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Active Air Suspension Modeling and Control for Roll Stability in Heavy-duty Vehi-
cles

Samuel Lee
Jakob Olson

Department of Electrical Engineering
Chalmers University of Technology

Abstract

Heavy-duty trucks are particularly vulnerable to rollovers during aggressive manoeu-
vres due to their high centre of gravity and large, often unevenly distributed mass.
Traditional passive suspension systems cannot often actively counteract rollovers.
This thesis examines the application of active air suspension controlled by a Non-
linear Model Predictive Controller (NMPC) to improve roll stability by leveraging
future steering information.

A high-fidelity multibody truck model, based on the Volvo Transport Model (VTM),
was extended to include active suspension dynamics. Nonlinear vehicle dynamics
were modelled to accurately capture the coupled interactions between longitudinal,
lateral, vertical, roll and yaw dynamics for the use in the NMPC. The controller
was implemented using CasADi and integrated within a MATLAB/Simulink frame-
work. It utilized the FATROP solver to predict future vehicle states and optimally
adjust suspension forces to mitigate roll motion while maintaining the desired speed.

The controller was deployed and tested against a baseline controller in various driv-
ing scenarios. Simulation results demonstrate that the controller consistently re-
duces lateral load transfer and roll angle for rollover-prone driving scenarios. The
controller has demonstrated the ability to prevent rollovers by actively using the
vertical forces in the air-suspension system for realistic driving scenarios. However,
the system also showed limitations in handling fast alternating maneuvers, such as
lane changes.

The findings suggest that integrating active suspension with predictive control can
improve the dynamic stability and safety of heavy-duty trucks.

Keywords: Nonlinear Model Predictive Control, Vehicle Dynamics, Active Air Sus-
pension, Roll Stability, Rollover Prevention, Optimal Control, Modelling, Heavy
Vehicle, Longitudinal Dynamics, Lateral Dynamics, Vertical Dynamics.
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Patm

S
Wsf, Wsmy Wsr

Wdamp

Wt f, Wem,, Wiy
Zbump

Zm2m

Variables

Fy, Fy, F,
FIi? Fyi7 in
Fzs,i

F, drag
Froll

xii

Roll stiffness (Extended VTM)

Roll stiffness contribution from anti-roll bar
Roll stiffness contribution from auxiliary springs
Longitudinal distance from COG to front, middle, rear axles
Total wheelbase of the truck

Total vehicle mass

Weight of all axles

Polytropic coefficient

Prediction horizon

Atmospheric pressure

Initial spring pressure

Tank pressure

NMPC weight matrices for states and inputs

Specific gas constant for air

Sampling time of controller/Temperature of air inside air spring

Air Temperature Rate in Air spring

Initial spring volume

Specific heat ratio of air

Drivetrain efficiency

Wheel radius

Valve orifice area

Spring lateral distance for each axle
Dampers lateral distance

Track width for front, middle, and rear axles
Bumper stiffness distance threshold

Metal to metal stiffness distance threshold

Total longitudinal, lateral, and vertical forces

Forces at tire ¢ in longitudinal, lateral, and vertical directions
Vertical suspension force at suspension 7

Aerodynamic drag force

Rolling resistance force



Vg, Uy

¢, b, ¢
b, P, P

57’6 f
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1

Introduction

1.1 Background

Heavy-duty vehicles, such as trucks, are prone to instability, including rollovers,
during challenging maneuvers, sharp turns, or lane changes. A rollover is when a
vehicle loses contact with the ground on one side and tips over. This is primarily
due to the high centre of gravity, large mass, and non-uniform weight distribution.
In 1997, the Swedish parliament introduced Nollvisionen (Vision Zero) [1]. Nollvi-
sionen establishes that the long-term goal is that no one should be killed or seriously
injured within the road transport system. Rollover crashes are rare but dispropor-
tionately deadly, comprising only 2.2% of all motor vehicle crashes yet accounting
for 33% of injury-related costs and nearly one-third of all highway vehicle occupant
fatalities in the U.S [2]. In addition to the high risk of severe injury or death, rollover
events also impose significant economic burdens, including vehicle downtime, cargo
damage, and emergency response costs [2].

To enhance ride comfort and axle load leveling, most modern trucks already fea-
ture air suspension systems. These systems typically operate in a passive manner,
adjusting ride height but not actively counteracting dynamic forces. As such, they
are not used to suppress the lateral load transfer that leads to rollovers.

However, the presence of air suspension provides an opportunity. By controlling
the pressure in each suspension, it is theoretically possible to influence the vehicle’s
behaviour. If this control is made active rather than reactive, it might reduce the
risk of rollover by generating counteracting suspension forces during critical maneu-
vers.

Recent developments in artificial intelligence have enabled progress in the field of
path prediction. Machine learning models based on deep learning can successfully
predict possible future paths of the target vehicles and generate a multimodal solu-
tion [3]. This capability enables a controller to preview the prediction horizon and
treat the steering input as a known predictable disturbance, allowing the controller
to anticipate lateral forces and dynamically adjust the suspension system accord-

ingly.

This motivates a more advanced air suspension model that accounts for its dy-
namics and interaction with vehicle roll. Such a model can then be used to explore



1. Introduction

advanced predictive control strategies that aim to improve vehicle stability.

1.2 Problem Statement

The problem is to design a control strategy that can anticipate roll in advance and
actively manage suspension forces to mitigate roll. The challenge lies in developing
a controller that can handle the fast and nonlinear vehicle dynamics, as well as the
relatively slow suspension system dynamics.

1.3 Objectives

To investigate the problem statement, the following objectives have been defined:

Extend an existing high-fidelity vehicle dynamics model, Volvo Transport
Model (VIM), to include active air suspension and all necessary interfaces
for control integration for system validation purposes.

Develop a vehicle dynamics model capturing longitudinal, lateral, vertical, roll,
and yaw behaviour suitable for control design.

Formulate and implement a predictive controller to apply optimal suspension
forces to reduce the risk of rollover.

Evaluate the system’s performance across different scenarios to assess con-
troller performance.

1.4 Limitations of Scope

Since this thesis focuses on the development and simulation of a predictive controller
for active suspension to mitigate rollovers, several limitations are considered:

Simulation-only validation: The controller is evaluated only in a simulation
environment based on VI'M. No hardware or experimental validation is per-
formed.

Assumed preview information: Future steering angles are assumed to be known,
which may not be directly available in a real-world implementation without
additional sensor systems or prediction mechanisms. There is no observer, all
states are assumed available.

Neglected road and environmental variability: Effects such as varying road
friction, uneven surface, or load shifts due to cargo movement are not explicitly
modelled, yielding a simpler model.

Real-time performance: The controller is not intended for real-time deploy-
ment, and the computational performance is not investigated in this study.

1.5 Thesis Structure

The thesis begins by detailing the multibody modeling with air suspension, to ex-
tend the VTM model configuration, Chapter 2. This is followed by Chapter 3, which
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outlines the modeling of a nonlinear vehicle model suitable for control design, in-
cluding longitudinal, lateral, vertical, yaw, and roll behaviors. Chapter 4 shows the
control design and presents the formulation and implementation of NMPC, including
limits, constraints, and tuning. Finally, Chapter 5 presents simulation results and
discussion evaluating the controller’s performance under critical driving scenarios.
Chapter 6 concludes the contributions of the thesis and outlines potential directions
for future work.
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Multibody Modeling with Air
Suspension

This chapter details the development of a multi-body vehicle model of an air suspen-
sion system. It begins with the Vehicle Transport Model (VIM), which is extended
kinematically to incorporate air suspension, thereby enabling the simulation of ver-
tical and roll dynamics. The extended model is validated through simulations. The
chapter then covers air suspension modeling, including the physics of air springs,
a nonlinear model of pressure-force dynamics, and a mass flow rate model for air
exchange. Finally, these components are integrated into the VI'M simulation frame-
work.

2.1 Volvo Transport Model

The VTM is an internally developed, complete heavy vehicle model that can be easily
adapted to represent a wide range of vehicle configurations. The model is built using
Simscape and Simulink and has been validated through real-life tests and data [4].
The purpose of the VI'M model is to test and develop control architecture, crash
reconstruction, and driving simulations.

The model consists of rigid bodies representing the cab, axles, and multiple rigid
bodies to account for frame torsion. The tire dynamics used are the Magic Tire
Formula [5]. The roll dynamics of the VI'M model consist of a roll center and a
translational joint for each axle stiffness, as shown in Figure 2.1. The stiffnesses and
damping coefficients have been calculated to account for the effects of the anti-roll
bars, dampers, springs, and auxiliary springs, creating a realistic vehicle model.
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c.o.g of sprung mass

D

Roll centre

@)

Kz, Cz

c.0.g of axle mass

Figure 2.1: VTM suspension kinematic configuration

2.1.1 Kinematic Extension of the VIT'M Model

To account for differences in ride height between the left and right sides of the
suspension when modeling roll dynamics using a roll center, the suspension model’s
degrees of freedom must be expanded. Instead of using a single translational and
rotational degree of freedom per axle, as seen in Figure 2.1, each side needs to be
modeled with an independent translational degree of freedom. This is implemented
using two prismatic joints, each with associated stiffness and damping laterally offset
from the original suspension installation position, as shown in Figure 2.2.

