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Abstract

Three-wheeled vehicles are increasingly adopted as sustainable transport solutions, but
their asymmetric design and lightweight structure make them vulnerable to ride discomfort
and rollover instability. This study develops a high-fidelity 12-degrees-of-freedom (DOF)
dynamic model in MATLAB/Simulink and MSC ADAMS to analyze and improve ride
comfort, handling, and roll stability. The model captures longitudinal, lateral, vertical, roll,
pitch, and yaw motions, along with tire dynamics represented through the Magic Formula,
and is validated using real-world data from an instrumented test vehicle. In this research,
both active and passive control strategies were separately implemented and studied. The
active strategy involves an Active Vehicle Roll Dynamics Control (VRDC) system with
an active rear suspension to suppress roll and yaw during aggressive maneuvers. The
passive strategy focuses on improving rollover resistance by modulating throttle input
based on sensor data from gyroscopes, accelerometers, and compasses. Simulation and
experimental results show that each strategy, when applied independently, enhances roll
stability, reduces yaw rate deviations, and improves handling performance. These findings
demonstrate the effectiveness of both approaches in improving the safety and dynamic
behavior of electric three-wheeled vehicles under real-world conditions.

Keywords: three-wheeled vehicles; vehicle dynamics modeling; roll stability control; active
suspension system; ride and handling optimization

1. Introduction

Three-wheeled vehicles (3 WVs), particularly those configured in a “delta” layout with
one front and two rear wheels, are increasingly recognized as practical and cost-effective
mobility solutions for urban and peri-urban transportation [1]. In countries such as India,
their compact dimensions, low manufacturing cost, and agility in navigating congested and
narrow roads make them especially attractive [2]. Their ability to serve both passenger and
cargo transport requirements further enhances their utility in densely populated regions
where access to efficient public transportation remains limited [3]. Recently, the emergence
of electric three-wheelers has accelerated this trend due to their environmental advantages—
zero tailpipe emissions, reduced noise, and lower operating costs—aligning with global
sustainability targets [4].

Despite these advantages, three-wheeled vehicles face significant challenges in dy-
namic stability and safety. The triangular wheel configuration inherently produces a
narrower front track, leading to greater rollover risk during cornering or when driving
on uneven terrain [5,6]. The single steerable front wheel, responsible for both steering
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and braking forces, complicates the dynamic response and increases lateral load transfer
compared to four-wheeled vehicles. The integration of battery packs in electric 3 WVs
further elevates the center of gravity and modifies weight distribution, thereby intensifying
rollover susceptibility [4].

Over the past decade, several researchers have investigated the dynamics of three-
wheeled vehicles to improve roll stability and handling performance. Early studies by
Drexler et al. [7] and Leng et al. [1] analyzed the effects of vehicle geometry and mass
distribution on rollover threshold and lateral load transfer, highlighting the sensitivity of
delta-configured vehicles to cornering forces. Advanced suspension concepts—such as
tilting mechanisms, articulated suspensions, and independent rear suspensions—have been
proposed to enhance stability, but these systems often introduce mechanical complexity and
high implementation cost [4,7-9]. Control-based stability improvements have also been
explored, including electronic differential control [2], torque vectoring [4], and semi-active
damping strategies [10]. While these approaches demonstrate potential, most require high-
end sensors, actuators, and control units, which are impractical for low-cost commercial
3 WVs prevalent in developing markets. Consequently, there remains a clear gap in
developing simple, low-cost, and simulation-validated control methods to enhance roll
stability and ride performance without compromising affordability or manufacturability.

To address these challenges, the present work adopts a simulation-driven framework
for enhancing the roll dynamics of delta-configured three-wheeled vehicles. A high-fidelity
multibody dynamic model with twelve degrees of freedom is developed to accurately
capture the coupled interactions between suspension, chassis, tires, and body motion [11].
Based on this model, a cost-effective passive roll stability enhancement strategy is in-
troduced, wherein vehicle roll behavior is monitored using low-cost sensors (gyroscope,
accelerometer, compass), and corrective power modulation is performed in real time by
an Engine Control Unit (ECU). The control logic is developed and validated through co-
simulation between ADAMS Car and MATLAB/Simulink, forming a Vehicle Roll Dynamics
Control (VRDC) system [10]. This integrated approach aims to improve lateral stability and
roll performance without introducing significant system cost or complexity. The outcomes
of this research are expected to support the design of safer and more dynamically stable
electric and conventional three-wheeled vehicles for urban mobility applications.

2. Motivation

The motivation of this research stems from the alarming road safety crisis in India,
with 480,583 accidents and 172,890 deaths recorded in 2023, averaging nearly 474 fatalities
per day [6]. Speeding alone accounted for almost 68% of road accident deaths, while
vulnerable road users—two-wheeler riders and pedestrians—made up over 60% of total
fatalities [5]. Within this landscape, three-wheelers (3 WVs) such as auto-rickshaws and
e-rickshaws pose unique risks due to their asymmetric design, high center of gravity, and
rollover-prone dynamics.

Recent reports from Delhi indicate that unsafe e-rickshaw operations are linked to
multiple fatalities each month, reflecting the growing dangers associated with rapid 3 W
adoption in urban transport [3]. Unlike four-wheelers, these vehicles exhibit oversteering
tendencies and reduced lateral stability, making them especially vulnerable during sudden
or high-speed maneuvers. Traditional testing of such dynamics is costly and resource-
intensive, whereas modern simulation-based methods provide an efficient and scalable
alternative to study rollover and skidding behavior, and to design stability controls tailored
to enhance the safety of three-wheelers and their passengers.
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3. Scope of the Work

This study focuses on investigating and improving the roll stability of electric three-
wheelers to enhance occupant safety and ride comfort under demanding driving conditions.
It examines vehicle behaviour during sharp turns, U-turns, high-speed cornering, and on
uneven road surfaces to identify parameters influencing rollover tendencies and overall
stability performance. The objective is to achieve predictable handling behaviour, reduce
driver effort, and improve passenger confidence during dynamic manoeuvres.

To accomplish these goals, a simulation-driven methodology is adopted. A high-
fidelity multibody dynamics model of a delta-configured electric three-wheeler is developed
in ADAMS Car, incorporating detailed suspension kinematics, tire—road interactions, and
vehicle mass distribution. The model is validated through experimental measurements
to ensure realistic representation of the vehicle’s dynamic behaviour. Subsequently, a
co-simulation framework between ADAMS Car and MATLAB/Simulink is employed to
design and evaluate a Vehicle Roll Dynamics Control (VRDC) strategy. This control logic
utilizes roll rate, lateral acceleration, and yaw rate feedback to modulate torque distribution
and improve lateral stability. The proposed methodology provides an efficient means to
assess and optimize roll performance while maintaining cost-effectiveness suitable for
commercial three-wheeler applications.

