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Xuww -- The wheel velocity data of the smoothed measurememtses

y --The mul output vector

z' -- Delay function

E -- The effective bulk /volume modulus of the brake oil
E, -- The ideal bulk /volume modulus of brake oil

/ --The index of the release valve

L -- The density of the brake oil

i -- The time delay constant

Kk -- The pump efficiency

Z -- The wheel angular speed

R -- The longitudinal friction coefficient
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ABSTRACT

The Antilock Braking SystenfABS) is one of the most important safdgaturesin
modern vehicleslt is a device integratg complicated electronic systems, hydraulic
systems and mechanical componehtss possible to produce faults in these systems
due toextremevehicleoperatng conditions, which may leatt the failure ofthe ABS.
However, herehas not been an effective mechanism available in current operation
and service facilities, which allows the performancetti ABS to be checked

on-board orata service base.

This researchihereforeaimsto investigae and develop approachagich allow the
ABS systems to be monitored in different ways. the ABS is aighly integrated
system, conventional monitoring methods cannot be apii¢directly. The primary
objective of this research t® develop a condition monitoring model for a typical
ABS system under different conditions and then to monitor the dynamic
characteristics and the performance of the AB&ording tosimulation and
experimental resultsThe Rapid Control PrototypgRCP) technique is used by
applying dSpace MicroAutoBox onthe ABS controllerA full mathematical model
has been developad simulate the ABS system under different conditiand seeded
fault conditions. This resuls in a full understanding of the characteristics of
measurable variables such as wheel velocity and vehicle velbigsisyworkhas led to
the conclusion that a modeased condition monitoringpproachs themethod with

themost potentiafor themonitoling of ABS systems.

To overcane inevitable measurement noeed model uncertainties, a Kalmaler
(KF) has beemlesigned and evaluated through both simulation data and experimental
results This has been fountb have acceptable performance dras subsequeiy

beenincorporated into the modélsed condition monitoring system.
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The performance of the modehsed condition monitoring system has been evaluated
usingan ABS test systenThe ABS test rig consistdf the basic ABS components and
also the dSpace MicAutoBox components, together with NI data acquisition
equipment.The ABS test rigdeveloped in this research is highly flexible atbow
experimental investigationsder different fault conditionsith different severitieslt

has demonstrated that the monitoring syst&m reliablydetect different possible
faults in the ABS such as speed sensor failure, solenoid valve stickingtuak
hydraulic fluid leakage and pump efficiency logdl these faults occur with high
possillity according to a systematic failure mode analysis based on that of similar

components.

Obviously, there is still considerable wonkich need to be carried outo adoptthis
system in industryFor examplejnterfaces to integrate this new system into existing
vehicle electronics should be investigatBdaddition, specifidault conditionsfrom
different vehicle manufacture should be simulated to tailthe systento specific

vehicles specifically.
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CHAPTER ONE

INTRODUCTION

This chapter gives abrief introduction to the research project which solves a
number of problems often encountered when applyinga modelbasedcondition
monitoring approach to the Anti-lock Braking Systemusing filtering technology.
A brief outline of ABS reliability, the modelbased condition monitoring
approach, as well as the Kalmarfilter is provided in this chapter. The research
objectivesfor this project are then outlined in detail, along with an explanation

of the structure of this thesis
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1.1 INTRODUCTION TO ABS RELIABILITY

The earliestprinciples of Antilock Braking System (ABS) were developedfor the
aircraft industry. Lading at hgh speedsould cause problemsuch adyre flattenng
andexplosion when a wheel locked at high landing spdgefare the introduction of
ABS, the problem wasddressed usingn overlycautious use of brakes at todchvn,
resultingin longer sbpping distances. Irthe 19505, the aircraft industry succeeded in
developing an eperimental system to prevewheel lock during brakinfl]. The use

of this experimental systershowed amore stable performance on the runway. The
success of AB® use in thaircraftindustryprompted an interest in its application
automotives. Since thenseveaal manufacturers introduceti-lock systems but only

a small number of these systems entgriealsedproduction. They did not gain great
popularity for two main reasonsirstly, comprehensive durability tests carried out
before introdutton of the system showed much lower performance and reliability
thanwasexpected in everyday service lifsecondy, the concept was always that of
an addon unit to the existing brakg systens, resulting in a complicated and
expensive total package. These facteese instrumental inlelayingthe introduction

of such systemsn a mass scale.

Improvements in vehicle design over the years Haddo increased speeds aad
higher number ofatal accidents. Seveend frequenbrakingleads tahe locking of
wheels esulting in loss of vehicle control. The results of recent investigations have
shown that it is possible to avoid roughly 7% of all traffic accidents involving
passenger cars and to mitigate the consequences of anothéhrbdyh the usef

the ABS system [2]. The potential of the ABS for increasing traffic safety is
recognized by number of atomotiveinsurance companies manygrant a discount

on fully comprehensive insurance for vehicles equipped with ABS. This in turn has
made it worthwhilst for autanotive companies to expand the use of AB&side of

performance and luxury carsttte average cars used in day to day life
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The technology and understandioQABS systers are continwally evolving. Recent
advances in electronicsuch as, acceleration sensor for exampkye made an
enormous contributioto the advancement alie reliability, performance and cost of
ABS systemq3]. The initial analoge electronic circuits, which were sensitive to
manufacturing variations and temperatuteanges,have been replaced by digital
circuits mitigating these issuedhe number bcomponents and connections laso

been reduced to improve reliability. Frasafety stand point, considerable amount of
effort is now put into brake diagnosticany failure inthe ABS unit is detected and

the systenwill then revert to normal braking modé] [5]. Upgrading to a combined
ABS and traction control systeroan have the potential thefits of alow incremental
cost,a better pedal feek smalkr size, higter flexibility for packaging versatility for
application in different vehicles, less noise and vibrations, comfortable drive and
intelligent diagnosis capability. This further déymment serves to create the
technical and economic conditions under which the system can be used on a wide

scale in all vehicles.

At the momentthere is no effective method to predict or chétek ABS§ mechanical
conditions routinely to ensure its fuimrality [6]. Due to the ABS system only works
above a patrticular velocity during emergency brakasient brake test facilities are
not adequatéo testABS systemd6] [7]. Besides thisit would not be acceptable to
use a public road to implement such a practicecéodition monitoringbecause of
the dangers involvedso an alternative means must be soyght[8]. In order b
providea convenientand safe enougsolution this project proposes a novel method
that the vehicle is stationaryn this situationa modelbasedcondition monitoring
approach is applied to predict various fawtsABS system especially focused da
hydrauliccomponentsA mathematial model isthereforedeveloped to describe the
dynamic performance of vehicle. Tbhperating processes tife ABS systemin both
healtly condition andfaulty conditionsare included dring model developmenfn
autonomous control strategy is also designed to actuate the control module
independentlyalthough there is not quite detailkdowledge of the control algorithms
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embedded inthe ABS control moduld6]. In order to carry out the applicatiomjg

approach ishenevaluated through a Simulink simulationthis project

1.2 INTRODUCTION TO CONDITION
MONITORING

The condition monitoring technique begantie 1960s[9]. It is concerné with
extracting information from a monitored system to indicate its condition and to enable
it to be operated and maintained with safety and econdm) [11] [12] [13].
Condition monitoring is the process of monitoring a parametehetondition of
machinery,wherea significant change is indicative of a developing failure. It is a

majorpartof predictivemaintenancgl4].

The advantages of condition monitoring incl{i@i®][16][17][18][19]:

z Avoiding unexpectedcatastrophic breakdowns with expensive dangerous

consequences;
z Reducing maintenance costs by reducing the number of machine overhauls to a
minimum;

z Eliminating unnecessary intervention amloe subsequent risk of introducing

faults on previously healthy machines; and

z Reducing the interventiotime and therebyninimizing production loss (as the
fault can be detectedbefore it causes damage to the sysjerin addition, he
application of condition monitoring hded to the development of a vast number of

technques for condition monitoring

Condition monitoring techniques vary widely to meet the requirements of different

types of processes anthintenancebjectives[20]. Theseobjectives andhe costs of
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monitoring must be taken into consideration when choosing a condition monitoring
technique[21]. Some of the commdy used condition monitoring techniquesnsist

of: visual inspection, trend monitoring, performance monitoring, vibration monitoring
and modebasedtechnique[22]. The most frequently used technique control
systemmonitoringis the modebased technique, whidhcludesthe observebased
approach [23] and the parameter estimatiorppaoach [24]. In this thesis, a
modelbased condition matoring approachhas beerchosen forthe ABS control

system.

1.3 INTRODUCTION TO THE MODEL -BASED
APPROACH

The basic theory of the modeased approach will bexplored indetail in Chapter
Two. This sectionhowever provides the relevant concepts and advantages as well as

statistical information concernirtge gplicationof the modebased approach

A mathenatical modelis needed forcondition monitoringoecause the system model
is developed and calibrated in accordance with the nobetahviourof the system.
During implementation, the residual signals (differences) canobgined by
comparing the model goits with the real outpuf25]. By analysingthese residual

signals, it is possible to get information about the sygeondition.

The central theme dahe modetlbasedconditionmonitoringapproachs the design of
residual signals, whicheneratanformation on the location and time &dults. The
residual carthenbe used tanonitor faults when they occur in systems or processes.

The related terms are listed in Table 1.1 below:
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Table 1.1 Definitions of terms related to condition monitoring [26]

Residual A fault indicator, based on a deviation between measuren

and modekequationbased computations

Disturbance | An unknown and uncontrolled input acting on a system

Fault An unexpected deviation of at least one characteristic pro
or parameter of # system from the acceptablasual or

standard condition

Failure A permanent interrupmin of a systen§ ability © perform &

required function under specifiegheratng conditions

Symptom A change of an observable quantaytside normal behaviour
patterns
Error A deviation from a measured or computed value and

specified or theoretically correct value

1.4INTRODUCTION TO THE KALMAN FILTER

Amongstthe significantrangeof mathematical toolésuch aghe Bayesian Parameter
Estimation Least Square Estimation ¢he Linear Minimum Mean Squarerrar
Estimation) that can be used for random signal estimation from noisy sensor
measurements, one of the most wabwn and widely used is the Kalman fil{ei7].