Because rotational motion does not directly correspond to translational motion, two
auxiliary rotational degrees of freedom are introduced at each end of the prismatic
joints. These are modelled using rotational joints without stiffness or damping. The
upper rotational joint is vertically aligned with the roll centre, while the lower one
is aligned with the wheel’s ground contact point and connected to the axle’s sprung
mass.

The lower joint is placed at the wheel-ground contact point, rather than directly be-
low the axle, to accommodate cases where the roll centre lies below the axle. Placing
the joint too high could lead to an unstable configuration. While this arrangement
may seem unintuitive, it enables modelling of asymmetric ride heights. To ensure
Simscape can simulate the system, two negligible intermediary bodies with small
mass and inertia are introduced between the auxiliary joints.

The setup provides the necessary degrees of freedom to represent differing left-right
ride heights. The complete kinematic configuration of the suspension is illustrated
in Figure 2.2.

6
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@ c.o.g of sprung mass

Roll centre
) ke o~
Sus i
koco | @D ammerion @ [Kz ce
CaLg

#;_‘_‘_,_\ c.0.g of axle mass
:

Figure 2.2: Extended VTM Simscape suspension kinematic configuration

The new vertical stiffness for the translational joints, K, and C,, are simply defined
as follows:
Cz,vtm

Kz: ) z =
¢ 2

(2.1)

where K, i, is the original VI'M vertical stiffness and C', ., is the vertical damping
coefficient. The total roll stiffness, K, , excluding the vertical spring stiffness K, is
given by:

K, = Kr,ar + Kr,aux (22)

where K, ,, is the roll stiffness from the anti-roll bar, and K, . is the roll stiffness
from the auxiliary spring configuration. As the dampers are installed farther from
the roll centre than the springs, the roll damping is adjusted accordingly:

CT = QCZ (wiamp/2 - ws2pring/2) (23)

where Waamp and wgpring are the lateral distances of the dampers and springs from
the roll centre, respectively. The parameters used are taken internally from Volvo
Trucks and will therefore not be disclosed in the report.

2.1.2 Validation of Kinematic Extension of the VTM Model

To validate the new kinematic configuration, the proposed model is compared to
the original configuration through simulation. The simulated scenario is a 50-meter
radius turn at a speed of 7.07 m/s. The roll and pitch of the frontmost center of
gravity are nearly identical and can be seen in Figures 2.3 and 2.4, respectively.
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-3 -6
3 %10 P 10
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Kinematic Extended Model Differenc
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(a) Pitch (b) Pitch Difference

Figure 2.3: Comparison of Pitch between Original VTM and Kinematic Extended
VTM model
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tStandard VTM [I Standard VTM (Baseline)
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0 2 4 6 8 0 2 6 8
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Figure 2.4: Comparison of Roll between Original VIM and Kinematic Extended
VTM model

There are small deviations of the mean difference for roll and pitch, pie ron and fie piten,
leon = 6.25 - 107° flepiten = —1.14-107° (2.4)

The small deviations can most likely be attributed to the dummy masses and small
angles of the auxiliary rotational joints. This demonstrates that the kinematically
extended model closely replicates the behaviour of the original VITM model, but
with added degrees of freedom for the suspension.

2.2 Air Suspension Modelling

A vehicle’s suspension system is designed to ensure a smooth ride and provide op-
timal handling conditions for the tires. In heavy-duty vehicles, such as those used
for freight transport, air springs are often used in place of traditional mechanical
springs. This preference is due to several inherent advantages offered by air springs,
such as adjustable load-carrying capacity, adjustable ride height, reduced weight,
and variable stiffness characteristics [6].

Among the various types of air springs, this thesis focuses on the bellow-type air
spring, as illustrated in Figure 2.5. This type of spring operates by inflating a
flexible, elastic membrane, known as the bellow, to a pressure higher than the sur-
rounding atmospheric pressure, thereby generating a counteracting upward force.

8
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Within the bellow, there is a bumper to protect the mechanical parts, for instance,
in the scenario of depressurization of the bellow.

Air Supply Inlet
‘/'/
| \
Bellow 1 Effective Area
=18 1
,] Bumper
L.

Figure 2.5: Illustration of bellow type air spring, [7]

Similar to mechanical springs, the force generated by an air spring increases with
compression, i.e, displacement. This is primarily due to the reduction in internal
volume during compression, which results in an increase in pressure.

Air springs are typically connected to an air supply system, often consisting of one
or more compressed air tanks. A control valve regulates airflow into the bellow,
increasing internal pressure and, consequently, the spring force and stiffness. Con-
versely, another valve vents air to the atmosphere to reduce the internal pressure
when needed.

2.2.1 Air Spring Pressure and Force Modelling

In [8], the dynamic behaviour of the pressure within an air spring is derived from

the ideal gas law as:
. P, .  RT, P .
Py =T+ ——ms — Vs 2.5
A (25)
where P; is the internal pressure of the air spring, T} is the internal temperature,
Vs is the volume of the bellow, R is the specific gas constant for air, and m; is the
mass flow rate into or out of the bellow. The resulting vertical force from the air

spring can be computed as follows, [8, 9]:
F = (Ps — Patm)Aet (2.6)

where F' is the vertical force, P, is atmospheric pressure, and A is the approxi-
mated constant effective area of the bellow.
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Since the thesis focuses on evaluating vehicle and controller performance with air
springs, certain assumptions are made to simplify the model. First, the temperature
inside the air spring is assumed constant, i.e., 7, = 0. Additionally, the volume of
the bellow is assumed to vary linearly with vertical displacement z, as motivated
by the experimental results in [10], which report that the relationship between air
spring volume and height is nearly linear. This leads to the following expressions
for bellow volume, V; and volume rate V.

‘/SZ%_ZAef

. 2.7

‘/s = _ZAef ( )
where Vj is the initial bellow volume, z is the vertical displacement, and Z is the ver-
tical velocity. The displacement is defined as positive when the spring is compressed
and negative when it expands. Under these assumptions, (2.5) simplifies to:

RTS . Ps Aef

P, = Vi AL erfms — Vi A ZAefZ (2.8)
This expression describes how the pressure changes with respect to the mass flow
rate, displacement, and displacement velocity. In the scenario when there are two
air springs per side and axle, the effective area and volumes of the springs are added
together.

An additional factor that must be considered is the preload of the springs, the
initial force they must exert to balance the static load. This preload determines the
pressure required from the system to reach equilibrium with the gravitational force

acting on the sprung mass. The initial force balance is given by:

Mg
FOZ Qg:(PO_Patm>Aef
— Py = Pim
0 24, + Lat

where m, is the sprung mass load on each axle, g the gravitational constant and Fy
the initial pressure.

2.2.2 Mass Flow Rate Modelling

To model the air mass flow rate, [11] provides formulations for flow through a
solenoid on/off valve based on whether the flow is choked or unchoked:

ES

Du _2 \n-1 Pd
S\/RTS 7(v+1) ’ O<pu <b

T

(2.10)

s\/R%s\/pd(pu —pa), b<P <1

where s is the valve’s effective flow area, p, is the upstream pressure, p, is the
downstream pressure, 7 is the polytropic index, and b is the critical pressure ratio
for air. Using this formulation, the mass flow rate into and out of the bellow is

10
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described by:

1FL

Pian 2 -1 Py

s (5) 7 0< S
min:

S\/RL’TS\/PS(Ptank_PS)7 b<%§1

(2.11)
P. 2 Lﬂ P,

| —s a7 (5) 7 0<r <t
Mout =

_S\/RLTS\/Patm(Ps - Patm)a b < P%ZH S 1

where 1y, and Mg, are the mass flow rates from the supply tank to the bellow and
from the bellow to the atmosphere, respectively. P,k is the pressure of the supply
tank that is assumed constant and was chosen from experience at Volvo Trucks.
Since no real-world flow data are available for direct comparison, the valve flow
area s is tuned such that the vertical ride height velocity falls within the range
of 10-15 mm/s, in line with recommendations based on practical experience from
Volvo Trucks. The final parameter values used in the simulations are summarized
in Table 2.1.

