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Abstracts

The benefits of vehicles with semi-active suspension systems have been widely
accepted, mainly for improvement in ride and handling, over the passive system.
However, the durability of the suspension components resulting from this
implementation received very little attention. Therefore, this research aims to examine
the effect of employing a selection of semi-active control strategies on the components’
durability. To achieve this early in the design cycle, accurate representations of the load
histories must be generated as these histories are the prerequisite in predicting fatigue
life. This requires an alternative modelling and simulation approach capable of

combining the complexity of vehicle suspensions with semi-active controller models,

and at the same time capable of maintaining accurate dynamic responses.

In realizing this objective, a multi-body cosimulation approach has been proposed to
predict these loads. Initially, efforts are centred on verifying the proposed method
against conventional modelling and simulation techniques. This is followed by the
evaluating the responses of vehicle suspension models of different complexities fitted
with a selection of semi-active control strategies when subjected to transient and
random road inputs. In an attempt to demonstrate the flexibility of MBS cosimulation, a
magnetorheological damper model derived from experimental data is introduced, in

which its dynamic characteristics and dynamic response are examined.

It 1s concluded that the proposed method is capable of producing reasonably accurate
load histories but at the expense of increasing solution time. Evaluation of the durability
of a lower suspension arm of a multi-purpose passenger vehicle suggested that the two-

state semi-active strategies with skyhook damping control produced shorter fatigue life

than from the conventional passive suspension systems.
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CHAPTER ONE

Introduction

1.1 Overview

In the global automotive market, automotive manufacturers are forced to remain
competitive. This imposes challenges to produce new and innovative models, improve
on safety and reliability of components, shorten the development time while at the
same time keeping production costs down. The typical automotive development cycle
includes stages of conceptual design, prototype and production. Each of these stages
requires an enormous amount of test and analysis comprising of physical and virtual
techniques, thus significantly affecting time and cost. Many automotive manufacturers
are adopting ways to overcome this problem by slowly reducing the number of

traditional physical tests with equivalent virtual methods.

Durability plays a significant role in the automotive industry, particularly in promoting

reliability and safety issues. Conventional methods for evaluating vehicle components’
durability rely on physical testing. The technique produces accurate and reliable results
but at the expense of extensive work and cost. In addition, problems can only be
detected at the very end of the development cycle. With increasing innovation in
software and hardware capabilities, virtual durability assessment is becoming a
realistic alternative to physical durability testing. It helps to reduce the number of
design changes, consequently curtailing production time and cost. Eventually virtual

methods permit structural optimisation where radical and creative design solutions can

be ascertained.

Typical virtual durability techniques in the automotive industry involve
multidisciplinary simulation that integrates vehicle dynamics, finite element analysis,

fatigue analysis and structural optimisation. In order to include this approach early in



the development process, accurate service load histories of critical components must
firstly be obtained from vehicle dynamic simulation. Here, the components can be
tested and analysed under a variety of road profiles, tyre and suspension models, and
dniving conditions. These load data are then applied to the desired components to
determine stress distribution via finite element methods. Once the component stresses

have been identified, the regions of high stress intensities will be selected for fatigue
life estimation. Structural optimisation process allows removal of sections with lower

stresses such that the final product becomes lighter without sacrificing its structural

Integrity.

The use of multi-body system (MBS) simulation to predict component load histories
has generated considerable attention and has recently become feasible for the
automotive world. Complex non-linear passive damper models can now be integrated
into the suspension system. One inherent limitation of traditional passive suspension is
that 1t has restricted capability in satisfying the conflicting design requirements of ride
and handling. Controllable suspension systems such as active control suspensions,
offer a better alternative in overcoming these differing needs but at the cost of an
Increase in payload, power consumption, the need for fairly complex control laws and

hence are much more expensive. Conversely, semi-active systems, particularly those
using magnetorheological (MR) dampers appear to provide a balance between the two
suspension systems needs. It works on the principle of reducing the input vibration

energy by means of dissipating the energy with minimal power consumption. This

implies that the system does not require bulky and expensive energy supplies which in

turn reduce extra payload and cost. Additionally, the control laws are much simpler to

be developed, thereby presenting a more cost effective solution.

Nonetheless, incorporating semi-active suspension in the MBS program may not be
practical due to limited functional capability for developing the controller model.
Generally, controller development is done in mathematical software that allows real
time simulation and provides efficient interfacing with the hardware. In the same
manner, building complex vehicle suspension models in a mathematical environment
may pose great difficulty as the degrees of freedom get larger, especially with the
introduction of non-linear elements within the model. The use of a single computer

program to obtain the service loads may require simplifications that would result in
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inaccuracies. Therefore, an alternative simulation approach is needed to efficiently
Integrate these programs. The approach should allow vehicle suspension geometries
and semi-active controller models of different complexities to be built within their own
respective and specialized programs. Once each module has been individually analysed

and verified, these subsystems can be integrated and simultaneously simulated.

At present extensive applications of semi-active control systems mainly focus on
improving ride and handling performances. The outcome of employing these controller
models on the suspension component fatigue life has received very little attention.
Based on these circumstances, this research aims to examine the effect of suspension
component loads and hence fatigue life when semi-active control 1s implemented. The

task can be accomplished by introducing an approach that is capable of combining

these modules.

1.2  Research Aims and Objectives

The main aim of this research 1s to evaluate the durability of suspension components
when semi-active control systems are utilised. This consists of predicting minimum
fatigue life and identifying sections which are susceptible to damage to the suspension
components. To achieve this demands accurate prediction of service load histories of
the selected component. Since the problem requires accurate representation of the
suspension systems and necessitates evaluation of many control strategies, an
alternative modelling and simulation method is required to integrate the two. By doing
this, the two subsystems can be modelled and simulated in their respective programs.
Hence, 1t provides flexibility in s_imulation in which critical vehicle sub systems such
as the vehicle suspension models, damper models, tyre models and road profiles can be

developed in modular form allowing dynamic simulation to be performed more

efficiently.

1.3 Proposed Method and Scope of Work

Earlier work by Haiba [1] has provided the groundwork for current research. He
established load histories of a dynamically loaded component for a passive suspension

system using a purely multi-body approach. Since the present work comprises of the
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application of semi-active suspension system, an approach that incorporate the two 1s

proposed. The term “MBS cosimulation” is introduced to represent this integrated
method.

The work begins by validating the dynamic response of a simple lumped vehicle
model with conventional modelling techniques. In a similar manner, a simple semi-
active controller model is developed in the mathematical environment. Gradually,
vehicle suspensions with greater degrees of freedom are introduced in line with the
increasing complexity of the semi-active controller models. The scope of the proposed
method covers aspects of ride in which only vertical dynamics is taken i1nto
consideration for the road profiles and the tyre models. A virtual durability proving

ground is used to ascertain loads on a particular suspension component that will be

used in the durability analysis.

Once the load prediction is completed, the research enters its final phase. Finite
element analysis generates stress distribution from the applied load histories on the
suspension component. Each of the nodal stress and strain undergoes cycle counting to

yield a stress/strain range with corresponding load cycles. This information 1s then

used to calculate fatigue life of the component. Finally, assessment of minimum life

and damage distributions 1s made between the passive and the semi-active models.

1.4  Organisation of Thesis

Chapter 2 provides a broad review of current literature related to virtual durability,
comprising of MBS simulation in vehicle dynamics, semi-active control systems and
fatigue analysis. This includes descriptions of conventional terms used within each
area. The chapter concludes by identifying gaps in current research and underlining the
importance of employing an alternative simulation method to achieve accurate load

histories. Several control strategies are discussed and recommended for adoption 1n

this research.

