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Roll motion control with a fully active suspension system
High-Level Motion Control and Low-Level Actuator Implementation
SOHEB KANON

YIMING LI

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

During cornering, vehicle roll motion directly affects lateral load transfer, tire force
distribution, and handling consistency. This thesis therefore investigates roll-gradient
shaping for a fully active suspension system in simulated cornering maneuvers and
driver-in-the-loop tests, with emphasis on how body-level roll objectives can be re-
alized through actuator-level force generation.

The proposed method combines a high-level body-motion controller with a low-level
hydraulic actuator controller. At the high level, lateral acceleration is estimated
from vehicle speed and steering input and used to generate a feedforward roll mo-
ment, while proportional-integral (PI) feedback is applied to roll, pitch, and heave
states. The resulting generalized force and moment targets are transformed into
corner suspension-force commands through a pseudoinverse force-allocation method.
At the low level, the required damper forces are converted into continuously con-
trolled damper (CCD) current commands and motor-pump unit (MPU) flow-rate
commands using supplier-based lookup tables and mode-switching logic.

The controller is implemented in MATLAB/Simulink and evaluated in both IPG
CarMaker and the VI-CRT driver-in-the-loop real-time simulator. In CarMaker, the
proposed controller tracks prescribed roll-gradient targets and produces suspension-
force distributions that remain consistent with the intended vehicle behavior. The
low-level controller also shows satisfactory force-tracking performance, with the main
deviations appearing near rapid force reversals. In the VI-CRT simulator, the con-
troller preserves the expected roll characteristics over a wide lateral acceleration
range under real-time driving conditions, despite driver input variability and tran-
sient steering effects.

Overall, the results show that roll-motion control for a fully active suspension system
should be evaluated as a connected body-level and actuator-level problem. High-
level motion objectives and low-level actuator behavior must therefore be considered
together when evaluating active suspension concepts.

Keywords: Fully Active Suspension, Roll Motion Control, Vehicle Dynamics, Hier-
archical Control, Hydraulic Actuators, Force Allocation



Reflections

This work points to a familiar engineering trade-off. Better roll control can improve
both stability and perceived comfort, especially in situations where a large body roll
would otherwise reduce driver confidence or increase the risk of loss of control. For
that reason, active suspension is not only a comfort feature; it can also affect vehicle
safety.

At the same time, the added control authority does not come for free. A fully
active suspension system brings extra hardware, higher energy use, more compli-
cated actuation, and a harder implementation problem. In practice, that means
any performance gain has to be judged against cost, power demand, reliability, and
maintainability.

What stands out most in this thesis is that control performance alone is not enough.
A roll-control concept may look convincing at the body-motion level and still become
much less attractive once actuator behavior and implementation constraints are
included. That is why the connection between high-level objectives and low-level
feasibility is central to the whole problem.
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1

Introduction

A suspension system is a critical subsystem in automobiles, directly influencing ride
comfort, road holding, and vehicle stability [1]. Conventional passive suspension
systems inherently involve a strict compromise: a soft suspension reduces vehicle
body accelerations to improve ride comfort, while a stiff suspension is required to
improve tire-road contact and handling dynamics [2]. To overcome these physical
limitations, active suspension systems have been developed. By using actuators
to generate real-time controllable forces, active suspension systems can adapt to
changing road and driving conditions, thereby reducing vibrations and improving
vehicle body-motion control compared with conventional passive systems [3], [4].

Among the different vehicle body motions, roll dynamics play a particularly
important role in vehicle safety and handling [5]. During cornering manoeuvres or
rapid lane changes, lateral acceleration generates load transfer between the left and
right wheels, producing a significant rolling moment [5]. Excessive roll motion can
deteriorate passenger comfort and may also compromise vehicle stability, increasing
the risk of rollover in critical manoeuvres [6]. Consequently, active suspension sys-
tems specifically designed for roll-motion control have become a relevant research
topic in advanced automotive engineering [4], [6].

1.1 Background

Advanced vehicle dynamics models have been widely developed to analyse suspen-
sion performance and vehicle body motions. In addition to simplified models such
as quarter-car and half-car representations, more comprehensive full-vehicle models
have been proposed to capture the interactions between vehicle subsystems. A com-
monly used representation is the seven-degree-of-freedom (7-DOF') vehicle model,
which describes the heave, pitch, and roll motions of the sprung mass together with
the vertical motions of the four unsprung masses.

Beyond this foundational representation, researchers have developed higher-
order and nonlinear full-vehicle models to capture more complex suspension char-
acteristics and to evaluate performance under demanding driving conditions and
extreme manoeuvres [7], [8].

Based on such vehicle models, a wide range of control strategies have been
proposed to improve vehicle stability and ride performance. In particular, advanced
control approaches have been investigated to achieve coordinated or decoupled con-
trol of vehicle body motions, allowing heave, pitch, and roll responses to be regulated
either jointly or independently [9].



1. Introduction

To address issues such as actuator delays and rapid transient dynamics during
aggressive steering manoeuvres, feedforward control strategies are often combined
with conventional feedback control architectures. These approaches enable the sus-
pension system to respond more effectively to dynamic driving conditions and help
reduce excessive body roll and potential rollover risks [10].

Therefore, the development of robust and computationally efficient control
algorithms based on comprehensive vehicle dynamic models remains an important
challenge for active suspension systems. In particular, effective roll-motion control
requires not only vehicle-level control design, but also actuator-level implementation
capable of realizing the requested suspension forces in real time.

1.2 Purpose

The purpose of this project is to investigate the performance of a fully active suspen-
sion system for a passenger vehicle. The study focuses on the design and evaluation
of active control strategies for improving vehicle roll behavior and stability under
representative driving and road conditions.

1.3 Research Questions

Based on the purpose of this thesis, the following research questions are formulated:

« RQ1: How can a high-level controller be designed to generate suspension force
requests for shaping vehicle roll behavior according to prescribed roll gradient
targets?

« RQ2: How can a low-level actuator controller be designed to convert the re-
quested suspension forces into feasible damper-valve and motor-pump com-
mands?

 RQ3: How accurately can the proposed fully active suspension control sys-
tem track positive, zero, and negative roll-gradient targets under predefined
CarMaker maneuvers and driver-in-the-loop VI-CRT operation?

1.4 Research Objectives

The main objective of this project is to design and evaluate a fully active suspen-
sion control system for a passenger vehicle, with particular emphasis on roll-motion
control and actuator-level implementation. To achieve this objective, the work is
structured as follows:

o Develop a high-level controller that computes requested suspension forces from
vehicle-state information for roll, pitch, and heave regulation.

o Develop a low-level controller that converts force requests into actuator-level
commands for the motor-pump and damper valve system.
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o Implement and evaluate the complete control architecture in MATLAB/Simulink
using [IPG CarMaker scenarios.

o Validate the real-time behavior of the controller in the VI-CRT simulator under
driver-in-the-loop operation.

1.5 Limitations

o This project focuses only on the Volvo XC_ 90 T8 model year 2020 platform;
therefore, the developed control strategy may not be directly applicable to
other vehicle models without further modification.

o The interaction between rebound and compression behavior in the suspension
actuator is simplified and not modeled in full detail.

e The fluid flow within the suspension system is assumed to be ideal, mean-
ing that flow losses and pressure drops caused by internal components are
neglected.

e The valve, motor, and pump components are represented with simplified mod-
els; parameter uncertainties and unmodeled dynamics are not fully captured.

o The change in valve opening is assumed to occur instantaneously and with
perfect accuracy.

e Sensor measurements are assumed to be ideal and noise-free, particularly
within the simulation environment.

o The system is evaluated under a limited set of predefined driving scenarios and
road profiles in simulation and real-time simulator testing, so it is not assessed
under all possible real-world conditions.

e The main focus of this project is the development of a control strategy for
reducing vehicle roll motion in steady-state. Pitch and heave motions are not
the primary focus of the study.

Quantitative evaluation of energy consumption is outside the scope of this
thesis.

1.6 Related Work

Active suspension control has been widely studied to improve vehicle ride comfort,
road holding, and handling stability [11], [12]. Early studies and surveys emphasized
classical model-based approaches such as PID and LQR, while later works also
explored robust and adaptive schemes, including H..-oriented and backstepping-
based designs [11], [13]. These approaches rely on mathematical models of the
suspension system and aim to regulate suspension forces to reduce body vibration
and improve tire-road contact [12]. Model predictive control has also been applied to

3
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semi-active full-vehicle suspension control, where actuator constraints and real-time
implementation are important considerations [14].

In addition to vertical dynamics, vehicle roll motion has attracted significant
attention due to its direct influence on handling stability and rollover prevention.
During cornering, lateral acceleration acting at the height of the centre of gravity
creates a roll moment that causes lateral load transfer between the left and right
wheels, even in the absence of significant body roll motion. To mitigate these effects,
roll moment control strategies have been developed, where suspension actuators
generate counteracting moments to reduce body roll [15].

Classical control approaches such as PID controllers are widely used in sus-
pension systems due to their simplicity and robustness. These controllers are often
employed to regulate roll angle, roll rate, or suspension forces. However, purely
feedback-based controllers may suffer from delays and limited performance during
rapid transient manoeuvres.

To address these limitations, feedforward and preview-based control strategies
have been proposed. These methods utilize measurable inputs such as steering angle
or lateral acceleration to anticipate vehicle dynamics and improve control response
[16].

In practical implementations, actuator dynamics play a crucial role in ac-
tive suspension systems. Electro-hydraulic actuators introduce nonlinear dynamics
and force-tracking constraints that must be handled by dedicated low-level control
strategies [17], [18]. For pump-based hydraulic active suspension systems, actuator
sizing, motor-pump operation, and actuator dynamic response also directly affect
the achievable control performance [19].

Surveys of active and semi-active suspension control show that actuator con-
straints and implementation details significantly influence closed-loop performance
[3], [11]. Comparative studies on semi-active suspension control further highlight
the role of implementation constraints and performance trade-offs [20]. In prac-
tical controller design, this motivates multi-layer architectures in which high-level
body-motion objectives are translated into low-level actuator commands.

A key practical challenge is therefore to ensure that roll-moment commands
generated at the vehicle-motion level can be realized by the hydraulic actuator sys-
tem under its nonlinear mapping and operating constraints. This motivates the
development of an integrated control framework combining high-level roll-moment
control with low-level actuator management, which is the focus of this work.

1.7 Ethical and Sustainability Aspects

Improved roll control can contribute to road safety and occupant well-being, sup-
porting SDG 3 (Good Health and Well-being) and SDG 11 (Sustainable Cities and
Communities) [21]. By reducing the risk of loss-of-control and rollover in emergency
maneuvers, active suspension and roll motion control can lower accident severity
and frequency, especially for vehicles with high centers of gravity or heavy loads [6],
[15].

Fully active suspension systems, however, introduce additional hardware, com-
plexity, and energy consumption [3], [19]. This has implications for resource use,

4
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manufacturing impact, and end-of-life recycling (SDG 12, Responsible Consumption
and Production), as well as for vehicle energy efficiency and emissions (SDG 13, Cli-
mate Action) [21]. These trade-offs should be considered when assessing the practical
applicability of fully active suspension systems. Although actuator energy usage is
an important aspect, a quantitative evaluation of energy consumption is outside the
scope of this thesis.

Advanced suspension systems tend to appear first in premium vehicles, which
raises questions about equity and accessibility. At the same time, the knowledge
gained on control design and trade-offs can inform future implementations in higher-
volume segments. The thesis will reflect on these aspects and on how active sus-
pension technology can be developed and deployed in a way that balances safety,
comfort, energy use and resource efficiency. Data privacy is not expected to be a
major issue, since the work focuses on physical vehicle behavior rather than personal
data.
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Vehicle models

This chapter presents the vehicle models used in this thesis. It first introduces the
quarter-car model as the basic representation of vertical suspension dynamics and
then formulates the seven-degree-of-freedom full-car active suspension model. A
single-track (bicycle) model for steady-state cornering is then introduced to support
lateral-acceleration estimation from steering input and vehicle speed. The chap-
ter finally describes the suspension and damper modeling assumptions used in the
control design.