Table 2.1: Parameters of vehicle air suspension system

Parameter Unit Value

s m? 1.76 - 107°
T, K 293.15

R J/(kg-K) 287

b Unitless  0.528

0 Unitless 1.4

At m? Confidential
Vo m> Confidential
Pitm kPa 100

Prank kPa 1200

=) kPa Confidential
K, N/m Confidential
C, Ns/m Confidential
K, Nm/rad  Confidential
C, Nms/rad Confidential

2.3 Addition of Air Springs in VI'M

To implement the air spring dynamics and flow model within the extended VTM
model, each air suspension bellow is represented by a Simscape Pristmatic Joint
placed on the respective sides of the multi-body configuration, replacing the vertical
stiffness K., as shown in Figure 2.6. These joints are configured to measure the
relative displacement z and velocity 2, which serve as inputs to both the pressure
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2. Multibody Modeling with Air Suspension

dynamics and force calculation blocks. The air spring system for each joint can be
seen in Figure 2.6.

Multibody
System
(VTM)

Displacement Velocity

»| Translational Joint
Displacement

L
Force -
Force Calculations
(2.12) <
-

A
Pressure

v
u Flow Mass Rate Mass flow Pressure <
valve Calculations rate | cCalculations
Deadzone 2.11) > (2.8)

Figure 2.6: Block diagram of single air spring implementation in VTM

A

The pressure block uses (2.8) to compute the internal bellow pressure P, based on
z, Z, and the mass flow rate m,. The mass flow rate is determined using Equa-
tion (2.11), where the control input uy,e dictates whether the valve opens to in-
crease or decrease pressure. To prevent oscillations when the input is near zero,
a dead zone is implemented around .. = 0 with a threshold of 0.1, forcing the
valves to close, i.e., s = 0. Additionally, the mass flow rate calculation takes into
account the current pressure P, within the bellow.

The computed pressure P; is then used to determine the total suspension force,
which also depends on the displacement and velocity of the translational joint. The
total force is calculated according to the expression in (2.12), which includes air
spring force, damping, bump-stop stiffness, and metal-to-metal contact stiffness.
Since the pressure model in (2.8) contains a division by Vi — zA.f, there is a risk
of numerical instability as Vj — 2A.; approaches zero. To avoid division-by-zero
errors and represent physical contact conditions, mechanical constraints were added
to the translational joints. These include a bump-stop and a metal-to-metal contact
stiffness that models the physical limitations of the suspension system.

(Ps - Patm)Aef + Dzz ,fOI' 2 < Zbump
F= (Ps - Patm)Aef + Dzz + Kbumpz ,fOI' Zmam > %2 > Zbump (212)
(Ps - Patm)Aef + DzZ + Kbumpz + KQOZ ,fOI' Z > Zm2m
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2. Multibody Modeling with Air Suspension

where, Kpump and Ky,om represent the bump-stop and metal-to-metal stiffness coef-
ficients, set to 10° N/m and 107 N/m respectively, while zpump and zmam denote the
corresponding displacement thresholds.

The resulting force F'is applied to the translational joint, which is integrated with
the rest of the VI'M multibody system, including the axle and sprung mass.

13
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3

Nonlinear Dynamics of Heavy
Vehicles

In this chapter the vehicle dynamics are derived for the use in the predictive con-
troller. The chapter begins by defining the states and control inputs in the model
thereafter the equations of motion for each translational and rotational degree of
freedom is derived.

3.1 Model Structure and State Selection

A two-track model represents a vehicle with separate left and right wheel tracks [12],
allowing individual tire and suspension forces. This allows for accurate simulation of
roll, yaw, and lateral load transfer, which is essential for capturing rollover dynamics
and asymmetrical behaviour, especially in heavy vehicles with active suspension.

The model uses a vehicle-fixed coordinate system following the right-hand rule,
where the z-axis points forward along the vehicle’s longitudinal direction, the y-axis
points to the left (lateral direction), and the z-axis points upward (normal to the
ground). The state vector includes key translational and rotational dynamics rele-
vant for stability control, as well as suspension pressure states required for modelling
the active air suspension system. The state vector is defined as:

Table 3.1: State variables used in the vehicle model

State Symbol Description
Longitudinal velocity Vg Forward speed of the vehicle
Lateral velocity Uy Side velocity of the vehicle
Yaw angle P Heading of the vehicle about the Z-axis
Yaw rate ¥ Rate of change of yaw angle
Roll angle 0] Vehicle body roll angle about X-axis
Roll rate ) Rate of change of roll angle

Suspension pressures P;...F; Air spring pressures at each suspension

To design an effective predictive controller the state selection is essential, these will
determine which states are tracked and controlled throughout the simulation. For
this model, states were chosen in accordance to the goal of rollover prevention while
still maintaining stability and control relevance.
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3. Nonlinear Dynamics of Heavy Vehicles

The chosen states allow for accurate simulation of air suspension dynamics and load
transfer during aggressive maneuvers. The controller model dynamics are largely
derived from [12], with the extension to include three axles, detailed air suspension,
and nonlinear lateral tire dynamics.

3.2 Longitudinal Vehicle Dynamics

The longitudinal dynamics of the vehicle are crucial for capturing forward motion,
acceleration, and resistive forces, such as aerodynamic drag and rolling resistance. A
commonly used approach for vehicle modeling is the two-track model, as illustrated
below:

Fx2

w_tm

w_tf, w_tr

Figure 3.1: Two-track model of vehicle from top view

The time derivative of the longitudinal velocity, v, describes how the vehicle’s
forward speed evolves due to applied forces and dynamic interactions. It is based
on Newton’s second law, with additional terms accounting for lateral motion and
roll-yaw coupling effects:

Vy = m + Uyw + hroll Sln((ﬁ)w (31)
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3. Nonlinear Dynamics of Heavy Vehicles

where F, represents the total longitudinal force acting on the vehicle, while m and
Mmaxe denote the sprung and axle masses, respectively. The term vy¢ captures
the lateral-to-longitudinal velocity coupling due to yaw rotation. The final term,
hront sin(gb)&, introduces the effect of roll-induced yaw acceleration, where A,y is the
distance from the roll center to the center of mass, ¢ is the roll angle, and ¢ is the
yaw acceleration.

The total longitudinal force F, acting on the truck is generated by the tires as can
be seen in 3.1. For the middle axle, which has four wheels, this force is modelled as
acting at a point midway between the inner and outer wheels. steering effects on
the front axle, and resistive forces such as aerodynamic drag and rolling resistance:

Fx = F:cl COS((S)—Fyl sm(5)+Fx2 COS(5)—Fy2 Sin(5)+Fx3+Fx4+Fx5+Fx6_Fdrag_Froll
(3.2)

where ¢ is the steering angle of the front wheels, and the corresponding tire forces are

resolved into the longitudinal direction. Each term F,; represents the longitudinal

force contribution at wheel 7. Only the middle axle is driven; those forces are

calculated as follows:

T-M

r

Fos=Fyy = (3.3)

The motor torque, 7 originates from the throttle input of the truck. It is transmitted
through the drivetrain with an assumed efficiency n and converted to longitudinal
force at the wheels by dividing by the wheel radius r. The aerodynamic drag force
acts as a braking force on the vehicle’s motion and depends on the vehicle’s speed
and shape:

1
Firag = iCdApvf: (3.4)

where Cy is the drag coefficient, Ay is the frontal area of the vehicle, p is air density,
and v, is the vehicle’s longitudinal velocity. The rolling resistance is modelled as a
constant opposing force:

Fron = Orrmg (35)

where C).,. is the rolling resistance coefficient, m is the sprung mass, and ¢ is the
gravitational acceleration.

3.3 Lateral Vehicle Dynamics

The lateral motion of the vehicle is primarily influenced by the lateral tire forces,
which arise due to tire slip, as well as the yaw rate and steering input. Understand-
ing these dynamics is essential for accurately capturing how the vehicle responds to
directional changes.

The lateral acceleration v, describes how the vehicle’s side-to-side motion evolves,
considering tire forces, yaw rate, roll effects, and inertial couplings:

i)y - ﬁiﬂaxle N wa - hroll Sln((b) COS(¢>¢2 + hr011¢ (36)
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3. Nonlinear Dynamics of Heavy Vehicles

To calculate accurate lateral tire forces, the tire slip angle «, defined as the angle
between the direction a wheel is pointing and the actual direction the vehicle is
moving relative to the ground, needs to be determined. It arises as the lateral
velocity differs from the longitudinal velocity and often occurs in turns. The slip
angles for each wheel are calculated as:

a; = tan™! (W) -4 (Front Left) (3.7)
Qg = tan~ (va+ lffw> (Front Right) (3.8)
ag = tan~ <va_ l? ) (Middle Left) (3.9)
ay = tan~ ( o Safedj) (Middle Right) (3.10)
a5 = tan~ ( » f¢> (Rear Left) (3.11)
ag = tan~ ( U;jf’f) (Rear Right) (3.12)

where ¢, l,,, [, denote the distances from the center of gravity (COG) to the front,
middle, and rear axles, respectively.