4. Fundamental Vehicle Dynamics Model for Three-Wheelers
4.1. Model Overview

A high-fidelity vehicle dynamics model was developed to analyse the handling,
stability, and rollover behaviour of an electric three-wheeled vehicle under a wide range of
driving conditions. This model, shown in Figure 1, employs 12 degrees of freedom (DOF),
comprehensively capturing the dynamics of both the sprung and unsprung masses [11].

Figure 1. (a) Horizontal 6-DOF vehicle model [1] and (b) vertical 6-DOF vehicle model for three-
wheeled vehicle [12].

The vehicle body or sprung mass is characterized by six degrees of freedom: transla-
tional motions along the longitudinal (x), lateral (y), and vertical (z) axes, and rotational
motions about these axes, corresponding to roll (), pitch (), and yaw () [11,13]. The
vehicle’s attitude and trajectory during a manoeuvre are represented with respect to a
right-handed orthogonal coordinate system, denoted as the inertial frame Gxyz, which
remains fixed to the Earth.

A moving reference frame, Gxyz, is attached to the vehicle such that its origin co-
incides with the vehicle body’s centre of mass and moves along with it. As illustrated
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in Figure 1, the coordinates correspond to displacements along the x, y, and z axes. The
angular velocities of the body-fixed frame, represented as vx, vy, and vz, act about the x, y,
and z axes, respectively. Consequently, the vehicle’s motion is defined by three translational
displacements along the inertial X, Y, and Z axes, along with three rotational displacements
represented by the Euler angles 1 (yaw), 3 (pitch), and 6 (roll). Each of the vehicle’s three
wheels is independently modelled with additional degrees of freedom. The vertical dis-
placement (or wheel hop) is considered as a translational DOF in the z-direction, capturing
the suspension and tire deflection dynamics.

Furthermore, wheel rotation about the y-axis (spin motion) is incorporated to account
for wheel angular velocity, which is essential for longitudinal dynamics such as braking
and acceleration [11,13]. The front wheel of the vehicle, which is typically responsible for
steering, includes an additional DOF representing steering rotation about the z-axis, shown
in Table 1. This steering input significantly influences the vehicle’s manoeuvrability and
handling performance during directional changes.

Table 1. Considered DOF of three-wheeled vehicle.

Component DOF Description
Translational: X (longitudinal), Y (lateral), Z (vertical) Rotational: Roll
Vehicle Body 6 (rotation about X-axis), Pitch (rotation about Y-axis), Yaw (rotation about
Z-axis)
Front Left Wheel 2 Vertical translation (Z-axis), Spin about wheel axis (Y-axis)
Front Right Wheel 2 Vertical translation (Z-axis), Spin about wheel axis (Y-axis)
Rear Wheel 2 Vertical translation (Z-axis), Spin about wheel axis (Y-axis)
Front Wheel Steering 1 Rotation about Z-axis (steering)

The dynamic modelling approach used in this study is based on the Lagrangian
formulation of mechanics, which is particularly well-suited for handling complex, con-
strained multibody systems [11]. Using this approach, the Equations of Motion (EOM) are
systematically derived by considering the system’s kinetic and potential energies, along
with generalized forces acting on the vehicle. These equations encapsulate the interactions
between the various vehicle components, including the chassis, suspension, and wheel
systems [12].

Equations of Motion

Governing equations of the longitudinal, lateral, and vertical, roll, pitch and yaw
motions can be expressed as below [7,12]:
Equation of motion for longitudinal motion

Mix = FXf + Fx,; + Fxyr
M; (Ux + sz — vﬂ;) = Fxf + Fx,; + Fx,,

Equation of motion for lateral motion

Mty:Fyf—i_Fyrl—i_Fyrr
My (o, +oxp — 00, ) = Fy; + Fy, + Fy,,
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Equation of motion for sprung mass vertical motion

MSZ = sz + Fz,; + Fz,,
Mg (vi + vxz,b — 902) = sz + Fz,; + Fz,

Equation of motion for sprung mass roll motion

My = stxg'b - (Isyy - ISZZ>9¢
= (Fzrl_FZW’)t/Z_ (Fyf+Fyrl+Fyrr)h

Equation of motion for sprung mass pitch motion

Mx = stx¢ - (Isyy - Iszz)é¢
= (Fzyy — Fzpy)b — Fzga — (Fxf + Fx,; + Fxrr>h

Equation of motion for sprung mass yaw motion

Mz = Izzi/'J - (Ixx - Iyy)d)é
= (Fxy — Fxy)t/2 — (Fy, + Fy,, )b+ Fya

where

a = Length between the CG and front tire patch;
V = Vehicle velocity vector;

b = Length between the CG and rear tire patch;
Vf = Front tire velocity vector;

6 = Steer angle;

Vr = Rear tire velocity vector;

FY = Tire lateral forces;

Vx = Vehicle velocity in the x-axis;

Vi = Vehicle velocity in the y-axis;

Izz Vertical axis moment inertia;

ax, ay = Longitudinal and Lateral acceleration.

The first derivatives of the angular displacements—¢, 0, —represent the angular
velocities, commonly referred to as the roll rate, pitch rate, and yaw rate, respectively.
The second derivatives—cf), é, i,b—represent the corresponding angular accelerations in roll,
pitch, and yaw motions. The horizontal vehicle model receives lateral and longitudinal
forces from the tire model, which are crucial inputs for the vertical dynamics of the vehicle.
Based on these forces, a 6-degrees-of-freedom (DOF) vertical vehicle model is developed, as
illustrated in Figure 1. The model incorporates a two-dimensional vertical dynamic system,
representing a half-track vehicle model for pitch dynamics and a two-track half-vehicle
model for roll dynamics [14]. This approach allows for three DOFs associated with the
vehicle’s mass centre (vertical, roll, and pitch dynamics), along with three DOFs for each
wheel, focusing on the vertical dynamics of the wheels [1,13,14].

The primary dynamics analysed in this study are the yaw and roll motions, which
play a crucial role in vehicle stability and handling. The yaw motion is essential for
understanding the vehicle’s directional control, while roll dynamics influence the lateral
stability, particularly in cornering and evasive manoeuvres [12,13]. These factors are critical
for evaluating the overall ride and handling characteristics of the vehicle.
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4.2. Vehicle Roll Model of Three Wheeled Vehicle

The roll dynamics of a delta-configured three-wheeled vehicle are analysed by con-
sidering moments acting in the y-z plane for the sprung and unsprung masses, as shown
in Figure 2. The vehicle exhibits strong coupling between roll, lateral, and yaw motions,
making nonlinear modelling essential for accurate stability analysis [12].