2.1 Quarter-Car Suspension Model

Quarter-car suspension model is considered the simplest model for representing a
vehicle suspension system. It simplifies the vertical dynamics by representing only
one vehicle corner instead of modeling all four corners in a full-car model.

In this model, the vehicle is divided into two main parts: the sprung mass and
the unsprung mass. The sprung mass represents the part of the vehicle supported
by the suspension system and accounts for most of the vehicle body. The unsprung
mass represents the parts that are not supported by the suspension, such as the
wheel, tire, and related components.

The connection between the sprung and unsprung masses is simplified and
modelled using a spring and a damper. These elements represent the suspension
system. As shown in Table 2.1 and Fig. 2.1, this simplified model provides a basic
representation of the suspension behaviour.

Table 2.1: Description of the parameters used in the passive quarter-car model.

Symbol | Quantity Unit
ks Spring constant N/m
ky Tire spring constant N/m
M Sprung mass kg
My Unsprung mass kg
b Damping coefficient Ns/m
Zs Vertical displacement of sprung mass (heave) m
2y Vertical displacement of unsprung mass m
2y Vertical displacement of road m
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k‘% ! 2

Figure 2.1: Passive quarter-car suspension model.

The force balance of the sprung and unsprung masses can be written as

myis = F, + Fy, (2.1)
muéu:Ft_Fs_Fda

where Fy, Fy, and F; denote the suspension spring force, damper force, and tire
force, respectively. With the positive vertical direction defined upward, these forces
are modeled as

F, = ks(zu - Zs)a (23)
Fd - bs(Zu - 735)7 (24)
F, = k(2 — z)- (2.5)

2.2 Full-Car Active Suspension Model Formula-
tion

Full-car active suspension model considered in this thesis is a linearized seven-degree-
of-freedom model. It consists of the heave, pitch, and roll motions of the sprung
mass together with the vertical motions of the four unsprung masses. The active
suspension is represented by four controllable suspension corner forces, which are
later used in the force-allocation step and subsequently converted into damper-side
force commands through the suspension motion ratio.

The symbols used in the full-car model are summarized in Table 2.2.

The geometric parameters [y and [, denote the longitudinal distances from the
vehicle center of gravity to the front and rear axles, respectively. Their sum defines
the wheelbase,

L=1;+1. (2.6)

The parameters ¢; and ¢, denote the lateral distances from the center of gravity to
the left and right suspension corners, respectively.
A schematic of the modeled system is shown in Fig. 2.2.
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Table 2.2: Symbols used in the full-car model with active suspension.

Symbol | Quantity Unit
2 Body vertical displacement (heave) m
0 Body pitch angle rad
[0) Body roll angle rad

Zuij Unsprung-mass vertical displacement at corner ij, ij € {fl, fr,rl,rr} m
Zr.ij Road input at corner ij, ij € {fl, fr,rl,rr} m
M Sprung mass kg
My ij Unsprung mass at corner ij, ij € {fl, fr,rl,rr} kg
kg Front suspension spring stiffness N/m
k, Rear suspension spring stiffness N/m
by Front suspension damping coefficient Ns/m
b, Rear suspension damping coefficient Ns/m
s Front tire stiffness N/m
ki Rear tire stiffness N/m
I, Roll mass moment of inertia kg m?
I, Pitch mass moment of inertia kg m?
Ly Distance from center of gravity to front axle m
L, Distance from center of gravity to rear axle m
t Left lateral distance from center of gravity m
t, Right lateral distance from center of gravity m
L Wheelbase, L = Iy + [, m
fij Controllable suspension corner force at corner ij, ij € {fl, fr,rl,rr} N
Fij Tire vertical force at corner ij, ij € {fl, fr,rl,rr} N
Zs 4j Sprung-mass corner displacement at corner ij, ij € {fI, fr,rl,rr} m
JAVH Relative suspension deflection at corner ij, ij € {fl, fr,rl,rr} m
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Figure 2.2: full car model with all Seven-degree-of-freedom [9].

2.2.1 Model Assumptions

» Positive vertical displacement is upward.

o Pitch and roll angles are small, and the model is linearized about the static
equilibrium position.

e Suspension springs and dampers are modeled as linear elements with constant
parameters.

o Tire dynamics are represented by linear vertical stiffness terms, while tire
damping is neglected.

e Road excitations are modeled as vertical inputs at the four wheel contact
points.

o The active suspension acts through equivalent controllable suspension corner
forces fi;.

The vertical displacement of the sprung mass at each suspension corner is
written as

Zsfl = 2 — lf9 + 10, (27)
Zofr =2 — 10 — 1,0, (2.8)
Zepi = 2+ 1,0 + 19, (2.9)
Zopr = 2+ 1,0 — t,0. (2.10)

10
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as

2.3

The corresponding relative suspension deflections are

Afl = Zs,fl — Ru,fl,
Af'r = Zs,fr = Ru,fr,
Arl = Zsrl T Ru,rly

Arr = Zs;rr = Ru,rr-

The tire vertical forces are expressed as

The suspension forces acting on the sprung mass at the four corners are defined

Fopi=—kiAp —bAp + fr,
Fypr=—kiDp —bpAp + frr,
Foni=—k.Apy — b A+ fri,

Fopr = —keNpy — by A + oo

The heave motion of the sprung mass is then given by
ms'é = Fs,fl + Fs,fr + Fs,rl + FS,TT’

The roll motion of the sprung mass is written as

Ix¢ =1 (Fs,fl + Fs,rl) —t (FS,fT + FsvTT) :

The pitch motion of the sprung mass is written as

[yé = —lf (Fs’ﬂ + Fs,fr) + lr (Fs,rl =+ FS,W") :

The vertical dynamics of the four unsprung masses are expressed as

Moy, 120,11 = —Fs 11 + I f1,
mu,fréu,fr = _Fs,fr + E,fra
mu,rléu,rl = _Fs,rl + Ft,?"l7

Moy, rr2urr = _Fs,rr + Ft,rr-

Single-Track Bicycle Model for Steady-State

Cornering

In addition to the vertical suspension models introduced above, a bicycle model is
used to describe the planar vehicle motion required for lateral-acceleration estima-
tion. The purpose of this model is not to capture detailed suspension dynamics, but

11
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to provide a simple relationship between vehicle speed, steering input, and lateral
acceleration during steady-state cornering.

In the bicycle-model approximation, the left and right wheels on each axle are
replaced by a single equivalent front wheel and a single equivalent rear wheel. The
vehicle is assumed to move at constant longitudinal speed along a circular path of
radius R on a flat road. Small steering and slip angles are assumed. In a real vehicle,
the left and right front wheels generally follow Ackermann steering geometry, but in
the present analysis they are represented by a single equivalent front-wheel steering
angle 6. If the available steering input is the steering-wheel angle d,,,, the equivalent
front-wheel steering angle is obtained through the steering ratio is as

5sw

is

5:

(2.30)

Therefore, Ackermann steering is not modeled explicitly in this thesis.

Figure 2.3: Steady-state cornering geometry of the bicycle model [1].

Under steady-state cornering, the lateral force equilibrium can be written as
may, = Fy; + F,, (2.31)

where m is the vehicle mass, a, is the lateral acceleration, and F,; and F,, are the
equivalent front and rear lateral tire forces, respectively.
Moment equilibrium about the center of gravity gives

1 Fyf —1.Fy =0, (2.32)

where [y and [, denote the distances from the center of gravity to the front and rear
axles.
The lateral acceleration is related to the turning radius by

2
a, = %, (2.33)

12
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where v is the longitudinal vehicle speed.
Following the steady-state cornering relation in [1], the equivalent steering
angle can be written as

s—L iK%, (2.34)
R g
where L = [y + [, is the wheelbase, g is the gravitational acceleration, and K, is
the understeer gradient. In this thesis, K, is treated as a calibrated parameter that
represents the steady-state understeer characteristic of the vehicle and is used in the
equivalent steering-angle relation above.
Substituting (2.33) into (2.34) yields

§=—a,+ K,~. (2.35)

a, = —L (2.36)

Lg

Equation (2.36) is used in this thesis to estimate lateral acceleration from
vehicle speed and steering input. When K, = 0, the model reduces to the neutral-
steer case

ay, = —90. (2.37)

2.4 Suspension System of the Full-Car Model

The suspension system forms the mechanical interface between the vehicle body
and the wheels. Its main functions are to isolate the body from road-induced dis-
turbances in order to improve ride comfort, and to maintain continuous tire contact
with the road surface to support handling, stability, and safety [1], [22].

In the full-car model presented in Section 2.2, the suspension is represented
by spring, damping, and actuator-force elements acting between the sprung and
unsprung masses. These elements provide a simplified dynamic description suitable
for control design, while the physical suspension hardware may consist of different
practical configurations.

Real vehicles may use different spring and damper layouts, such as coil or air
springs together with passive, semi-active, or active dampers. In this thesis, only the
suspension configuration relevant to the implemented hydraulic active suspension
system is considered.

2.4.1 Passive Spring Element

The passive spring is a mechanical element that stores and releases elastic energy due
to the relative vertical displacement between the sprung and unsprung masses. In

13
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Passive damper
[] semi-active damper
[] Fully active damper

Rebound
valve

Electronics

SN

Compression
valve

MPU

Figure 2.4: Illustration of the hydraulic active damper used in the full-car active
suspension system

the full-car model, the spring force is modeled as a linear function of the suspension
deflection.
The relative suspension deflection at a suspension corner is defined as

A =z — 2, (2.38)

where z, and z, are the vertical displacements of the sprung and unsprung masses,
respectively.
According to Hooke’s law, the spring force acting on the sprung mass is written

as
Fr = —kA = —k(zs — z,), (2.39)

where F} is the spring force and k is the spring stiffness. The negative sign indi-
cates that the spring force acts in the direction opposite to the relative suspension
deflection.

For the full-car model, different spring stiffness values are used for the front and
rear suspension corners. Therefore, the passive spring contribution can be written
as

Frij = —kij Ay, (2.40)

where ij € {fl, fr,rl,rr}. Here, k;; = ky; for the front suspension corners and
k;j = k, for the rear suspension corners.

A linear spring model assumes constant stiffness over the considered operating
range, as shown in Fig. 2.5. The slope of the force-deflection curve represents the
spring stiffness. The origin corresponds to the undeformed or equilibrium condition,
where the suspension deflection is zero. With the adopted sign convention, a positive
deflection produces a restoring force in the negative direction, while a negative
deflection produces a restoring force in the positive direction.

14
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Linear Passive Spring

Passive spring

Figure 2.5: Force—Deflection Relationship of a Passive Linear Spring Based on
Hooke’s Law

2.4.2 Anti-Roll Bar

An anti-roll bar, also called a stabilizer bar, is a passive suspension component that
connects the left and right sides of the same axle. During cornering, the outer
suspension compresses while the inner suspension extends. This relative motion
twists the anti-roll bar and generates a restoring moment that resists vehicle body
roll [1], [5].

The anti-roll bar contributes to the total roll stiffness of the vehicle together
with the suspension springs. Therefore, it affects the roll angle, roll-gradient re-
sponse, and lateral load-transfer distribution [1], [22].

2.4.3 Damper

The hydraulic suspension system considered in this thesis is illustrated in Fig. 2.4.
It consists of a hydraulic damper, electronically controlled compression and rebound
valves, a pressure accumulator, and a motor-pump unit (MPU). Depending on the
operating mode, the system can operate in passive, semi-active, or fully active
modes.