To ensure numerical stability when v, is near zero, v, is limited according to:
Vg safe = maX(vJ;, 5) (313)

where € is 0.1.

The lateral tire forces are computed using Pacejka’s magic formula, [13], which
captures the relationship between slip angle and lateral force, an important aspect
under large lateral accelerations and dynamic load transfer. This method offers
higher accuracy compared to linear models. However, it should be noted that the
Magic Formula is not a tire model derived from physical laws, but rather it is used
to empirically represent and interpolate previously measured tire force and moment
curves [14]. Meaning that it approximates tire behaviour only within the range of
conditions for which it has been fitted.

Given that the Magic Formula parameters are dependent on vertical load, the model
to calculate each lateral tire force is defined as:

F,; =D, -sin (C - arctan (B;x; — E (B;x; — arctan(B;z;)))) + Sy, (3.14)
with the shifted slip angle defined as:

T; = a; + Sg, (3.15)
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3. Nonlinear Dynamics of Heavy Vehicles

In the expressions above, «; denotes the slip angle at tire ¢, while z; represents the
effective slip angle after applying a horizontal shift Sp,. The resulting lateral force
is given by F;, where D; is the peak force value, C is the shape factor, B; is the
stiffness factor, and E controls the curvature of the response near peak force. The
terms Sy, and Sy, introduce horizontal and vertical offsets, respectively, enabling
the model to more accurately replicate the asymmetric tire behavior observed in
experimental data.

Since the middle axle has 2 wheels per side, the lateral forces for each side are
doubled to account for this. The load-dependent formulations used for these param-
eters are adapted from internal Volvo resources and these specific expressions and
parametrizations are considered confidential and are therefore not disclosed in full
detail in this document.

To capture the effects of the lateral tire forces on the chassis, the forces are converted
from the wheels to the vehicle coordinate frame and are calculated as:

F, = (Fy1sin(8)+Fy1 cos(0))+ (Fyesin(6)+ Fya cos(0) )+ Fys+ Fyu+ Fys+Fye. (3.16)

3.4 Roll Dynamics

The rotational dynamics of the vehicle around its longitudinal axis, typically denoted
the roll dynamics, and by the roll angle ¢. The motion is primarily influenced by
lateral forces, gravitational effects, and suspension stiffness and damping. For heavy
vehicles with a high centre of gravity, roll behavior is critical to safety, as excessive
roll during cornering can lead to wheel lifting off the ground or rollover. Accurate
modeling of roll dynamics is therefore essential for control design, especially when
using active suspension to mitigate the risk of rollover.
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3. Nonlinear Dynamics of Heavy Vehicles

Rrol

Wsf, Wsam Wsr

Fwheel Wdamper

Wi, Wim, Wir

Figure 3.2: Two-track model of vehicle from front view

The roll acceleration of the vehicle body, denoted by ¢, is influenced by a balance
of suspension-induced forces as described in the previous Chapter, inertial effects,
and gravity. The complete expression for roll acceleration ¢ is given by:

Wsm,
T(Fzs?) - Fzs4) +

Wgr
T(FZSE) - Fzs6) + Fyhroll COS(¢)

é = L <w25f (Fzsl - FZSQ) +
+ mghyon sin(¢) — Ky — D¢,¢b + ¢Q(Iyy — I..)sin(¢) cos(¢)>

(3.17)
where w,r,wsr and wsy spring lateral spacing for the front, middle and rear axles,
F.; are the suspension corner forces, F), is the lateral force, and h,y is the height
from the roll centre to the COG. The terms K, and D, are the roll stiffness and
damping, while ¢ is the yaw rate.

3.5 Yaw Dynamics
Yaw dynamics describe the rotation of the vehicle around its vertical axis, influenced

by tire-generated forces, steering input, and coupling with roll and longitudinal dy-
namics.
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3. Nonlinear Dynamics of Heavy Vehicles

Yaw acceleration, 1[), is computed from the net yaw moment and the inertial prop-
erties of the vehicle, including coupling terms due to roll:

1

V= L, sin*(¢) + I, cos?(¢)

(MZ + Fth]] sm(gb)
(3.18)

o1y, — L) sin(@) cos<¢><b¢)

where My is the net yaw moment from the tires, ., and I, represent the vehi-
cle’s moments of inertia about the pitch (lateral) and yaw (vertical) axes, and the
remaining terms account for the inertial and coupling effects between roll and yaw
dynamics.

The yaw moment is generated by summing the contributions of lateral and longitu-
dinal tire forces at each wheel, scaled by their respective lever arms:

My =1y (Fy1 cos(8) + Fypsin(9) + Fyp cos(d) + Fyesin(9))
- lm<Fy3 + Fy4) - lr(Fy5 + Fyﬁ)
+ 2 (Fy1sin(d) — Fyosin(0) — Fyq cos(d) + Fue cos(0))

2
+ %(—Fm )+ “;t (—Fus + Fyg) (3.19)

where w; s, Wy, and wy, denote the track widths of the front, middle, and rear axles,
respectively.

3.6 Vertical dynamics

To accurately model the vertical dynamics, the evolution of pressure P, in each
air suspension is therefore crucial. Under the assumptions of constant temperature
and linear volume variation with vertical displacement, the pressure dynamics are
governed by the following nonlinear differential equation, derived earlier in (2.8):

RTS . Psz'Aef,i

Mg

Psi = e e —
’ Vo — zileti Vo — 2 At

(3.20)
where 7 denotes the 6 air suspensions, one for each wheel.

The vertical suspension forces Fls; generated by the air springs are critical for
maintaining vehicle stability, especially in roll-prone maneuvers. Each suspension
corner generates a vertical force modelled as the air spring and damping forces:

Fzs,i = (PS’L - Patm>Aef,i - ZzDz,z (321>

where Py; is the pressure in the air spring, Ae; is the effective area of the air spring

in m2.

The vertical velocities Z; at each suspension corner are only modelled with the roll

in consideration. When the vehicle rolls, the left and right sides of the chassis
experience opposite vertical movements:
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2 = wQSf tan(¢), (front left) (3.22)
29 Ut tan(¢), (front right) (3.23)
2y = w;m tan (o), (middle left) (3.24)
o= —“’;’" tan(e), (middle right) (3.25)
25 = — tan(¢), (rear left) (3.26)
26 = —— tan(¢), (rear right) (3.27)

and similarly the displacement velocity:

4= %gbcos(gb), (front left) (3.28)
2y = —w;f & cos(¢), (front right) (3.29)
2y = Z‘;ﬂq'scos(qs), (mid left) (3.30)
4= —wgm(écos(gb), (mid right) (3.31)
by = ;Técos(gb), (rear left) (3.32)
i = —w;(bcos(@ (rear right) (3.33)

To accurately capture the nonlinear behaviour of the tires, it is essential to compute
the vertical tire loads at each wheel. During turning maneuvers, the vehicle body
rolls, causing lateral load transfer, a shift of vertical force from the inner wheels to
the outer wheels. The load transfer is modeled as an effect of the torque around
the roll center, as in [15], modified to include the vertical suspension forces’ induced
torque. The weight transfer, AF, is calculated as follows:

T w2 w22 w2 '
-Dd) m¢ K¢> m¢ Wim Fzs3 - Fzs4
AF,,, = ——- — — . 3.35
’ Wim /2 Wi /2 2 W /2 ( )
qu rqg Kqﬁ 7”¢ Wy Fzs5 - Fzsﬁ
AF,, = ———— — — T 3.36
’ Wy /2 Wy /2 2 W /2 ( )

where Dy (fm, is the roll damping coefficient for the front, middle, and rear axles,
respectively. Ky fm is the roll stiffness coefficient for the front, middle, and rear
axle.

Finally, each tire load, F};, is computed as the sum of the static and dynamic
load transfer, which accounts for the vertical force at each tire and the roll-induced
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force, and is divided by the number of tires on each axle.