Inside D Outside Inside R, Outside
R:" R
1
1
Fu+Fa 1 FrotFe
S
—i :.\.M'“bl
L
N ,CG,“
e L p—
F_\u lllg F‘.\'ﬁ
FZI t F!O
(a) (b)

Figure 2. (a) Roll FBD sprung and (b) un-sprung mass for three wheeled vehicle.

The general roll moment equilibrium is expressed as
I¢¢ + Crﬁb + Kr47 = MLLT + Msusp + Mtire

where Iy is the roll moment of inertia, C; is the roll damping coefficient, K; is the roll stiff-
ness, and My = Mrr1 + Msusp + Miire is the total external roll moment. The contributions
to the external roll moment are

Myt = Mgprung hrc ay
Msusp = (K¢0¢o - K¢i¢i) + (C¢0¢g - C(Pi(l)i)
Miire = (F]//D - Fy,i) t

where sprung is the sprung mass, hgrc is the roll centre height, ay is the lateral acceleration,
K¢O,K¢i and Cgpo, an’ are suspension roll stiffness and damping coefficients, Fyo, Fy,i are
lateral tire forces, and t is the track width. This full nonlinear equation is numerically
integrated in simulations to capture transient roll behavior, large-angle dynamics, and
rollover events.

The roll motion is coupled to lateral and yaw dynamics, represented by [10]

m(vy +ur) = yf T Fyr Lt = agFy ¢ — arFy,

where v, is lateral velocity, u is longitudinal velocity, r is yaw rate, F, ¢, F, r are lateral
forces at the front and rear, I, is yaw inertia, and a £, 0y are distances from CG to front and
rear axles. Coupling these equations ensures realistic transient vehicle responses during
steering and high-speed manoeuvres.

The lateral tire forces are modelled using a linear tire model with explicit separation
of slip angle and stiffness [15]:

F, ;i =Cyj-uajj=in, out
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where C, ; is the cornering stiffness, and «; is the slip angle:

vy + 1X;
Y /)_5]
u

nj = arctan(

Here, x; is the longitudinal distance from the CG to wheel j, and ¢; is the steering
angle. This formulation clearly distinguishes vehicle motion effects from tire properties,
which is critical for accurate roll and stability analysis.

The vertical wheel loads under roll are

__ Msprung8 msprunghRCay
F, z,0/1 — 2 + t

allowing detection of wheel lift-off and evaluation of rollover thresholds. Peak roll angle
¢Pmax and minimum inside-wheel load F, j, are used as stability metrics.
For small roll angles and quasi-steady cornering, the nonlinear equation can be linearized:

Kron¢ = msprunghRCﬂy + (K(poﬁbo - K¢i¢i) + (Fy,o - Fy,i) t
where the total roll stiffness is decomposed as

Ctx,o + ClX,i

Kion = Ksusp + Ktire, Ksusp = szo + K¢i/ Ktire = t

The linearized relation between roll angle and lateral acceleration is

¢ = msprunghRCay
Kron

and the linearized wheel loads are

m 8
F zin = % - Kroll%

m
F zout — %ngg + Kroll?

The roll gradient, a measure of vehicle stability, is

Roll Gradient = f = M, C¢ = % = Kyoll
ay Kroll 4)

These linearized expressions provide intuitive insight and comparison with the litera-
ture; however, all dynamic stability analyses and controller designs are performed using
the full nonlinear model.

The nonlinear system can be represented in state-space form for numerical simulation:

¢

b . 5
x= [P x=fxwu=[ " |

y rive

;

This allows co-simulation in ADAMS-MATLAB/Simulink, capturing roll-lateral—
yaw coupling, nonlinear tire dynamics, and transient manoeuvres, which are essential for
Vehicle Roll Dynamics Control (VRDC) design.

The combined nonlinear and linearized framework ensures accurate prediction of roll
behaviour, wheel lift-off, and rollover risk while providing a clear connection to intuitive
design parameters such as roll stiffness and roll gradient.



Vehicles 2025, 7, 126

8 of 32

4.3. Tire Modelling

Accurate modelling of tire-road interactions is essential for vehicle stability and
handling simulations, as lateral and longitudinal tire forces directly influence roll, yaw, and
lateral dynamics. In this study, the Pacejka ‘94 Magic Formula [15] is employed to model
the lateral tire forces of the three-wheeled vehicle, with parameters derived from existing
experimental data (Table 2). The Magic Formula accurately captures combined slip, load
sensitivity, and camber effects, providing a realistic representation of tire behaviour under
both linear and nonlinear operating regimes. It reliably predicts force buildup under high
sideslip angles and aggressive manoeuvres, as shown in Figures 3-5.

Table 2. Linear tire model vs. non-linear Pacekja tire model.

Tire Slip Angle, «, [deg] 2.5° 5° 7°
Lateral force difference between linear and o o o
non-linear tire Pacejka ‘89" model 4% 33% 65%
Lateral force difference between linear and o o Y
non-linear tire Pacejka ‘94’ model 14% 25% 40%
4000~ - .
—Freb00
00 {—Fs1000 5
Z — Fze1500 H
g 2 { = F2s2000 4
4000+ { = Fa2800 1=
- FEx000
& o | —Fen3s00
5 | —Frao00
L -1000 | —Fzea800 [
®
a =2000 - -
L]
- =300
Lefttum < — Right Turn
- 10 i 0 : 10 1
Slip Angle in deg

Figure 3. Development of lateral force during turn.

Self Aligning Torque in Nm

Lefttumn «———

5 0

Slip Angle in deg

Figure 4. Development of self-aligning torque during turn.
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i | = Fz=4000
™ = Fz=4600

—  Under Acceleration Condition

i i i i

1 /|

1
-60 -40 -20 -20 0 20 40 60 80 100
Slip Ratio in %

Figure 5. Development of longitudinal force under braking and acceleration.

The linear tire model assumes a constant cornering stiffness C,, with no saturation,
and is expressed as
Fy~Cy-a

where F is the lateral force and « is the tire slip angle. This approximation is valid only for
small slip angles and overestimates lateral force under high slip conditions.

The nonlinear Pacejka model accounts for tire saturation, peak force reduction, and
stiffness variation with slip angle, and is formulated as [16]

Fy = Dsin(Carctan(Ba — E(Ba — arctan(Ba))))

where B, C, D, and E are the stiffness, shape, peak, and curvature factors, respectively. This
formulation explicitly differentiates the slip angle (x) from the tire stiffness, addressing
reviewer concerns.