The Kalman filter is named after Rudolph E. Kalman, who in 1960 publspager
presentinga recursive solution to the discratata linear filtering problen}28].
Although it was originally derived for a linear problem, the KalmHarfis habitually
applied to many nonlinear problemwithout loss of performancef29]. These
extensions generally use partial derivatives as linear approximations of nonlinear
relations. Schmidf30] introduced the idea of evaluating thesartial derivatives at

the estimated value of the state variables. This approach is generally called the

Extended Kalmanfilter (EKF).

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 37 OF 225


http://www.baidu.com/link?url=tnEV0ab6szVPz2o3rYu2RP6ST4Uf4HKtDFhGaQBOe7CbKc1S8JFXbCsYSFNoV9oCaNifOFXWYT2kCbGt__5Ze0Q5NJtvnNBq_T873whgX4q
http://www.baidu.com/link?url=tnEV0ab6szVPz2o3rYu2RP6ST4Uf4HKtDFhGaQBOe7CbKc1S8JFXbCsYSFNoV9oCaNifOFXWYT2kCbGt__5Ze0Q5NJtvnNBq_T873whgX4q

MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

The Kalman filter is widely used in navigational and guidance systems, radar tracking,

sonar ranging, and satellite orbit determination @gample, it can be seen the

Ranger, Apollo, ath Mariner missions), as well as in fields as dseeas seismic data

processing, nuclear power plant instrumentation, and econonj8ttjcs

1.5 RESEARCH AIMS AND OBJECTIVE S

The research objectives established for the project are focusedewwioping

condition monitoring forthe automotive ABS systems based omodetlbased

techniqueslt will focus on the main objectives as follows:

Y

Y

Y

Ya

Objective 1: To review and understand exigl techniques in the
modetbased condition monitoring of control systerspotentialtechnique

will be chosen formplementation in this project.

Objective 2: To investigatethe background and algorithm dhe Kalman
filter. New applicationsof the Kalmanfilter will be introduced in order to

exploit the filter with the ABS.

Objective 3: To developa normal modelof a typical ABS systemfor
implementing ABS process controlhe control strategies will focuson
improving controllability, stability andstopping distance undea wide

variety of driving conditions.

Objective 4: To developfault modes for the ABS controlsystem.The faults
designed inthe modek should be onesvhich arenot easy detected by
commonmethods.The seeded faults should be fully controlled in fault type
and in fault severity, and furthermore, should not cause amagla to the

test facility or simulation hardware
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Objective 5: To set up a test facility for the implementationtbé ABS
system.This work will allow control of the ABS system when different
strategies are applieth orderto monitor and estimate the system, with the

same user interface, and moreover, to seed faults in the system.

Objective 6: To design different road conditions aSimulink model in
order totestscenarios for road and drivirggpnditions The road type chosen

for thedesign should be classical and realistic.

Objective 7: To combinea dSpace MicroAutoBox with the ABS system
test rig together with advanced data acquisittomponentsThe targets for
the applicationof this hardware are flexiblef design andnoddling, and

stability of operation and control.

Objective 8: To investigate Kalmariiltering techmques for applicationto
the condition monitoringof the ABS system Based on this studyjovel

schemes will beecommenddfor the modebased approach.

Objective 9: To perform a comprehensive data analysis for the ABS system
for fault detection and diagnosis. Both normal condition and faulty
conditions are to beemnonstrated based on the control algorithm designed

for the ABS system

Objective 10: Accordirg to the results and experiengained duringthis
programme of workto suggest pa@ntial future workwhich will extendthe

research for integration ofiore advancedechnologiesn this field.
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1.6 STRUCTURE OF THIS THESIS

Chapterone gives bakgroundinformationanddiscusses thevolution of ABSanda
modelbased condition monitoring approathdefines the motivation, objectiveand
scope of the problem anthen discussethe approach followed to meet the objectives.

The structure of thithesisis alsolisted inthis chapter.

Chapter Two reviewsnodetlbasedcondition monitoring technologyThe principle
and the procedure as well as thenaepts in the modddased approach amdso
discussed in detail in thishapter.The principle of the ABS systemincluding the
function and performance characteristiof the ABS system as well as the
mathematical modelare involved The different forcesacting on the vehicle and

wheels during braking are discussed.

ChapterThreedetails the theoretical model ah ABS systemincluding the dynamic
analysis and Simulink model building. Three steps of ABS comat@simulated to
complete the control cycleThe control strategies arénen developed and their
implications are discusseB8ome general faults thatcurin ABS are also introduced.
Finally, the principles othe Kalman filter, together witlthe equationdor estimation

of both vehicle velocityand wheel velocityre introducedh this chapter.

Chapter Bur shows the Simulinknodel based on the algorithm discussed in Chapter
Three The Simulinkmodek in bothnormal and fauit conditiors such as wheel speed
sensor failure, solenoid valve stickingstuck, fluid leakage and pump efficiency loss,

arealso developea this chapter.

ChapterFive describes thaimulation results of théABS system The results oho
ABS, ABS with and without the pressue-holding process are discussed separately.

The simulation results of ABS with faultsas introduced in Chapter Fowate also
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listed in this chapter.

Chapter & details thetest rig developmentof a real ABS systemtogether with
control unit anddata acquisition The dSpaceMicroAutoBox componerg that
takes place of the Electronic Control Unit (ECU) of vehiteintroduced and the

performance of vehicles during braking is discussed.
ChapterSevendiscusse ABS monitoring using the Kalmafilter. The comparisons
of the test results under normaha then underfaulty conditions are described

sepratey.

Chapter Eight draws togetherconclwisions from the current research and makes

recommendations for futurgork.
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CHAPTER TWO

LITERATURE REVIEW

This chapter provides an overview of the moddbased condition monitoring
approach firstly. The residual generation in the modebased approach is also
reviewed. The development, basic theory, technical requirements and evaluation
methods of the ABS systerns introduced in details. The key backgrounds of ABS
in this research, such as the components and working principles of the ABS
system, are discussed:.he control methods andcontrol channel layout on vehicle

dynamics are also laid out in this chapter.
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21 THE MODEL-BASED APPROACH FOR
CONDITION MONITORING

The modelbasedcondition monitoring is gaining a parallel development with the
advancement of automatic manufacturing processes in the last thirty{32harghe
development of an effective condition monitoring system that can detect faults in a
timely manner is complicatedue tothe operating condition variation, the significant
variability/uncertainty of thecontrol system, and the measurement nd3&]. The
researchersvould need to collect a huge amount of baseline data undeiffatient
varying conditions if a nomodetbased scheme is used, which would be extremely
costly and eveinfeasible[33]. The concepts in modélasedapproachsuch as, faults,
failures, malfunctions, errors, fault diagnosis, detection, isolation and identification
are used, but can be misintexted [3]. For example, it may prove difficult to
establish the differences between errors, failures, faults naaflnctions It is,
therefore, both beneficial and necessary to give a brief review of the -tvesksd

condition monitoring method and its aédd concepts, including usage.

2.1.1 Development of Modebased Methods

The modelbased approach wastablishedn the 1970s firstly34]. At beginning, the
modetbased approach was mainly applied to linear systems within the time domain
[13]. This method for fault detection is developeyl using input and output signals
and applying dynamic process modgs]. After that, the newly emerging methods
and their potential capability of modeased approach mainly gtochastic dynamical
systemsare summarized by Willsky36]. During that period, e majority of
modetlbased control methods used in industefies on linear dynamic model

developed from datgenerated from a dedicated plant {83f.

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 43 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

Subsequently, many different methods were carried out for the fhadetcondition
monitoring such as, parameter estimation methods, parity space methods,
observeibased methodg26]. There are many survey introductions about parameter
estimation methods published by Iserm§2v][26][38] [39]. The estimation methods
were divided into two parts: state estimation and parameter estinj24ifa0][41].

At this stage, some filters were introduced to detect faults under +hasedtl
condition monitoring approadd?2][43][44]. The concepts of residual generation and
parity space are aldmthintroduced in some research artidé5S][46]. In this period,

the first book on moddbasel methods for condition monitoring in chemical

processes was written by Himmelblau, D.M. (19[43).

When applying the moddlased condition monitoring approach in real systems, one
of the difficulties is the robustness of the residual gener§@®}fd8][49]. In order to

avoid the lack of parametric information about the expert systems, some techniques
including the Kalman filtef50][51], neural network$52][53][54], and fuzzy logic
contol system[55][56][57] were introducedSince the fuzzy logic control method is

lack of the capability of learng[58], while the neural networks methogquires high
guality dataand long processing timgp9], based on this researdbjectives the
Kalman filter method is chosen for further researBlased on the necessity of
methods that improvehe residual generation for faufirediction modetbased
condition monitoringmethods are receiving more attentistep by sted60]. And

some other adaptive methods were taken into account for residual generation and

threshold design as wg81].

Nowadays more and more research articles and industrial application achievements
based on the modélased conditin monitoring approach have been imhed in
engineering journal$§l3] [62] [63]. These all makes thienprovementsteps of the
research and application of modsed condition monitoring techniques come to

mature.
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2.1.2 Basic Theory of theModel-based Approach

The model is a mathematical representation of a system or g13&nA model can

be used to represent the desired behaviour of a system under test, or to represent
testingstrategiesand a test environmest4]. The residual is the differences between

the model outputs and the actual outpj@S]. During the operating process of a
system, the residual will not be zero if there is a fault or faults occur in the system
[13]. In practice, however, it is too difficult to build a model which can describe the
actual system exactly, and, the best alternative is to design a tkr§EBplIf the

residual does not exed the given threshold or thresholds, the system is considered as

a healthy onelf, however, the residual exceeds the threshold or thresholds, it is

indicative of a fault or faulteccurringin the systenj13][66].