My AF,

F,= 219 . % 2 (3.37)
Mg z

Fop= 219 - =5 2 (3.38)

Flg =22 AZZ”“ (3.39)
My AF, .,

Fly= - 2o (3.40)

Fis= % Ag‘” (3.41)
My AF,,

F= 239 - = (3.42)

where m, (12,3 denotes the portion of the vehicle’s mass supported by the front,
middle, and rear axles, respectively. With the vertical dynamics now defined, the
complete nonlinear vehicle model & = f(z,u,d) with the inputs of the torque 7 and
mass flow rate mg; can be constructed and serves as foundation for the model-based
control design. Parameter values for the vehicle dynamics model are listed in Table
3.2:

Parameter  Unit Value

Ay m? Confidential
At m? Confidential
Cy Unitless 0.7

C, Unitless 0.008

Dy, Dg; 66, N -m-s/rad  Confidential
D.,D. .z N-s/m Confidential
g m/s* 9.81

hront m Confidential
1. kg - m? Confidential
I, kg -m? Confidential
I, kg -m? Confidential
Ky, Kg; 606, N -m/rad Confidential
L, U, 1y m Confidential
m kg Confidential
ma kg (Confidential)
n Unitless 1

r m Confidential
Dair kg/m3 1.225

Wsf, Wem, Wsp MM Confidential
Wef, Wi, Wy M Confidential

Table 3.2: Key vehicle and environmental parameters used in the dynamics model.
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4

Control System Design

The feedback control system consists of four main components: the plant, the sensor,
the controller, and the actuator. The plant is the system that we want to control,
in this case, a 6x2 truck. The sensors measure the output of the plant, including
positions, angles, and velocities. The controller computes the control input based
on the measured output and the desired setpoint. Finally, the actuator applies the
control input to the plant, thereby changing its behavior [16]. Traditional control
methods, such as PID controllers, rely on simple control laws based on present error.
In contrast, MPC excels at handling setpoint changes and enforcing constraints, [17].
MPC is a controller that is particularly suitable for complex multivariable systems
with constraints, [18]. At each sampling instant k, the controller predicts future
system behaviour over a prediction horizon using a model of the system, computes
the optimal sequence of control inputs given a certain reference, and applies only
the first input before repeating the process at the next time step.

4.1 Nonlinear Model Predictive Control

In this thesis, a Nonlinear Model Predictive Control (NMPC) approach is imple-
mented to address the system’s inherent nonlinearities, including roll dynamics, air
suspension pressure behaviour, and nonlinear tire forces.

The primary objective of the proposed NMPC controller is to enhance roll stability
and maintain the desired speed of a heavy vehicle equipped with active air suspen-
sion, while ensuring compliance with physical and operational constraints. NMPC
is particularly well-suited for this application. It can explicitly account for nonlinear
dynamics, input and state constraints, and anticipated disturbances, such as future
steering maneuvers by directly incorporating them into the optimization problem
formulation [19].

At each control update step, the NMPC controller solves an optimization prob-

lem over a finite prediction horizon. The problem is defined as follows through the
following constrained optimization problem:
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N-1
min > (2r — Trer) Q(Th — Trer) + Uy Ru
’ k=0
subject to w41 = fa(wk,ux,d), k=0,....N—1
xo = x(t) (4.1)
w1 € [~10,000, 10,000]
Uo.7 € [—1, 1]

l‘kEX, u, €U

where z;, denotes the predicted state vector at time step k, and wu; the control in-
put vector. The cost function penalizes deviations from a reference trajectory
using the state weighting matrix ), and control effort using the control weighting
matrix R. The control input v € R” includes the motor torque u; and six valve
signals us.7 regulating air mass flow in the suspension bellows. The state vector x
consists of longitudinal and lateral velocity, yaw angle and yaw rate, roll angle and
roll rate, and the internal pressures of each air spring, as presented earlier and found
in Table 3.1. The discrete-time dynamics function fy(xg, ux, d) defines how the state
evolves over time and is obtained by discretizing the continuous nonlinear vehicle
dynamics using a fourth-order Runge-Kutta (RK4) method. RK4 is commonly used
for discretizing nonlinear dynamical systems due to its balance between accuracy
and computational efficiency [20].

Physical feasibility is ensured through hard constraints on the inputs. The motor
torque is limited by
—10000 < u; < 10000

where wu; is the torque in [Nm| and the suspension valve inputs are bounded by:
—1<wuy7 <1

where us.7 are unitless and positive values represent increasing pressure, and neg-
ative values represent decreasing pressure. This formulation allows the NMPC to
maintain performance and safety by ensuring that the truck operates within feasible
bounds while pre-emptively counteracting roll-inducing maneuvers using predictive
knowledge of the trajectory.

4.1.1 Solver Strategy and Numerical Methods

The multi-shooting method was chosen for the controller implementation, as it pro-
vides greater numerical stability and flexibility in handling nonlinear dynamics [21].
While single shooting only optimizes the control inputs and integrates the state tra-
jectory forward from the initial condition, multiple shooting treats both the states
and inputs as decision variables and enforces continuity constraints across the predic-
tion horizon. This structure is more robust to poor initial guesses and better suited
for systems with nonlinearities and constraints. The primary drawback of multiple
shooting is the increased number of decision variables and constraints, which results
in a larger and computationally more demanding optimization problem.
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Solving the nonlinear optimization problem with MPC requires an efficient and reli-
able solver. In this work, FATROP was deemed the best fit. While other solvers are
compatible with CasADI, their characteristics and performance vary significantly.
FATROP is a nonlinear programming (NLP) solver developed for real-time appli-
cations. It is particularly well-suited for embedded control tasks, such as MPC.
FATROP is integrated with the CasADi framework and uses automatic differentia-
tion and sparsity-exploiting linear algebra to accelerate computation [22].

To reduce computation time, a critical factor throughout this work due to the non-
linear and stiff dynamics, warm-starting has been applied in the NMPC formulation.
Warm-starting is a technique where the solution from a previous iteration is used as
the initial guess for the next iteration, thereby accelerating convergence. Since the
optimization problem is solved repeatedly every 100 ms with only minor variations in
the initial state and disturbance trajectory, the solution from the previous iteration
serves as an effective initial guess for subsequent iterations. This technique is par-
ticularly valuable for non-convex problems, where solver performance is sensitive to
initialization, and convergence time depends heavily on the initial guess for the state
and input trajectories, [23]. By warm-starting both the predicted state trajectory
and control inputs, convergence speed and reliability are improved significantly.

4.1.2 Parameter Tuning

When tuning an NMPC, it is crucial to balance control performance with compu-
tational feasibility and a reasonable computation time. A system with many states
and control inputs often exhibits stiff dynamics, meaning it includes both fast and
slow dynamics, [24], where tire forces are fast and suspension dynamics and roll
motion are slow. Capturing both time scales accurately requires a short integration
time step, which increases computational demands during the optimization process.

The choice of weight matrices () and R in the NMPC cost function determines
control performance and stability. The state weighting matrix () determines how
strongly the controller penalizes deviations from the reference trajectory, while the
control weighting matrix R penalizes the control effort [18].

In this work, the ) matrix is designed to prioritize tracking of the longitudinal
velocity v, and roll angle ¢, as these are key indicators of performance and stability:
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Other states are assigned zero weights since they are not the primary focus of the
control objective. This design choice ensures that the suspension system is respon-
sible for maintaining roll stability, rather than relying on speed reduction, which,
while effective, would reduce the intended evaluation of active suspension perfor-
mance.

The control weighting matrix R was chosen to impose minimal penalty on the air
suspension valves, effectively allowing the NMPC to exploit their full authority with-
out restriction.

0 0 0 0 0 0 0
0 000 0 0 0 0 0
0 0 001 0O 0 0 0
R=(0 0 0 001 0 0 0
0 0 0 0 001 0 0
0 0 0 0 0 00L 0
0o 0 0 0 0 0 001

This design choice encourages active suspension engagement for roll stabilization.
Both ) and R were tuned through simulations to balance reference tracking, rollover
prevention, and computational efficiency. A high value in R leads to smoother in-
puts but less responsive behaviour, while a low value improves tracking at the cost
of actuation effort.

The prediction horizon length and time discretization are critical design parameters
in NMPC, as they directly affect both the control performance and computational
time. In this implementation, a prediction horizon of 5 seconds was selected, dis-
cretized into N = 100 intervals with a step size of At = 0.05 seconds. This resolution
ensures that the controller can accurately capture the vehicle’s fast dynamics while
predicting far enough into the future to anticipate critical manoeuvres such as lane
changes or cornering.

To balance accuracy with computational efficiency, the controller is designed with
two different sampling rates using Zero-Order Hold (ZOH). The optimal control se-
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quence is applied to the system and held constant until the next control update.
This approach ensures that the plant receives a continuous control signal despite
the discrete-time optimization and reduces the need for recomputation within the
control interval. In this implementation, the control input is updated every 0.1 sec-
onds and held constant over that interval using ZOH, while the internal prediction
dynamics operate at a finer resolution of 0.05 seconds.

4.1.3 Integration in Simulink

The NMPC controller was integrated into the Simulink environment using a MAT-
LAB Systems block. This block has an interactive interface between Simulink’s
signal-based framework and the object-oriented NMPC controller implemented in
MATLAB. The structure of the NMPC feedback loop used in this work is shown
in Figure 4.1, the controller receives a reference trajectory and measured state vec-
tor from the VTM plant, computes an optimal control input sequence by solving a
model-based optimal control problem, and applies only the first control input ugp
at each update step. An additional predicted lateral velocity v, is included as an
open-loop input in the NMPC formulation because directly observing or estimating
v, was challenging. Including it in this way improved the prediction accuracy of
other states in the model. Furthermore, all states used in the controller are assumed
to be directly measurable from the VITM model, and therefore no dedicated observer
has been implemented or described in the report.

