1007/978-1-4614-8544-5
https://doi.org/10.1007/978-1-4614-8544-5
https://doi.org/10.3390/machines11080803
https://doi.org/10.1016/j.conengprac.2024.105893
https://api.semanticscholar.org/CorpusID:106519536
https://vbn.aau.dk/

	Introduction
	Background and Motivation
	Traction Control Challenges in Electric Vehicles
	The Physics of Tire-Road Interaction and Slip Control
	Slip-Based Control Strategy

	Project Goals and Research Questions
	Thesis Structure

	State-of-the-Art
	Control Objectives and Performance Metrics
	Traditional Traction Control
	Robust Non-Linear Control
	Predictive Control
	Comparative Analysis
	Market Analysis
	Vehicle and Tire Models
	Vehicle Model
	Longitudinal Dynamics
	Vertical Load

	Tyre-Road Interaction Model
	Longitudinal Slip
	Wheel's Dynamics
	Pacejka's Magic Formula and Tire Force Non-linearity
	Burckhardt Tire Model


	PI and Traditional Sliding Mode Controllers
	Vehicle Architecture and Parameters
	Problem Statement
	General Control Architecture
	Utilized Friction Estimator
	Reference Slip Estimator

	Design of PI Control Logic
	Reference Rotational Speed
	Control Law

	Design of Traditional Sliding Mode Control Logic
	Sliding Surface Definition
	Control Law
	Proof of Stability




	Conditional Integral Sliding Mode Controller
	Control Architecture
	Sliding Surface Definition
	Control Law
	Chattering Solution
	Anti Wind-up Strategy
	Proof of Stability


	Simulations and Results
	Simulation Environment
	CarMaker for Simulink
	Actuator Target Assignment and Modified Powertrain Subsystem

	Selected Test Maneuvers and Simulation Scenarios
	Low Friction Maneuver
	Traction Control System OFF
	PI Controller
	TSM Controller
	CISM Controller

	Mu-jump Maneuver
	Traction Control System OFF
	PI Controller
	TSM Controller
	CISM Controller

	Mu-split Maneuver
	Traction Control System OFF
	PI Controller
	TSM Controller
	CISM Controller

	Performance Comparison
	Low Friction Maneuver
	Mu-jump Maneuver
	Mu-split Maneuver

	Robustness to Parameters Variability
	Robustness to Compliant Driveshafts and Time Delay Costraints

	Conclusions
	Research Synthesis and Key Contributions
	Quantitative Performance Verification
	Future Outlook and Research Directions

	List of Figures
	List of Acronyms
	Definitions
	Bibliography