2.1.2.1 The Representation of a Control System

Set a linear system with input and output y. The representation of the system

without fault and noise i.3]:

x(t) AX({t) Bu(t) 2.1)

y(t) B (22)

where X is the state variable matriand A, B and H are the coefficient
matrices. Since the measurement of the system is discrete, dizgnostic
computations are normally performed on sampled daéterefore, the discrete

eqguations of the system are usually used aitme instant k as follows:

xk ) AXK BuUHB (23)
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y(k)  HXK (2.4)

where x is the n ul state vector,u the | Ul input vector, y the mul output

vector, and A B H are thematrices of nun, nd and mun dimensions

respectively

2.1.2.2 The Representation of System Faults

In practice, &ults and disturbances may exist in systd26]. The structure of a
system with disturbances and faults is shown in Figure 2.1. Model errors act on the
actuators, processes and sensors ttirewhilst disturbances affect the system as
random inputs to actuators, processed and sef@6fsin majority situations, the
noises can be inatled in disturbance®&ut the faults are different from disturbances

or model errorg26]. Model errors exist all through the operation periodfaults do

not. Faults may occur inside the actuators, processes (including control components)
or sensors but, however, disturbances come from outside of the siaseause of

this, the disturbances affect the system in the same way as systemBegutss this,

the disturbances are usually represented by unknown inputs in the system model for

not known during the system operati{@6][66].

Figure 2.1 Factors applied on the actual system [26]
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Figure 2.1 also indicates that the mebaked approach can deal with the three
possible inflences from the disturbances (including noises), model errors and faults,
which affect the system behaviour through the actuators, the processes, and of course,

the sensors.

When the system encounters certain types of fault and disturbances, the moeel of th

system of Equation (2.1) and Equation (2.2) becdm@ls

Xt A() BUY) Ed) K{(} (2.5)

y() H) Fd() Gf(9 (2.6)

where Ed represents the unknown inputs to the actuators and to the dynamic

process, Kf represents actuator and component fauRd, represents the unknown

input to a sensor, anf represents sensor faults. The discrete form of the system

model will change Equation (2.5) and Equation (2.6)dplacing continuous timd )

to discrete timeK).

xk ) AXK BB Edk KE) 27)

y(k) HXK FdR Gl Kk (2.9

2.1.2.3 The Modelbased design method

The modelbased design method is significantly different from traditional design
methodology[67][68]. It is based on modddased approach. The modelsed design

method defines models with advanced functional characteristics using either
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HFRQW-MWQLPRMVR U W GR N f EEKK\Y BI[63][69] ThOtask bbisists of the
detection of faults in the processes, actuators andass by using the dependencies

between different measurable sign&i3].

2.1.24 Steps for Applying a Modetbased Approach

Based onhe principle of the modddased condition monitoring approach, the model
outputshouldbe the same as that of the real actual system under healthy conditions.
As previously mentioned, the difference between the outputs oktbeence signal

and that of e actual system is called the residual. The process used to create a
residual is called residual generati@3][26]. By using the residual with thredio it

is possible to figure out whether there is a faglturringin the system or nothis is

called fault detectiofi70][71].

In modelbase condition monitoring of control systems, developmenmnanifested

in the following four stepgl3][35][26]:

1. Modelling the actual process or system.

This is because the residual is generated from a comparison of pnedgtion
and real measurement. The model of actual process or system is necessary. On the
other hand, the relevant sensors are required for preparation of measurement for

the monitored system.
2. Residual generation.

Residual is used to detect a fault ibitcurs in the system. Theoretically, when
the system is under normal conditions, the residual will be zero. It is an, often
time-varying, signal that is used as a fault detector. An appropriate choice of
residual generation method is necessary in ordegetterate residual that are

sensitive to faults.
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3. Threshold design.

When the residual is generated, an appropriate decision method is needed, which

can involves a threshold. There are two criteria to evaluate the decision making
methods: sensitiveness armbustness. They are conflicting in most cases, and

therefore, a tradeff is necessary.
4. Report the condition.

The final step is to report the condition of the system, healthy or faulty, and to

identify a fault if one occurs.

Figure 2.2 shows the schemetloé modelbased condition monitoring.

Figure 2.2 The scheme of the model-based condition monitoring approach

2.1.3 A General Introduction to Residual Generation inthe

Model-based Approach

In order to eliminate the shortcomimgf the traditional methods, the most significant

contribution in modern modddased condition monitoring approaches is the
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introduction of residuals, which are independent of the system operating state and
which respond to faults in characteristic masri@B][71]. Residuals are quantities

that represent the inconsistency between the actual system variables and the
mathematical modgL3]. Based on the mathematical model, many invariantoak
(dynamic or static) among different system variables can be derived, and any

violation of these relations can be used as residid]s

The residual generation can be interpreted in terms of redundant signal structure as

illustrated in Figure 2.872] [73]. In this structurethe system (processor or algorithm)

F.(u, y) generates an auxiliary (redundant) signa)( which, together withy

generates the residual which satisfy the following invariant relation for a fatiee

case:

r@) F(y(®,z(n) O (29

When any fault occurs within the system, this invariant relation will be violated and

the residual will be nczero.

Input. Output.
» System. -
v(r)
1u(t)- )
Residual.
4 h 4
o| Fi(u, ) o FH(Z, ) >
z(t) - r(t)-

Figure 2.3 Redundant signal structure in residual generation [13]
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2.1.4 Fault Modelling and Fault Testing

A fault model is a formal representation of the knowledge of possible faults and how
they influence the proce$g4]. It can be used in almostl &ranches of engineering
[75]. From the model, some target faults can be simulated by test equipment,
especially those faulthat aremost likely to occur during operations in real systems
[76]. Fault models simplify complexity of testing by reducing number of faults that
have to be considerdd7]. Normally, fault models can be categorized as sifayhét
models and multipkdaults models, depending on the number of fault(s) represent in
the systen|77]. Fault model makes effectiveness measurable by experiments. The

fault coverage can be computed for specific test patterns to refleceitfiafhess.

There are some useful concepts of the fault modelling and fault testing for

modelbased approach listed in Table 2.1.

Table 2.1 Useful concepts of the model-based approach

Fault A fault is defined as an upermitted deviation of at least o
characteristic property of a parameter of the system from

acceptable or standard condition.

Failure $ SHUPDQHQW LQWHUUXSWLRQ RI D V\

function under the specified operating conditions.

Malfunction | An intermittent LUUHJXODULW\ LQ WKH IXOIL

function.

Error A deviation between a measured or computed value and the

specified or theoretically correct value.

The fault testing is basically used for fault detection in mbdsked conditio

monitoring approaclii77]. The fault testing can be performed either online or &flin
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[78]. Both the fault modelling and the fault testing make analysis possible with

specific test pattem

2.15 Advantages of usinga Model-based Approach for

Condition Monitoring

This project focuses on the applications of the mbdsked approach using the
Kalman filter method on the ABS system. The reasons for using the -asked
condition monitoring pproach for fault detection on the ABS system are listed below

[71[8][13][79]:

Firstly, the control strategpf ABS can only be accessed by thanufacturer and is
never declared to the customemscluding maintenance organisatiorBhe ABS
cannot easily be operated under fault conditions by using normal methodsas

loading extra component on it.

Secondly, the Kalman filter is a classic metaked approach which can solve the

problems of not only disturbance but also random noise.

Thirdly, the system performance usually varies with different control operation
Without a model, it is difficult to say if a deviation is caused by a fault or by a control

operation.

Fourthly, a modebased approach compares the measurement with the model
prediction to generate residual signals. An incipient fault can be detectdetking

the residual signals beyond a threshold limit.

Fifthly, the threshold can be designed under different accuracy requirements. The

higher the model accuracy is, the smaller the thresholds. The tighter the thresholds are,
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the more sensitive the diagstic scheme.

Finally, the modebased condition monitoring approach can detect not only system

faults but also sensor faults.

2.20VERVIEW OF ABS

2.2.1 Introduction

An antilock braking system (commonly known as ABS, from the German name
"Antiblockiersystem" given to it by its inventorsBdsclh) is a system oautomobiles
which prevents the wheels frotocking while braking [80]. ABS is one of the
important components of a modern automotive braking system. It prevents the wheel
from fully locking in the vehicle braking process. As a safety device, its main

functions are:

(1) To improve the direction stability of a braking vehicle

(2) Toensure that the driver can still control the steering wheel in the braking process,

thereby avoiding obstacles

(3) To shorten the braking distance

2.2.2 The Development of ABS

With the rapid development of the automotive industry and the continuous increases
in vehicle speed, many people pay more attention to the safety performance of
vehicles. The ABS system can automatically adjust the brake torque in the automotive

braking pocess, in order to prevent the wheel locking. Because the wheel slip rate is
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maintained in the vicinity of the optimal slip rate, the ABS can improve the
automotive braking efficiency and stability. Therefore, as an effective vehicle active

safety devicethe application of ABS is more and more popular. The question of how

WR LPSURYH WKH EUDNLQJ SHUIRUPDQFH EHWZHHQ WKH
in order to meet the requirements of traffic safety, has always been the goal of

researchers.