V!‘ ’
Uopt PLANT

MPC > (VTM)

Xmeasured

Figure 4.1: Block diagram of the closed-loop NMPC implementation

4.2 Baseline Controller

To evaluate the performance of the developed NMPC strategy, a baseline controller
was developed and implemented for comparison. The baseline consists of a simple
Proportional-Integral (PI) controller designed to control the vehicle’s longitudinal
velocity. This controller tracks a constant reference velocity in closed-loop operation,

[25]:
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€(t) = Vg,ref — Uz(t)

u(t) = sat (K, - e(0) + K [ "e(r) ar) (4.2)
T(t) = u(t) - 10*

where e(t) denotes the longitudinal velocity tracking error, where v, ,ef is the refer-
ence velocity and v,(t) is the current longitudinal velocity. The control input w(t)
is computed using proportional and integral gains, with K, = 2 and K; = 1. The
saturation function sat(-) limits the control signal to the range [—1, 1], representing
actuator constraints. The resulting control input is scaled by a factor of 10* to obtain
the torque 7T'(t), ensuring that the torque command falls within the same bounds as
those used in the NMPC controller, i.e., [-10000, 100000]. To prevent errors in the
integration of a saturated PI controller, an anti-windup strategy called clamping is
used [26]. Steering control is applied as an open-loop input and is determined before
simulation. The controller block diagram is illustrated in Figure 4.2.

Steer Reference
e

VM

¥
¥
P1 Control [¢—( )« '
+

Figure 4.2: Baseline controller: PI controller block diagram

Furthermore, the baseline controller will have no control authority over the air sus-
pension valves below, and the suspension will remain fully passive.
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Simulation Results

In this chapter, the developed NMPC and baseline controller discussed in Chapter
4 are evaluated. They are simulated in Simulink using the extended air suspension
VTM model derived in Chapter 2 with an Euler solver using a constant time step
of 1 ms. The controller performance comparison is conducted across various driving
and payload scenarios, with metrics evaluated in terms of performance and handling.

5.1 Evaluation Metrics

To compare the two controllers, the NMPC and the PI controller, several relevant
metrics are defined and motivated in this section.

5.1.1 Lateral Load Transfer Ratio

To evaluate the risk of rollover, a commonly used metric is the lateral load transfer
ratio, [27]. When a vehicle initiates a turn, it experiences lateral acceleration, which
induces a roll and transfer of load from the inner wheels to the outer wheels. This
results in an imbalance in vertical forces, where the outer wheels experience greater
vertical force, I, outer than the inner wheels, F) inner, 1i-€., F;outer > Flinner- If the
lateral acceleration becomes too large, the vehicle exceeds a critical roll angle, ¢,
at which the inner wheels will lose contact with the ground (F, ijpner = 0), indicating
that a rollover has occurred. A common way to quantify the risk of rollover is
through the Lateral Load Transfer Ratio (LTR), which normalizes the lateral load
transfer with respect to the total vertical load on both sides [27]:

AF o Fz,left - Fz,right
. =
Fz,left + Fz,right

(5.1)

where F) ot and F, igne Tepresent the vertical forces on the left and right wheels,
respectively. These can refer either to the total forces on the left and right sides of
the vehicle or to the forces on each axle. Thus, a sufficient and necessary condition
for a rollover to occur is AF, = +1.

5.1.2 Understeer Gradient

Another critical aspect of evaluating a vehicle’s dynamics is its response to steering
input. A key metric used for this purpose is the understeer gradient, which helps
characterize whether a vehicle tends to understeer or oversteer.
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5. Simulation Results

Understeer occurs when the front tires are unable to generate sufficient lateral force
for a given steering input, resulting in the vehicle turning less than intended. Con-
versely, oversteer refers to the condition where the rear tires lose grip, causing the
vehicle to turn more than expected for the same steering input.

The understeer gradient K, quantifies this behaviour during steady-state cornering.
A positive gradient (K,s > 0) indicates understeer, a zero gradient (K,s = 0)
corresponds to neutral steer, and a negative gradient (K,s < 0) signifies oversteer
[28]. The understeer gradient can be calculated using the following formula derived
in [29]:

Wz Uy

where v, is the longitudinal velocity, ¢ is the average steering angle of the left and
right front wheels, w, is the yaw rate, and L is the wheelbase of the vehicle. In the
case of a 3-axle truck, the effective wheelbase L is computed as the average distance
from the front axle to the middle and rear axles.

5.1.3 Roll, Pitch and Longitudinal Velocity

The performance of the controllers will also be evaluated using roll angle, longi-
tudinal velocity, and pitch angle. Roll angle is a critical metric due to its direct
relationship with rollover risk, especially the rearmost COG roll angle will be stud-
ied, as this section of the vehicle is typically the first to experience rollovers. During
cornering, especially at higher speeds or with sudden steering inputs, a truck experi-
ences lateral acceleration that induces roll. If this roll exceeds the critical threshold,
denoted as ¢..;;, the vehicle may enter a non-recoverable rollover state [27]. Hence,
assessing the roll behaviour of the controllers is essential for ensuring safety. Addi-
tionally, roll angle plays a significant role in ride comfort. As demonstrated in [30],
applying a reverse roll strategy, where the vehicle leans into the direction of a turn
in anticipation, can reduce lateral forces acting on the driver and passengers. This
results in a smoother and more comfortable experience.

Longitudinal velocity is another key performance indicator, as one of the primary
controllable states in the developed controllers. Maintaining appropriate longitudi-
nal velocity is relevant as it is one of the main objectives of the controllers.

Although pitch angle is not controlled by the controllers in this thesis, its behaviour
is still relevant. Pitch motion affects the distribution of vertical loads across the
axles, which in turn influences traction and handling. Ignoring pitch dynamics
may lead to unintended behaviour. Therefore, studying pitch response provides
insights into secondary effects of the control design and identifies areas for potential
improvement.
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5. Simulation Results

5.2 Simulation Results and Discussion

This section defines the driving scenarios and compares the relevant performance
metrics for each scenario. Note that the plotted simulation results begin after the
actual simulation start time, allowing the system to reach a near steady-state con-
dition. The full inputs and state trajectory predictions of the NMPC can be found
in Appendix A.

5.2.1 Constant Turn

Scenario Description

The first scenario involves the vehicle travelling at a constant speed of 43.2 km/h
equivalent to 12 m/s. This moderate speed is chosen to analyze the behavior of
the truck without causing rollover, allowing safe evaluation of the controller during
a constant turn. After 4 seconds, a step input is applied to the steering reference
to simulate a quick left turn. The scenario is designed to evaluate the controller’s
steady-state performance under a constant, non-zero steering input, with a specific
focus on the understeer gradient and lateral load transfer metrics.

The steering reference signal, denoted as d,¢(t), is defined as:

0 fort <4
Oref(t) = ’ 5.3
(1) {8.59, for ¢t > 4 (5:3)

where 0, is the reference steering angle provided to VITM, expressed in degrees.
The scenario is simulated under two loading conditions: first, with a 5-ton payload,
and second, with an 18.17-ton payload, which corresponds to the maximum legal
weight for a heavy truck on Swedish roads [31]. The steering reference is shown in
Figure 5.1.

dres [degrees]
B o

N
T

0 2 4 6 8 10 12 14
Time [s]

Figure 5.1: Constant turn steering reference signal

Results and Discussion

Figure 5.2 presents the roll angle responses for both scenarios. For the passive
system, it can be noted that when the turn starts, the roll angle exhibits a sharp
increase, followed by a steady-state behavior. In contrast, the NMPC controller,

33



5. Simulation Results

with access to the steering reference and a 5-second prediction horizon, utilizes the
suspension via valve control to lean into the turn, thereby reducing the peak roll.
The strategy is necessary due to the slow dynamics of the air suspension system,
see Appendix A for NMPC control signals and predicted trajectories. The result is
a reduction in peak roll angle of approximately 45% for a 5 ton payload and 21%
for the fully loaded 18.17 ton truck. This indicates a lower roll over risk and more
comfortable ride for the driver.

While the passive suspension system maintains a constant roll angle after the peak,
the NMPC continues to reduce it gradually as the suspension builds additional
counteracting force. As expected, the weight of the payload has a significant impact
on roll, and it is evident that the suspension has more control authority with a lower
payload.

N
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o

N

o

¢ [degrees]
N

FNMPC
—PI-Controller| 1

-NMPC
—PI-Controller|
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. o
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4
0

1 . L 2 L .
0 5 10 15 0 5 10 15

Time [s] Time [s]

(a) 5 ton payload (b) Full 18.17 ton payload

Figure 5.2: Comparison of roll angle for a constant turn and different payloads

In Figure 5.3, the longitudinal velocity is presented. Consistently, for both payloads,
the PI controller maintains the velocity close to the reference until the turn initiates,
where the speed dips slightly, causing a slight overshoot of the reference thereafter.
However, the NMPC predicts the turn and preemptively increases the velocity just
before the turn starts to maintain the reference velocity.