The inputs to the model are the slip angle («) and tire normal load (F;), while the
output is the lateral tire force (F,). The model captures the effect of normal load on tire
performance: as F; increases, the peak lateral force initially rises but eventually saturates
due to tire deformation, as illustrated in Figure 6. This behaviour is critical for simulating
realistic load transfer and vehicle stability under dynamic conditions. Figure 6 compares
the lateral force development for the linear and nonlinear tire models under a normal load
of 1.5 kN. The linear model approximates the nonlinear behaviour at small slip angles but
diverges significantly as slip increases. Table 2 quantifies the differences between linear and
Pacejka models at various slip angles, demonstrating the necessity of nonlinear modelling
for high-speed or aggressive manoeuvres.
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Slip angle Vs Lateral force for Fz =1.5kN 4000 Slip ?ng\e Vs Lateral force .
= Fz=1000N
—— Linear 3500 - |——Fz=1500N
40001 —-- Pacekja '94 Fz=2000N
Lo ia ——F2z=2500N
_ Pacekja '89 |, 3000 | —fz=3000n /
—Fz=3500N
£ 3000 < 2500 - |— Fz=4000N
8 8 F2=4500N -
o 2 2000 -
20001 = ﬁ
o g
o 1500 -
s | e ki >
~ 1000 = 3 1000~
500
04
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(a) (b)

Figure 6. (a) Nonlinear tire response with different tire models and (b) Non linear tire responseunder
varying normal loads.

The vehicle-specific Pacejka parameters used in this study are provided in Table 3.
These parameters were obtained from existing experimental data and characterize the tire’s
lateral force response accurately for simulation purposes.

Table 3. Pacejka parameters for vehicle tires.

a0 =0.5 a9 =0.0;
al = —1300; al0=0.0;
a2 = 2400; all =0.0;
a3 = —250; al2=0.0;
ad = —3; al3=0.0;
ab = —0.0024; al4 =0.0;
a6 =—1.6; al5=-0.1;
a7 =1.6; al6 =0.0;
a8 =0.0; al7=0.2

5. Virtual Model Development
5.1. MATLAB Simulink Model

The vehicle dynamics model was meticulously developed using a comprehensive
mathematical framework that encapsulates the fundamental physical laws governing
handling characteristics, ride comfort, and tire-road interactions. This framework is im-
plemented within the MATLAB/Simulink environment, offering a robust platform for
conducting high-fidelity simulations under a wide range of driving conditions and ma-
noeuvre scenarios.

At the core of the model are differential equations representing both the longitudinal
and lateral vehicle dynamics. These equations integrate multiple aspects, including vehicle
body motion, suspension articulation, and tire force generation. The simulation framework
includes essential subsystems such as handling dynamics, vertical ride responses, and
tire—ground contact behaviour [9]. As illustrated in Figure 7, the model accounts for slip
angle variations, longitudinal slip phenomena, and the dynamic coupling between these
effects, ensuring realistic representation of on-road and off-road behaviour.
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Figure 7. Full Vehicle Model in MATLAB-SIMULINK.

Driver control inputs serve as primary excitations to the system, consisting mainly of
applied torque modulating acceleration and braking forces and steering angle, which directly
affects the vehicle’s yaw rate and directional stability [9]. These inputs propagate through
mechanical subsystems including the steering mechanism, suspension geometry, and tire
dynamics, influencing the vehicle’s translational and rotational responses. The simulation not
only reproduces steady-state behaviour such as cornering equilibrium but also transient events
including sudden steering manoeuvres and rapid acceleration or deceleration.

5.2. Multi-Body Dynamics Model

The three-wheeler multi-body dynamics model is shown in Figure 8 as two inter-
connected assemblies to represent subsystem interactions accurately. The rear assembly
comprises the chassis, powertrain, rider mass, rear suspension, and rear wheels, while the
front assembly consists of the steering fork, handlebar, front suspension, and front wheel.
These assemblies are connected through a revolute joint at the steering head, which allows
for rotation about the steering axis.

This joint flexibility is essential for capturing the coupled roll-yaw dynamics, particu-
larly during cornering and evasive manoeuvres, where interaction between steering input
and chassis motion significantly affects stability [17]. Suspension elements are modelled
with defined spring rates, damping coefficients, and compliance properties, while hard-
point locations and geometry are parameterized to enable evaluation of alternative designs
and tuning strategies.
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Figure 8. Three-wheeler MBD model.

5.3. Powertrain Integration

To ensure realistic simulation of vehicle behaviour, the dynamic model is integrated with
a multi-body dynamics-based powertrain subsystem. This integration allows the accurate
application of drive torque at the rear wheels and braking forces at both front and rear wheels,
reflecting typical regenerative braking strategies found in electric powertrains. Driveline
compliance, gear reduction characteristics, and dynamic torque transfer are incorporated to
study the influence of propulsion and deceleration on suspension behaviour, dynamic load
transfer, and overall stability during acceleration and braking manoeuvres [1,13].

6. Handling Dynamics Analysis of a Three-Wheeled Vehicle Using MBD
and MATLAB/Simulink Simulation

This study presents a detailed investigation into the handling dynamics of a three-
wheeled vehicle (3 WV) using multi-body dynamics (MBD) simulation in ADAMS/Car,
complemented by comparative modelling in MATLAB/Simulink. The objective was to
evaluate vehicle stability, yaw and roll dynamics, and tire-road interactions under var-
ious driving conditions, providing insights into the vehicle’s transient and steady-state
behaviour. The simulations were performed using both open-loop and closed-loop ma-
noeuvres, with a primary focus on open-loop tests to analyse inherent dynamic behaviour
without driver influence.

6.1. Open-Loop Handling Simulations

Open-loop steering manoeuvres, which involve pre-programmed input independent of a
human driver, were selected to evaluate baseline vehicle dynamics. Two specific manoeuvres,
step steer and Constant Radius Cornering (CRC)—were performed in ADAMS/Car.

6.1.1. Step Steer Manoeuvre

The step steer manoeuvre was used to assess the vehicle’s transient response to a
sudden change in steering input. The simulation introduced an abrupt increase in steering
angle over a defined time period, emulating emergency driver correction. Key metrics
analysed included yaw rate, lateral acceleration, and roll angle shown in Figure 9. Results
revealed the vehicle’s capacity to generate lateral force and respond to steering inputs,
while also indicating roll tendencies, which are especially critical in 3 WVs with a high
centre of gravity.
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Figure 9. Lateral acceleration, roll angle, yaw rate vs. time in steep steer simulation.

6.1.2. Constant Radius Cornering (CRC)

The CRC manoeuvre simulated steady-state cornering by directing the vehicle along a
circular skidpad with a constant turning radius shown in Figure 10.

—

Figure 10. CRC—MBD Simulation in ADAMS.