The fird motor driven vehicle was developed in 1769 and the occurrence of the first
driving accident happened in 1770. Since then, the engineers started to research on
reducing driving accidents and improving the safety of veh{@&fF Since then, the
experts focused on the efficient design of braking systems in the purpose of reducing
accidents. The German firm of Robert Bosch GmbH had been developirgcanti
braking technology since the 193[@9]. The first set of ABS brakes were put on a
Boeing B47 to prevent spin outs and blown tyres in 188H. Later in 1950s, ABS
brakes were aomonly installed in aircraft filed with fully mechanical system
[80][81]. TheDunlop Maxaretantiskid system was in wespread aviation use in the
UK, with aircraft such as thdandley Page VictoNVickers ViscountVickers Valiant
English Electric Lightningde Havilland Comet 2cand later aircraft, such as the
Vickers VC1Q Hawker Siddeley TridenHawker Siddeley 125Hawker Siddeley HS

748 and derivedBritish Aerospace ATPand BAC OneEleven being fitted with
Maxaret as standaf82]. In the 1960s, only the high end automotives were fitted with
rearonly ABS, which onlyinstalled on limited automobiles for the reason of
expensive cod80][81][82]. The firsttest onexperimentatonfigurationwas carried

out on all wheel drive Ford Zodig82][83]. In 1970, Ford added an ABS called
"Suretrack” to the rear wheels of Lincoln Continentals as an option; it became
standard in 197]82]. With the significant development of computers and electronics
technologies, the ABS techniques exploded in the 1980s. Nowadays)eal ABS

can be found on the majority of later model vehicles and eweselect motorcycles

[81] [82] [83].
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Obviously, ABS is an important component to road safety as it is designed to keep a
vehicle steerable and stable during heavy braking by preventing whe¢B1ldcRBS
equipped vehicle has a safe side during crashes particularly in the emergency braking
condition[82]. The wheels & easily to slip and lockup during emergency braking,
especially on a slippery road surface such as snow or ice. The main purposes of ABS
are already established at the beginning of this section. The ideal situation is that the
ABS can control the wheeliglin order to meet the maximum friction between the
wheel and road surface. The ABS mainly prevents skidding of the vehicle and thereby
reduces the possibility of any unwanted crashes due to emergency H{&Xingnd

of course, the ABS can reduce the braking distance.

The typical ABS components is shown in Fig@ré[81].

Wheel Sensors

Control Medule

Modulator Unit

Wheel
Sensor

Wheel Sensors .
Gear Pulser

m Replace brake [Tuid every 45,000 miles ’
Brake Disc

Figure 2.4 Typical ABS components [81]

2.2.3The Basic Theory of ABS

1. Wheel Brake Dynamics
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Normally, vehicle models include a general vehicle model, a four wheel vehicle

model, a hdlvehicle model and a quarter vehicle model. The one chosen for this

research is the quarter vehicle model. This model has the advantage that ignores the
LOQWHUDFWLRQV EHWZHHQ WKH IRXU ZKHHOV DQG WKH Y
phenomenon that omplicates it. The quarter model describes the braking
performance, which is suitable for ABS braking performance analysis. It can, however,

also simplify the problem.

In the actual running process of an automotive, the longaiidiotion of vehicles on

a roadcan have two different forms: rolling and sliding. A wheel during braking has
two primary torques acting on it, the brake torquel the tyre torque. Figur25

shows the simplified model of a braking whe&& shown in Figure 2.5V refers to

vehicle velocityand Z refers to wheel angular speed.

Figure 2.5 The simplified model of a wheel

From Figure2.5, we get the dynamic functions of a braking wheel:
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JZ F T T, (2.10

F, RF (2.13)

where F, is the friction force, F, is the normal force, £ is the longitudinal
friction coefficient, J is the moment of inertia of the wheel, is the rolling radius

of the wheel, andT,, is the braking torque.

As introduced by Tom Denton,dlreason for the development of an ABS system is in
HVVHQFH YHU\ VLPSOH 8QGHU EUDNLQJ LI RQH RU

(begins to skid) then this has a number of consequéddks

z Braking distance and time increases
z Steeringcontrol is lost

z Abnormal tyre wear

The obvious result is that an accident is far more likely to g@jr The maximum
deceleration of a vehicle is achieved when the maximum energy conversion is taking
place in the brake system. A goddver can pump the brakes on and off to prevent

locking but, electronic control of ABS can achieve even better fi@ljlt

From Equation .10 JZ F 7T T, both the braking force torque and the

longitudinal force torque decide the behaviour of wheel. When braking, the wheel is
subject to the braking force generated by friction pads and the braking force of the
brake, as well as the longitudinal force gersmtaby both tyre and road surface

friction. When the braking force is less than the longitudinal force, the speed of the

wheel decreases and wheel slip occurs. Together with the increase of braking pressure,
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the percentage of wheel slip increases. Whenbtiaking force is greater than the

longitudinal force, the wheel is locked and slips. The longitudinal force generated by

a tyre depends on the ndimensional parameter wheel slip rat®, and the

vertical load on the tyre. As a liasoncept, the longitudinal wheel slip ratid, is

given by:

v A4
v

S, *100% (2.12

where Z is the wheel angular velocityt is the radius of the wheel rolling, and

is the forward linear velocity of the vehicle. In normal driving conditiods, & ,

therefore S, 0.

In severe braking, it is common to hav& O whilst S, 100%, which is called

wheel lockup. Lockup means the wheel slips on the road without rolling. Wheel
lockup is undesirable since it increases the stopping distance and causes loss of
direction control[85][86]. When the wheels skid and slip on road, part of the central

longitudinal velocity of the wheel is caused by the wheel skidding whilst the other

part is caused by wheel slippage. In this cagel £ and 0 S, 100%. The

greater the percentage of the wheel slipping, the larger slipping fafids.

Together with slipping ratio, the rolling rati®, is given by:

g v,

Sy 100% (2.13

When rolling, tie longitudinal velocity of the wheel i¥ O and the rolling ratio is
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S, 100%. when the wheels rolling and slipping on the road,spafrthe central
longitudinal velocity of the wheedre caused bywheel rolling whilst the other paxrt

are caused by wheel slippage. In this cas& !V and O S, 100%. The

greater the percentage of the wheel rolling, the bigger the rolling &jids.

2. Tyre Friction Force

Braking happens only when the tyre is in contact with the road surfages the

tyre friction force, which causes the deceleration of a moving vehicle.
Fo RA (2.14

where F, and £ are the vertical force and the longitudinal friction coefficient in

WKH EUDNHYVY VHSDUDWHO\ 7KH IXQGDPHQWDO pJULST EH
called the friction coefficien{87]. This is a nofinear function with a typical

dependence on tsdip shown in Figur@.6[81].
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Friction Coefficient

No ABS
action

Both the longitudinal and the transverse forces that the can transmit 1o the
road are reduced by: Reduced road friction (wet, greasy, loose, frozen,...)

Redueced tyre friction

(bald, hard compound, patterns, bad pressure...)
Reduced contact pressure

(poor inflation, skippmg, unloading,...)

ABS hold zone

0.2-0.4g

L

Gravel surface

ARBS release zone

Longitudinal - traction & braking

Transverse- stability. steering

Rough pavement ~0.8g

Slide values
are ~00%-70%

of the peak valve

Smooth pavement/wet
surface 0.47-0,3g

FPiling
effect,
Loose
material
piles in
front of
the tvres

] ~10% wheel slip
Free
running

-

t
100% wheel slip

Wheel slip = 0 %0 when wheel is free wheeling.
100 % when wheel is fully locked
Maximum braking forces occur when wheel slip is in the range 10% - 30%

Figure 2.6 lllustration of the relationship between the braking coefficient and wheel slip

[81]

Figure 2.6 shows how the friction coefficient varies with wheel slip rate for different

road surfaces. A computer program that represents taphgs stored in the ECU

memory so that it can be used as a refer@ick It is shown that the slide values for

stopping/traction force are

cornering/steering forcg81].

proportionately higher than the slide values for

It is generally believed that optimum braking

performance in difficult conditions is achieved when the slip rate is in the range of 10%

to 30%([81] [85] [87]. Consequently, the ABS can help to maintain steering control

even under very davy braking condition§84]. In rare circumstances the stopping

distance may be increased; however, the directional control of the vehicle is

substantially greater than if the wheels are locke[8lip

DEGREE OF DOCTOR OF PHILOSOPHPHD)

PAGE 60 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

2.2.4 Technical Fequirements and Evaluation Methods of

ABS

The main difficulty in the design of ABS control arises from the strong nonlinearity
and uncertainty of the problef81]. The braking process in terms of minimum
stopping distance would be optimum if the slip rate of the brake type could always be
kept at values correspding to peak friction levelg88]. The ABS control logic is
based on the objective of keeping the wheel from lockipgand to maintain the
friction between the braking tyre and road surface at an optimal max{@iLjmIn
practical, the wheel speed sensor measurewltieel angular velocity and feeds back

to the ECU. The brake actuator control unit then receives an output signal, which is
based on an underlying control approach of ABS from the ECU to the brake actuator.
The angular velocity of the wheel, the brakingp shte of the tyre and the velocity
difference between the tyre and the vehicle are necessary for the ABS control

algorithm.

1. Design Requirements of ABS

The steering force, stability and optimum braking distance are the main indicators for

evaluationof ABS. The design requirements are shown below:

(1) The car steering capability and driving stability must be guaranteed during the

brake process.

(2) Steering reaction should be as small as possible, even if the adhesion coefficients

of two sides of the wheelseanot the same.
(3) Can be adjusted within the entire speed range of the vehicle.
(4) Effective use of the adhesion of the wheels on the road surface.

(5) The vehicle must be able to stop completely on the road in any condition within a
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reasonable distance.

(6) The ABS nust be able to identify the different road conditions and make the right

response for braking.

2. Quality guidelines of ABS

(1) Good driving stability
(2) Good steering ability
(3) High utilization of the adhesion force coefficient

(4) Must be comfortable

3. Main evaluation index of ABS

(1) Goodresistance texternal electromagnetioterference
(2) Avoid lockup of wheels when braking

(3) High utilization of the adhesioroefficient

(4) Adaptive ability ofroad condition changes

(5) Stop ABS from working when an electrical fault occurs

2.3 THE BASIC COMPOSITION AND WORKING
PRINCIPLES OF ABS

2.3.1 The Components of ABS

As shown in Figure.7, the ABS consists of a conventional hydraulic brake system

plus antilock component$81]. The conventional brake system includes a vacuum
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booster, master cylinder, front disc brakes, rear drum brakes, interconnecting
hydraulic brake pipes and hoses, a brake fluid level sensor and a brake irff8iator
There are a few variations between manufacturers involving a number of different
component$84]. However, there are some mawmponents of a typical ABS system

as listed belovj81] [82] [83] [84]:

1. Wheel speed sensors: up to four wheel speed sensors produce signals with a
frequency proportional to wheel speed. Most of these devices are simple

inductance sensors and work in conjunction with a toothed wheel.