Chapter 3 evaluates the proposed method (MBS cosimulation) against the purely MBS
method and the conventional mathematical approach. This involves validation of a

lumped quarter vehicle model (QVM) with passive suspension system subjected to
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different vertical tyre models and road events. Findings from this chapter are used as

the basis for the following two chapters

Chapter 4 involves implementing the MBS cosimulation method for a multi-purpose

vehicle (MPV) with a conventional passive suspension system. The work includes a

QVM with a realistic suspension model which is extended to determine an equivalent
lumped QVM that will be used in attaining dynamic response of a full vehicle model
(FVM). Responses from the vehicle models are evaluated by traversing transient and

random road profiles at several forward constant velocities.

Chapter 5 investigates the influence of semi-active suspension on the load histories of
the MPV. Several semi-active control laws are adopted, developed and analysed. The
vehicle dynamic responses of a lumped mass and realistic quarter vehicle model are
considered with reference to the passive systems. For the full vehicle model, two types

of semi-active control strategies are implemented. The first type applies a switchable
controller derived from the quarter vehicle model to all suspension comers to represent
an independent semi-active suspension system. Similar assumptions are employed for
the passive suspension system. The second type of semi-active controller considers the
effect of vehicle body pitch and roll motions, where it calculates the response to
estimate the approprniate damper force setting at all four actuators that gives a

minimum acceleration response. The chapter also includes evaluation of control laws

derived from an actual magnetorheological (MR) damper.

Chapter 6 describes the fatigue life estimation using finite element analysis. Quasi-
static durability analysis computes the damage accumulation and identifies the region
that would contribute to minimum life and potential damage locations. Fatigue analysis

1s then executed to the lower suspension arm and the effects of implementing several

semi-active control methods on the component are assessed.

Finally, Chapter 7 presents the conclusions of the current research, a statement of

achievements and knowledge contributions, along with suggestions for further work.

Appendix I contain full documents of the three publications the author has produced

during the course of his research. The first two were presented in an international
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symposium and conference, highlighting the author’s proposed simulation method.
The third 1s a refereed journal paper accepted for publication focussing on semi-active

applications and their effects on the vehicle dynamic response.

Appendix II explains mathematically the steps involving the determination of

equivalent lumped parameters for the two degrees of freedom quarter vehicle model,

from the realistic suspension model.

In Appendix III, descriptions of sprung and unsprung mass resonances of a lumped

mass quarter vehicle model are presented. The information is useful for verifying
responses of vehicle models of different complexities, and is used in investigating the

effect of resonance in the semi-active damper models.

Descriptions of routines for obtaining power spectral density and the RMS values,
using MATLAB, employed throughout the analysis chapters are available in Appendix
IV.

Appendix V shows the method of calculating total dynamic stress histories from

ANSYS load cases and MSC.visualNastran load histories.



CHAPTER TWO

Review on the Durability of Semi-Active Suspension

Systems

2.1 Introduction

Durability can be defined as the ability of a structure to resist failure principally

originating from fatigue. It determines the duration for which the structure or
component can withstand a given service condition. Though other factors such as wear
and corrosion are likely to affect durability, failure caused by fatigue 1s the most
dominant [2]. Fatigue happens under repetitive loading smaller than the ultimate static
strength of the structure where cracks 1nitiate prior to failure. Three major inputs are
required in estimating fatigue life, namely load histories, geometric details, and
material properties. Among these three, obtaining accurate load data is crucial since 1t
has direct influence from the varying external inputs such as road excitations and

suspension types. Component geometry and material properties remain unchanged

unless structural optimisation is conducted towards the later stage of the design

process.

Load histories can be obtained either experimentally using strain gauges and load cells,
or analytically using computer simulations. The former method is widely practiced and
produces reliable results but at the expense of extensive work and cost. It requires
component prototypes, thus limiting the ability to assess fatigue early in the design
phase. With the rapid improvement in computing resources, attaining load data by
means of computer simulations offers a better solution. Costly prototypes are no longer
needed as component geometry and other details are created in a virtual environment.

Similarly, various forms of suspension designs, controller models, road profiles, and



driving conditions can be developed and analysed without the need of physical testing.
This allows fatigue life assessment to be implemented early in the design cycle,

encouraging analysts to come up with creative and radical design changes.

Figure 2.1 illustrates four possible approaches in durability assessment in the

automotive industry. The first two methods consist of proving ground tests and
physical laboratory tests. These are physical methods of durability analysis where
actual components are tested either through actual durability roads or as simulated road
inputs. Kyoung et al. [3] of Hyundai Motor Company evaluate virtual durability
method that replicates physical in-laboratory body-in-white (automotive body without
trims) test. Similar studies by Ferry et al. [4] describe in detail the durability process
particularly in relation to establishing load histories from multi-body simulation.
Another strand of virtual durability analysis employs virtual road profiles that imitate
the actual proving ground as studied by Edara et al. [5]. The technique is suitable to

analyse potentially damaging loads due to transient road events such as bumps and

potholes over which drivers may find it difficult to control an actual vehicle.

Proving ground Actual
Physical lab 2) Fatigue Physical lab
tests analysis :> durability

Correlation
Virtual lab 1) Predict Virtual lab
tests component :> durability
loads
Virtual proving Virtual
ground tests :> durability

Figure 2.1: Durability Assessment of Vehicle Components

1) Obtain
component
loads

Durability
Road Load

Pave roads
Bumps
Potholes

2) Fatigue life
estimation

In general, virtual durability analysis requires component load histories extracted from
either MBS simulation or from wheel force transducers as shown in Figure 2.2. These
load data are the precursor to ascertain the stress and strain distributions within the
component by employing finite element analysis. The fatigue life is predicted after

performing cycle counting of regions with high stress or strain intensities.



Obtained load Finite Element program for Fatigue and durability
data from MBS stress distribution of the program to estimate the

vehicle model suspension components service life of the
components

Figure 2.2: Typical Virtual Durability Process Involving MBS Simulation

This chapter provides a comprehensive review of these three stages. A summary i1s

presented at the end of this chapter indicating the gaps in current research this thesis

will address.

2.2  Obtaining Load from a Multi-body Vehicle Model

Nowadays, the use of multi-body system (MBS) simulation in predicting durability
loads has become feasible and widely used [2-4, 6-9]. The key element for this 1s the
ability of the simulation method to accurately predict dynamic response which will be
the prerequisite in virtual durability analysis. Mousseau et al. [10] argue that
employing MBS simulation alone for vehicle ride analysis and for durability 1ssues,
will not be accurate due to presence of high frequency modes of the tyre and the
vehicle body. In order to improve the accuracy of the simulation, they propose
integration of a multi-body vehicle model, with a non-linear finite element (FE) model
for the tyre. However, large FE-models will generate large degrees of freedom, and

thus require longer and extensive computational resources as pointed out by Frieberg

and Eriksson [11]. Further evidence has been demonstrated by Edara et al. [5] in
investigating virtual durability for a heavy vehicle traversing on various virtual road
surfaces purely with an FE method. In order to achieve accurate results, the simulation
on a single central processing unit (CPU) with dual processor took nearly 25 days.
Additionally, large memory and storage space are required for the data. They claimed

that a significant reduction in simulation time can be accomplished when parallel

processing 1s implemented.

Simulation accuracy does not solely depend on the number of degrees of freedom.
Other factors for instance vehicle models contribute to the accuracy of the response.
Haiba et al. [8] demonstrate that a full vehicle model developed purely in a multi-body

environment 1s capable of producing good load histories correlation with the
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experimental setup, compared to those from the quarter vehicle model. Though the
difference in the degrees of freedom is clear, they argue that the influence of body
motions for the full vehicle model has significantly affected the overall dynamic
response. This argument is supported by Levesley et al. [6] when evaluating a variety

of vehicle models developed in MBS that were subjected to potentially damaging

transient road inputs.