This test assessed lateral grip, understeer/oversteer characteristics, and roll response
across varying speeds. By progressively increasing vehicle speed during cornering, lateral
acceleration built up, helping identify the limits of tire grip and overall cornering capability.
At approximately 38 km/h, during a 30-m radius turn, rollover instability was observed, as
shown in Figure 11. This critical speed threshold indicated the vehicle’s cornering safety
limit. Additional CRC results examined rear tire normal forces, which highlighted the
unequal weight distribution during lateral loading and its role in roll dynamics.
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Figure 11. (a) CRC Simulation: Lateral acceleration (g) vs. time (s), (b) CRC Simulation: Speed
(Kmph) vs. time (s).

6.2. Comparative Validation with MATLAB/Simulink

The goal was to validate the MATLAB/Simulink model by comparing its results
with those obtained from ADAMS/Car. One of the key manoeuvres chosen for this
validation was the single lane change test, a manoeuvre designed to simulate sudden
obstacle avoidance. This test induces high lateral accelerations, providing valuable data on
vehicle stability and control under dynamic driving conditions.

The yaw rate response, a critical parameter for assessing directional stability, was
compared between the MATLAB/Simulink and ADAMS/Car models. Figure 12 presents
the time-series plot of the yaw rate response (rad/s) from both models, with RMS values
of 0.083 for Simulink and 0.0775 for ADAMS, corresponding to a peak error of 6.7%. A
phase difference of 21 ms was observed, with the Simulink response leading the ADAMS
response, as shown in Figure 13. Overall, the results demonstrated a strong correlation
between the two models, validating the accuracy of the MATLAB/Simulink model for
vehicle dynamics simulation. Minor deviations in amplitude were noted, which can be
attributed to differences in suspension kinematics, compliance effects, and roll dynamics
between the rigid-body approach in MATLAB and the flexible-body representation in
ADAMS/Car.

0.2
’ —Simulink Model qos3o
0.15 4 - -~ADAMS Model 0.08 0.077p
]
T 041 =2
s
2 = 0.06
° w
£ =
s 0051 o
® &
z & 0.04
> 0.0 =
o
-0.05 0.02
-0.1
0.0 1.0 3.0 40 5.0 6.0 7.0 8.0 9.0 10.0 0.00 -
Time (sec) Simulink Adams
(a) (b)

Figure 12. (a) Yaw rate vs. time comparison between Simulink and ADAMS, (b) RMS value compari-
son between Simulink and Adam:s.
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Figure 13. Yaw rate phase difference between ADAMS and Simulink.

Further analysis of the lane change test revealed that at various higher speeds, the
vehicle exhibited excessive lateral displacement and oscillatory yaw behaviour. This
behaviour is indicative of potential loss of control due to factors such as tire lateral force
saturation, transient load transfer, and nonlinear roll moments. These factors combined
with the vehicle’s inherent design characteristics such as its high centre of gravity and
narrow track width—make it more prone to roll instability [1,18], as compared to four-
wheeled vehicles shown in Figure 14.
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0.4 ) | I e ol \

o >~ — \ \
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Lateral Load Transfer Ratio

o 1 2 3 4 5 6 7 8 9 10
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Figure 14. Lateral load transfer ratio with different speed vs. time.

The asymmetric weight distribution of the vehicle, with more weight placed on the
rear axle, leads to an imbalance in the yaw moment. This imbalance can cause undesirable
yaw behaviour, which is further influenced by the single-front-wheel setup. To mitigate
these issues, precise tuning of the suspension system, steering geometry, and roll stiffness
is crucial [6].

ADAMS/Car’s flexible-body model provides a more accurate representation of the
vehicle’s suspension system, allowing for the simulation of suspension compliance, elastic
deformations, and roll stiffness variations during high-speed manoeuvres. These factors
have a significant impact on the vehicle’s roll response, camber change, and lateral load
transfer, which are critical for ensuring stable handling characteristics.

7. Experimental Validation of Vehicle Dynamics Simulation

To verify the accuracy of the simulation model, experimental tests were conducted
using a three-wheeled vehicle shown in Figure 15 on the TVS test track and vehicle specifica-
tion is mentioned in Table 4. The goal was to correlate simulation outputs with real-world
responses under steady-state and transient manoeuvres like circular driving and lane
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changes. Precision sensors and data acquisition systems ensured reliable measurements for
validating lateral dynamics, roll behaviour, and stability.

|

Figure 15. TVS motor three-wheeled passenger vehicle.

Table 4. Vehicle specification considered.

Model TVS King
Engine Petrol
8 200cc-1-cyl
Transmission Manual
Drive RWD
Tyre type TVS Tyres Auto 150
Tyre size 4.00-8-76F-8PR
Wheelbase (mm) 2018
Track(mm) Front n/a
Rear 1150
Tyre pressure (psi) Driver only 30/30
Front/Rear GVW 30/34
Left Right Total
Test Mass—Kerb
Front 120.0
(kg) ron 358.5
Rear 118.5 120.0
Left Right Total
Test Mass—Driver Only
Front 162.
(kg) ron 625 4375
Rear 134.0 141.0
Left Right Total
Test Mass—GVW
Front 197.5
(kg) on 658.5
Rear 224.0 237.0
Kerb Driver only GVW
Front toe n/a
Wheel Alignment 5 . 5 . o .
(measured at test mass) Front Camber 0.1° top to right 0.2° top to right 0.6 ° top to right
Rear toe 0.5° total toe in 0° 0.1 © total toe-out

Rear Camber —0.75° 0.1.25° 0.75° 1.50° 0.75° 1.50°
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7.1. Instrumentation

The test vehicle was equipped with a high-fidelity instrumentation suite to capture
precise vehicle dynamics data under various driving conditions, shown in Figure 16a,b.
A CS-7008 high-speed data logger was installed to record and synchronize multi-channel
signals in real time, with 16-bit resolution and a sampling rate of up to 10 kHz per channel,
ensuring accurate capture of rapidly changing signals. This system supported simultaneous
logging of analogue and digital inputs, including steering angle, torque, wheel forces, and
vehicle accelerations, and featured a GPS-synchronized time base for precise correlation of
vehicle kinematics and driver inputs across multiple test runs.

(b)

Figure 16. (a) ADMA gensys gyro with data logger, (b) steering sensor marked in red circle for

vehicle dynamics parameter measurement.

Steering input was measured using an MSW torque and angle sensor, capable of detecting
both the steering wheel rotation (£720° range, 0.01° resolution) and the driver-applied torque
(20 Nm range, 0.01 Nm resolution) with low-latency digital output of less than 1 ms. A
high-resolution incremental steering angle sensor was also employed to capture fine steering
inputs, providing an angular resolution of 0.001° at a sampling frequency of 2 kHz, enabling
detailed assessment of understeer/oversteer characteristics and driver effort during transient
manoeuvres. Vehicle motion tracking was performed using the ADMA—Genesys high-
precision inertial navigation system, which integrates gyroscopes, accelerometers, and GNSS
data to deliver real-time six-degrees-of-freedom measurements, including vehicle position,
velocity, acceleration, roll, pitch, yaw, and slip angle.