Throughout this section, the damper deflection velocity is defined as

Vg = Ee — 2 (2.41)

where z, and z, are the vertical displacements of the sprung and unsprung masses,
respectively. Negative vy denotes compression, while positive vy denotes rebound.
This sign convention is kept the same for passive, semi-active, and fully active
operation. What changes between the three cases is the admissible force direction
relative to the damper velocity.

15
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2.4.3.1 Passive Suspension

A passive suspension system uses a passive damper whose damping behavior is
determined by fixed mechanical components, such as orifices, piston holes, or shim
valves. Since these components are not actively controlled, the valve opening remains
constant, making the passive damper one of the simplest damper models used in
vehicle suspension systems [23].

In the ideal linear model, the damping force is proportional to the relative
vertical velocity between the sprung and unsprung masses and always acts opposite
to the damper motion. The damping force is therefore written as

Fd = —CUq (2.42)

where Fj is the damping force and c¢ is the constant damping coefficient. The
negative sign indicates that the passive damper is purely dissipative. Under the
adopted sign convention, the passive damping force is positive in compression and
negative in rebound.

The passive damper behavior can be represented using linear or nonlinear
models, as shown in Fig. 2.6 and Fig. 2.7.

Linear Passive Damper Nonlinear Passive Damper
Fd Fq
—— Passive damping =~ Nonlinear passive damping
o - : : 0 Vq
0 d
Figure 2.6: Linear passive damper Figure 2.7: Nonlinear passive
damper

Although the linear model simplifies the analysis, real passive dampers often
show nonlinear behavior. As shown in Fig. 2.7, the damper behaves approximately
linearly at low velocities, where the damping force increases almost proportionally
with damper velocity. However, beyond a certain velocity, the slope of the force-
velocity curve decreases, meaning that the damping force becomes less sensitive to
further increases in damper velocity. This behavior appears in both compression and
rebound and represents the nonlinear characteristics of practical passive dampers.

The flow sign convention is defined to be consistent with the low-level lookup-
table implementation: positive flow for compression and negative flow for rebound.

Due to the piston rod, the effective hydraulic area differs in compression and
rebound. To avoid notation overlap with the low-level controller, where A, denotes
piston-rod area, the effective areas in this subsection are denoted Acomp and Ayep:

7TD12)
4

(2.43)

Acomp =

16



2. Vehicle models

Aoy = % (D2 - D?) (2.44)

where Acomp is the compression-side effective area, A, is the rebound-side effective
area, D, is the piston diameter, and D, is the piston rod diameter. The damper
flow rate can therefore be written as

—AcompVa;, Vg <0 compression
Qa = {0, vg =0 (2.45)

—AsebUa, vg > 0 rebound

2.4.4 Semi-active Suspension

A semi-active suspension can be considered an extension of a passive suspension
system, in which controllable compression and rebound valves are introduced into
the damper. These valves allow the damping characteristics to be varied by adjusting
the valve openings, as shown inside the green box in Fig. 2.4. This enables the
suspension system to adapt to different road and driving conditions more rapidly
than a passive suspension.

Unlike a fully active suspension system, a semi-active suspension can only dis-
sipate energy from the system; it cannot inject external energy into the suspension.
Therefore, the achievable damper force is limited by the passive nature of the damper
and by the physical constraints of the valve system. As in the passive case, the gen-
erated force still opposes the damper velocity, although its magnitude can be varied
by adjusting the valve openings. The valve command is typically selected based on
the damper velocity and the desired damping force. Fig. 2.8 and Fig. 2.9 illustrate
simplified linear and nonlinear semi-active damping configurations, respectively.

Linear Semi-Active Damper Nonlinear Semi-Active Damper
Fy Fq

—— Minimum damping —— Minimum damping

Maximum damping —— Maximum damping

Va

Vg
Figure 2.8: Linear semi-active Figure 2.9: Nonlinear semi-active
damper damper

In practice, the damper force may exhibit an approximately linear relationship
with the damper deflection velocity at low velocities. At higher velocities, nonlin-
ear valve effects may become significant, causing the force-velocity relationship to
deviate from the linear approximation. As in a passive hydraulic damper, piston
motion generates hydraulic low. When this flow passes through the compression or
rebound valve, a pressure difference is created, resulting in a damping force.

17
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Therefore, the damping force in a semi-active suspension depends on both the
hydraulic flow rate, which is related to the damper velocity, and the valve opening.
In this work, the compression and rebound damper forces are represented using
black-box nonlinear functions as

F. = f(Q., u.), (2.46)

Fr = fr(Qra UT), (247)

where F,. and F,. are the compression and rebound damping forces, respectively. The
variables (. and (), denote the compression and rebound valve flow rates, while wu,
and u, represent the corresponding valve opening commands.
The actual damper force is then selected according to the damper stroke di-
rection:
B, = {FC, vg < 0 compression, (2.48)

F., vy>0 rebound.

The functions f.(-) and f.(-) describe the nonlinear black-box relationships
between valve flow rate, valve opening, and generated damping force. With the
sign convention adopted above, the semi-active force remains dissipative, with F
acting in compression and F;. acting in rebound. The compression and rebound valve
openings can be adjusted independently. However, they are limited by predefined
physical bounds, such that

Umin < Ue(t) < Upax (2.49)

Umin S ur(t) S Umax (250)

These bounds impose a limitation on the semi-active suspension system. Since
the damper can only vary its dissipative characteristics within a finite range, the gen-
erated force is constrained between the minimum and maximum achievable damping
force characteristics for a given damper velocity. This limitation is illustrated in
Fig. 2.8 and Fig. 2.9.

2.4.5 Fully Active Suspension

A fully active suspension can be considered an extension of a semi-active suspension
system, in which a motor-pump unit (MPU) is added to the damper. The MPU
provides the system with additional capability by allowing energy to be injected
into, or dissipated from, the suspension system. Therefore, the force generated by a
fully active suspension is not only dependent on the damper deflection velocity, but
also on the valve commands and the MPU operation. Unlike passive and semi-active
operation, the fully active system is not restricted to generating a force opposite to
the damper velocity, since the MPU can supply external energy to the suspension.
This wider force-generation capability is illustrated in Fig. 2.4, while the fully active
damper structure considered in this work is shown in Fig. 2.10.

The architecture considered in this thesis follows the ZF sMOTION active
suspension concept, in which electronically controlled damping is combined with
motor—pump-assisted wheel actuation to support body-motion control during driv-
ing maneuvers [24].
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Fully Active Suspension Range
Fy

0 —— Fully active range

Figure 2.10: Simplified force-generation principle of a fully active suspension
damper.

As in the semi-active suspension case, the compression and rebound actions
are considered separately. The active suspension force can be written as

Fa,c = fa,c(vd> Ue, YMPU) (251)

Fa,r - fa,r(vab Uy, YMPU) (252>

where F, . and [}, are the active forces during compression and rebound,
respectively. The variable vy denotes the damper deflection velocity, u. and w, are
the compression and rebound valve opening commands, and yypy represents the
MPU-related input or measured state.
The net active suspension force is selected according to the damper stroke
direction:
Fu(t) = {Fw, vg < 0 compression, (2.53)

F,,, v4>0 rebound.

Although a fully active suspension can inject energy into the system, the gener-
ated force is still limited by the physical actuator and power constraints. Therefore,
the active force is bounded as

Fa,min S Fa(t) S Fa,max (254>
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Control Theory

This chapter presents the control concepts used in this thesis. It first introduces the
hierarchical control architecture used to separate vehicle-level motion control from
actuator-level implementation. Feedforward and feedback control are then described
as the main strategies for roll, pitch, and heave regulation.

The chapter also introduces PID control as the basis for the implemented PI
controllers. Finally, pseudoinverse-based allocation and mode switching control are
presented to support the distribution of body-level control demands and the low-
level actuator operation.

3.1 Hierarchical Control Architecture

Hierarchical control is commonly used when a complex control problem can be di-
vided into different levels with separate responsibilities. In active suspension sys-
tems, this separation is useful because the vehicle-level motion objectives and the
actuator-level implementation problem are different in nature. The upper control
level is concerned with the desired vehicle dynamic behavior, such as roll, pitch,
and heave regulation, while the lower level is responsible for realizing the requested
forces using the physical actuator system.

Gaspar and Szabd proposed a hierarchical controller for a full-car active sus-
pension system, where the high-level controller generates a demanded virtual force
and the actuator-level controller tracks the reference force by adjusting the actuator
valve [25]. This type of structure is advantageous because the high-level controller
can be designed based on vehicle-level performance requirements, while the low-level
controller can account for actuator nonlinearities, limitations, and force-tracking be-
havior.

In this thesis, a similar hierarchical idea is adopted. The high-level controller
uses vehicle-state information and driver-related inputs to generate desired body-
level force and moment demands for roll, pitch, and heave motion. These general-
ized demands are allocated to the four suspension corners. The low-level controller
then converts the requested damper forces into actuator commands, including valve-
current commands and motor-pump flow requirements.

A simplified representation of the hierarchical control architecture adopted in
this thesis is shown in Fig. 3.1.

This separation improves the modularity of the control design. Changes in
the actuator model or valve-control strategy can be handled mainly at the low
level, while the high-level body-motion controller can remain largely unchanged.
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Vehicle states and
steering wheel inputs

High-level controller

Vehicle-body motion control

Requested roll moment,
pitch moment, vertical force

Force allocation

Requested corner
damper forces

Low-level controller

Actuator command generation

Valve currents and
pump-flow commands

sajels painsesap

Hydraulic actuator system

Valves and motor-pump unit

Realized damper
forces

Vehicle and suspension

dynamics

Figure 3.1: Simplified hierarchical control architecture adopted in this thesis.
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Similarly, changes in the desired roll-gradient behavior or body-motion objectives
can be introduced at the high level without redesigning the complete actuator-
control logic.

3.2 Feedforward Control

Feedforward control is a proactive control strategy that counteracts measurable or
estimated disturbances before they significantly affect the system response. Unlike
feedback control, which reacts after an error has appeared, feedforward control acts
in advance based on known input signals or predicted disturbances.

In active suspension systems, an important disturbance is the lateral accelera-
tion generated during cornering. Feedforward and preview-based suspension control
methods use measurable or estimated vehicle-motion information to improve the sys-
tem response before large body-motion errors develop [10], [16]. During cornering,
lateral acceleration acting at the height of the vehicle centre of gravity generates
an external roll moment about the longitudinal axis. The feedforward controller
estimates this disturbance and generates a compensating roll-moment command.

The main advantage of feedforward control is that it can improve the transient
response of the suspension system, especially during corner entry. If the disturbance
is estimated with sufficient accuracy, the controller can generate a compensating
roll-moment command before a large roll-angle error develops. This can reduce the
initial roll response and decrease the corrective action required from the feedback
controller.

However, the performance of feedforward control depends on the accuracy of
the disturbance estimation and the vehicle model. Therefore, feedforward control is
usually combined with feedback control to improve robustness and correct remaining
roll, pitch, and heave errors.

3.3 Feedback Controller

Feedback control is used to reduce the difference between a desired reference signal
and the measured system response. A general feedback control structure is shown
in Fig. 3.2. The reference signal r(t) is compared with the measured output y(t),
and the difference between them forms the control error

e(t) =r(t) —y(t). (3.1)
The controller uses this error to calculate the control input u(t), which is
applied to the plant. The plant represents the physical system being controlled.
The measured output is then fed back to the summation point, forming a closed-
loop system [26].
In general, the controller block can represent different types of controllers, such
as P, PI, PID, or another control law. The control signal can be written in a general
form as

u(t) = Cle(t)), (3.2)
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M v B u(®) 0

,T »  Controller > Plant

Figure 3.2: General feedback control structure.