However, the use of MBS as a stand-alone program to generate load histories may not
be commercially attractive. With the rapid advancement in computer technology,

solutions from integrated system are sought. Pompetzki [2] reviews the accuracy and

analysis time of traditional durability methods comprising of load-based and location-
based methods, with those that integrate MBS and FE. Significant levels of accuracy

can be achieved with the latter technique but at the expense of increase simulation

time.

Based on these instances, the concept of virtual durability can be extended to examine
durability of semi-active systems. The selection of semi-active controller models
should be based on achieving better ride comfort rather than improving handling
response. This is because, according to Decker and Savaidis [12], damage to
suspension components are more susceptible to driving at a forward constant velocity

compared to failures from driving manoeuvres such as acceleration, braking and
comering. MBS appears to be the obvious choice to generate accurate load histories

but have to be integrated with the semi-active control modelling. FE methods 1n

predicting fatigue life shows a promising trend in which the results can be further

employed 1n structural optimisation

2.2.1 Describing a Multi-body System

According to Shabana [13], MBS can be described as an assembly of subsystems made
up of bodies, components and substructure. It originates from multi-body dynamics
consisting of arrays of interlinked rigid and flexible bodies. A rigid three-dimensional
body has six degrees of freedom. The first three are translational components having
the principal axes perpendicular to each other, and the remaining three rotational
components rotate around each of the principal axes. A body 1s said to be rigid when
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there exists no relative motion between two arbitrary points on the object. In contrast,
relative motion exists between two arbitrary points on a flexible body. From a finite
element perspective, a rigid body exhibits a non-zero displacement with zero strain

energy [14].

A joint connects the bodies and it is described by constraint equations. The function of
joints in MBS is to reduce the number of degree of freedom between the connected
bodies. For example, a spherical joint removes all translational degrees of freedom
leaving only the rotational components. Other forms of joints are spring, bush, damper
and actuator that connect bodies using force, which are dependent on motions
(displacement or velocity). Motions of a rigid body that consider a centroidal body
coordinate system can be calculated from Newton-Euler equations. Translational
components utilise Newton formulation while rotational components use Euler

equations, expressed as acceleration and forces acting on the body.

In MBS simulation, component loading exists in the forms of design loads and service
loads, as reported by Blundell and Harty [15]. Design loads are calculated on the
assumption of the maximum possible loads a component can withstand. They refer to
them as ‘abuse loads’ where the vehicle is expected to exhibit some operational defects
but not physical damage. For example, a vehicle striking a curb or a pothole causes

steering misalignment. The design events are somewhat fictitious and can be computed

with minimal information about the vehicle using a static or quasi-static method. This
can be exercised during the conceptual suspension design allowing the analysts to have
meaningful insight of their design. In contrast, service loads are a form of load that
would not impose damage to components. Their loading events such as road profiles
are well defined therefore enabling accurate fatigue life assessment. Unlike design

loads, predicting service loads would lead to increasing computational time thus

limiting fatigue prediction to only critical components.

In virtual durability analysis, the predicted load histories via MBS simulation can be
explained in a flowchart as shown in Figure 2.3. Firstly, vehicle suspension geometry
1s created in a computer aided design (CAD) package. An interface within the program
translates the geometrical information into a universal file format that can be read into

the MBS code. Here, appropriate definitions of mechanical and material properties
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along with excitation inputs and initial conditions are required and fed to the converted
MBS vehicle model prior to executing the simulation. Once the load histories are

obtained, the analysts can validate the model by comparing data from 1t with either

experimental results, published data or from other verified simulation codes.

Develop vehicle model
in CAD packages

Define inertia
properties, mass,
damping, stiffness etc

Define road input, initial
conditions, force input,

integration steps, solver
options, etc

Define constraints i.e.
joints, spring, bush,
actuators

Import model to MBS
Simulation software
Simulate models to obtain
component load histories

Correlate model
response.

Acceptable?

Yes
Export service load data to FEA
package for stress and strain analysis

Figure 2.3: Obtaining Load Histories from MBS Simulation

Check and modify
input parameters

2.2.2 Multi-body System for Vehicle Dynamic Simulation

In the application of computer methods in vehicle dynamic simulation, Crolla et al.

[16] categorise two main streams when applying computer methods in vehicle
dynamics to derive the equations of motions. The first strand requires the user to
define the equations of motions, whereas for the second strand, the computer generates
the equations of motions. The former method, according to Kortum and Sharp [17], 1s

highly erronecous and take a considerable amount of time to numerically solve the
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equation of motions. The latter, known as MBS modelling, allows the computer to
generate the equations. The users are only required to provide the vehicle model
parameters, which include mass properties (vehicle body, wheel, suspensions arms
etc.), mechanical properties (spring stiffness, damping constant/curve, and joint’s
degrees of freedom), and geometrical properties (component’s centre of gravity, mass
moment of inertia) either in spatial form, three-dimensional (3D) form or in plane,
two-dimensional (2D) form. Crolla et al. [18] further categorise the MBS method, into
four approaches. They are simulation software based on specific vehicle design, MBS
software with a numerical form such as MSC.ADAMS, MBS software with algebraic

form in which equations are produced in symbolic form, and the toolkit approach, for

example MATLAB. They introduce Vehicle Dynamics Analysis Software (VDAS)

operating based on toolkit approach. The concept relies on the accumulation of
procedures to generate specific vehicle models, creating equations and solving for

specific problems such as ride and handling, natural frequencies and mode shapes.

Another strand of the MBS technique that is attaining wide attention 1s the

costmulation approach.

2.2.3 MBS Cosimulation Approach

Cosimulation refers to a simulation method where two or more software packages are

integrated and concurrently simulated in each respective environment. The purpose 1s
to allow specific modelling tasks to hamess the full potential of each dedicated

program. The first known implementation of this technique dates back to the early
90’s. In studying the severity of service load histories on a suspension component of a
heavy vehicle, Prior [7] implicitly integrates subsystems for tyre models and driving
tnputs. These subsystems are then incorporated into the full vehicle model. He reports

the method offers flexibility in developing, examining and validating each of the

subsystem, independently.

An experimental study by Venhovens et al. [19], implements cosimulation on a
passenger car. They investigate handling dynamics when semi-active attitude control 1s

applied on Volvo 480ES. The cosimulation involves integration of a full vehicle model
developed using a Bond graph based Algorithm for Modelling Multibody Systems
(BAMMS), with a proportional-integral-derivative (PID) controller for the body

13



attitude control. They achieve considerable reduction in body roll but at higher
frequencies the lateral and longitudinal accelerations generate noise caused by road

undulations, creating instability in the feedforward PID controller.

Another example of practical cosimulation work was conducted by Nell and Styen

[20]. They introduce a global two-state semi-active control that take into account pitch

and roll motions of vehicle body and implement it to an off-road vehicle. The full
vehicle model is developed using DADS multi-body package while the controller
model utilizes similar hardware setup as [19]. They achieve perceivable improvement

In ride comfort over the passive system as the road surfaces become rougher.
Nevertheless, the controller strategy does not provide significant nde improvement

when analysed at higher constant velocities.

Liao and Du [21] evaluate the influence of electric power steering (EPS) control on the
handling response. They employ a cosimulation approach that integrates a full vehicle
model, created using MSC.ADAMS, and an EPS control module developed in
MATLAB/Simulink. Simulation results showed reasonable agreement in handling
response with the experimental data particularly the magnitude and the response

signatures. Additionally, the EPS control showed a better reduction in peak amplitudes

and shorter settling time at selected suspension components compared to the response
without EPS.

In a related development, Danesin et al. [22] present another example of cosimulation
using MSC.ADAMS and MATLAB/Simulink. A full vehicle model of a FIAT saloon
3.0L 1s developed using MSC.ADAMS/Car and integrated with a fuzzy logic control
for a continuously variable damper system. The work highlights some 1ssues

concerning virtual simulation and the capability of a fuzzy logic controller n

predicting basic handling problems.