43.25F

T ey . T
=
2 .
543.15F —NMPC —NMPC
—PI-Controller] —PI-Controller| 4
- Reference - Reference
431 - - 43.05 . >
0 5 10 15 0 5 10 15
Time (s] Time [s]
(a) 5 ton payload (b) Full 18.17 ton payload

Figure 5.3: Comparison of longitudinal velocity for a constant turn and different
payloads

Figure 5.4 illustrates the LTR for each axle during the constant turn. The passive
suspension system exhibits a high peak in LTR that then remains steady. However,
for the NMPC, the two rearmost axles’” LTR values are increased in anticipation of
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5. Simulation Results

the turn induced by the pre-emptive roll, and the negative peaks are reduced and
continuously improved as the roll decreases. Although the LTR value for the front
axle increases with NMPC, this does not indicate an increased rollover risk, as the
rear axles, which initiate rollovers, are better controlled.

) [FAxlel NMPQ)
02 |- Axle2 NMP(} [ Axlel NMP(Q
ol I-Axle3 NMP(C| -~ - Axle2 NMPC(]
-Axlel PI —Axle3 NMPC]
o o2l Axle2 PI --Axlel PI
e --Axle3 PI - Axle2 PI
E 04l -Axle3 PI
_(]6 L
038 L I
5 10 15 10 15
Time [s] Time s]
(a) 5 ton payload (b) Full 18.17 ton payload

Figure 5.4: Comparison of lateral load transfer ratio for a constant turn and
different payloads

Figure 5.5 shows the understeer gradient during the steady-state interval ¢ = [6, 15].
For the 5-ton payload, the PI controller yields a positive steady-state gradient,
indicating mild understeer. The NMPC further increases this gradient, resulting
in a more pronounced understeer condition. Although the handling characteristics
worsen with the 5-ton payload, the change is negligible for a fully loaded 18.17 ton
truck. In that case, both controllers maintain the gradient near zero, corresponding
to neutral steer behaviour. However, it is noted that both scenarios indicate an
increase in understeering, which is undesirable for handling.
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2‘2><10 . 15><10
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(a) 5 ton Payload (b) Full 18.17 ton payload

Figure 5.5: Comparison of Understeer Gradient for a Constant Turn and different
payloads

Figure 5.6 presents the pitch angles for both scenarios. Pitch behavior influences
the overall handling characteristics of the vehicle and, in this case, an increase in
pitch angle is observed as the vehicle leans into the corner. This upward trend may
contribute to degraded handling.

The increase in pitch is a result of the suspension dynamics during cornering. As

the NMPC controller actuates the suspension by reducing pressure on the left side
and increasing it on the right, the distribution of vertical forces between the front
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5. Simulation Results

and rear axles is altered. This imbalance causes the vehicle to pitch forward. The
effect is more pronounced due to the configuration of the suspension system, where
two air suspension units are mounted at the rear, leading to a differential response
compared to the front. The forward pitch can potentially shift the load distribution
unfavorably, thereby affecting the steering response, due to changes in vertical forces
on the tires. And since the NMPC does not consider pitch dynamics, this might

lead to unfavourable handling performances.
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Figure 5.6: Comparison of Pitch for a Constant Turn and different payloads
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Summary and comparison of the values presented can be seen in Table 5.2

Table 5.1: Metric comparison during the constant turn scenario

Metric Controller 5 Ton Full
NMPC 0.8991  3.9554
Peak Roll Angle [Degrees] Pl 16349 5.0390
Improvement [%] 45% 21%
NMPC -0.6418 -0.7571
Peak LTR (All axles) PI 06701 -0.7966
Improvement [%)] 4.22%  4.96%
NMPC -0.4444  -0.5392
Mean LTR, Axle 1, t € [8,15]s Pl 0.3675  -0.5207
Improvement [%)] -20.93%  -1.79%
NMPC -0.4915 -0.7410
Mean LTR, Axle 2, ¢ € [8,15]s I 0.5%26  -0.7955
Improvement [%)] 15.64%  6.85%
NMPC -0.6168 -0.7136
Mean LTR, Axle 3, t € [8,15]s Pl 0.6642  -0.7505
Improvement [%)] 7.14%  6.04%
Mean USG, t € [8,15]s NMPC 0.0018  0.0002
PI 0.0010  -0.0002
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5. Simulation Results

5.2.2 Ramp-Hold Turn

Scenario Description

The second scenario evaluates the controller’s performance during a dynamic ma-
neuver in which the steering angle gradually increases over time before stabilizing.
This scenario emulates a smooth entry into a long corner. The scenario is particu-
larly useful for detecting rollover characteristics under more realistic driver inputs.
The vehicle is running at a constant velocity of the maximum legal speed for a heavy
truck in Sweden, 90km/h, [31].

4 seconds into the scenario, a ramp input begins with a slope of 0.573°/s, continuing
linearly for 5 seconds until reaching a final value of 2.86°, which is then held constant
for the remainder of the simulation. This shape approximates a gradual steering
input, as might be observed in driver behavior during corner entry, followed by a
steady hold throughout the turn. The steering reference signal, denoted as d,ef(t),
is defined as:

0, fort < 4
Oref(t) = 4 0.573(t — 4), ford <t <9 (5.4)
2.86, fort>9

where d,¢ is the reference steering angle provided to VI'M, expressed in degrees.
As with the previous case, this scenario is tested under both 5-ton and full 18.17
ton payload conditions. The corresponding steering reference signal is illustrated in
Figure 5.7.

0 5 10 15
Time [s]

Figure 5.7: Ramp-Hold Turn, Steering Reference Signal

Results and Discussion

In Figure 5.8, the roll angle is shown for the Ramp-hold steering input. The NMPC
outperforms the PI controller. Though a combination of leaning into the turn and
continuous counteraction forces from the suspension counteract the roll. For a 5
ton payload the peak roll angle gets improved by 33.45%, and for the fully loaded
18.17 ton truck, the PI controller rolls over, as can be seen by the sharp increase
in roll angle at approximately 15 seconds after reaching a critical roll angle, ¢..;;.
In contrast, the NMPC avoids the rollover and has a consistently lower roll angle
throughout the maneuver.
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Figure 5.8: Comparison of roll angle for ramp-hold steering and different payloads

In Figure 5.9, the longitudinal velocity is seen to track the velocity well for both
scenarios until the rollover occurs for the PI controller with a full 18.17-ton payload,
as the wheels lose contact with the ground. This indicates that utilizing the active
air suspension prevents the vehicle from rolling over.
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(a) b ton payload (b) Full 18.17 ton payload

Figure 5.9: Comparison of longitudinal velocity for ramp-hold steering and differ-
ent payloads

As seen in Figure 5.10, the Lateral Transfer Ratio (LTR) for each axle is plotted.
The results show an improvement in the peak LTR values of the rear axles, which
are the most critical with respect to rollover prevention. While the front axle LTR
is increased, this has limited impact on rollover risk, as the front axle is the least
likely to experience wheel lift, given that its LTR remains below 0.5 in magnitude.
This behaviour is further illustrated in the case where a rollover occurs under the
PI controller with a fully loaded 18.17 ton truck. It is observed that the second
axle loses ground contact first (LTR = -1), indicating that all the normal force has
shifted to the right tire, followed by the rear axle, and finally the front axle. This
progression highlights that a controller-induced increase in front axle LTR does not
significantly raise the risk of rollover, provided that it reduces the LTR on the more
rollover-prone rear axles.
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Figure 5.10: Comparison of lateral Load transfer ratio for ramp-hold steering and
different payloads

The simulation results highlight the strengths of the NMPC system with active
suspension, demonstrating its ability to prevent rollover during a realistic, rollover-
prone maneuver. This showcases the safety benefits provided by the NMPC ap-
proach. It also indicates that driver comfort is improved for the NMPC, as the peak
roll angle is decreased while maintaining the same constant velocity as the baseline
PI controller.

Summary and comparison of the values presented can be seen in Table 5.2, and the
pitch response can be found in Appendix B.

Table 5.2: Metric Comparison: Ramp-hold Turn

Metric Controller 5 Ton Full
NMPC 0.7614  3.8741
Peak Roll Angle [Degrees] PI 11441  Rollover
Improvement [%)] 33.45%  N/A
NMPC -0.5782  -0.8770
Peak LTR (All axles) Pl 0.5967  -1.0000
Improvement [%] 3.10%  12.30%

5.2.3 Lane Change

Scenario Description

The third scenario is designed to emulate a single lane-change maneuver at a speed
of 80km/h. To achieve this, a single cycle of a sinusoidal steering input is applied
after 4 seconds, defined as:

Asin (27 ft), for 4 <t < 7.22
Oref(t) = { ) (5.5)

0, otherwise
where 6,.7(t) represents the reference steering angle in degrees. The amplitude,
A = 1.72 degrees, determines the maximum steering angle, and the frequency,

f = 0.31 Hz, defines the duration of the sinusoidal cycle. These parameters are
selected to approximate the steering reference of a single lane-change maneuver.