2. Electronic controlunit (ECU): monitors the wheel speed signals, computes the
slip-performance on the sensed wheels and operated the modulator valves. The
function of the ECU is to take in information from the wheel speed sensors and

calculate the best course of actiontfue hydraulic modulator.

3. \Valves: driven by ECU to either opened or closed position. There are two valves
for onewheel as normally openedupply valve and normally closedgleasg

valve.

4. Pump: restores the pressure to the hydraulic brakes after tes Veve released
it. The ECU sends out a signal for releasing the valve at the detection of wheel
slip. The pump is used to restore a desired amount of pressure to the braking

system.

5. 2WKHU FRPSRQHQWYV WKH YHKLFOHYV SHKidl. FDO EUDN
and some of the advanced ABS systems also include an accelerometer to

determine the deceleration of the vehicle.
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Figure 2.7 Structure of an Anti-lock Braking System [81]

2.3.2Working Process of ABS

Wheel speed sensors constantly measure and send wheel speed signals to the ECU, in
which the wheel deceleration is calculated. When a wheel lockup is indicated, the
ECU signals to the modulatioralve to regulate the braking pressure and maintain

maximum braking without risking wheel lockup.

There are many configurations for ABS from different ABS manufacturers worldwide
such as Bosch, TRW, Denso, Continental Teves, Lugaslings, Delco, Aisin®iki,

etc. [7]. The key to the operation of ABS hydraulic modulator is to consider three
operating positiong84]. The solenoid valve hago positions, which control the three

operating phases of AB84]:

z Pressure increase / Pressure build up
z Pressure hold

z Pressure decrease / Pressure reduction
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As shown in Figure.7, it can be seen that the wheel is modulated by an individual
solenoid valve and that the supply solenoid valve and the release solenoid valve share
the return pump with two check dampers and an accumyl@toiThe valves are
controlled by electrical solenoids, which have a low inductance so they react very
quickly. The motor of ABS only runs when the ABS is activdi@4]. Because the
supply valve and release valveeamportant parts of the ABS system, they are taken

to demonstrate the modelyj of the ABS system. Figur&s8 (a) and2.8 (b) show the

solenoid valves of both supply (normally opened) and release (normally closed).

Table 2.2 lists the components of botine Normally Opened Solenoid Valve and

Normally Closed Solenoid Valve.
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(@) Normally Opened Solenoid Valve (b) Normally Closed Solenoid Valve Structure
Structure Diagram Diagram
Figure 2.8 Sketch of solenoid valve [89]

Table 2.2 Components list of Figure 2.8

NORMALLY OPENED SOLENOID NORMALLY CLOSED SOLENOID
VALVE VALVE
No. NAME No. NAME
1 FIXED IRON 1 FIXED IRON
2 PUSH ROD 2 RETURN SPRING
3 MOVING IRON 3 COIL YOKE IRON
4 COIL YOKE IRON 4 ColL
5 ColL 5 MOVING IRON
6 RETURN SPRING 6 PUSH ROD
7 VALVE BoDY 7 VALVE BoDY
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2.4THE CONTROL PRINCIPLES OF ABS

ABS brake controllers pose unigue challenges to the desagrfeHows[90]:

z For optimal performance, the controller must operate at an unstable equilibrium

point

z Depending on the road conditions, the maximum braking torque may vary over a

wide range

z The tyre slippage measurement signal, crucial for controller perfoenanboth

highly uncertain and noisy
z On rough roads, the tyre slip rate varies widely and rapidly due to tyre bouncing

z Brake pad cefficient of friction changes

N

7KH EUDNLQJ V\VWHP FRQWDLQV WUDQVSRUW GHOD\V
bandwidth

As stded in the previous section of this chapter, the ABS consists of a conventional
hydraulic brake system plus afitick components which affect the control
characteristics of the ABS. ABS contiwhsa highly nonlinear control problem due

to the complicatedelationship between direction and slip. Another impediment in this
control problem is that the linear velocity of the wheel is not directly measurable and
it must therefore be estimated. Friction between the road and tyre is also not readily
measurable ropotentially requires complicated sensors. Researchers have employed
various control approaches to tackle this problem. One of the technologies which has
been applied to the various aspects of ABS control is soft computing. A brief review
of the ideas ofoft computing and how they are employed in ABS control is given

below.
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2.4.1 Control Methods

The ABS system has its own characteristics. In addition to the requirements of the
system antinterference ability and the high reliability, an important request is

the highspeed control of the process. The majority of ABS systems require a response
within milliseconds from the control system. This is a limitation of the algorithm
design. More complex algorithms based on the modern control theory are used in

application of ABY82] [85] [86][91].

1. Frequency Response

The transfer function of a control system is the core of the classical lineapic
theory. Normally, it uses a system with a sinigleut, singleoutput (SISO) as the

object. The classic control research model is the differential equations.

2. Linear optimal control theory

The statespace method is another way to describe a Hirsggtem which uses
first-order differential equations to describe the dynamic system characteristics. The
statespace methods including Pole Control, Condition Monitoring and Optimal
Control can deal with the problem of not only a linear system but aiso-bnear or

stochastic control system.

3. Adaptive Control System

The design of the controller is done offline. When the structure of the controller is
determined, the parameters of dynamic model can be estimated through the online
system identificatiorof the adaptive control. From a practical point of view, the more
identification parameters required, the more complex the procedures are going to be.

These become more difficult for adaptive control.
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4. Fuzzy Logic Control System

The model is not basecha mathematical model, but based on how the designers
understand the system and summarize the rules of the ABS system. Fuzzy logic
control is applicable to the control system in a similar way to the system controlled by
human beings. Fuzzy logic controfstems, however, lack a theoretical foundation,

such as the stability of the control system.

2.4.2 Control Channel Layout on Vehicle Dynamics

With four wheels, many combinations are possible for grouping the wheels into
channels. This may be done as a Itesticost, performance, or complexity of the
system. The number of channels in the system can vary from one to four. The layout

refers to the pair of wheels that are grouped tog¢84¢{87] [91].

1. One Channel: Select Rear Axle Control

One channel systems have been exclusively used to control only the rear wheels
because the vehicle stability is more dependent on the forces on the rear wheels.
Although such systems prevent the vehicle swerving inynsénations, their basic
shortcoming is the lack of steerability during an emergency stop due to the
uncontrolled front wheels. Consequently, full braking during cornering and evasive
manoeuvers may result in loss of control. This system configuratiomobyeans

meets the present traffic safety requirements.

2. Two Channel: Diagonal Split Control

In a diagonal split system there are two circuits: one is connecting thddfowheel
and the rearight wheel and the other one is connecting the fright wheel and the
rearleft wheel. Diagonal split control independently modulates brake pressure in each

of the diagonal circuits based on the information received from the four wheel speed
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sensors. The front to rear braking ratio is controlled by a sega@iertioning valve

for each channel.

3. Three Channel: ABS with Individual Front wheel Control and Select Rear

Axle Control

Four system configurations are possible with three channel systems. This system
configuration assures full vehicle steerabilitydastability with braking in a turn, or
evasive manoeuver. Due to the dynamic wheel load distribution during braking in a
turn, the higher brake forces available on the front wheels are fully utilized. Only the
lower brake force of the outer rear wheeladjusted to the inner rear wheel. This
method also minimizes the brake force differences on the rear axle on roads with
different friction coefficients or during turning. Although the system does not offer all
the advantages of an individual four wheel tcoh system, its performance is

considered satisfactory.

4. Four Channel: Individual Wheel Control

All the wheels are controlled independently of each other. This allows the brake
forces on each wheel to be optimized. The stopping distance, steerakilgtaaiity

is then dependent on the control philosophy used. This system is more expensive
because of the extra controls that are required. This system is the only one to pass the

current stringent test requirement.

2.5 MODEL -BASED CONDITION MONITORING
OF ABS

As discussed in the former sectpthe ABS is one of the most important components
related to driving safety in modern vehicles. It is a device integrating complicated

electronic systems, hydraulic systems and mechanical components. To improve
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reliability, safety and economy of the ABS system, fault detection is becoming

increasingly importanto2].

By now, there is no effective method to predict or check the ABSPHFKDQLFDO

condition routinely to ensure its functionality. Due to the ABS system only works
above a certain velocity during harsh braking, current brake test systems are not
adequate to test ABS systems. Besides this, it is forbidden to test ABSlicapabi

performance on roads.

There are not quite a lot published research achievement on either the analysis of
system efficiency performance or the detecting of the physical layer performance of
the ABS systenfi93]. One important reason is that this kind of researches requires for
the details of iternal signal flow and technical information of the ABS, which are

commercially confidentiality of all the ABS manufactures.

Although there are so many difficulties need to face up, the research of ABS condition
monitoring and fault diagnosis never stojps1990s, a Germany research team with
leader of Prof. Struss started exploring the mechanism of the health status of the ABS
VA\VWHP +H SXEOLVKHG VR PRiIndBrieWalsF Gf Hhoddise® D W H G
diagnosis of dynamic systeffisParameter analysis oABS model§ D @&ultp
isolation in the hydraulic circuit of an ABE3] [94] [95]. Rapid Control Prototyping
(RCP) is a process that letagineers quickly test and iterate their control strategies
[96]. Consequently,the mathematical modelsinder both faulfree and faulty
conditionsare automatically imported witMATLAB /Simulink onthe ABS system

with 1/O interfaces to connect to systenmmsthis research projecBoth RCP and
Hardwarein-the-loop (HIL) simulation technique are used in the development and
test of complex reagime embedded systen@7]. In order to solve the problems of
ABS system with vehicle road testpme researchepmesented the method BCP
andHIL for simulating the vehicle dynamic performance using mof#ds Only the

ABS hydraulic components, together with the electronic modules are included in the
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test facility. All the other complexity of the ABS system is included in the test and
development by adding the mathematicalrespntation of the dynamic syst¢@v]

[98]. Besides this, Prof. Isermann also tried to establish the rbaded condition
monitoring of ABS systerasing current and voltage signals from the solenoid valves
[99][100]. Researcher Marcus from Germany expressedel based fault detection
methodscan be used toompare with the faultree stat€for ABS solenoid valves by
usingparaneter estimation, state estimati®2]. This leads to a number of symptoms,
indicating the occurrence of faulf82]. Researcher Gajek form U.K. carried out his
research of ABS system performamcestandard conditiongsing advanced drum test

rig [101].