3.3.1 PID Controller

A commonly used feedback controller is the proportional-integral-derivative (PID)
controller. The PID controller calculates the control input from the control error
e(t) using three terms: proportional, integral, and derivative actions. In the time
domain, the control law can be written as

de(t)
dt -’
where K, K;, and K, are the proportional, integral, and derivative gains,
respectively [26]. The proportional term produces a control action directly related
to the current error. The integral term depends on the accumulated error over time
and is used to reduce steady-state error. The derivative term depends on the rate
of change of the error and can improve the transient response by adding damping
to the closed-loop system.
The PID controller can therefore be expressed as

u(t) = Fye(t) + K | Ce(r)dr + K, (3.3)

u(t) = CpID(e(t)). (34)

The values of the gains K, K;, and K  determine the behavior of the controller
and must be chosen according to the desired closed-loop response. In general, these
gains are not necessarily dimensionless; their units depend on the units of the control
error e(t) and the control input wu(t).

3.4 Pseudoinverse-Based Allocation

In overactuated control problems, the number of control inputs is larger than the
number of generalized control objectives. In such cases, the mapping from the
physical input vector to the generalized control vector is not square, and a standard
matrix inverse cannot be used directly.

Consider the linear relation

y = Az, (3.5)

where y € R™ is the generalized control vector, € R™ is the physical input vector,
and A € R™*" is the mapping matrix. When n > m, the system is overactuated
and infinitely many input vectors may satisfy the same generalized control objective.
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A common way to obtain a unique solution is to use the Moore—Penrose pseu-
doinverse. For a full-row-rank matrix A, the minimum-norm solution is given by

r=A"(AAT) 'y, (3.6)

This solution satisfies the desired generalized control relation while selecting
the input vector with minimum Euclidean norm. In other words, among all feasible
solutions, it provides the smallest overall input magnitude.

In this thesis, this pseudoinverse-based allocation method is used to distribute
the body-level control demands to the four suspension corners. The allocation input
is the generalized control vector y € R3**!, and the allocation output is the suspension
corner-force vector x € R**!. The corresponding application to the active suspension
system is presented in the method chapter.

3.5 Mode Switching Control

Mode switching control is a control approach in which the control action is selected
from a finite set of predefined operating modes or controllers. Instead of using a sin-
gle fixed control law for all operating conditions, a switching rule determines which
mode should be active based on the system state, measured signals, or operating
conditions.

This concept is closely related to the theory of switched systems. Liberzon and
Morse define a switched system as a hybrid dynamical system consisting of a family
of continuous-time subsystems and a rule that orchestrates the switching between
them [27]. In a control context, these subsystems may represent different controllers,
actuator behaviours, or operating modes.

In the low-level control of the fully active suspension system, the valve and
actuator operate in different modes depending on the driving condition and the
requested damper force from the high-level controller. This allows the actuator be-
haviour to adapt to different operating conditions while avoiding unnecessary motor-
pump activity. In this work, the switching logic is implemented using threshold-
based decisions based on steering-wheel velocity, lateral acceleration, requested force,
and damper velocity. This provides a structured way to balance roll-control perfor-
mance, actuator limitations, and energy efficiency.

3.6 Roll and Anti-Roll Motion

When a vehicle enters a corner, lateral acceleration causes load transfer from the
inner wheels to the outer wheels. As a result, the outer suspension compresses while
the inner suspension extends, and the vehicle body leans toward the outside of the
corner. This motion is referred to as body roll.

The roll gradient describes how much the vehicle body rolls for a given lateral
acceleration. It is commonly defined as

Gy = f [deg/g] (3.7)

Y
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where ¢ is the body roll angle and a, is the lateral acceleration.

If the vehicle body instead leans toward the inside of the corner, the motion
is referred to as anti-roll motion. In this case, the body roll direction is opposite
to the direction associated with conventional cornering-induced roll. In this thesis,
different target roll-gradient values are used to produce conventional roll, zero-roll,
and anti-roll behaviors.
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Method

This chapter describes the methodology used to design, implement, and evaluate
the proposed hierarchical control strategy for the fully active suspension system.
The method consists of a high-level body-motion controller and a low-level actuator
controller. The high-level controller generates the desired roll moment, pitch mo-
ment, and heave force using feedforward and feedback control. These generalized
control demands are then allocated to the four suspension corners and converted
into damper-force commands. The low-level controller translates the requested
damper forces into actuator commands using lookup tables, mode-switching logic,
and pump-flow calculation. Finally, the complete controller is implemented in MAT-
LAB/Simulink and evaluated in IPG CarMaker and the VI-CRT driver-in-the-loop
simulator.

4.1 High-Level Control Design

The objective of the high-level controller is to regulate the vehicle body dynamics
in terms of roll angle, pitch angle, and heave displacement. The controller generates
desired control actions which are then translated into forces applied by the four
dampers.

The control architecture consists of a feedforward component that anticipates
vehicle motion effects and a feedback component that corrects tracking errors. The
resulting moments and forces are then distributed to the four dampers.

The overall control architecture is illustrated in Fig. 4.1.

T [ RRRRR——
‘/'l\lvtl )
=D ﬂQ_M.,. :
.
b/ a,
/ o
)

I

2,
P N rror.2— | Heave P
Heave 2 —
C J

Figure 4.1: High-level control architecture of the active suspension system.
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4.1.1 Feedforward Control

The feedforward controller is designed to compensate for predictable disturbances
caused by vehicle motion, particularly during cornering.
The inputs to the feedforward controller include:

« Vehicle longitudinal speed (v)

 Steer angle at the front wheels (0)

4.1.1.1 Lateral Acceleration Estimation

The lateral acceleration (a,) is estimated using the steady-state bicycle model in-
troduced in Chapter 2. Instead of relying on direct measurements, which may be
noisy, a, is computed from vehicle speed and steering input. If the available steering
signal is the steering-wheel angle s, it is first converted into the equivalent front-
wheel steering angle ¢ using the steering ratio relation in Eq.(2.30). The lateral
acceleration is then estimated as

2

%5
W= R (4.1)
14+ —

Lg

where L is the wheelbase, ¢ is the gravitational acceleration, and K, is the
calibrated understeer-gradient parameter introduced in Eq.(2.34).

4.1.1.2 Feedforward Moment Generation

In order to improve the transient response of the control system, a feedforward roll
moment is introduced based on the estimated lateral acceleration.

Instead of using a purely proportional formulation, the feedforward term is
derived from the balance of roll moments caused by lateral acceleration. According
to [10], the roll moment induced by lateral acceleration can be expressed as:

M, = |mshene + 2 (Mg R, + Mur Run, )| ay (4.2)
where:
e My is the sprung mass
e heae is the height of the center of mass of the chassis above the ground
e My and m,, are the unsprung front and rear masses.
e R.n ; and R, are the radius of the front and rear wheels, respectively

Based on this relation, the feedforward roll moment is directly computed as:
M7 =M, (4.3)

28



4. Method

This formulation allows the controller to directly compensate for the roll mo-
ment induced by lateral acceleration. As a result, the feedforward action anticipates
load transfer and reduces the burden on the feedback controller, leading to improved
transient performance.

4.1.2 Feedback Control (PI)

The feedback controller regulates the system states:

« Roll angle (¢)

« Roll rate (¢)

« Pitch angle (6)

« Pitch rate (0)
» Heave displacement (z)

The control structure is composed of both angle and rate feedback loops. The
angle-based PI controllers are primarily used to regulate the vehicle body posture,
ensuring that the roll and pitch angles track their desired references.

In addition, the rate-based PI controllers, using roll rate (¢) and pitch rate (6),
provide a damping effect to the system. This can be interpreted as a form of virtual
damping, which helps to suppress oscillations and improve transient response.

In industrial applications, derivative (D) terms are often avoided due to their
sensitivity to measurement noise and implementation challenges. Therefore, instead
of directly using a D term, the rate signals are explicitly measured and controlled
through PI loops, achieving a similar damping effect in a more robust and practical
manner. The primary control objective is defined in terms of the desired roll gradi-
ent. Based on this, the reference roll angle is constructed as a function of the lateral

acceleration:
T a
G, 4.4

where G, is the desired roll gradient. For the remaining states, the reference
values are set to zero:

¢ref =

07’€f =0, (bref =0, eref =0, Zref = 0 (4.5)

4.1.2.1 Roll Control

The roll angle control error is defined as:

€¢ = ¢ref — ¢ (46)

The roll moment is generated using a PI controller:

M¢ = Kp¢€¢ + Ki¢/€¢ dt (47)
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Additionally, the roll rate is regulated to improve damping:
6¢'> = Q.Sref — QZS (48)
M¢ = Kpd')qu + KZd’ / €4 dt (4.9)

4.1.2.2 Pitch Control

The pitch angle error is defined as:

€p = Gref —0 (410)

Mg = Kpgeg + Kie/eg dt (4.11)

Similarly, the pitch rate is controlled as:

05 = b — 6 (4.12)

p

Mé =K §€o Kw-/eé dt (4.13)

4.1.2.3 Heave Control

The heave control error is defined as:

€: = Zyef — % (4.14)
F. = K,e, + K, / e, dt (4.15)

4.1.3 Control Combination

The total desired control actions are obtained by combining feedforward and feed-
back terms.

For the roll dynamics, both angle and rate feedback contributions are included
together with the feedforward term:

MY = My + M, + M7 (4.16)

For the pitch dynamics, both angle and rate feedback are combined:

M = My + M (4.17)

For the vertical (heave) dynamics, the total force is obtained from the PI
controller:

Fi = F, (4.18)
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4.1.4 Force Allocation Strategy

The pseudoinverse-based allocation method introduced in the control theory chapter
is used here to distribute the body-level control actions to the four suspension cor-
ners. After combining the feedforward and feedback terms, the generalized control

vector is written as T
ug(t) = [Flt Mt M| (4.19)

where F'° is the total heave control force, M, é"t is the total roll control moment,
and MJ°" is the total pitch control moment.
The corresponding corner-force vector is written as

L) = [falt) frult) falt) £.0] (4.20)

where ff, ffr, fr1, and f,,. denote the controllable suspension corner forces at the
four corners.

Using the vehicle geometry, the mapping between generalized control inputs
and corner forces is expressed as

ug(t) = Af(t), (4.21)
with
1 1 1 1
A=t —t, t —t|. (4.22)

1y =l 1,

Because the system has four corner forces but only three generalized control
targets, the allocation problem is overactuated. In the implementation, the corner-
force vector is obtained using the minimum-norm pseudoinverse solution

f.(t) = Aluy(t), (4.23)

where .
Al = AT (AAT) . (4.24)

Thus, the implemented allocation law can be written as

)
I = AT Mt (4.25)

frl<t> M tot

frr(2) ’

This mapping is identical to the source-code implementation and distributes
the total heave, roll, and pitch control actions to the four suspension corners ac-
cording to the vehicle geometry.

4.1.5 Motion Ratio Conversion

The allocated corner forces ff;, ffr, fr, and f,, represent the controllable suspen-
sion corner forces in the full-car model. However, the low-level controller acts on
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the damper actuator. Therefore, these corner forces must be converted into the
corresponding damper-side forces through the suspension motion ratio.

The motion ratio, denoted by MR, is defined as the local kinematic ratio
between damper stroke and wheel vertical displacement:

AZd
MR = — =227 4.26
Atheel , ( )

where Azgamper is the change in damper displacement and Azype is the corre-
sponding vertical displacement of the wheel center. In this thesis, separate constant
motion-ratio values are used for the front and rear axles and are denoted by M R ont
and M Rie,,, respectively.

The motion-ratio values were obtained from a pre-run of the suspension kine-
matics. In this pre-run, the wheel center was moved vertically around the nominal
static ride height, and the corresponding damper displacement was recorded. The
motion ratio was then calculated from the local slope between damper displacement
and wheel vertical displacement. Only the geometric suspension kinematics were
considered in this calculation; compliance effects from bushings, mounts, and other
elastic components were not included.