Kortum et al. [23] employ a cosimulation approach to verify the effect of a
continuously variable damper with ground-hook control on tyre forces, obtained from
an experimental setup. They develop two full vehicle models using SIMPACK which
consist of a ten-wheeled platform truck and an eighteen-wheeled semi-trailer truck.

Both trucks are equipped with continuously variable semi-active dampers on the driven
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axles complete with sensors. MATLAB/Simulink is utilised for the development of
extended ground-hook (EGH) control with the primary aim to minimise road damage
by means of reducing tyre loads. Reasonable accuracy in dynamic tyre force has been
achieved between cosimulation and experimental data, suggesting that the use of semi-
active damping can improve road friendliness resulted from lower dynamic tyre forces

compared to passive damping. This enables further studies in enhancing not only the

vehicle models and the related control systems but also those involving existing

regulations imposed on heavy vehicles.

Despite the examples reported above, until recently, cosimulation has not received
widespread attention in the automotive industry. One major intricacy faced by analysts
relates to inconsistent communication between software packages, as pointed out by
Blundell and Harty [15]. Software developers often overlooked this aspect during

software upgrades as the process differs from one software package to another.

Nevertheless, the past few years has seen an increasing interest in enhancing the
technique particularly for those involving multidisciplinary applications. Maiorana et
al. [24] employ cosimulation for a full vehicle model with active suspension control

focussing on ride characteristics of a truck modelled in MSC.ADAMS whilst the

active and semi-active control systems are created in MATLAB/Simulink. They
discover that both fully active and semi-active systems provide improvement ride
comfort with a reduction in roll motion but at the cost of greater suspension travel. In a
related development, Lepold et al. [9], examine the effect of active suspension roll
control (ARC) and active bounce control (ABC) on component durability. A
cosimulation method is employed to integrate the dynamic vehicle suspension model
in MBS using MSC.ADAMS, with the active roll control modelled using

MATLAB/Simulink. Their finding showed mixed results in terms of stress levels when

compared to the passive suspension system.

Ieluzzi et al. [25] adopt a cosimulation approach to evaluate the effect of semi-active
suspension control on a heavy truck’s ride and handling performances. The controller
model combines vertical, lateral, and longitudinal dynamics control in an attempt to
simultaneously improve ride comfort, reduce body roll and minimizing pitch,

respectively. This unique controller model is developed in MATLAB/Simulink while
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the truck 1s modelled using MSC.ADAMS/Car. Acceleration responses from the truck
with a passive suspension system indicate reasonable agreement between the model
and those from the experiment. Then, the semi-active controller model 1s implemented
on the virtual vehicle model using a cosimulation approach. Once a desired result has

been achieved, the controller model is then converted into C-code compiled using
MATLAB Real-Time-Workshop before downloading the code into the truck electronic

control unit (ECU). They report up to 25 percent reduction in body acceleration can be

achieved with the implementation of the skyhook control in comparison with the

response from passive suspension. Similar improvement has been observed during

handling and braking manoeuvres resulted from the lateral and longitudinal controls.

Perhaps, the most comprehenstve review of integrated MBS simulation 1s discussed by
Vaculin et al. [26]. They classify and evaluate the effectiveness of simulation time for
several cosimulation interfaces using SIMPACK for the MBS tool and
MATLAB/Simulink for the controller design. Further development in the area of
variable time data exchange, developing programs for real-time applications and model
optimisation for hardware-1in-the-loop are in progress. The findings promote additional

investigation [27] for evaluating the effect of semi-active control laws on the ride

characteristics of a commercial truck.

Based on these advances, applying MBS cosimulation for the prediction of durability

of semi-active suspension systems appears to be the best available technique. The

present author will face challenges in integrating a variety of vehicle suspension
models with a selection of semi-active control strategies. The expected outcome from
this integration will be in the form of accuracy in the dynamic response which will
then be utilised to ascertain fatigue life of suspension components. The following

section will focus on suspension technology along with a comprehensive review of

semi-active control systems.

2.3  Suspension Systems

In vehicle dynamics, the function of the suspension systems is to provide good
isolation between the tyre-road interface and the vehicle body, as well as good road

holding characteristics. Additionally, it should also provide good steering control
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during manoeuvring and maintain an acceptable response to comnering, braking and
accelerating [28]. Traditional passive suspension systems have limited capability 1n

satisfying the two conflicting design requirements of ride and handling.

Good ride comfort can be achieved by means of minimising body acceleration,
utilising low spring and damper rates resulting in softer suspension. Having a softer
suspension imposes greater suspension travel, which eventually leads to wheel hop and
unstable body attitude caused by varying load. The vehicle will experience an increase
in lateral load that directly affect lateral force of the tyres causing poor handling
capability. On the contrary, good handling exists when the wheels are capable of
following road irregularities. The use of high spring rates and damper rates generates
stiffer suspension, preventing wheel hop motion which in turn minimizing the load
variation in the tyres. Consequently, the vehicle body has less inclination to roll,

maintaining stable body attitude from less suspension travel. Nonetheless, the body

acceleration will increase resulting in poor ride comfort.

Vehicle components are subjected to a variety of excitations ranging from tyre and
road interaction, vehicle aerodynamics, and from the engine and transmissions.
Suspension components in particular, are exposed to two forms of excitation largely
from the tyre and road interaction. They are transient and random excitations. The

former is likely to be due to the vehicle travelling through bumps and potholes, while
the latter occurs when the vehicle traversing at constant speed on a normal or a rough

road undulations. Both excitations generate forces over a wide frequency range. These
excitations cause resonance of the vehicle structures as well as the suspension
components, when the excitation frequencies coincide with any of the components

natural frequencies. In general, resonance can be decomposed into two forms; rigid

body modes and the flexible modes as described in section 2.2.1.

A typical passive suspension system consists of a conventional spring that functions as

an energy storage device and a hydraulic damper that acts as an energy dissipater,
arranged in parallel with the spring. The damper rate and spring rate are generally
fixed and time invariant limiting its ability to provide optimum performance under a
variety of road input and driving manoeuvres. Sharp and Crolla [29] describe these

limitations and inherent problems facing the suspension designers. Optimising ride
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will certainly sacrifice handling capébility. Nevertheless, this suspension system 1is still
widely used in the production of ground vehicles largely due to design and

manufacturing simplicity, in addition to easy maintenance, and inexpensive parts

replacement.

2.3.1 Controllable Suspension Systems

In controllable suspension systems, the role of conventional springs and dampers are
substituted with sensors and actuators primarily aimed at overcoming the limitation of
the passive system. There are a number of controllable suspension schemes, for

example self-levelling systems, adaptive systems, semi-active systems and fully active

systems.

Self-levelling systems as introduced by Citroen aim at sustaining the vehicle nde

height such that the available suspension working space remains unaffected by the
changes in static loads [30]. It works with the use of external power to raise or lower
the suspension according to the static loading conditions. With the cheaper and rapid

improvement in electronics and microprocessor technology, more responsive

suspension systems have been developed.

Adaptive suspension systems [30, 31] work by producing adjustment to the control
signal as a result of various vehicle operating conditions. More than a decade ago,

Toyota introduced electronically adjustable dampers capable of switching state to a
softer setting to improve comfort, under normal driving conditions. Once a more
demanding dniving condition is sensed, for instance accelerating, braking or

manoeuvring, the controller switches its damping state to a hard setting to enhance

handling performance.