This system provided outputs at up to 1000 Hz with less than 1 ms latency, and
positional accuracy of +2 cm with velocity accuracy of +0.05 m/s, allowing full 6-DoF
motion analysis and trajectory reconstruction. Together, this integrated setup enabled a
complete and precise measurement of vehicle dynamic responses, steering behaviour, and
driver inputs, which was critical for validating simulation results and refining control
strategies for improved ride and handling performance.

7.2. Road Data and Lane Change Manoeuvres

The vehicle testing was conducted on a high-friction asphalt test track at the TVS
facility, providing a uniform and controlled surface for repeatable manoeuvres shown in
Figures 17 and 18. The track surface is characterized by the following technical parameters:
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(b)

Figure 17. (a) Single lane change track measurement as per ISO, (b) single lane change physical
track marking.

(b)

Figure 18. (a) Double lane change track measurement as per ISO, (b) double lane change physical
track marking.

Surface Type: Dense-graded asphalt concrete with high skid resistance;

Mean Texture Depth (MTD): 0.8-1.2 mm, ensuring adequate tire-road interaction for
transient manoeuvres;

Surface Friction Coefficient (1): Approximately 0.85-0.9 under dry conditions, mea-
sured using standard skid testing procedures;

Evenness/Smoothness: International Roughness Index (IRI) < 1.5 m/km, allowing
negligible influence of surface irregularities on dynamic response;

Track Width: 10-12 m per lane, sufficient for executing ISO 3888-2 [19] single and
double-lane change manoeuvres;

Ambient Conditions: Dry, clean, and debris-free to minimize variability in tire adhesion.

Single and double-lane change manoeuvres shown in Figures 17 and 18 (as per ISO
3888-2) was carried out to assess transient response, steering accuracy, yaw rate, and lateral
load transfer. Real-time measurements enabled the evaluation of chassis balance and
control system effectiveness.

7.3. Steady-State Circular Test

The steady-state circular test, shown in Figure 19, was conducted on a 30 m radius
circle as per ISO 4138 [20] and evaluated cornering behaviour, roll angle, and lateral
acceleration as speed increased. It helped identify tire saturation, understeer characteristics,
and the roll threshold [8].
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Figure 19. Steady-state circular test showing rear wheel lift (a) LH side turn, (b) RH side turn.

7.4. Testing Methodology

Tests were done in controlled conditions with uniform tire settings.

e  PhaseI (<28 km/h): Small speed increments to capture linear behaviour.
e  Phase II (>28 km/h): Higher speeds to assess roll saturation and stability.

Each manoeuvre was repeated thrice for reliability.

8. Observations and Data Analysis
Transient Handling (Lane Change Manoeuvres)

During the single- and double-lane change manoeuvres, it was observed that the
vehicle initially exhibited predictable yaw and lateral acceleration responses consistent
with the expected linear range of motion. As the test progressed and the speed approached
50 km/h, the roll angle increased nonlinearly due to the geometric amplification of lateral
load transfer.

At 50.38 km/h, distinct signs of wheel lift-off were recorded, confirmed by the RT
system’s vertical acceleration signatures and observed suspension rebound on the inside
wheels. This speed was identified as the critical velocity at which the vehicle transitions
from stable behaviour to potential rollover initiation under transient excitation. Experimen-
tal results summary of steering angle, steering torque, lateral acceleration, slip angle, roll
angle and yaw rate for the different speed and different vehicle loading conditions for the
single lane change maneuverer shown in Tables 5 and 6. The vehicle followed a constant
radius trajectory, and the speed was gradually increased to induce larger lateral forces.

As speed increased, roll angle and lateral acceleration increased proportionally until
the roll centre offset exceeded the suspension recovery capability. Lateral acceleration,
roll angle, steering angle and yaw rate for the different trail for the double lane change
manoeuvre shown in Figures 20 and 21. A clear inflection point is seen at 50.38 km/h,
beyond which roll angle increases disproportionately with lateral acceleration a hallmark
of rollover initiation.

Figures 22 and 23 present the time-history comparisons of steering angle and yaw rate,
respectively, between the simulation and experimental datasets for the single-lane change
manoeuvre. The close agreement observed in these plots demonstrates a good correlation
between the predicted and measured responses, thereby confirming the reliability of the
simulation model in capturing the steering input behaviour and the corresponding yaw
dynamics under identical test conditions.
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Table 5. Summary of vehicle dynamics parameters 1 for SLC.

Steering Angle Steering Torque Lateral Acceleration
SLC PEAK PEAK PEAK PEAK PEAK PEAK
1 2 1 2 1 2
R-1 2.36 1.35 18.44 11.32 0.16 0.15
Laden R-2 2.83 1.65 19.18 7.74 0.2 0.13
30 Kmph R-3 2.57 1.54 17.7 12.35 0.19 0.13
R-1 2.2 1.7 132 8.45 0.14 0.12
Unladen R-2 2.19 2.02 11.15 12.19 0.14 0.14
R-3 2.24 1.5 11.5 8.94 0.15 0.1
R-1 217 1.54 19.81 13.52 0.27 0.16
Laden R-2 1.68 1.13 20.25 11.52 0.26 0.15
40 Kmph R-3 2.49 1.41 18.74 13.26 0.22 0.15
R-1 2.49 1.41 17.18 10.12 0.25 0.14
Unladen R-2 1.9 1.81 15.13 11.79 023 0.18
R-3 25 14 17.88 13.32 0.27 0.16
45 Kmph Laden R-1 1.83 1.64 20.68 15.12 0.26 0.17
R-2 1.77 1.73 2091 12.09 0.28 0.21
R-1 1.9 1.1 18.4 12.11 0.03 0.2
50 Kmph Unladen R-2 16 1.41 16.89 13.45 0.29 0.21
R-3 2.18 1.11 18.81 11.27 0.35 0.17
Table 6. Summary of vehicle dynamics parameters 2 for SLC.
Slip Angle Roll Angle Yaw Rate
SLC PEAK PEAK PEAK PEAK PEAK PEAK
1 2 1 2 1 2
R-1 1.53 0.91 21 1.49 11.17 8.36
Laden R-2 1.97 0.91 2.52 14 13.42 8.21
R-3 1.52 1.1 2.29 1.35 12.19 7.94
30 Kmph
R-1 1.13 0.28 1.25 0.95 9.21 7.34
Unladen R-2 1.34 0.33 1.34 1109 9117 8.96
R-3 1.43 0.57 1.42 0.8 9.68 6.35
R-1 2.63 2.06 2.57 2.2 15 9.93
Laden R-2 2.31 1.95 2.81 1.67 14.43 7.11
R-3 2.27 1.54 2.56 1.69 11.88 7.78
40 Kmph
R-1 1.77 0.54 2.09 0.99 13.4 7.27
Unladen R-2 1.33 0.83 1.7 1.46 11.61 9.07
R-3 1.89 0.72 2.03 1.26 14.97 8.52
R-1 2.99 1.84 2.63 1.94 14.83 9.49
45 Kmph Laden
R-2 29 2.05 2.74 2.05 13.46 10.53
R-1 2.15 1.24 2.2 1.33 13.92 6.96
50 Kmph Unladen R-2 2.15 1.3 2.09 1.53 12.84 8.66

R-3 2.53 0.96 2.19 1.47 14.77 6.52
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Figure 21. (a) Steering angle vs. time for double lane change test, (b) yaw rate vs

lane change test.
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Figure 22. Steering angle vs. time for single lane change test.
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Figure 23. Yaw rate vs. time for single lane change test.