Based on virtual work, the wheel-side suspension force and the damper-side
force satisfy

fijAZWheel = Fyon AZdamper- (427)

damper

Therefore, the required damper force is obtained as

re fz
Fda?nper = MiJR’ (428)

where f;; denotes the allocated controllable suspension corner force and Fy7 ., is
the corresponding damper-side force.

4.2 Low-Level Control

The low-level controller is responsible for translating the desired suspension forces
into actuator-level commands. Specifically, it converts the required damper forces
into CCD current commands and MPU flow-rate commands.

In this work, the control structure is simplified into two main components.
First, a mode switching logic determines the actuator operating state and generates
the corresponding current commands for compression and rebound. This decision is
based on the requested force and key system states, including lateral acceleration,
steering velocity, and damper velocity.

Second, based on the selected operating mode, the required valve flow is de-
termined and used to compute the corresponding motor pump flow. The pump flow
is calculated as the difference between the required valve flow and the flow induced
by the damper motion.

The overall structure of the low-level controller is illustrated in Fig. 4.2.
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Low-Level Inputs

Force F_req j—
. Pump Flow Calculation
Valve Flow Selection
Lateral Accel a_y ) \\4 Lyt e — Q_pump = Q valve_req - »(  Motor Pump Flow
- Q_damper

Mode Switching Logic
(Outputs: Pump State,
I_comp, I_reb)

Low-Level Control

Actuator Outputs

Steering Velocity SW_vel > Current Command
/ I_comp / I_reb

Damper Velocity v }—
Figure 4.2: Simplified low-level control structure. The mode switching logic deter-

mines the actuator state and current commands, while the valve flow selection and
pump flow calculation generate the required motor pump flow.

A

As shown in Fig. 4.2, the control logic is organized into a mode-based decision
block and a flow-based computation block. This structure allows a clear separa-
tion between decision-making and physical actuation, enabling efficient and robust
implementation of the low-level controller.

4.2.1 Motor—Pump Modeling Using Lookup Tables

In the low-level control, the actuator behavior is modeled using lookup tables de-
rived from supplier data. This approach allows capturing the nonlinear relationship
between damper force, current, and hydraulic flow without relying on simplified
analytical models.

The actuator is characterized by a nonlinear mapping between the generated
force, current, and hydraulic flow, which can be expressed as:

F= Q1) (4.29)

where F'is the damper force, @) is the hydraulic flow, and I is the current.

In practice, the hydraulic flow is obtained from the damper velocity through
piston geometry. Due to the piston rod, different effective piston areas are used for
rebound and compression. The valve flow is calculated as:

o {_Ud (A, —A,), va>0 (rebound) (4.30)

—vgAp, vg <0 (compression)

where () is the valve flow, v, is the damper velocity, A, is the piston area, and
A, is the piston rod area. When v, > 0, the damper is in rebound and the rod-side
effective area is used. When vy < 0, the damper is in compression and the full piston
area is used.

This area difference results in asymmetric actuator behavior between rebound
and compression, which is explicitly considered in the lookup table construction.

Based on this relationship, an inverse mapping is constructed for control im-
plementation, allowing the required current to be determined from the desired force:

I=f(FQ) (4.31)
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In addition, an auxiliary mapping is constructed to estimate the hydraulic flow
from force and current:

Q= f(F1) (4.32)

It should be noted that the sign convention used in the lookup tables is con-
sistent with the physical damper model introduced earlier in this thesis. The flow
is defined based on damper motion, where negative flow represents rebound and
positive flow represents compression. The damper force is defined using the same
convention, with positive values associated with compression and negative values
associated with rebound. This convention is applied consistently throughout the
low-level controller.

The lookup tables used in this work are obtained from supplier-provided data
and further processed to improve numerical properties. In particular, a non-uniform
discretization is applied to the flow axis, providing higher resolution near zero flow
to enhance interpolation accuracy in low-velocity regions. In addition, smoothing
techniques are applied to the inverse lookup table to remove discontinuities and
ensure stable behavior in real-time implementation.

Fig. 4.3a illustrates the forward mapping between force, flow, and current.
Fig. 4.3b shows the inverse mapping used in the controller to compute the required
current for a given force demand. Fig. 4.3c shows the auxiliary flow mapping from
force and current.

This lookup-table-based modeling approach enables an accurate representation
of the actuator characteristics while maintaining computational efficiency, making
it suitable for real-time control implementation.

4.2.2 Mode Switching Logic for Low-Level Control

In addition to the actuator mapping, a mode switching strategy is introduced in the
low-level controller to determine how the motor—pump system should operate under
different driving conditions. The logic is designed to balance performance, energy
efficiency, and actuator limitations.

The overall decision process is illustrated in Fig. 4.4. The control logic evalu-
ates the driving condition and the requested force, and then selects an appropriate
operating mode.

4.2.2.1 Driving Condition Identification

The first step is to identify aggressive steering behavior, which is commonly used in
advanced damper control strategies to distinguish dynamic driving conditions [28].
A speed-dependent steering-velocity threshold is used:

8] > dun(v). (4.33)

When this condition is satisfied, the system enters a predictive hard mode (Mode
1), providing high support to improve vehicle stability during rapid maneuvers.

If no high steering activity is detected, the lateral acceleration a, is used to
determine whether the vehicle is driving in a straight line. When

|ay| < Qy th, (4.34)
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Force = f(Flow, Current) Current = f(Force, Flow)
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Figure 4.3: Lookup-table-based actuator mappings.
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1. Core Input Signals
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Mode 4: Active Counter
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Mode 9: Static
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Mode 6: Active Push
Pump Assisted Push
Comp: 1.6A| Reb: 0.7A |
Pump: ON
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Figure 4.4: Mode switching logic for the low-level actuator control.
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the system operates in a comfort-oriented passive mode (Mode 2), where minimal
damping is applied and the pump is turned off to reduce energy consumption.

4.2.2.2 Force-Based Mode Selection

If the vehicle is not in a straight-line condition, the requested force F,, is evaluated
with respect to actuator capability. When

Freq > Fmax(Q)a (435)

a force boost mode (Mode 3) is activated, where the motor—pump system provides
additional force beyond passive capability.
Similarly, when
Freq < Fmin(Q)’ (436)

an active counter mode (Mode 4) is selected to generate small or counteracting
forces.

4.2.2.3 Stroke Direction and Actuation Modes

For intermediate force levels, the actuator behavior depends on the damper stroke
direction, which is determined by the damper velocity. Two directions are distin-
guished:

o Compression (vy < 0)

e Rebound (vy > 0)

Based on the stroke direction and the sign of the requested force, the controller
determines whether the demanded force aligns with the natural damping force. If
the force direction matches the passive damping behavior, the system operates in a
dynamic passive mode (Mode 5 or Mode 7), where only valve resistance is used and
the pump remains off.

Otherwise, active assistance is required. In this case, pump-assisted modes are
activated, including active push (Mode 6) and active pull (Mode 8), depending on
the force direction and stroke condition.

In addition, when

|val < Va,en, (4.37)

the system switches to a static mode (Mode 9). In this mode, no active pumping is
performed and the actuator remains inactive, as the required force can be maintained
with minimal or zero flow. This threshold-based switching strategy improves energy
efficiency by avoiding unnecessary actuation under near-zero motion conditions.

4.2.2.4 Derived Variables and Parameter Settings

The key variables used in the mode switching logic are derived from the lookup-
table-based actuator model:
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e The dynamic target current [ is obtained from the inverse lookup table:
I= f (F reqs Q)

o The passive force limits Fy,., and Fy,;, are obtained from the forward lookup
table:

F=f(Q,1I)

4.2.2.5 Independent Compression and Rebound Current Control

To accurately realize the desired force, separate current commands are introduced
for compression and rebound:

« Compression current (Zeomp)
e Rebound current (/)

This separation allows the controller to account for the asymmetric behavior
of the actuator and to independently regulate force generation in compression and
rebound phases. It also provides greater flexibility in mode switching, especially
during transitions between passive and active operation.

4.2.2.6 Summary

The proposed mode switching strategy ensures that the actuator operates in the
most appropriate mode under varying conditions. By combining condition-based
switching with force limits and stroke direction analysis, the controller achieves a
balance between performance, robustness, and energy efficiency.

4.2.3 Pump Flow Calculation

After the operating mode is selected, the required pump flow is calculated based on
the valve flow demand. The requested valve flow is obtained from the lookup table
using the requested force and the maximum current level of 1.6 A:

Qreq = f(Freqa ]max) (438)

where )¢, is the requested valve flow, F}..4 is the required damper force, and
L0 = 1.6 A is the maximum actuator current.

The final required valve flow depends on whether the motor—-pump system is
activated. If the motor-pump is not active, the controller uses the passive damper
valve flow. If the motor—pump is active, the controller uses the requested active
valve flow:

Qe — {Qdamper, ?f motor—pump %s OFF (4.39)
Qreqs if motor-pump is ON

where Qgagmper 15 the valve flow generated by the damper motion.
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The required pump flow is then calculated as the difference between the re-
quired valve flow and the actual damper valve flow:

;Zznp = Q:‘)Ztl]q)e - Qdamper (440)

This calculation ensures that the motor—pump system only provides the ad-
ditional flow needed to achieve the requested actuator behavior. When the motor—
pump is off, the required pump flow becomes zero, and the actuator behaves as a
passive or semi-active damper.

4.3 Implementation of the Method

This section explains how the proposed control strategy is implemented in simulation
and clarifies the key calibration and scenario parameters used in this thesis.

4.3.1 Controller Execution Pipeline

At each control step, the controller is executed in the following sequence:
1. Estimate lateral acceleration from vehicle speed and steering input using (4.1).

2. Compute high-level generalized control targets (f., fo, fs) by combining feed-
forward and feedback terms.

3. Convert generalized targets into corner actuator forces via the input decoupling
transformation matrix (4.24).

4. Convert wheel-level force demands to damper-level force demands using motion-
ratio conversion.

5. Execute low-level mode switching and lookup-table mapping to generate cur-
rent and flow commands.

6. Apply the resulting corner suspension forces to the vehicle model through the
external suspension-force interface.

The same control structure is used for both CarMaker and VI-CRT validation.
After calibration, controller gains and switching thresholds are kept fixed across all
reported test cases.

4.3.2 CarMaker Simulation

4.3.2.1 Scenario and Maneuver

The simulation scenario is designed to evaluate the roll motion control performance
under a representative cornering maneuver. The road layout used in the simulation
is illustrated in Fig. 4.5.

The vehicle initially travels in a straight line at a constant speed of 16 km/h
for a distance of 100 m. After that, the vehicle enters a circular path with a radius
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Exit=300 m

=100 m

Entrance

Figure 4.5: Driving scenario used in CarMaker simulation.

of 40 m. During the cornering phase, the lateral acceleration is increased gradually,
with a lateral jerk limited to 0.01 g/s, in order to ensure a smooth transition. The
vehicle continues accelerating until the lateral acceleration reaches 0.8 g. After
reaching the peak lateral acceleration, the vehicle exits the corner and returns to
straight-line driving for an additional distance of 300 m, while maintaining the same
vehicle speed as at the end of the cornering phase.

This maneuver allows evaluation of both transient and steady-state roll be-

havior.
Table 4.1 summarizes the key parameters disclosed in this work.

Table 4.1: Key calibration and scenario parameters used in this thesis.

Parameter | Value Description

Gy +4 deg/g, 0 deg/g, —4 deg/g | Roll-gradient targets used in evaluation

Tax 1.6 A Maximum actuator current in low-level controller
Vimit 16 km/h Initial straight-line speed in CarMaker maneuver
Rivrn 40 m Radius of constant-curvature corner

(Ly, max 0.01 g/s Lateral-jerk limit during corner entry

Uy max 08 ¢g Peak lateral acceleration target

din 100 m Pre-corner straight-line distance

dout 300 m Post-corner straight-line distance

Vehicle geometric and mass-related parameters (I¢, ., t;, tr, Mg, Muyp, My,
hemve, Ruhgy Ruwhys Apy Ary M Rpront, M Ryeqr) are taken from the validated vehicle
model configuration. PI gains and switching thresholds are tuned offline and then

fixed during all experiments.