By far, the best form of controllable suspension is achieved with the use of a fully

active suspension system. In theory, an ideal fully active control system is capable of
producing any desired force to cancel out ground excitation. The control laws and the
response of the actuators dictate the efficacy of producing such forces. One of the most
widely used control method is the application of linear quadratic optimum control

theory [30, 32-35]. The suspension system is optimised based on a quadratic
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performance index that applies weighting functions to body acceleration, suspension
working space, dynamic tyre load, overall stiffness, and control force. Application of
this control theory can be observed in the preview control of road input as investigated
by [32, 33, 36-38]. The simplest form of preview control assumes a time delay of the
road input at the rear wheel from the front axle. A more advanced form 1s the “look-
ahead” preview where information about the road profiles can be identified at a finite
distance in front of the wheel. Theoretically, preview methods show promising results
but actual implementation of such systems may not be feasible. For example,

measuring road undulations with sensors attach to the vehicle body can be difficult and

impractical.

Even though fully active suspension systems offer great potential in overcoming the
compromise between ride and handling issues, benefits still cannot compensate for the
manufacturing costs. Sharma [34] points out that the system must accomplish much

higher improvement in order to substantiate its implementation. In contrast, semi-

active suspension systems provide a potentially effective form of alternative solution

compared to passive and fully active systems.

2.3.2 Semi-active Control Systems

In general semi-active suspension works on the principle of reducing the mput
vibration energy by means of manipulating the damper orifice/valve or controlling
magnetic or electromagnetic fields across the damper with the use of a mimmum
external energy. Unlike full active control, semi-active systems require no auxiliary
power supply to dissipate the energy, utilise minimal power consumption, reduce
production and maintenance costs, reduce vehicle weight addition, and allow
development of simpler control algorithms. It is considered a hybrid between a passive
suspension and a fully active suspension system, representing a compromise between
performance and simplicity in operation [38]. The first concept of a semi-active control

system was proposed by Karnopp et al. [39], who introduce the skyhook concept,

using generalized velocity feedback for improving ride comfort performance.

Performance of semi-active systems in providing improvement in ride and handling

issues over passive systems has been studied extensively for more than three decades.
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For nde, the performance criteria relate to body acceleration, suspension working
space, and dynamic tyre loads that centre on vertical dynamics. Aspects of lateral and
longitudinal dynamics are included in handling performance involving roll stability,
body attitude, and road holding. Most of the control algorithms developed intends to

" Improve these performance parameters by adopting a variety of control strategies,

depending on vehicle types and their applications.

In conventional passive suspension systems, the performance is a function of relative
velocity measured between the sprung and the unsprung masses. However, for semi-

active systems, the applied force is as a function of absolute velocity of the sprung

mass. This improves sprung mass isolation at the expense of increase suspension
working space with minimal effect on dynamic tyre load. Theoretically, this imposes

no significant influence on suspension component durability but the outcome has not

been widely investigated.

Semi-active control strategies can commonly be categorised as switchable (on-off) and
continuously variable. The switchable damper relies on rapid switching between
different damper forces by using either hard or soft settings [30, 40-45]. The control

law demands a discrete switching between the damper settings based on the relative

and the absolute motions of the sprung and unsprung masses. In contrast, continuously

variable dampers continuously generate a force demand through manipulation of the

damper fluid viscosities. Both semi-active strategies are discussed in the following

sections.

2.3.3 Switchable Damper Strategy

A two-state switchable (TSS) damper is the basic form of a switchable semi-active
system. The switching mechanism is based on the absolute velocity of the sprung and

unsprung masses, and the relative velocity across the damper (damper velocity). When
the absolute velocity of the sprung mass and the relative velocity have the same sign
(refer to Figure 2.4), the damper will resist the motion by generating large damper
forces acting in the direction opposite to the sprung mass motion. In contrast, if the
sign between the two velocities is opposite, then no force is exerted on the sprung mass
to resist the motion, allowing the controller to switch to a lower setting. This type of
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control is known as skyhook control. A detailed description of this control theory is

presented in section 2.3.5.

More advanced switchable damper strategies can be seen with the introduction of

multiple state switchable dampers [45-47]. A three-state switchable controller for a

passenger vehicle may consist of a soft, a normal, and hard setting. It provides better

performance than the two-state switchable damper in terms of body accelerations as
reported by El-Tawwab and Crolla [45], Sharma et al. [46], and Vannucci [47].
However, Nell and Styen [20] argue that a two-state switchable strategy is sufficient

since generally the damper switching is distributed between the hard and the soft

settings. It is based on an experimental assessment in which, for about 80 percent of
the driving time, the damper is switched to the soft state, followed by 12 percent in

hard setting, and for the remaining time, the damper is switched to the normal setting.

One fundamental problem with the switchable damper is that it suffers from transtent
forces known as jerk when the system switches from one damping state to another.
Miller and Nobles [40] discovered that the discontinuity in force switching 1s more
prominent when the damper switches from the higher damping rates to the lower
states. The finding is supported by Yoo and Jin [48] when they experimentally
investigate the dynamic characteristics of a semi-active damper. They discover that the
force discontinuity causes resonance to the upper section of the damper resulting in
poor reduction in body acceleration. Ahmadian et al. [49, 50] explain that the
discontinuity occurs as the relative velocity crosses zero in a conventional skyhook
control. They point out that the discontinuity not only happens when the damper
switches from higher setting to the lower state, but also from the lower setting to the
higher setting as illustrated in Figure 2.4, This phenomenon causes a sudden increase
in sprung mass acceleration and consequently minimises the benefits of switchable
control. Jerk occurs either in a two-state system or in systems with multiple damping

states. It can be defined as the time rate of change of acceleration [51]. Consider a sine

wave, the maximum jerk, a,, will occur when:

am = wz'xg Eq 2- 1

where, @ = 27f is equivalent to natural frequency in radians/s, f’is natural frequency In

Hz and x; 1s the sine wave amplitude.
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Figure 2.4: Effect of Relative Velocity on Force Discontinuity [49]

Attempts to minimize jerk have been studied by many. This includes the use of multi-

level switching [52], preview control incorporating jerk [53], and modified skyhook
control [44, 49]. Among these solutions, [49, 50] provides a simpler approach.

Governing equations for an ideal skyhook control of a two-degree of freedom QVM in

Figure 2.5(a) can be described as:

For vb.(vb - vw) > 05 F,=cy,.v,
v{v,-v,) € 0; F.=0 Fa2t
where, v, and vy, are the velocity of sprung mass and unsprung mass, respectively, (vs -
vy) is the relative velocity or the damper velocity, Fy, is the damper force for an 1deal
skyhook, and cg, is the skyhook gain. To eliminate the effect of force discontinuity,
Ahmadian et al. [49] suggest that the skyhook damping should be a function of relative
velocity. Their experimental results showed perceivable reduction in the acceleration

jump at the seat when the modified skyhook is introduced compared to the passive

system.
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2.3.4 Continuously Variable Damper Strategy

Typical continuously variable dampers (CVD) consist of a controllable damper
arranged 1n parallel with a conventional spring. The damper/actuator is expected to
reproduce a force demand signal continuously. In cases when the actuator fails to

reproduce the required force, 1t 1s simply switched off, and the suspension temporarily
becomes a passive system. Generally, there are two forms of semi-active CVDs i.e.
variable orifice dampers [32, 54, 55] and variable fluid dampers [56-58]. Unlike fully
active systems, CVD requires minimal external energy to manipulate the fluid
damping characteristics. Aurell [59], Wilkinson [60], Katsuda et al. [56] and Besinger
et al. [57] suggest that a continuous variable damper strategy has a better capability in
minimising body acceleration and dynamic tyre force, compared to the switchable (on-
off) strategy. In a theoretical investigation on the effect of tyre forces of heavy vehicles
on road wear, Aurell [59] concludes that vehicles with CVD can reduce dynamic tyre
load by 17 percent and up to 25 percent reduction can be achieved in sprung mass

acceleration. Another finding based on simulation of laden heavy vehicles by

Wilkinson suggests improvement in vertical tyre loads and body acceleration with a

reduction of 13 percent and 23 percent, respectively compared with passive air

suspension.