In this project, a moddbased condition monitoring approach is going to be used for
the ABS system. One approach towards mdidesled methods is parameter
monitoring, where online estimated physical parameters of the process are compared
to reference value$102]. Both simulation results and measurement results are
necessary for this research. Some filtering techniques will also be used for filtering
measurement signal. The compan results between healthy and faulty conditions
need to be analyzed using moetieked approach. Modbhsed condition monitoring

and fault detection has progressed to maturity of current research on-lrasddl
methods, which are necessary in order ttectenot only sensor failure, but also the

faults of mechanical components and hydraulic componizd®g.

2.6 SUMMARY

In this chapterthe stateof-art modelbased aproach to condition monitoring \8a
introduced.The development and basic theory, together watthnicalrequirements
and evaluation methods of ABS are reviewElde components and working process,
as well as the control methods of typical ABSveshiclewere also introduced in both

words and figuresSome difficulties of application of ABS fault detection and
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diagnosis wee listed.In order to deal with these prelohs, a modebased condition

monitoring method wacarried out for ABS fault detection and diagnosis.
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CHAPTER THREE

THEORETICAL MODEL OF

THE ANTI -LOCK BRAKING SYSTEM

In this chapter, the theoretical model of ABS system ideveloped Firstly, the
dynamic analysis of threestepsof ABS control, including pressureincreasing,
pressureholding and pressuredecreasing are introduced with associated
mathematical analysis.Secondly, the control cycle of ABS isntroduced by using
different thresholds at different stages.Thirdly, a number of general faults,
including speed sensor failure, solenoid valve sticking or stuck, fluid leakage,
pump efficiency loss, pressure hysteresis and air blister inclusion in brake fluid
are discussedFinally, the friction coefficient calculation method andthe Kalman
filter technology for calculation of both wheel velocity and vehicle velocity are

alsointroduced in this chapter.
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3.1 DYNAMIC ANALYSIS OF THE THREE STEPS
OF ABS CONTROL

3.1.1 The Pressurelncreasing Mode

During emergency maeuvers,most drivers react by stepping on to the brake to
come to a stop as so@s possible. Depending on roaniface coditions, the wheels
eventuallylock andbegin to slié [103]. The braking force othe ABS occurs when
the driver steps on to the brake pdal When the Electronic Control Unit (ECU)
determineghatthe pressurewithin a wheel brake cylinder needs to inereasedthe
fluid within it undergoes @rocess opressurizationThe syply/inlet valve is inthe
openposition, whiktthe release/outlet valve is the closed positionThe brake fluid

is pumped from the accumulator into the master cylindearglectric hydraulic
pump. The mastecylinder transferghe hydraulic oil fromthe solenoid valve to the
brake cylinder whethedriver stejg on the brake pedal’he pressure of theydraulic

oil is alsoraised at the same time.

F Xm Pm "Q.t'

Figure 3.1 Schematic diagram of brake pedal and master cylinder

Figure3.1 showsthe structure the master cylindgperated by the brake pedal. Once
the brake pedal is depressed, the pressure builds up in the master ayimddrately

The master cylinderthen transfes pressure to the braking cylinder through
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appropriate piping tethe apply/inlet valvg6]. From Figure3.1 the dynamic equations
of the model of the master cylinder withe brake pedatan be obtained and are given

below:

PA, FK, oo P, F K/I™# (3.1

m !

An X Q (3.2
The parameters aexplainedbelow:

F -- The force on brakpedalfrom thedriver

K; --The gain of the force oifie brakepedal(pedalratio)

P, -- The pressurgenerated ithemaster cylinder when braking
A, -- Theeffectivearea othepiston inside the master cylinder
X, -- Thedisplacemenof the piston inside the masteylinder

m

Q -- Thevolumetricflow rate from the master cylinder to the supply/inlet valve
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Figure 3.2 Sketch of the pressure increasing process of ABS

Figure3.2 showsthe process ahcreasinghe pressure othe ABS. The hydraulic oil
is pumped intothe suypply/inlet valve, which is normally openeda the master
cylinder. At the same time, the release/outlet valve is cloBeain Figure3.2 the

liquid flow equation can be obtained as defibetbw[104]:

Q GA F (33)

where C; is the flow rate coefficient A is the flow area ofthe valve, k is the
index of thesolenoidvalve with a value from 0.5 to 1.®f the supply/inlet valve
respectivelyand P is the pressure difference betwedie front and rear othe

supply/inletsolenoidvalve.

The flow rate from the master cylinder is restricted by the supply/inlet valve orifice.

The hydraulic fluid losespressure when pumping frothe master cylinder to the
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brake cylinder througtihe solenad valve. Assuring the upstream pressure B,

and thedownstreampressure isP,, then the equationof pressure loss can be

describé as:

~U
o
m-U

(3.4)

When braking action starts, brake fluid is compressed and the pressure is increased.

The continuous flow equation durindpe pressurencreasng stage isgiven by

Equation 8.5).
dP
KV —2
Q. ot (3.5)

where K isthefluid bulk modulusand V is thetotal volume ofthebrake cylinder

and fluid pipes.

Theoretical, the flow rate o2 and Q, should be the sam&rom equatiors (3.3),

(3.4) and (3.5), the rate ofchange ofpressureof the brake cylinder duringhe

pressureancreadng stage iggiven by

E CF_A*(p P)X

dt KV a (36)
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3.1.2 The RessureDecreasingMode

I //Z

Figure 3.3 Sketch of the pressure decreasing process of ABS

When the Electronic Control Unit (ECU) determinesthat the pressure of a wheel
brake cylinder needs to beduced the fluid within it will be decompressed. A
command is sent to control the supply/inlet valve to close and to the release/outlet
valve to openThe brake fluid flows out of the brake cylinder inte@ taccumulator
through the release/outlet valve. At the same time, the pressure of the brake oil inside
the brake cylinder is decreased because the pump is activated to return the oil from the
accumulator to the master cylinder. The flow circuit of @resuredecreasing

procesds shown in Figurd.3.

Given that the pump speed is far higher than the solenoid operating frequency, the
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pump flow rate can be assumed to be constdawever, even for this simplified
model, the model is more complex than that of a pressure-lyuiltiode because

morecomponentsre involved.

During the pressurdecreasing procesthe supplyvalve is closedvhilst the release
valve is openThe lrake flud insidethe brake cylinder flowg into the fluid reservoir
andtherate of change gbressure othe brake cylinder duringhe pressure decrease

stage igyiven by:

R’ 3.7)

where C; is the flow rate coefficient Ay is the flow area ofthevalve, / is the

index of therelease/outlet valvduring the pressure decrease stage.

3.1.3 The Pressure Holdng Mode

When the Electronic Control Unit (ECU) determinesthat the pressure of a wheel
brake cylindeiis constantthe brake oilis in the process omaintaining and holding
pressureThe ECU controls both the supply/inlet valve aihe releasedutletvalve in
the closedloop to the correspondingvheelbrake cylinderThe brakeoil in the brake
cylindersis enclosedandthe fluid pressure remains constaiihe modelshowsno
leakageand the structure diagram for theessue-holding process is shown in Figure

3.4.

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 80 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

/
\J:::c[‘\
R
2
N I
N

- NNNN
W\\d

r,
|

)

\_ A
Figure 3.4 Pressure holding process structure diagram

In thepressure holding stage, the braking pressunedsangecdand given by:

2 0 (3.8)
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3.1.4 Parameter Setting for the Three Stepsof the ABS

Accoarding to the experimental daby L.Zhang[105], the characteristic model tie

hydraulicthrottle yystemcan badentified as shown in Equatio.0).

37.2162 6, P, §>*  Pessure_ Increase
® 0 Pressure_ holding (3.9
©  355261P°®  Pessure_ Decreasin

The brake torquel, can be described §506]:

Tb Kpb Pa (310)

where Kpb is the braking efficiency coefficient[107]. Equation (3.10) means that

the braking torque of braking cylinder equals to braléfficiency coefficient times

the brake oil pressure of the brake cylinder.

3.2CONTROL CYCLES OF ABS

According to the relationship betwedhe braking pressure, wheel speed ahd
friction coefficient oftheroad, the control cycle dhe ABS can be dscribed inthree
steps: pressurancrease, pressut®lding and pressurgecreaseas describedin
Section3.1. Thecharacteristics of the first step maaatthe pressurencreasecan be
divided into firstpressurancrease and stgmessurancrease. The setting values of
thethreshold parameters cerfrom a summary ofthe road tes{108]. Thedefinition

of thethreshold parameters are shown in Table
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Table 3.1 Definition of threshold parameters

Threshold Paramete Meaning

S Slip ratethreshold of first pressw@ecrease

Slip rate from pressu+igolding to stegpressureéncrease

Slip rate from stepressureancrease to pressuecrease

Wheel acceleratiothreshold of first presswgecrease

A S e N

Wheel acceleration threshold from presstdeerease to

pressureholding

A Wheel acceleration threshold from pressiioéing to

pressurenlecrease

As the calculation of wheel speelareattime property duringhe braking process,
the calculations of wheel speed, vehicle speed, acceleration and the slip rate are

discrete in naturfl09].