9. MATLAB-Simulink Model with PID Control and Algorithmic
Framework for Vehicle Dynamics

The Proportional-Integral-Derivative (PID) control technique is a fundamental method
used in control systems to minimize the difference between a system’s desired and actual
output. Each component plays a unique role: the proportional part responds to the current
error, the integral part compensates for accumulated past errors, and the derivative part
predicts future errors based on the rate of change. The control output is defined as

u(t) =Kp x e(t) + Ki / e(t) dt + Kd x de(t)/dt,

where Kp, Ki, and Kd are tuning constants for proportional, integral, and derivative
terms, respectively.

This control logic has been integrated into a MATLAB-Simulink environment to
model and control a vehicle’s dynamic behaviour. The developed simulation incorporates
subsystems such as ride, handling, tire dynamics, slip angle, and longitudinal slip. Inputs
like steering torque and throttle commands are used to study vehicle responses. The
simulation provides insights into key parameters like lateral acceleration, yaw rate, roll
motion, and tire forces under varying driving conditions. This allows for analysis of the
vehicle’s behaviour during cornering, lane changes, and straight-line travel, supporting the
evaluation of both stability and ride comfort.

Vehicle Dynamics Control Framework

The Vehicle Dynamics Control Framework is a multi-layered real-time system that
processes sensor data to manage vehicle behaviour across different driving conditions [21,22].
At its core is a main logic module shown in Figure 24 that determines the vehicle’s motion
state and identifies the road condition—straight, curved, banked, or parking—based on
inputs from GPS, IMUs, wheel speed sensors, and accelerometers [18]. It then activates the
corresponding sub-algorithm to ensure adaptive control. Each sub-module performs targeted
functions: the cornering algorithm shown in Figure 25 manages steering torque, roll, and yaw
stability through EPS, ESC, and suspension control; the straight road algorithm [22] shown
in Figure 26 regulates throttle, braking, and suspension for smooth linear motion; and the
banked road algorithm shown in Figure 27 adjusts suspension and aerodynamic elements to
handle inclinations and maintain stability [22].
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For low-speed operations, such as parking, a dedicated algorithm utilizes data from
ultrasonic sensors, LiDAR, and cameras to control steering, braking, and propulsion, often
supporting autonomous features [9,18,22]. All sub-algorithms operate within a unified
loop, returning control to the main logic after execution. In the main algorithm flowchart,
the process concludes with flowchart labels A, B, C, and D, where A corresponds to the
execution of the Cornering Algorithm, B to the Straight Road Algorithm, C to the Banked
Road Algorithm, D to the Parked Road Algorithm and E to the exit, respectively.

10. Active Control Strategy
Arduino DUE-Based Experimental Vehicle Control System

To validate the proposed control strategy, an experimental testbed was developed using
an Arduino DUE-based microcontroller shown in Figure 28. The system operates on a 24 V DC
supply and employs a closed-loop feedback structure to manage electromechanical actuators
representing suspension or roll control elements fitted in the vehicle shown in Figure 29. The
Arduino DUE, featuring an 84 MHz ARM Cortex-M3 processor with multiple I/O ports and
high-speed serial interfaces, processes signals from a multi-sensor array including gyroscopes
for roll and yaw estimation, linear position sensors for actuator displacement, and Hall-effect
current sensors for actuator load monitoring. Signals are conditioned through amplification,
filtering, and ADC before being processed by the controller.

Battery (24V)

5V

Sensor unit

5V

> Gyrosensor»—

[Power supply
Module

LH motor drive 2V

Current sensor

LH Actuator unit

Role angle:
(linear

. DC motor drive
controls Signal conditioning [*{ Micro controller circuit

3.3V

»| Position sensor]

A 4

Posion value i
cantrols circuit

[ Currant senaor |
»{ Current sensor

Ref.Current value

Y
(I) © 24V
RH motor drive Current sensor >
Arduino DUE circuit
Motor drive circuit

Electrical control unit (ECU unit)
Hall sensor

RH Actuator unit

Figure 28. Block diagram of automated actuator control system.

Actuators are driven via dual DC motor circuits controlling left and right units, with
Hall-effect encoders providing continuous feedback for precise position and velocity control.
Current sensors ensure operation within thermal and electrical limits and support fault-
detection algorithms. The control loop, implemented as PID or state-feedback, executes
at approximately 100 Hz and is capable of dynamic adjustment of suspension stiffness,
roll mitigation, and adaptive current control. The system allows the prototyping of active
suspension, roll stabilization, and lateral stability enhancement, with MATLAB/Simulink
interfacing for real-time monitoring and tuning.

The real-time control algorithm integrates multiple modules to manage various driv-
ing scenarios. During straight-line motion, position sensor feedback ensures directional
stability; cornering manoeuvres utilize gyroscope and accelerometer inputs to enhance
lateral stability; inclined or banked roads trigger corrective forces based on load and in-
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clination data; and parking manoeuvres rely on LiDAR and ultrasonic sensors for precise
low-speed control. All sub-algorithms operate in a closed-loop structure for continuous
adaptation, ensuring stability and safety.

Figure 29. Experimental setup implementing an automated actuator control system marked in red circle.

The stability of the three-wheeler during sharp manoeuvres is predominantly gov-
erned by rollover rather than tire slip, with the critical speed for safe operation identified
as approximately 50 km/h, as shown in Figure 13. Single-lane change tests showed that
without active roll control, the vehicle reached a peak lateral acceleration of 5.8 m/ s2,
increasing rollover propensity, whereas activation of the roll-resistance system reduced
this to 3.0 m/s?, significantly improving stability, as shown in Figure 30. Further analysis
of lane change manoeuvres at higher speeds revealed excessive lateral displacement and
oscillatory yaw behaviour, indicative of potential loss of control due to tire lateral force
saturation, transient load transfer, and nonlinear roll moments.