Recently, implementation of magnetorheological (MR) [61-63] and electrorheological
(ER) [64-66] dampers has received considerable attention for improvement in ride

comfort. The vanable force from the damper is controlled by either the magnetic
particles in the damper fluid or the electrically charge fluid. The fluid can change its

characteristics from low viscosity (low damping) to highly viscous (high damping)

proportional to the magnetic or electrical charge from the controller.

A major advantage of utilising the MR and ER dampers is due to its capability to
produce variable forces within the minimum and maximum limit. In other words, the

fluids are able to change their characteristics from a Newtonian fluid to semi-solids
within milliseconds [67]. Additionally, the yield strength and the stability of the
damper fluids allow them to be used in a broad range of dynamic applications.
Nevertheless, the non-linearity between the damper force and the velocity across

damper 1impose a challenging task to researchers. The damper fluids also suffer from
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irreversible progressive thickening over a long-term use as noted by Carlson [68].
When examining the characteristics of MR fluid, he points out that the deterioration of
the fluids depend on the shear rate, the operating temperature, and amount of radiation

the fluids are exposed to. The life of MR fluid can be predicted and is defined as:

1 i
LDE = _I;'£ P.dt Eq2.3

where, LDE is the fluid lifetime dissipated energy, V is the volume of the fluid, and P

1s the instantaneous mechanical power converted to heat in the device.

Even though the characteristics of the damper fluids suffer from long term usage,

conventional dampers and other vehicle components such as suspension bushes also
degenerate under similar circumstances. Over the years, significant benefits offered by

this type of damper may outweigh the cost of part replacement.

2.3.5 Semi-active Control Theories

There are many control laws developed and employed for both the switchable and
continuously variable dampers over the past forty years. Some of these control theories
are analysed by means of simulations, by experiments, or by validation between
simulations and experiments. In simulation, many of these control laws are developed
based on quarter vehicle models, half vehicle models, and on full vehicle models with
the aim of improving ride comfort, better handling and road holding capabilities,
reducing roll, minimising road damage, etc. Among the control theories that have
received extensive attention are skyhook control [39, 41, 44, 49, 52, 69-71], linear
quadratic regulator (LQR) control [32-34, 38, 43, 72] and preview control [53, 73-77].
Other forms of more recent control models such as controller models based on genetic
algorithms [42] for damper optimisation , fuzzy logic control [63], and hybrid control

[50, 78, 79], generally have similar control objectives but are achieved from different

perspectives.

Skyhook damping control, originally proposed by Kamopp et al. [39], aims at
improving ride comfort by means of reducing body acceleration. Unlike a passive
damper that produces a force to minimise relative velocity (damper velocity), skyhook

control generates a force to reduce absolute velocity of the sprung mass. The logic
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behind this concept is that the skyhook control emulates the passive suspension hooked
between the sprung mass and a reference “sky” by a fictitious inertial damping as
illustrated in Figure 2.5(b). This suggests that the unsprung mass will have no damping
and the response would reach infinity at wheel hop frequency. However, in practice the

response is still affected by damping since the semi-active damper 1s mounted between

the sprung and unsprung mass.

Valasek et al. [71] highlight two main reasons why the skyhook concept remains
important in suspension control. It is used as a reference for comparison with other

concepts, and it served as the basis of semi-active practical implementation.

Throughout more than three decades, skyhook control has been applied to switchable

and continuously variable dampers, typically in passenger vehicle and still remains an

important concept in theoretical and experimental studies. The disadvantages of this
type of control are that it is susceptible to instantaneous acceleration when applied to
switchable dampers as previously discussed. Furthermore, its capability in reducing the
dynamic tyre loads is not quite as effective, as reported by Wilkinson and Crolla {80},
and Besinger [57], in which it is shown to inflict adverse effects on heavy vehicles.
Therefore, variations of skyhook control are introduced in order to overcome these

problems, namely ground-hook control and hybnd control theories.

Ground-hook control [25, 39, 71, 81-83] aims at minimising tyre load, and is intended
for heavy and commercial vehicle applications. A basic ground hook damping control

requires an additional damping element between the wheel and the ground, parallel to
the tyre, as shown in Figure 2.5(c). Instead of controlling the sprung mass, m;, ground-
hook control attempts to reduce the unsprung mass response. The concept can be
explained by treating the relative velocity as positive when the two masses are moving
apart and the absolute velocity of the unsprung mass is positive in the upward
direction. If the unsprung mass moves downward (negative), the groundhook damping
exerts a maximum force, pushing the unsprung mass upward. In contrast, if the

unsprung mass velocity is positive or moving upward, groundhook damping applies

minimum force to resist the response. Mathematically, this control policy can be

expressed as described in [78] as shown in Eq 2.4.
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For -v,.(v,-v,) > 0; F,= Cond* Vi

3d

Eq2.4
_vw‘(vb - vw) S 0; Esa =0
where, v, and v, are the velocity of sprung mass and unsprung mass, respectively, (vp -

vw) is the relative velocity or the damper velocity, Fi, 1s the ground-hook damper force,

and cgnq 1s the ground-hook gain in which the full damping range of the damper can be

employed.

Cole [83] and Kortum et al. [23] design a controller that is capable of exerting a force
to reduce the absolute velocity of the unsprung mass, effectively reducing the dynamic
tyre load to minimise damage to road surfaces. In a related development, Valasek et al.
[71] develop an extended ground hook concept with a similar objective of minimising

dynamic tyre load, and improving ride comfort for heavy trucks, subjected to a wide

range of road irregularities.

In recent studies, Ahmadian et al. [50, 78, 81] introduce an alternative control theory
that combine skyhook and ground-hook controls attempting to simultaneously reduce
the sprung mass acceleration and the dynamic tyre loads in heavy vehicles. This hybrid

control, as illustrated in Figure 2.5(d), linearly combines Eq 2.2 and Eq 2.4 and 1s
described by [78] as:

F, = GlaF;h +(1—0:)th_|

Eq2.5

The variables Fy; and Fgy are the skyhook and ground-hook components of the
damping force, a is the relative ratio between the skyhook and the ground-hook
control, and G 1s the constant gain. In Eq 2.5, as the relative ratio, a is zero, the hybnd

damping acts as a ground-hook control. In contrast, as a approaches one, the hybrid
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damping becomes a skyhook control. In an experimental study, Ahmadian and Pare

[78] suggest that better stability and ride comfort can be achieved with this control

theory when it is combined with adaptive control.

Other control theories such as optimal control work with the objective of attaining a
force from the semi-active damper that can produce optimum suspension performance.
This control theory often applies to linear systems using a linear quadratic regulator
(LQR) in analysis conducted by Katsuda et al. [56], Sharma et al. [46], Oueslati and
Sankar [43], and ElBeheiry and Karmopp [84]. Typically, a performance index 1n a
form of an integral over time of some constraints, are geared to minimising body
acceleration, suspension deflection and tyre deflection (proportional to tyre load).
When Sharma et al. [46] examine two-state and three state switchable dampers with
LQR control, they realize that the performance of the semi-active dampers show
improved ride comfort on a smooth random road input. However, when subjected to
extreme road conditions, the performance of the semi-active systems becomes
marginal compared to the passive system. In a computer simulation and experimental
investigation on a QVM, Katsuda et al. [56] suggest that a continuously vanable
damper with LQR control is capable of achieving better ride comfort in comparison
with the passive and the switchable systems. A theoretical comparative study of three
suspension systems by Gordon [72] produces similar finding, but with the introduction
of a non-linear optimal controller to take into account the non-linear effect of the

dissipative behaviour of the actuator, and tyre deflection. With the addition of these

non-quadratic terms 1n the optimal cost function, the semi-active system showed better
ride performance particularly for high amplitude disturbance. A detailed survey by
Hrovat {32] on optimal control theory includes, among others, its implementation on a
simplified 1 DOF QVM to a 7 DOF full vehicle model for fully active systems and for
semi-active systems employing switchable and continuously variable dampers. He
concludes that most of the results are based on idealized conditions which might not be
accurate in practical applications. For instance, the force actuators are assumed to have
infimte bandwidth whereby in reality the actuators operate within a limited frequency
range. Moreover, the controller models are developed in reference to simplified

lumped vehicle models that do not consider the details required in practical suspension

systems.
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Another attractive concept in semi-active suspension control is preview control. It 1s
derived from the successful implementation in the fully active system. The main
advantage of preview control is that any delay in damper force actuation can be easily
corrected. The amount of preview depends on vehicle speed, wheelbase, and control
bandwidth [77]. The concept uses the information available from the front suspension
dynamic data in order to improve the performance of the rear suspension. A similar
control technique is applied with the primary aim of improving ride comfort. Nagai
and Hasegawa [74], in studying preview control for improved rear ride quality,
propose a quasi-skyhook control concept, which they claim has theoretically increased

the pitch damping. At present, this type of control technique is based on theoretical

simulations and more inclined towards achieving better ride quality, with minimum

improvement in the variation in tyre load, and unsprung mass acceleration.