4.3.2.2 Simulink Integration with CarMaker

In order to evaluate the proposed control strategy in a realistic simulation envi-
ronment, CarMaker is coupled with Simulink to implement the active suspension

control system.
In the CarMaker vehicle model, the original suspension components, including

the passive damper and anti-roll bar, are disabled. Instead, the suspension forces
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are fully controlled by an external control model implemented in Simulink. This
approach allows the active suspension controller to directly generate the required
forces at each wheel.

Specifically, the control model outputs the suspension forces for the four cor-
ners of the vehicle, namely front-left (FL), front-right (FR), rear-left (RL), and rear-
right (RR). These forces are provided to CarMaker through the interface Ezternal
Suspension Forces, replacing the internal suspension forces of the default vehicle
model.

The overall control structure is illustrated in Fig. 4.6. The block Active Suspen-
ston Control represents the implemented high-level and low-level controllers, which
compute the required damper forces based on vehicle states. These forces are then
sent to CarMaker as external inputs, ensuring that the vehicle dynamics are gov-
erned by the designed control strategy.

Active Suspension Control FL

FR

RL

Figure 4.6: Simulink—CarMaker integration for active suspension control. The
controller outputs suspension forces (FL, FR, RL, RR), which are applied to the
vehicle model via the External Suspension Forces interface.

4.3.3 VI-CRT Simulator

To further validate the proposed active suspension control strategy in a more realistic
environment, the system is implemented and tested in the VI-CRT simulator, based
on the VI-CarRealTime real-time vehicle simulation environment from VI-grade
[29], [30]. Compared to the CarMaker simulation, the VI-CRT platform provides
a real-time simulation environment with driver-in-the-loop capability. This allows
evaluation of the control system under more realistic operating conditions, including
real-time execution constraints, human driver inputs, and varying driving behaviors.

4.3.3.1 Control-System Integration

The Simulink model developed for the CarMaker simulation is reused in the VI-CRT
environment without changes to the control structure. The active suspension control
system, including both high-level and low-level controllers, continues to generate
the required suspension forces, which are applied to the vehicle model through the
external suspension force interface.

Unlike the predefined maneuver used in the CarMaker simulation, no fixed
driving scenario is imposed in the VI-CRT simulator. Instead, the vehicle is driven
manually by a human driver, resulting in varying steering inputs and dynamic con-
ditions. This setup enables evaluation of the robustness and adaptability of the
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proposed control strategy under more realistic and less predictable driving condi-
tions.

A simplified and redrawn overview of the Simulink—VI-CRT integration is
shown in Fig. 4.7. The overview highlights the VI-CarRealTime vehicle model,
the active-suspension controller subsystem, the main signal routing, and selected
signal-processing blocks used for the real-time implementation.

(a) Overall architecture (b) Active-Suspension Controller (Subsystem)
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Figure 4.7: Redrawn overview of the Simulink model integrated with the VI-
CRT simulator for real-time validation of the active suspension control system. The
figure shows the VI-CarRealTime vehicle model, the active-suspension controller
subsystem, the main signal routing, and enlarged views of the controller inputs, unit-
conversion blocks, and damper-velocity signal blocks. The VI-CarRealTime/VI-
CRT block is part of the VI-grade real-time simulation toolchain [29], [30].
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4.3.3.2 Driver-in-the-Loop Setup

In addition to the control-system integration shown in Fig. 4.7, the VI-CRT plat-
form provides a driver-in-the-loop simulation environment in which a human driver
interacts with the virtual vehicle in real time. The driver applies steering, throttle,
and braking inputs through the simulator hardware while receiving visual feedback
from the simulated driving scene. This setup makes it possible to evaluate the pro-
posed active suspension control strategy under closed-loop driving conditions that
include human input variability and real-time simulator interaction.

The physical driver-in-the-loop simulator environment used in this work is
shown in Fig. 4.8.
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Figure 4.8: Driver-in-the-loop setup of the VI-CRT simulator used for real-time
evaluation.
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Results

This chapter presents the results used to evaluate the proposed roll-motion control
strategy for the fully active suspension system. The controller is first assessed in
IPG CarMaker using one passive baseline case and three active roll-gradient targets:
positive, zero, and negative roll. The passive baseline includes the passive dampers
and anti-roll bar, whereas the fully active cases remove the anti-roll bar and use
vertical actuator forces to control the roll response. The analysis focuses on roll-
angle response, suspension-force distribution, and actuator force tracking.

The controller is then evaluated in the VI-CRT driver-in-the-loop simulator to
examine whether the desired roll behaviour is maintained under real-time driving
conditions. The same suspension configurations are used in the VI-CRT evaluation:
the passive reference includes the anti-roll bar, while the fully active cases remove
it and use vertical actuator forces to control the roll response.

5.1 CarMaker Simulation Results

Before evaluating the roll-gradient responses, the main vehicle input signals for the
common CarMaker scenario are shown in Figure 5.1. The same scenario is used for
the passive reference and for all active roll-gradient cases, which allows the different
suspension-control settings to be compared under the same driving conditions. The
steering input defines the cornering manoeuvre, while the longitudinal velocity and
lateral acceleration describe the operating conditions during the test. The velocity
is presented in km/h for readability, and the lateral acceleration is shown in g to be
consistent with the roll-gradient unit used in this thesis.
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Steering input during the CarMaker manoeuvre Longitudinal velocity during the CarMaker manoeuvre
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(a) Steering input, sw [rad]. (b) Longitudinal velocity, v, [km/h].

Lateral acceleration during the CarMaker manoeuvre
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(c) Lateral acceleration, a, [g].

Figure 5.1: Input signals for the common CarMaker scenario used for the passive
reference and active roll-gradient cases.

5.1.1 Passive Damper Baseline with Anti-Roll Bar

Before evaluating the active suspension controller, a passive reference case is simu-
lated in CarMaker using the passive dampers together with the anti-roll bar. This
case provides a baseline for the natural roll response of the vehicle when no active
suspension force is applied. In the fully active suspension cases, the anti-roll bar
is removed, and the roll response is controlled by vertical actuator forces at the
suspension corners.

Figure 5.2 shows the roll angle as a function of lateral acceleration for the pas-
sive configuration used as the simulation baseline. After a small transient variation
around zero lateral acceleration, the roll angle increases almost linearly as lateral
acceleration builds up during cornering, which is the expected behavior for a con-
ventional suspension system. In this baseline configuration, the passive response is
slightly steeper than the 4 deg/g reference line. At 0.7 g, the passive simulation data
give a roll angle of 3.06 deg, while the 4 deg/g reference corresponds to 2.80 deg at
the same lateral acceleration.

This result should not be interpreted as showing that a passive suspension
cannot be tuned to meet a single roll-gradient requirement. The roll gradient of a
passive vehicle could be changed by modifying the spring stiffness, damper char-
acteristics, or anti-roll-bar stiffness. However, once these passive parameters are
selected, the response is fixed by the mechanical design and cannot be adjusted
during operation to follow different prescribed roll-gradient targets. The passive
baseline therefore serves as a fixed mechanical reference, while the active suspension
cases presented in the following sections use controllable suspension forces to track
positive, zero, and negative roll-gradient targets with the same control structure.

The roll-gradient responses are also evaluated quantitatively in order to com-
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Passive control: Roll angle vs Ay
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Figure 5.2: Passive damper baseline with anti-roll bar: roll angle as a function of
lateral acceleration.

pare the passive baseline and the active-control cases. The fitted roll gradient is
obtained by applying a least-squares linear fit between roll angle ¢ and lateral accel-
eration a,. The roll angle at 0.7 g is obtained from the simulation data at the sample
closest to 0.7 g. The maximum absolute roll angle is the largest value of |¢| over the
complete maneuver. The tracking error is summarized using the root-mean-square
error

N

1
RMSE, = J ~ S (¢ — Goay,)?, (5.1)
=1

where G, is the target roll gradient. For the passive baseline, the RMSE is computed
relative to the +4 deg/g reference line, since this reference is used as the comparison
target in Fig. 5.2.

Table 5.1 summarizes the roll-gradient responses obtained from the CarMaker
simulations. The passive vehicle with anti-roll bar gives a fitted roll gradient of
4.32 deg/g for the baseline parameter set, which is slightly higher than the 4 deg/g
reference used for comparison. At 0.7 g lateral acceleration, the passive vehicle
reaches a roll angle of 3.06 deg, while the active +4 deg/g case reaches 2.74 deg.

In contrast, the active suspension controller keeps the fitted roll gradients
close to the commanded values. The active +4 deg/g case gives a fitted gradient of
3.98 deg/g, the active 0 deg/g case gives almost zero roll response, and the active
—4 deg/g case achieves a fitted gradient of —4.06 deg/g. The key advantage of
the active controller in this comparison is therefore its ability to track different
roll-gradient targets without retuning the passive mechanical parameters.
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Table 5.1: Quantitative comparison of CarMaker roll-gradient responses.

Metric Passive Active Active Active
+ ARB +4 0 —4
Fitted gradient (deg/g) 4.32 3.98 0.01 -4.06
Roll at 0.7 g (deg) 3.06 2.74 -0.01 -2.84
Max. abs. roll (deg) 3.11 2.87 0.05 2.99
RMSE to target (deg) 0.12 0.03 0.01 0.09

5.1.2 Positive Roll Gradient Control

This case evaluates the proposed active suspension system under a positive roll-
gradient target of 4 deg/g, which corresponds to conventional vehicle behavior in
which body roll increases with lateral acceleration.

Figure 5.3 shows the relationship between roll angle and lateral acceleration.
The measured roll response stays close to the reference line across the full lateral-
acceleration range, so the desired roll gradient is tracked well in steady-state corner-
ing. The small deviations at low lateral acceleration and near the peak values are
mainly associated with transient phases of the maneuver.

Active control: Roll angle vs Ay
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Figure 5.3: Roll angle as a function of lateral acceleration under roll motion control.

Figure 5.4 shows the suspension forces generated by the active suspension sys-
tem. As lateral acceleration increases, the outer-wheel forces rise while the inner-
wheel forces fall. This is the expected pattern for cornering load transfer. More
specifically, the front-right (FR) and rear-right (RR) wheels carry increasing posi-
tive force, while the front-left (FL) and rear-left (RL) wheels move in the opposite
direction. The force split matches the shift in vertical load from the inner side of
the vehicle to the outer side.

The force profiles are smooth and follow a consistent trend, which suggests
that the low-level controller tracks the high-level force demand well. The small
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Damper Forces, Roll Gradient = 4 deg/g
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Figure 5.4: Suspension forces at the four corners (FL, FR, RL, RR) during roll
motion control.

oscillations during the transitions are consistent with actuator dynamics and the
changing vehicle response.

Taken together, these results show that the controller can produce the desired
roll behavior without introducing unrealistic force patterns across the vehicle.

To examine actuator-level behavior more closely, Fig. 5.5 uses the front-left
(FL) suspension actuator as a representative example of the force-tracking perfor-
mance between the high-level controller and the low-level actuator. The upper
subplot compares the desired damper force from the high-level controller with the
force produced by the low-level actuator. The two traces stay close to each other
through most of the maneuver, and the middle subplot shows that the tracking error
remains near zero for most operating conditions.

The main mismatch appears near the force-reversal region, where the desired
damper force returns rapidly toward zero. At that point the damper velocity is still
relatively high, so the actuator continues to generate substantial damping force for
a short time. The error is brief, and the actual force settles back to the requested
value quickly after the transition.