39



5. Simulation Results

The steering reference is shown in Figure 5.11. This scenario is chosen to investi-
gate the controller’s performance during rapid steering maneuvers by the driver.
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Figure 5.11: Lane change, Steering Reference Signal

Results and Discussion

As shown in Figure 5.12, the roll angle response for the lane change scenario demon-
strates that the NMPC leans into the initial left turn. However, this leaning is less
pronounced compared to the constant turn, likely to preserve the ability to recover
for the subsequent right turn. The NMPC does not improve the first roll angle peak
but achieves a reduction in the second. Specifically, the first peak worsens by 0.53%
and 6.88% , while the second peak improves by 23.88% and 8.78%. This behavior

is likely a result of the air suspension system’s slow dynamics, which are unable to
respond quickly enough during a rapid maneuver.

’ | " FNMPC
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o4r L PI-Controller] | 2F —PI-Controller|

¢ [degrees]
¢ [degrees]

Time [s] Time [s]

(a) 5 ton payload (b) Full 18.17 ton payload

Figure 5.12: Comparison of Roll angle for a lane change and different payloads

As seen in Figure 5.13, both controllers can follow the reference closely, as this
maneuver does not cause significant deceleration.
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Figure 5.13: Comparison of Longitudinal Velocity for a lane change and different
payloads

The Load Transfer Ratio (LTR) for the lane change maneuver, shown in Figure
5.14, is noteworthy as both scenarios exhibit slightly higher LTR peaks, even in the
second roll angle peak, which was reduced. Specifically, with 5 ton payload, the
LTR increases by 3.34% and 3.22% , while with a full 18.17 ton payload, it increases
by 1.84% and 2.25%.

However, since the maneuver does not approach a rollover condition with the LTR
remaining below 0.3, these increases can be considered acceptable, particularly as a
lower second roll peak accompanies them.
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Figure 5.14: Comparison of Lateral Load Transfer Ratio for a lane change and
different payloads

This scenario highlights the weaknesses of the NMPC system. Even though the
system successfully suppresses the second roll angle peak, the LTR does worsen
slightly as the slow dynamics of the air suspension cannot adapt to the fast left-to-
right turn during the lane change.

Summary and comparison of the values presented can be seen in Table 5.3, and the
pitch response can be found in Appendix B.
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Table 5.3: Metric Comparison: Lane Change

Metric Controller 5 Ton  Full
NMPC 0.6126  2.0513

Max Roll Angle [Degrees] Pl 0.6094 19213
Improvement [%)] -0.53%  -6.77%
. NMPC -0.4517 -1.7977
Min Roll Angle [Degrees| PI 0.5034  -1.9708
Improvement [%)] 23.88% 8.78%
NMPC 0.1895 0.2768

Max Overall LTR PI 0.1834 02718
Improvement [%)] -3.34%  -1.84%
. NMPC -0.1952 -0.2721
Min Overall LTR PI -0.1892  -0.2661
Improvement [%)] -3.22%  -2.25%

5.2.4 Comparison of Controller Performance across Scenar-
ios

The scenarios highlight the strengths and limitations of the air suspension NMPC
system. The constant turn highlighted improved peak and steady-state LTR val-
ues, reducing the rollover risks and significantly lower roll angles, indicating a more
comfortable ride. However, it also showcased a slight increase in understeering char-
acteristics, indicating worse handling performance, which is likely attributed to the
forward pitch changing the distribution of normal forces.

The Ramp-hold steer scenario showcases the main strength of the controller, which
is avoiding rollover, a significant safety improvement. Through both a reduction
in the LTR index of rollover prone axles and a decrease in peak roll angles. This
shows the controller is superior to the passive suspension PI controller in a realistic
rollover prone scenario.

The lane change scenario highlights the limitations of the air suspension system
when subjected to rapid alternating steering inputs, as the change in force from
the suspension is slow due to the air suspension bellows filling or draining of air.
However, the controller still improved the secondary roll angle peak, which may have
slightly improved ride comfort.
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Concluding Remarks

6.1 Summary of Work

The objectives articulated in Section 1.3 have been fulfilled. An extended kinematic
model, based on the Volvo Transport Model (VITM) and verified against a previ-
ously validated model, has been developed to accommodate asymmetric left—right
ride heights. Building on this foundation, air-spring and flow dynamics were incor-
porated to create a multi-body, heavy-vehicle, air-suspension model. This model
serves as a platform for future development of control algorithms and research on
vehicle dynamics.

A nonlinear two-track vehicle dynamics model was then formulated, including a
nonlinear tire model, coupled yaw and roll dynamics, lateral weight transfer, and
integrated air-spring behaviour. The model was used to design a Nonlinear Model
Predictive Controller, which was implemented and evaluated against a Proportional-
Integral (PI) controller across several scenarios with varying steering inputs and
payload masses. The results show that the NMPC controller was effective in reducing
the LTR and peak roll angles for non-alternating steer inputs, and in preventing roll-
over for a realistic driver input during a turn at high speed. However, limitations
of the system for quick alternating steering inputs were also demonstrated, with a
slightly higher LTR index and a slight increase in understeer behavior attributed to
the pitch response. In conclusion, the NMPC demonstrates a safety improvement
and the ability to prevent rollover events from occurring, albeit at the slight cost of
reduced handling performance.

6.2 Future Work

The implemented air suspension model has not yet been validated against real-world
data. As a result, its accuracy is currently assumed rather than verified. To further
develop and rely on the model for control and simulation purposes, experimental
validation is necessary.

To date, the controller has only been evaluated in a simulated environment, without
consideration for real-time constraints. To extend this work toward practical imple-
mentation, it is necessary to significantly accelerate the controller and integrate it
into a real-time control framework. Achieving real-time capability is a critical step
in transitioning from purely simulation-based development to deployment on actual
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hardware, which would be the ultimate goal.

The current vehicle model captures the coupled yaw—roll dynamics, which are es-
sential for analysing lateral stability and rollover behaviour. However, it does not
account for pitch motion or fully three-dimensional interactions between roll, pitch,
and yaw. A natural extension of this work would be to develop a comprehensive ve-
hicle dynamics model that incorporates pitch behavior. In this thesis, only flat road
conditions were considered, incorporating pitch dynamics would enable more real-
istic simulations in the presence of slopes, road gradients, or vertical disturbances
such as road bumps or pot holes.

Another avenue for future research is improving the response time of the air suspen-
sion system. In the current setup, the dynamics are limited by a maximum valve
flow and component sizes. Investigating the use of larger or faster-acting valves
could allow quicker pressure adjustments in the air suspensions, thereby enhancing
the system’s ability to counteract roll motion more effectively

Lastly, a potentially promising direction for future work would be the inclusion of
additional actuators, specifically the braking system. Implementing braking into
the NMPC framework would enable the NMPC to utilize air suspension not only
to mitigate roll but also to apply braking torques to each individual wheel, allowing
for more advanced control strategies.
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State Trajectories and Control
Inputs
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Figure A.1: NMPC State Trajectories, Constant Turn, 5 Ton Payload



A. State Trajectories and Control Inputs
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Figure A.2: NMPC Control Inputs, Constant Turn, 5 Ton Payload
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Figure A.3: NMPC State Trajectories, Constant Turn, Full Payload

IT



A. State Trajectories and Control Inputs
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Figure A.4: NMPC Control Inputs, Constant Turn, Full Payload
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A. State Trajectories and Control Inputs

A.2 Lane Change
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Figure A.5: NMPC State Trajectories, Lane Change, 5 Ton Payload
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Figure A.6: NMPC Control Inputs, Lane Change, 5 Ton Payload
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Figure A.7: NMPC State Trajectories, Lane Change, Full Payload
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Figure A.8: NMPC Control Inputs, Lane Change, Full Payload
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A.3 Ramp-Hold Steer
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Figure A.9: NMPC State Trajectories, Ramp-Hold Steer, 5 Ton Payload
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Figure A.10: NMPC Control Inputs, Ramp-Hold Steer, 5 Ton Payload
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Figure A.11: NMPC State Trajectories, Ramp-Hold Steer, Full Payload
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Figure A.12: NMPC Control Inputs, Ramp-Hold Steer, Full Payload
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Simulation Pitch Response - Other
Scenarios
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Figure B.1: Pitch Response during Ramp-hold turn
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Figure B.2: Pitch Response during lanechange maneuver
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