Among other techniques used, the hardware-in-the-loop simulation (HILS) offers a
better concept in evaluating the performance of the control designs, [57, 58, 85]. The

technique allows flexibility in changing vehicle parameters. It combines a software
simulation and hardware implementation via an interface, thus helping to bridge the
gap between software simulation and the high cost of complete hardware system
development. Besinger et al. [57] and Hwang et al. [S8] implement this method when
investigating the performance of a continuously variable semi-active damper for a
quarter vehicle model. It works in a closed loop system with a real time computer

simulation controlling the hardware setup consisting of a hydraulic test bench, semi-

active damper, and a controller unit with a displacement sensor. Further advancement
using this concept has been investigated Choi et al. [85]. The effort focuses on

studying the performance of an MR damper applied to a full vehicle model.

In summary, most of the semi-active strategies and the adopted control theories aim
primarily at either improving ride quality, handling or both. Little attention is given to

analyzing the effect these have on the durability of suspension components, which is

discussed in the following section.
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Figure 2.5: QVM Representation of Skyhook Damping Control and its Variations

2.4  Durability of Semi-active Suspension Systems

According to Halfpenny [86], previous studies suggest about 80-90 percent of
structural damages are contributed by fatigue. In the automotive industry, fatigue
largely affects the durability of vehicle components [2]. Therefore, in this section the
term durability refers to the analysis of fatigue performance. With the aim of
implementing this early in the design cycle to reduce production time and minimise
development costs, virtual models are employed in which critical engineering aspects

are considered prior to mass production. Factors such as vehicle ride and handling
capabilities, safety, noise, vibration and harshness (NVH), and durability can be

analysed and fine-tuned within simulation environments without the need for an actual

prototype.

A study involving fatigue life estimation of semi-active suspension systems comprises
of multiple disciplines in engineering. This includes simulation of the vehicle model
under different road conditions, a variety of tyre models, and a selection of driving
inputs at various speeds. The introduction of semi-active control systems requires that
the vehicle model must be able to incorporate the controller models to produce
accurate simulation results i.e. the load histories which are the prerequisite for fatigue
life prediction. Finally, structural modification using structural optimisation can be
conducted with data obtained from the fatigue life distribution of the components so

that analysts can produce a more radical design modification with improved reliability.
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Prediction of fatigue life can either be analysed in the time domain or frequency
domain. In the time domain, the service load is in the form of a time history, employed
to calculate stress histories using either a quasi-static method or a transient stress
method. In the frequency domain, the time histories of the service loads are converted

Into power spectral density (PSD), in which a harmonic stress or a random stress

method 1s applied to obtain PSD stress representations.

2.4.1 Fatigue Analysis

Fatigue occurs when repetitive loading on a structure or component causes fracture at a

load level less than its maximum static strength [86], initiated by imperfections on the

surfaces. Fatigue analysis begins by determining the loading of the structure. This
information is used to calculate stress or strain either in the time domain or in the

frequency domain as explained in the preceding sections.

In the time domain, the repetitive stress or strain histories are categorised into different
ranges occurring at specific cycles, and are calculated using the Rainflow Cycle
Counting method [87]. The method converts the uneven stress or strain histories into a
defined set of constant stress or strain magnitude. According to Downing [88] and
Halfpenny [89], a cycle, defined as peak-to-peak (positive or negative), is counted
when the successive stress range is greater or equal to the first range. The results are
presented 1n a 3D matrix format in the form of cycles for a given stress range and mean

stress. To determine the accumulated damage resulted from these cycles, every cycle

of the stress range is summed up using the Palmgren-Miner linear damage rule [90] as

follows:
N.
Accumulated Damage,D = Y—L Eq2.6
i Vs
i
where,

N;= the number of cycles of a particular stress range and mean
Ny= the number of cycle to cause failure at a specific stress range and mean

for a given material stress-life (S-N) curve

i = covers the stress ranges within the matrix
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Thus, the fatigue life can be expressed as:

Fatigue Life = Length of time history Eq2.7

Accumulated Damage

Fatigue life of a structure or component is influenced mainly by dynamic loads, stress
and strain resulting from the loads, and the reaction from the material [2]. Therefore,

fatigue analysis requires three key inputs, namely component loads, geometrcal

properties and cyclic material properties. In virtual durability analysis, component
loads are attained through MBS simulation. With the absence of an actual prototype,
the simulation technique must generate accurate representations of the service load
histories. Pompetzki [2] outlines three strategies where durability analysis can be done

using these predicted loads. It consists of a load based relative method, a location

based method, and a finite element based method.

The load based durability method assumes the geometrical and the cyclical matenal
properties are unchanged. The method is suitable for the study of design problems n
the product design stage, since fatigue life can be evaluated quickly. Nevertheless, the
accuracy of the result is poor compared to the other strategies. In the location-based
analysis, both the component loading and material data are required for fatigue
calculation. The method is confined to analysing a critical location of the component,
typically in regions with high stress or strain. The results are more accurate than the
load-based method, and can be rapidly obtained. One main drawback of this technique

1s that the fatigue assessment is performed on specific regions on the component,

neglecting other critical areas.

The finite element (FE) based method is by far the most capable of producing a more
accurate fatigue life prediction than the other two methods, but at the expense of
increasing computing time and resources. Here, all three key inputs are needed for the

analysis. The benefits of employing this technique is that the entire component 1s
considered in the fatigue calculation. Since this research employs a virtual vehicle

model, the fatigue life assessment of the semi-active suspension will be based on the
FE method.
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This section describes several fatigue analysis techniques employed in the automotive
industry. They are the quasi-static durability method, the transient dynamic durability
method, and the resonance (harmonic) durability approach. Outcome from the review

will highlight the best method to evaluate durability based on fatigue life.

2.4.2 Quasi-static Durability Analysis

Conventional methods in durability assessment of suspension components rely on

quasi-static stress analysis in the time domain. The approach is considered simple yet
relatively accurate and regularly used as a benchmark to determine component stresses
and predicting fatigue in the automotive industry [3, 91-94]. For example, Lee et al.
192] compare the durability assessment, of the rear axle of a small size passenger car,
between the harmonic stress method and the quasi-static stress approach in which the

latter method is used as a reference. The damage results of the two produce good

correlation without structural resonance. When the vehicle is subjected to random road
Input, structural resonances of the axle are present within the bandwidth. It 1s apparent

that the quasi-static stress method generates larger fatigue life than the dynamic

(harmonic) stress method since the former method does not consider local and global

vibrations.