The vehicle’s high centre of gravity, narrow track width, and asymmetric weight
distribution—with a heavier rear axle and single front wheel—exacerbate roll and yaw
instabilities compared to four-wheeled vehicles [1,18] (Figure 30). Active control also stabi-
lized lateral velocity and balanced wheel loads, minimizing tire lift and enhancing handling.
Yaw rate and roll angle responses demonstrate reduced overshoot and oscillations with
active control shown in Figure 30. Lateral velocity stabilizes faster, longitudinal velocity
remains constant, and vertical wheel forces are maintained within safe limits, prevent-
ing wheel lift-off. Lateral tire forces are regulated within traction limits, minimizing slip
and maintaining directional control, as shown in Figure 31. Overall, active roll-resistance
significantly enhances vehicle stability, rollover prevention, and handling performance
by real-time modulation of roll stiffness, providing critical insights for advanced chassis
system design and tuning.
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Figure 31. Single lane change test characteristics graph for vehicle dynamics parameters 2.

11. Passive Control Strategy

The passive roll control system was experimentally validated on an electric three-
wheeler using a compact, integrated sensor unit mounted within the vehicle without
altering its structure. This sensor module, shown in Figure 32, includes a gyroscope,
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accelerometer, and compass. The gyroscope captures roll rate to detect tilt during cornering,
the accelerometer measures lateral acceleration influencing roll stability, and the compass
tracks vehicle heading. Together, these sensors enable real-time monitoring of the vehicle’s
dynamic response during manoeuvres like U-turns and high-speed turns.
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Figure 32. Sensor module placement in vehicle.

The data from this module is sent continuously to the Engine Control Unit (ECU),
which monitors vehicle behaviour under different driving conditions. While no active
intervention occurs in this passive setup, the system allows the comprehensive assessment
of the vehicle’s roll dynamics and helps identify conditions that may lead to rollover.

11.1. Communication Between Sensor Unit and ECU

Efficient communication between the sensor module and ECU enables real-time mon-
itoring. As shown in Figure 33, the sensor unit transmits signals such as roll angle, lat-
eral/longitudinal acceleration, and vehicle orientation. The ECU processes these signals
and compares them against predefined thresholds to assess whether the vehicle is approach-

ing a roll-prone condition.
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acceleration, brake, throttie and
sensor information

[ Caiculate Roll Condition ]

Yes

Roll threshold
detected

Send drive
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Limit the acceleration
of vehicle or
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Figure 33. Sensor-to-ECU signal flow and real-time data monitoring.
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This continuous data exchange forms the basis for stability monitoring and enables
throttle adjustments if safety limits are exceeded.

11.2. ECU Functional Architecture

The ECU performs multiple tasks: it collects and processes sensor data, evaluates
stability margins, and initiates passive corrective actions when needed, as shown in Fig-
ure 34. If high lateral acceleration is detected, the ECU modulates throttle input to reduce
roll-inducing forces. It also coordinates with the powertrain and Battery Management
System (BMS) to ensure that any power reduction aligns with overall system safety.

Existing |
) &
ECU I Powertrain

A ”1 Controller

Body
» Controller&/or

GyroScope BMS

Accelerometer
Compass Telematics &
other ECUs

New Sensor Unit

Existing Vehicle

Figure 34. Sensor Communication in the ECU.

Additionally, the ECU can interface with telematics systems for remote monitoring,
enabling diagnostics and fleet-level oversight of vehicle stability.

11.3. Threshold Management

Threshold management is key to passive control logic. The ECU uses preset lateral
acceleration limits based on the vehicle’s dynamic characteristics.

When real-time values exceed these thresholds, the ECU reduces throttle to limit
acceleration and stabilize the vehicle, as shown in Figure 35. This mechanism operates
without altering the physical layout, offering a software-based solution to control roll
tendencies. The passive roll control system is easy to implement, as it does not require
structural changes. It continuously monitors vehicle dynamics and reacts instantly by
adjusting throttle when necessary. This enhances rollover resistance during sharp turns or
cornering, improves driver confidence, and makes the system suitable for both retrofitting
and integration into production vehicles.
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Figure 35. Threshold Management.
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11.4. Roll Mitigation

The system begins by collecting data such as road grade, vehicle speed (Veh Spd), lateral
acceleration (Lat acc), throttle position sensor input (TPS in) and throttle position sensor input
(TPS out) shown in Figure 36. Based on this, it estimates roll-related parameters. If a rollover
risk is detected, the ECU limits acceleration or initiates braking to maintain stability.
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Figure 36. Vehicle attributes with respect to time with sensor.

This closed-loop logic enables automatic corrective actions without driver input,
improving safety under dynamic conditions.

12. Conclusions

This research has carried out a comprehensive investigation into the modelling, simu-
lation, and control of ground vehicles, with particular attention to a 12-DOF full-vehicle
model and a dynamically complex three-wheeled electric vehicle. The simulation frame-
work incorporated both linear and nonlinear tire models, including the Magic Formula, to
accurately capture tire-road interactions under varying dynamic conditions. High-fidelity
multibody simulations in ADAMS, supported by experimental validation, showed strong
correlation in key parameters such as yaw rate, roll angle, and wheel lift, confirming
the robustness of the model. A notable outcome was the prediction of roll instability at
around 50 km/h, which was in close agreement with the experimentally observed wheel
lift, thereby verifying the predictive capability of the developed model.

An active rollover mitigation controller was designed and evaluated as an indepen-
dent system. Developed using sensor fusion and integrated roll-yaw stabilization logic,
the controller was co-simulated with the ADAMS vehicle model and implemented in an
Arduino DUE-based HIL setup. The results demonstrated that the active controller effec-
tively regulated actuators in real time, thereby improving roll margins and path-following
accuracy during high-risk manoeuvres. Separately, a passive roll control strategy was
implemented, without involving any active actuators. Using an onboard sensor module
(gyroscope, accelerometer, and compass), the ECU applied threshold-based throttle cor-
rections to moderate vehicle responses during sharp turns, tip-in, and tip-out events. This
approach, tested independently from the active system, achieved a noticeable reduction in
lateral acceleration and yaw rate fluctuations, confirming enhanced roll stability through
purely passive measures.

In conclusion, both the active and passive strategies were developed and tested indepen-
dently, not as part of a combined control architecture. Together with the validated modelling
framework, these contributions establish a strong foundation for future advancements in
vehicle stability enhancement. The outcomes are highly relevant to both conventional four-
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wheel vehicles and non-standard configurations like three-wheelers, and provide insights for
the progression of ADAS technologies, intelligent suspension systems, and adaptive stability
control tailored for lightweight, electric, and urban mobility platforms.
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