The lower subplot shows the motor-pump activation state of the FL actuator.
The pump turns on mainly when force demand and suspension activity are high.
The rapid switching near the transition region is a modeling artifact: the present
motor-pump model does not include practical features such as hysteresis, minimum
activation time, or switching delay. Even so, the figure still gives a useful picture of
the force-tracking behavior achieved by the hierarchical control framework.
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Figure 5.5: Tracking performance and motor pump activation behavior of the
front-left active suspension actuator.

5.1.3 Zero Roll Gradient Control

This case examines roll suppression with a target roll gradient of 0 deg/g. The aim is
to keep the body as level as possible as lateral acceleration builds during cornering.

Figure 5.6 shows roll angle as a function of lateral acceleration. The roll angle
remains close to the zero reference over the tested range, with deviations below
approximately 0.1 deg. This indicates that the controller suppresses the natural roll
response effectively, while the remaining small deviations occur mainly at low lateral
acceleration and during transient parts of the maneuver.

The corresponding suspension forces are shown in Fig. 5.7. The left and right
sides develop opposing forces, generating the roll moment needed to hold the body
near level instead of letting it follow the natural roll tendency.

This result sits naturally between the positive-roll and anti-roll cases. The
controller is therefore not limited to the two extremes; it can also regulate the
vehicle toward near-zero roll.

Figure 5.8 shows the actuator-level response for the front-left (FL) suspension
unit. The desired and actual damper-force traces stay close through most of the
maneuver, and the tracking error remains small except near the force reversal at the
end.

The lower subplot shows that the motor pump stays active through most of
the cornering phase and switches rapidly only near the final transition. That pattern
is consistent with the need to generate compensating force almost continuously in
order to suppress body roll.
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Figure 5.6: Roll angle as a function of lateral acceleration under zero roll-gradient
control.

5.1.4 Negative Roll Gradient Control

This case evaluates the anti-roll strategy with a target roll gradient of —4 deg/g,
meaning that the vehicle body rolls against the lateral acceleration. Figure 5.9 shows
that the roll angle follows the negative reference line closely. As lateral acceleration
increases, the roll angle moves in the opposite direction, so the body tilts toward
the inside of the corner rather than the outside.

Figure 5.10 shows the corresponding suspension forces. The force signs remain
consistent with the positive- and zero-gradient cases, but the magnitudes are larger.
For example, the front-right force increases from roughly 4500 N in the zero-gradient
case to above 6000 N in the negative-gradient case. The negative roll-gradient target
should therefore be interpreted as a higher control-effort case rather than as a direct
reversal of the vertical load transfer.

This force pattern shows that the active suspension system can generate the roll
moment required to oppose the natural roll tendency. Compared with the positive-
roll case, it demands more control effort.

The anti-roll case makes the controller’s authority especially clear. It does not
just reduce roll; it can reverse the direction of the body motion altogether.

Figure 5.11 shows the front-left (FL) actuator response in this more aggressive
operating condition. Even with the larger force demand associated with the nega-
tive roll-gradient target, the low-level actuator follows the requested damper-force
trajectory closely through most of the maneuver. The tracking error remains small
for most of the maneuver. The largest deviations again appear near the rapid force
reversal, where large suspension motion and damper velocity briefly push the actu-
ator away from the requested value. The force returns quickly once the transition
passes.

The lower subplot shows that the motor pump remains active during the peri-
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Damper Forces, Roll Gradient = 0 deg/g
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Figure 5.7: Suspension forces at the four corners (FL, FR, RL, RR) during zero

roll-gradient control.

ods of highest demand in the anti-roll case. The rapid switching near the transition
comes from the same idealization noted earlier: the model does not include practi-
cal switching constraints such as hysteresis or minimum activation duration. Even
with that simplification, the controller remains stable and effective in this aggressive
condition.

The force tracking performance of the low-level actuator model was further
evaluated by comparing the desired actuator force from the high-level controller with
the actual actuator force generated at each suspension corner. The force tracking
error is defined as

er = Factual - Fdesired- (52)

For each corner, the force tracking RMSE and maximum absolute error were cal-
culated. In addition, the 95th percentile absolute error was used to evaluate the
typical tracking error while reducing the influence of short transient peaks.

The large maximum force errors in Table 5.2 are dominated by short transient
events rather than by the normal steady part of the maneuver. These peaks occur
when the steering input changes rapidly and the requested actuator force reverses
over a short time interval. During such high-steering-rate transitions, the damper
velocity and the mode-switching logic can momentarily drive the actual force away
from the requested force. This behavior is consistent with the force-reversal mis-
match observed in the representative FL actuator responses in Figs. 5.5, 5.8, and
5.11. The 95th percentile errors remain close to 2 N in all three cases, which indi-
cates that most of the maneuver has small force-tracking error, while rapid steering-
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Figure 5.8: Tracking performance and motor pump activation behavior of the
front-left active suspension actuator under a zero roll-gradient target of 0 deg/g.
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Damper Forces, Roll Gradient = -4 deg/g
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Figure 5.10: Suspension forces at the four corners (FL, FR, RL, RR) during anti-
roll motion control.
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Figure 5.11: Tracking performance and motor pump activation behavior of the
front-left active suspension actuator under a negative roll gradient of —4 deg/g.
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induced transients remain the main limitation of the low-level actuator response.

Table 5.2: Summary of actuator force tracking errors for the active roll-gradient
cases.

Metric +4 deg/g 0deg/g —4 deg/g
Mean RMSE (N) 1757 2064  25.40
Worst-corner RMSE (N) 20.49 23.38 27.25
Max. force error (N) 4534.84  5350.68  6412.17
Mean 95th percentile error (N) 1.61 1.62 1.63
Worst 95th percentile error (N) 2.05 2.03 2.02

5.1.5 Generalized Control Demands

After evaluating the roll-gradient responses, the generalized control demands were
analysed to investigate how the high-level controller behaves for the different roll-
gradient targets. Figure 5.12 shows the desired roll moment My 4es, pitch moment
M, ges, and vertical force F, 4es for the —4 deg/g, 0 deg/g, and +4 deg/g cases.

The roll-moment demand M 4es sShows the clearest difference between the three
cases. The largest peak absolute roll-moment demand occurs for the —4 deg/g case,
with a value of 15000 Nm. The 0 deg/g case gives an intermediate value of 11459
Nm, while the +4 deg/g case gives the lowest value of 9465.7 Nm. This is expected,
since the negative roll-gradient target requires the vehicle body to roll against the
natural roll direction during cornering, which demands a larger active suspension
contribution.

The pitch-moment demand M, 4.5 does not follow the same trend as the roll-
moment demand. The largest pitch-moment demand occurs in the 0 deg/g case,
while the —4 deg/g case gives the lowest value. This indicates that the pitch response
is affected by the transient vehicle motion during the manoeuvre, although pitch
control is not the main objective of this study. The vertical force demand F} ges
remains almost unchanged for the three cases, with peak values around 394-397 N.
This shows that the heave-related demand is only weakly influenced by the selected
roll-gradient target.

Table 5.3 summarizes the peak absolute values of the generalized control de-
mands. The quantitative comparison confirms that the selected roll-gradient target
mainly affects the required roll moment, while the vertical force demand remains
nearly constant.

Table 5.3: Peak absolute generalized control demands for the CarMaker roll-
gradient cases.

Roll-gradient target |My des|max [NM] | M) des/max [NM] | F% des|max [N]

—4 deg/g 15000 1796.2 397.44
0 deg/g 11459 2994.8 394.48
+4 deg/g 9465.7 2904.2 394.37
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Figure 5.12: Generalized control demands My ges, M, des, and F; gos for the Car-
Maker roll-gradient cases.

The peak-time results show that the largest roll-moment demands for the —4
deg/g and 0 deg/g cases occur around t = 130 s. For the +4 deg/g case, the peak
roll-moment demand occurs earlier, around ¢t = 115 s. These peaks correspond to
transient parts of the manoeuvre where the control demand changes rapidly.

5.1.6 Required MPU Flow

The required motor-pump-unit (MPU) flow was also analysed to evaluate the low-
level actuator effort needed to realize the requested suspension forces. Figure 5.13
shows the required MPU flow at the four suspension corners for the three roll-
gradient targets.

The results show that the required MPU flow depends strongly on the selected
roll-gradient target. The —4 deg/g case produces the largest actuator demand,
especially near the transient part of the manoeuvre. The +4 deg/g case generally
requires the lowest flow demand, while the 0 deg/g case remains between the two
cases. This trend is consistent with the generalized roll-moment demand, where the
negative roll-gradient case requires the largest control effort.

The sign of the required MPU flow also shows the expected left-right actuator
coordination. The left-side actuators mainly require positive flow, whereas the right-
side actuators mainly require negative flow. This indicates that the actuators on
the two sides of the vehicle work in opposite directions to generate the required roll
moment.

Table 5.4 summarizes the peak absolute required MPU flow for each suspension
corner. The values are presented in L/min. The quantitative comparison confirms
that the —4 deg/g case is the most demanding case from an actuator perspective.
The largest peak occurs at the front-right actuator, with a value of 198.1 L/min,
followed by the rear-right actuator with 172.2 L/min. The 0 deg/g case requires
lower peak flow than the —4 deg/g case, while the +4 deg/g case has the lowest
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Figure 5.13: Required MPU flow at the four suspension corners for the CarMaker
roll-gradient cases.

57



5. Results

overall demand.

Table 5.4: Peak absolute required MPU flow,
gradient cases.

Qputnp

, for the CarMaker roll-

s

Roll-gradient target FL [L/min] FR [L/min] RL [L/min] RR [L/min]

—4 deg/g 50.4 198.1 17.2 172.2
0 deg/g 18.0 91.5 4.2 118.7
+4 deg/g 9.3 28.3 5.9 75.7

The peak-time results show that the largest flow demands for the —4 deg/g
and 0 deg/g cases occur around ¢ = 130 s. This corresponds to the transient part of
the manoeuvre, where the controller demand changes rapidly as the vehicle returns
toward straight-line driving. Overall, these results show that roll-gradient shaping
affects not only the vehicle roll response, but also the low-level actuator effort re-
quired to realize the desired body motion. Therefore, aggressive roll-gradient targets
should be evaluated together with the required actuator flow and implementation
feasibility.

5.2 VI-CRT Simulator Results

The VI-CRT simulator is used to evaluate the controller under real-time, driver-in-
the-loop operation. The tests are not completely free driving; the driver follows a
prescribed set of cornering maneuvers that includes left cornering, right cornering,
and a left-to-right steering transition. Unlike the predefined CarMaker maneuver,
the VI-CRT tests include human steering input and therefore contain steering re-
versals, path variation, and transient operating points. The results are therefore
interpreted mainly from the relationship between lateral acceleration and roll angle,
rather than from exact time repeatability. For each case, the left- and right-cornering
branches are shown separately and together. The grey points show the raw simula-
tor data, the black curve shows the filtered mean response, the red dashed line gives
the fitted roll gradient, and the blue dotted line shows the reference gradient.

5.2.1 Passive Reference

The passive VI-CRT result is first used as a reference for the uncontrolled roll be-
havior. As shown in Fig. 5.14, the passive vehicle has a nearly linear roll-angle
response over the tested lateral-acceleration range. The fitted gradient is approxi-
mately 4.63 deg/g when the two cornering directions are considered together. The
left- and right-cornering branches give similar fitted gradients of 4.62 deg/g and
4.64 deg/g, respectively, which indicates that the passive response is approximately
symmetric in the VI-CRT test.