In contrast, Haiba et al. [94] discover the opposite when they examine three life
assessment strategies that would produce the most efficient and accurate life

distribution for structural optimisation based on fatigue life. They conclude that quasi-
static stress with a time domain approach gives better accuracy in terms of predicting
minimum life and nodal life distributions, in comparison with the results from the
transient dynamic stress approach which is employed as the reference strategy. The
minimum life assessment calculated using harmonic stress approach generate
unreliable results since 1t is sensitive to changes in the frequency range, the frequency
resolution of the forcing functions and the buffer size for the PSD representation.

Selection of these parameters remain subjective from one analyst to another and

therefore can be potentially erroneous in predicting minimum fatigue life. However,

these parameters do not affect the nodal life distributions even though the locations

differ from those obtained using the reference strategy:.
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Although findings regarding quasi-static stress with the time domain approach from
[92] and [94] contradict each other, the fundamental assumption of the effect of local
and global vibration on the accuracy of the approach are still valid. In the study from
Lee et al. [92], the influence of structural resonances exist with the introduction of the

random road, which directly improve the accuracy of the fatigue life prediction from
the harmonic stress method. In the case of Haiba et al. [94], the suspension component
employed in their study is not affected by structural resonances since the lowest natural

frequency of the flexible mode occurs well above the excitation frequencies.

Assessment of fatigue life using the quasi-static method calculates stress histores

based on the product of static load cases and the dynamic load histories. The stress
influence coefficients can be obtained by replacing each of the load histories acting on
the component with a unit load acting in the same direction as the load history and
solve using static analysis. The process is repeated for the other load histories. These
static load cases are then multiplied with the corresponding load histories to produce
dynamic stress histories. Finally, the superposition principle is applied to ascertain the

total dynamic stress of the component. Mathematically, it can be described as

ot) = Yo, E) Eq2.8
i=1

where, o(t) is the total stress histories, ¢ is the static stress load case based on a unit
load in the same direction as the load history, F is the dynamic load history obtained
either from experiment or through MBS simulation, and i is the number of load cases.
In finite element analysis, the dynamic stress histories at each node can be described
assuming plane stress conditions for a 2D model consisting of ay(t), 0,(1), Tr(t). For a
3D model, the component stresses comprise of gx(2), 0,(2), 62(1), Txy(?), Tp2(2), and Tx(?).
Details of the mathematical expression for the 3D solid model is presented in Chapter
6. Since the dynamic stress histories generally have variable amplitudes, rainflow cycle
counting [87] is employed to determine the number of cycles in each block of stress

range. Finally, fatigue life can be estimated by summing the damage for each stress

range using Miner’s rule as expressed in Eq 2.6.

As mention earlier, the use of this method is restricted to stiff components where the
natural frequencies are significantly above the operating frequencies. The method does

not identify the regions where global and local vibrations exist [3, 92, 94, 95].
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Furthermore, 1t depends on the linear superposition principal to obtain the total stress.

Hence, 1t 1s only suitable for linear elastic stress analysis applications, where stresses

and strains 1n the plastic region are not considered [94].

2.4.3 Transient Dynamic Durability Analysis

This technique applies to structures or components in which the natural frequencies are
significantly affecting the fatigue life. Generally, this method takes into account local

and global vibration in calculating the dynamic stresses. This can be done in two ways

either by the direct transient method or by the modal transient method [91, 94, 96].

According to Huang et al. [91], obtaining dynamic stress using the direct transient
method involves solving the entire equation of motions that accounts for linear and

non-linear solutions. This contributes to the need for large computational resources and
generally 1s implemented on specific regions of the structure. In contrast, the modal
transient method utilises only the linear solutions when solving for the equation of
motions. The method discards high frequency modes of the structure leaving only the
problematic low frequency modes as possible resonance occurs from low frequency
excitation of the road input, minimising the number of calculations for the dynamic
stress. Huang et al. [91] describe three different techniques in modal transient analysis.
They can be classified as the mode displacement method, the mode stress method, and
the component mode synthesis method. Of the three, obtaining the dynamic stress from
the mode stress method appears the most efficient in the sense that it does not require

large computational resources as do the other two methods.

Haiba [1] suggests another method which is commercially available within finite
element packages. The modal superposition transient technique computes the dynamic
stress by summing the modal participation histories of every mode with the modal
influence coefficient using the linear superposition method. Modal participation
histories are obtained from modal transient analysis whilst modal influence
coefficients, which are the stress fields of a particular mode, are extracted from modal
analysts. He points out two major factors influencing the dynamic stress, namely the
number of modes used in the calculation, and the solution time step size used. The

minimum life prediction and the nodal life distribution are reduced and converged to a
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certain value and pattern as the number of modes considered increases. Similar
convergence 1s observed for the life and the distribution when the solution step size is
reduced. On both accounts, although modal transient strategy produces the best
accuracy 1n predicting fatigue life and the nodal life distribution, it requires extensive

computational resources. Therefore it is only used as a reference strategy in his study.

2.4.4 Resonance Durability Analysis

Predicting dynamic stress (harmonic stress) using this method assumes the structure or
the component behaves linearly. The dynamic stress can be determined by combining
the load histories data in frequency domain, expressed in PSD, with the frequency

response function obtained from modal analysis. The load histories orginally

measured in time domain is converted to frequency domain using Fourer

transformation. Instead of applying Miner’s rule to calculate the fatigue damage, a

probability density function (PDF) is utilised to estimate the damage based on the PSD

dynamic stress histories.

The first contribution of predicting fatigue damage using a PDF is proposed by Bendat
[97] in 1964 when he proposes a narrow band solution for the dynamic stress histories.
According to Halfpenny [89], calculating damage using this solution becomes
inaccurate and not applicable as a wider band stress histories is selected. He provides a
comprehensive review of fatigue analysis using frequency domain methods. Among
them 1ncludes empirical formulations by Wirsching, Kam and Dover, Hancock, and

Dirlik. Of all these formulations, Dirlik’s [98] approach provides the best accuracy and

robustness during application,

Nevertheless, uncertainties in assigning frequency parameters such as frequency range,

frequency resolution as well as the buffer size, as previously discussed in section 2.4.2,

have resulted 1n poor fatigue life prediction. Therefore, the usage of this method in this

research 1s limited to theoretical discussions.
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2.5 Conclusions

This chapter provides a comprehensive review of virtual durability of semi-active
suspension components comprising of three key areas, namely vehicle dynamic
simulation, development of semi-active control systems, and durability analysis based

on fatigue life. To successfully predict fatigue life of a semi active suspension
component, an integrated simulation method is required. It should combine MBS

simulation for accurate service load prediction, with a mathematical simulation
program in which a selection of semi-active control algorithms are developed. Then,

finite element analysis is employed to predict fatigue life of suspension components
subjected to different semi-active control systems. The fatigue life distribution can be

used as a precursor for structural optimisation based on fatigue allowing creation of a

more durable, lightweight and cost efficient components.

From the literature reviews, it can be concluded that many researchers are more
concerned with the effect of their controller models on the ride and handling
performances. Hence, the study of the effect of semi-active control systems on the
durability of suspension components receives very little attention. Recently, research
in this area has started to gain interest mainly due to the rapid advancement in
computational capability and resources, although very few results have been published.
For example, the investigation by Lepold et al. [9] on the influence of suspension

components durability resulted from an active suspension system. The fatigue analysis

is evaluated at both the component level and full vehicle level under the influence of
realistic active roll control (ARC) and active bounce control (ABC). Their study does
not include semi-active control. In another development, Haiba [1] reviews several
durability analysis approaches and tried to establish the most efficient combination of
the two that will be used in structural optimisation algorithm based on fatigue life. He
concluded that for dynamically loaded component, the most efficient and accurate
combination is with the use of a quasi-static method. It accurately and efficiently
predicts the minimum life and the nodal life distributions when compared to the
reference method (transient dynamic analysis). However, the study investigates a multi

purpose vehicle with a passive suspension system only, instead of with semi-active

control systems.
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