In the first control cyclewhen the vehicle brakes in an emergettogpressure othe

braking cylinder build quickly andthe speed of thavheel decreassrapidly. When
the acceleration ofhewheel Z is less tharthe acceleration thresholdd , the ABS
cycle starts to work, whst braking pressure ismaintained During the

pressureholding process, the slipteacontinues to riself the slip rate S, is bigger

thanthe threshold S, this will leadto an unstable area of slip rasndthe pressure

will start to decreagg’hase 3)Duringthe pressuredecrease process, the acceleration

of the wheel Z is increasedagain. When Z is greate than the acceleration

threshold A , the braking pressure is held constanthia pressureholding process

(Phase 4)When Z is bigger than A, the braking pressure is increased in order to

preventthe wheel returning to too small slip values (Phas&\B)en Z is between
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A, and A,, thepressure is held constant (PhaseDi)e to inertia andhe low level
of brake pressurehe wheel speedwill continue to increase untilZ exceedsthe
acceleration threshold®,. When wheel accelerationZ is betweenA and A,
the braking pressure is slowly rais@@hase 7) During the steppressurencrease

process, the slip raté&,, is around S

‘opt

(optimal slip rate). Running through such
cycles, the rotational speed the wheel, Z, is kept in arangewherethe wheelslip
rate S, is close tothat of the maximum friction @dficient. This allows braking

distanceto be minimized110]. The control cycles of the ABS system with hydraulic
brakes is shown in Figur&5. The related introduction about transfer condition and

pressure status of each phases are listédhle3.2.

‘ .
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Figure 3.5 Control cycles of the ABS system with hydraulic brakes [110]
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Table 3.2 Control phases with transfer conditions and pressure status

Phase Transfer Conditions Pressure Status
1 Z decrease Pressuréncrease
2 it £ A Pressuréolding
3 it Sp,!' 3 Pressuralecreasing
4 it A Z A Pressuréolding
5 it Z1A Pressuréncrease
6 if £ A Pressuréolding
7 if A Z A Steppressurencrease
RepeaB if £ A Pressuralecrease

3.3 GENERAL FAULT S OF ABS

In order to providea fault prediction the general faults ofthe ABS system are
analyzedandmodeledin this sectionThis includeswvheel speed sensor failuggymp
efficiency lossfluid leakage, oil air blister inclusigompressure hysteresid sticking

solenoid valves.

3.3.1 Wheel Speed Sensor Failure

Speed sensoiaflure leads to bogusfeedback tahe vehicle§ ECU duringthe braking
processAs part of the control loopwheel speedensors provide the controllers with
necessary information abbthe actual system state avehicle dynamics, following

which the controllerare activatedn such a way that the vehictemainsstable in
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extreme situations. In other wordsgsassful vehicle control strongly depends on the

performance of the sensdfd1][112].

3.3.2 Solenoid Valve Sticking or Stuck

Theoreticallywhen restamg the ®lenoid valveafterlack of use only a small force
is requiredto overcome the friction resistance in order to move the spool. Hoviever
practical application, theesistance is considerable especiallyniedium or high
pressure systesn This phenomenon is called the solenoid vadtieking or stuck

phenomeng§o8].

This phenomenon is due to geometry errors and centengmsistencypetweerthe

spool and the valve bodyherefluid between the spool and the valve body produce
an unbalanced radial for¢&13]. Thisforces the valve body and valve orificepress
against one anothand leads to thehgnomena of solenoid valve sticking or stuck.

it is slightly sticky, the action of the valve will be delayed and the transient pressure

signal will be different from normal.

3.3.3 Fluid Leakage

In a hydraulic system,hie working fluidflows or is temporarily storedn hydraulic
componentor pipes. However, due to various reasons suchpesssure and gap
thereis still somefluid dischargefrom the sealedcavity, which is called a fluid

leakagd114].

Leakage is aeriousproblem whichcamot be ignoreé@ndcausegproblemsncluding
lack of pressuragequired by thesystem,n-stability ofthe speed of the actuateraste
oil, enery consumption, reduck efficiency, raised temperature, environment

pollution, etc.. In the mosseriouscasesthe external leakage may cause a éisea
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result ofthe fluidbeing combatible

3.3.4 Pump Efficiency Loss

Plungertype hydraulic pumps suck and pressfth& by changing the volume of the

sealed working chamber, in which the plungexates dinear reciprocating motion.

If the pump fails completely, itM/not return oil back tahe master cylinder although

the Electronic Control Unit (ECUJriesto control it to do s¢6]. In this casebraking

oil from the brake cylinder can only go into the accumulator during the ABS course.
The accumulator has its liméds degined. After the spring of the accumulators
completely depressedhe accumulatorcannot accept any additiondkraking olil

meaning thathe pressurelecrease procesannot be accomphed[6].

In practice,however, what happens most frequently is that the pump efficiency
decreases with age and extensive[65€L10]. In this case, the oil that is charged into

the accumulator cannot be returned te thaster cylinder completely and a small
amountof oil is left in theaccumulatoat the end of each pressure reduction mbde.
addition, because the pressure reduction cannot be completed, the following pressure
increasingmode will be also slowed dowje]. The accumulator will sooner or later

reach its limitation and the pressure reductahfail [6] [110].

3.3.5 Pressure Hysteresis

Lining friction caugs hysteresis loss atlake gear hysteresis may limit the cyclic
frequency otthe ABS operatior{115]. This situation may also occas a reult of the
difference between the supply/inlet valve ahd release/outlet valvel heoretically,

the supply/inlet valve and the release/outlet valve should behave identically but there

may ke a slight difference due tonecessary manufacturing tolerandé$. Fluid
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damping of the armature motion may also differ from upward motion to downward

motion and consequently, pressure hysteresis may be experienced.

3.3.6 Air Blister Inclusion in Brake Fluid

An air blister nay occur if the pump pressure reduces below a specific level resulting
in pump cavitatior[6] [110]. Whenthis occurs, the compressibility of the brake oil
will increase significantly and there will be a consequential reduction in the bulk

modulus[6].

3.4FRICTION CO EFFICIENT CALCULATION

The Burckhardt method is used faalculation of friction forces.The friction
behaviar of the wheels can be approximated with parametric characteristics, as

shown in Figures.6.

14 T T T T T T T T T
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Figure 3.6 Typical slip rate =friction coefficient characteristics

The calculation of friction forces can be carried out using the method of Burckhardt
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[116].
F(S) cd e*™) ¢§ (3.11)

The parameters,, ¢, and c, for various road surfacesme givenin Table3.3. By

using the extreme valuemethod, the ptimal slip raé and the maximum friction

coefficient from Equatio (3.11) can bede<ribed as follow117].

Iogﬁ
G

c, 2(1 log9%)
G G

S

opt

(3.12)

lo o@ool

max

Table 3.3 Parameters for friction coefficient characteristics (Burckhardt) [116]

Road Type c, c, c, S

opt max

Asphalt, dry 1.2801 23.99 0.52 0.17 1.1709

Asphalt, wet 0.857 33.822 0.347 0.13 0.8019

Concrete, dry 1.1973 25.168 0.5373 0.16 1.090

Cobblestones, dry 1.3713 6.4565 0.6691 0.15 0.950

Cobblestones, weg 0.4004 33.7080 0.1204 0.14 0.380

Snow 0.1946 94.129 0.0646 0.08 0.190

Ice 0.05 306.39 0.001 0.06 0.050

With the exception of wet cobblestones the Burckhardt characteristics correspond
very precisely to measured characteristit$8]. A measured friction coefficient
characteristic for cobblestones exhibits a higher initial gradidmth levels out at
friction values of abut 0.4, and then runs with a smaller gradient to the maximum

value, where it cannceagain be well approximatddl16].
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35 THE KALMAN FILTER FOR VELOCITY
ESTIMATION

3.5.1 The Kalman Filter Algorithm

A Kalman filter is a set of mathematical equations that provide an efficient recursive
solution[28]. It is powerful in sevetaspects: namely, it supports estimations of past,
presentand even future states, even when the precise nature wioithel ed system

is unknown.The Kalman filter estimates a process by using a form of feedback
control: the filter estimates the procesate at some time and then obtains feedback in
the form of (noisy) measuremernis9]. The equations for the Kalman filter fall into

two groups: time update equations and measurement wgleEons

The equations of process and observation equeadiens

X A%, By, V\(g’

(3.13)
- Yo HX Z ¢

where k denotes the discrete point in time domai, is a vector of inputs,x, is
a vector of the procesdates, y, is a vector of the actugrocess outputsw, , and
z, are process antheasuremenhoise respectivelyThey are assumed to be zero

mean Gaussian with covarian€@, and R, respectivelyThe nun matrix (A) in

Equation (3.13 relates the state at the previous time gtep1) to the state at the
current steff k) in the absence of either a driving function or process noise. Note that

in practice A may change with each time step, but hérés assume thatit is
constant.The nd matrix B relates the optional control input e R to thestate

X.. The mun matrix H in the measuremengéquationrelates the state to the
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measurementy, . In practice H may change with each time step or measurement,

butagainit is assumd thatit is constant.

Define (») to be a priori state estimate at st&pgiven knowledge of the process
prior to step k, and () to be a posteriori state estimate at stepgiven

measurementy, .

The equations for the Kalman filter fall into tvabeps time update equations and
measurementipdate equationfl3] [50]. The first stepinvolves projecting both the

most recent state estimate and an estimate of the error covariance (from the previous
time period) forwards in time to compute a predicfed a-priori) estimate of the

states at the current tinjig20]. The second step involves correcting the predicted state
estimate calculated in the first step by incorporating the most recent process

measurement to generate an updatea-fmsterior) state estimatfl20].

The Kalman filter computation procedure is shown in Equation (3.14).

5 )Q A)Ql By, (1,’

o Pk AFﬂlAr °

Ky RH'(HRH' R)%® (3.14)
W K Ky HO o

- R (I K H)PR, °C.

where B, is an estimate of theovarianceof the measurement errot is the

identity matrix,and K is called the Kalman gain

The reason for applying the Kalman fili@pproachor vehicle véocity estimation is

becausehe Kalmarfilter provides a convenient and efficient solution for filtering and
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fusing sensor data as well as estimating noise error covar{a@d¢ Accurate
estimates of the absolute speed can be achiexau wnder significant braking skid

and traction slip conditionsy using the Kalman filtemethod[122].