58



5. Results

Roll angle as a function of lateral acceleration Roll angle as a function of lateral acceleration
0F Raw data 35t Raw data
0.5 f[—Filtered meancurve [ ] b Filtered mean curve
— - - -Lincar fit: 4.62 deg/g| 7 — - = Linear fit: 4.64 degrg| A
—én B o Target: 4degle | o2 éﬁ 2.5l Target:ddegg | S 7
fg‘ ] T e S g g
s b e s A
- I R P Z1st .
=-25F e = t S
S P e S 1k A
2 5t <
05 &
-35F
s L s L s L L L s 0L L L L L L L L L
-0.8 -0.7 -0.6 -05 -04 -03 -02 -0.1 0 0 01 02 03 04 05 06 07 08
Lateral acceleration, a, [g] Lateral acceleration, a, [g]
(a) Left-cornering branch. (b) Right-cornering branch.
3 Roll angle as a function of lateral acceleration
Rawdata [
2 b|—F iltered meancurve | 7 ]
— — ‘Linear fit: 4.63 deg/g|
--------- Target: 4 deg/g ‘

Roll angle, ¢ [deg]
S

S
5
.
o
-
.
R
o
-
o
.
-
»

Q
o
.
L
o
-
-
L
L
B

-0.6 -0.4 -0.2 0 0.2 0.4 0.6
Lateral acceleration, ay [g]

(c) Combined left- and right-cornering response.

Figure 5.14: VI-CRT passive reference roll-angle response.

This passive case provides the baseline for the active-control cases. The fit-
ted passive gradient is slightly higher than the 4 deg/g reference line used in the
comparison, meaning that the passive body roll increases somewhat faster than the
selected positive-gradient target. More importantly, the passive response can only
produce conventional roll behavior; it cannot reduce the gradient toward zero or
reverse the roll direction.

5.2.2 Positive Roll Gradient Control

Figure 5.15 shows the VI-CRT result for the positive roll-gradient target of +4 deg/g.
The combined response gives a fitted gradient of approximately 3.78 deg/g, while
the separated branches give 3.72 deg/g and 3.90 deg/g. The controller therefore
produces a roll response close to the commanded positive gradient in both cornering
directions.
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Figure 5.15: VI-CRT simulator roll-angle response for the positive roll-gradient
target of +4 deg/g.

Compared with the passive reference, the +4 deg/g controller reduces the fitted
gradient from 4.63 deg/g to 3.78 deg/g. The reduction is modest, because the target
is close to the passive VI-CRT behavior, but the result still shows that the controller
can shape the roll response toward the selected positive target while maintaining a
consistent relationship between lateral acceleration and roll angle.

5.2.3 Zero Roll Gradient Control

The zero-gradient case tests whether the active suspension can suppress body roll
during cornering. The result is shown in Fig. 5.16. The combined fitted gradient is
approximately 0.27 deg/g. The separated branches give 0.08 deg/g and 0.19 deg/g,
showing that the filtered roll response remains close to the zero-gradient target in
both cornering directions.
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Figure 5.16: VI-CRT simulator roll-angle response for the zero roll-gradient target
of 0 deg/g.

Relative to the passive reference, the zero-gradient controller strongly reduces
the roll-angle sensitivity to lateral acceleration. The raw data still contain some
spread, especially around steering reversals and transient parts of the manually
driven maneuver, but the filtered response remains close to zero roll angle across
most of the tested range. This confirms that the controller can keep the vehicle
body close to level under driver-in-the-loop operation.

5.2.4 Negative Roll Gradient Control

The negative-gradient case tests whether the controller can produce anti-roll behav-
ior, where the vehicle body tilts opposite to the passive roll direction. Figure 5.17
shows the VI-CRT result for the target of —4 deg/g. The combined fitted gradient
is approximately —2.79 deg/g, while the separated branches give —3.02 deg/g and
—3.17 deg/g. The fitted gradients are smaller in magnitude than the commanded
value, but their sign is clearly negative.

The result demonstrates a clear reversal compared with the passive and positive-
gradient cases. Positive lateral acceleration is associated with negative roll angle,
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Figure 5.17: VI-CRT simulator roll-angle response for the negative roll-gradient
target of —4 deg/g.
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while negative lateral acceleration is associated with positive roll angle. The con-
troller does not fully reach the —4 deg/g target, especially when the two cornering
directions are combined, but it still changes the dominant roll behavior from conven-
tional roll to anti-roll. The remaining error is consistent with the more demanding
actuator-force requirements and transient driver inputs in the real-time simulator.

Taken together, the VI-CRT results show that the controller preserves the
intended ordering of the roll-gradient targets under driver-in-the-loop operation.
The passive reference gives a conventional positive roll gradient of about 4.63 deg/g.
The active controller then produces a near-target positive gradient of 3.78 deg/g,
suppresses the roll response to about 0.27 deg/g in the zero-gradient case, and
reverses the roll direction to about —2.79 deg/g in the negative-gradient case. This
confirms that the active suspension can shape the roll behavior in the real-time
simulator, while also showing that the negative-gradient target is the most difficult
case to track exactly.
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Conclusions and Future Work

6.1 Conclusions

This thesis examined roll-motion control for a fully active suspension system using
a hierarchical control architecture. The work combined a high-level body-motion
controller, a force-allocation step, and a low-level actuator controller based on lookup
tables and mode-switching logic. The main conclusion is that this structure can
shape vehicle roll behavior by tracking prescribed roll-gradient targets, provided
that the vehicle-level motion objective and the actuator-level force realization are
considered together.

RQ1 asked how a high-level controller can be designed to generate suspension-
force requests for shaping roll behavior. This was addressed by combining lateral-
acceleration-based feedforward control with PI feedback control for roll, pitch, and
heave motion. The resulting generalized force and moment demands were con-
verted into corner suspension-force requests through the input-decoupling and force-
allocation formulation. This structure allowed the desired roll behavior to be spec-
ified directly through positive, zero, and negative roll-gradient targets.

RQ2 asked how a low-level actuator controller can convert the requested sus-
pension forces into feasible actuator commands. This was addressed using supplier-
based lookup tables, mode-switching logic, and pump-flow calculation. The low-level
controller selected the required damper-valve current and motor-pump operation
based on requested force, damper velocity, and operating mode. The force-tracking
results show that the requested forces were followed well in most operating regions,
with the main deviations appearing near rapid force reversals and mode transitions.

RQ3 asked how accurately the proposed control system can track different
roll-gradient targets in CarMaker and VI-CRT. In CarMaker, the active controller
reproduced the positive, zero, and negative roll-gradient targets closely, with fitted
gradients of 3.98 deg/g, 0.01 deg/g, and —4.06 deg/g, respectively. In VI-CRT, the
same ordering of roll behavior was preserved under driver-in-the-loop operation: the
+4 deg/g case remained close to the commanded positive gradient, the zero-gradient
case kept the body close to level, and the —4 deg/g case reversed the roll direction.
The negative-gradient case was the most demanding condition and did not fully
reach the commanded magnitude in VI-CRT, but the dominant anti-roll behavior
was still achieved.

The generalized control-demand and required MPU-flow results further show
that actuator effort depends strongly on the selected roll-gradient target. The nega-
tive roll-gradient case required the largest control effort and the highest pump-flow
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demand, especially during transient parts of the maneuver. This confirms that ag-
gressive anti-roll behavior is more demanding not only at the vehicle-motion level,
but also at the actuator level.

Overall, the results show that roll-gradient shaping for a fully active suspension
system is not only a high-level vehicle-control problem. The achievable behavior
also depends on actuator mapping, mode switching, pump-flow demand, and force-
tracking performance at the low level. The proposed framework therefore provides
a connected approach for evaluating roll-motion control from body-level objectives
down to actuator-level implementation.

6.2 Future Work

The next steps follow naturally from the current results. At the high-level control,
it would be worth testing controllers such as linear quadratic regulator (LQR) and
model predictive control (MPC). Those methods may handle multi-objective trade-
offs and control constraints more cleanly than the present PI-based design, especially
when roll, pitch, heave, and actuator limits all matter at the same time.

At the low-level control, the motor-pump model should be made more realistic.
In the current work, the pump behavior is simplified, which is why rapid switching
appears in some transients. A more practical implementation should include delays,
hysteresis, minimum activation times, flow limits, pressure dynamics, and other
limitations that come with actual hardware. The actuator energy consumption
should also be evaluated, especially because the MPU-flow results show that negative
roll-gradient control requires higher actuator demand.

The obvious final step is deployment on a real vehicle. That is where the
controller would face the disturbances and constraints that matter most in practice:
sensor noise, road irregularities, actuator nonlinearities, thermal effects, and hard-
ware limits. Real-vehicle testing would therefore give a much clearer picture of how
robust and practical the proposed control strategy really is.
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Appendix 1

This appendix presents supplementary time-history signals obtained from the VI-
CRT simulator tests. The purpose of these plots is to support the roll-gradient
results discussed in the main results chapter by showing the corresponding vehicle
input, body-motion, suspension-displacement, damper-velocity, damper-force, and
wheel-displacement responses. Although these signals are not used as the primary
performance indicators, they provide additional evidence that the observed roll-
gradient behavior is supported by physically consistent suspension and actuator
responses.

The comparison plots include the passive reference case and the three active
roll-gradient targets: +4 deg/g, 0 deg/g, and -4 deg/g. For the detailed corner-level
suspension signals, the -4 deg/g case is selected as the representative case because
it produces the most demanding control condition and requires the largest actuator
contribution from the active suspension system.
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Figure A.1: Vehicle input comparison from the VI-CRT simulations for the passive
reference and active roll-gradient cases. The upper subplot shows lateral accelera-
tion, while the lower subplot shows longitudinal velocity. These signals define the
driving conditions under which the roll-gradient responses were evaluated.
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Body motion comparison
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Figure A.2: Body-motion comparison from the VI-CRT simulations for the passive
reference and active roll-gradient cases. The figure shows chassis roll, pitch, and
heave responses. The roll response varies according to the selected roll-gradient
target, while the pitch and heave responses provide additional information about
the overall body-motion behavior during the maneuver.
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Damper position / jounce, representative case: -4 deg/g

Damper jounce - RL Damper jounce - RR

0.02 0.04
0.02 |
0 L
E E O
[0} [0}
S -0.02 S -0.02
3 3
S = -0.04f
-0.04
-0.06 1
-0.06 - * * -0.08 * * *
0 20 40 60 80 0 20 40 60 80
Time [s] Time [s]
0.04 IDamperjqunce - FR 0.04 IDamperjqunce - FL,
0.02 | 1 0.02
E E
[0 [0}
e 0 e 0
2 >
o (@]
r) )
-0.02 1 1 -0.02 -
-0.04 : : : -0.04 - ‘ .
0 20 40 60 80 0 20 40 60 80
Time [s] Time [s]

Figure A.3: Damper jounce signals at the four suspension corners for the represen-
tative -4 deg/g VI-CRT case. The subplots show the rear-left, rear-right, front-right,
and front-left damper displacements, illustrating the suspension travel associated
with the most demanding active roll-gradient target.
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Damper velocity / jounce rate, representative case: -4 deg/g
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Figure A.4: Damper velocity, or jounce-rate, signals at the four suspension corners
for the representative -4 deg/g VI-CRT case. These signals are relevant to the low-
level actuator logic because damper velocity is used to distinguish compression and
rebound behavior.
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Damper force at damper, active roll-gradient cases
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Figure A.5: Damper-force responses at the four suspension corners for the active
roll-gradient cases. The rows correspond to the +4 deg/g, 0 deg/g, and -4 deg/g
targets, while the columns correspond to the rear-left, rear-right, front-right, and
front-left suspension corners. The figure shows how the required actuator force varies
with the selected roll-gradient target.
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Wheel vertical displacement, representative case: -4 deg/g
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Figure A.6: Wheel vertical displacement at the four suspension corners for the
representative -4 deg/g VI-CRT case. These signals complement the damper-jounce
results by showing the corresponding vertical wheel-center motion during the ma-
neuver.
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