Using the Kalmanfilter method to estimatevelocity, as a basic concept, the

v A4
longitudinal wheel slip rab is given by Equation (2.12) S, T*loo%,

where Z is the wheel angular velocityf is the wheel rolling radius, andl is the
vehicle forward linear velocityGenerally,a situationin which thewheel velocity is
bigger than vehicle velocity during braking procesl not occur If, however,the
pressure decreases too much and the presstreasing process does retecute in
time, the wheel may be rotated by inertia drive duthepressure recovery process.
From a practical point of view, this phenomenaccurs more frequently on high

friction coefficient roads.

3.5.2 The Kalman Filter of Wheel Velocity

As discusse in Section3.5.1, the Kalmanfilter computation procedure is shown

Equation (3.14)The Kalman filtercan be used to estimate wheel veloditysuming

the wheel acceleratiora,,, is calculated byhe wheelvelocity increment divided by

the sampling intervdime T_, at timek, then

w, k

V,
Ak _wk wkl (3.15)

where v, presents wheel velocity aimek.

The state variable matrix, can be defined as
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Vw ka
(3.16)

X T«
aw, k=

Assume that the input variabla,,, is the time derivative of the wheel acceleration

asshown in Equation (3.17).

Awk (3.17)

w, k

Then, thecoefficientmatrices can be describas follows[123]:

1 Tsa
0 14
1_.a

B ETSZ«
«

TS 4

C 2 0f

By using the Kalmatiilter, the input vehicle velocity frorthe measurement can be

filtered withoutdistortionof the signal. Assume that the input,,, is zero, meaning
that theeffectof input is included in process noisg, ,. The estimated wheel velocity

W), and the estimated wheel acceleratief), at timek areprovided

3.5.3 The Kalman Filter of Vehicle Velocity

Thevehicle velocity and wheel velocity can tescribedasfollows:
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!
Uk Q5 (3.18)
Vvv,k uv,k [k 2

where / is the effect of vmeel slip on the wheel velocity a,, the vehicle

acceleration, u,, the vehicle velocity andv,,, the wheel velocity.lt can be

described as:

L SoUx (3.19)

In order to establisla Kalman filter equation forthe vehicle velocityu, ,, the
estimated wheel velocity(), and the estimated wheel acceleratie) must be

substitutel into Equation 8.18) in order toobtain thedynamic modkas described in

Equation 8.20).
Unic & Wy (3.20)
\Q,k uv,k Zk 5

o

where &), is the estimate vehicle acceleratiowhile z is not the real

measurement noise bilte sum ofmeasurementoise anceffect of wheel slipon the

wheel velocity as shown below.

where z,, is the real measurement noisg. is the deviation for using vehicle

velocity as wheel velocitywhich is caused by wheel slipAssumingthat the

measurement noise and process noise are zero andandividual Gaussian noises,

Equation 8.20) can bediscretzed into the form of Equation 8.13). Theu,, is
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u u
substitutel by the first-order differetial quotient % then Equation 8.20)

S

can bediscreizedas:

uv,kl uv,k Ts@k Tsz)l

. 3.22
Vg,)k l"Iv, k Zk ( )

. W

Equation 8.22) can be considered asrocess and observation equations with

parameters ofA 1, B T, and H 1. The covarianceof process noiseQ, the

covariance of measurement noige, together with the covariance of err®, are

set up as scalarhe Kalmarfilter estimationof vehiclevelocity can be describexs

QR T&) (R S) Qu’

Tol 0
QR 3 (3.23)

(R QR o

““ R QR s

If the covariance of process noif@, the covariance measurement noige,
together with the covariance of err®, are constant,UQ, ; can be considered as

weighted sum of&Q), and \Q), ,.

3.5.4 Parameter AdaptiveKalman Filter

In order to get better estimation results, the covariance of process Qoesed
covariance measurement noise will be calculated separately under different

conditions[122] [123].
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The covariance of measurement noiBe can be calculated separated depending on

whether the wheel is slipping or not.

Re R R (3.24)
.05 40(1 \@k.. ) when@®., @

Re ® e ’ . (3.25)
= 0.05 when(otherg
& |89< @.,kll " .

R, CF%O(—Q 0.2) when(|® &.,1 029 (3.26)
- 0 when other}

The covariance of process nois® can be calculated separated depending on

whether the wheel velocity is greater than vehicle velocity.

005 when(®,, ©)

3.27
® 5 when( other¥ ( )

The Kalman filter results dboth vehicle velocity and wheel velocity will be further

discussed ifChapterSeven

3.6 SUMMARY

In this chaptera theoretical model of ABS wantroduced, together with its control
algorithm. The dynamic analysis of pressure statushm lydraulic components of
ABS was carried out with functiong he transferconditions @ seven phases of ABS
control wee introduced not only in words, but also with figures and table Aist.

number of general faults of ABS wee discussedThe Burckhardt method for

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 96 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

cdculation friction coefficient wa introduced with seven diffent road typesin
addition, the Kalman filter with adaptive parameters for estimation of both vehicle
velocity and wheel velocityvere introduced.With all these theoretical analysis, the
simulation modead under both faultree condition and faulty condinsare able to be

built up, which will be introduced in the next chapter

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 97 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

CHAPTER FOUR

THE SIMULATION MODEL OF

THE ANTI-LOCK BRAKING SYSTEM

The simulation models ofthe ABS systemare based on themathematical models
as discussed in ChapteThree. Theseare listed in this chapter usingthe Simulink
method. The control modulesfor slip rate, the friction coefficient calculation, and
the dynamic model ofthe vehicleare developedseparately. The simulation model
without ABS together with its parameter resultsis listed. The simulation models
of ABS with or without pressure-holding are then developedusing control logic.
The faults introduced in Chapter Three including speed sensor failure, solenoid
valve sticking or stuck, fuid leakage and pump efficiency losare also seeded in

the models for simulation.
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4.1 THE ABS CONTROL MODEL

4.1.1The Calculation Module of Slip Rate

As discussed in Chaptew®, the longitudinal wheel slip rate describedn Equation

v 4
(2.12 as S, T*100%, where Z is the wheel angular velocityf is the

wheel rolling radius, andV is the vehicle forward linear velocityAccording to
Equation(2.12), theSimulink mocel of dip rate can be descridaliagrammaticallyas

shown in Figuret.1.

wr —
D, ' >~ v-wr
w —>
r—-} + Slip Rate
x M (D
1 Add - Slip Rate
.__> - > Saturation
v u v
Math L

Function Product

Figure 4.1 Simulation module of slip rate

4.1.2The Dynamic Model ofthe Vehicle

The Simulink ofthe dynamicmodel based on Equatio@.00 andEquation(2.11) is

shown in Figuret.2.
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vO
VO 1 w0 +
L 0 1/R w0
- Vi -w
™ E AR,
- w
1 w . Saturationl
FR g s gl
- Integrator L
Add1 Add distance
R
R N (I
L\ |- = |-
A — 1 s g
1 Integrator2 Brake Distance
—>
. ve " 1 !
ntegrator: \
g g > 7[C »(2)
v
Saturation
O |-
v vo
i B [
Add2

Figure 4.2 Simulation model of the vehicle

The inputsshownare braking torqueT, and longitudinal friction coefficient £.

Similarly, the outputs arewheel angular velocity z, vehicle forward linear velocity

v and braking distances.

4.1.3 Friction Coefficient Calculation

As discussed in Secti®¥, the Burckhardt method is used for calculation of friction
force. The Simulink model oboth theslip rate and friction coefficient is shown in
Figure4.3. By choosing theoad surface condition as shownFigure4.3, the model
can simulate differentoefficients of friction. The numerical assignmer#t of road

conditions aras follows:

1. Dry asphalt road

2. Wetasphalt road
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3. Dry concrete road
4. Dry cobblestone road

5. Wet cobblestone road

6. Snow road
7. Ice road
CO—
Road Choice
|- [
Ll T
P cll*(l-exp(-cl2*u))-c13*u
ol
1. Dry Asphalt »
P c21*(1-exp(-c22*u))-c23*u ——|
_“2
2. Wet Asphalt
P c31*(L-exp(-c32*u))-c33*u 3
3. Dry Concrete
—»(D
4 Friction Coefficient
(1Y) P c41*(l-exp(-c42*u))-c43*u %«
Slip Rate
4. Dry Cobblestones
——I-V—ﬁs
P c51*(1-exp(-c52*u))-c53*u  {
5. Wet Cobblestones
——I-V—EG
P c61*(l-exp(-c62*u))-c63*u
6. Snow
w7
P> %«
P c71*(L-exp(-c72*u))-c73*u Multiport
Switch

7. Ice

Figure 4.3 Simulink module of friction coefficient with input of slip rate
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4.14 The Braking Simulation without ABS

In this section, the Simulinknodel without ABSis shown in Figure4.4. The

simulation results will beestablishedn ChapterFive, whichcalculates th@mportance
of a hydraulic ABS componenfThe initial kraking torque T, , was assumed to be

1800Nm.

|§|
Braking Torque wo R1 Wheel_Velocity
-
V0 1R wO-w
@.‘_R |§| —
w w 1 w _ Saturationl w v_vehicle
Manual Switch FR s 'I . .
—~ Velocity_Comparison
o 1n Integrator

i

Saturation2 Slip Rate
1 slip rate
. s v
v
M 1M Integratorl
9 9 + » ]
. N Saturation Vehicle_Velocity
vl L L
Add2 s

friction coefficient Integrator2 Brake Distance

A4

\4

1-Dry Asphalt
2-Wet Asphalt

3-Dry Concrete
4-Dry Cobblestones
Road Choice 5-Wet Cobblestones
friction coefficient 6-Snow

7-Ice

Road Choice 2

slip rate

Road Friction Coefficient Subsystem

Figure 4.4 Simulation model of hydraulic pressure braking without ABS

The simulation results will be shown in Chapter Five.

4.2 THE SIMULATION MODEL WITHOUT
PRESSUREHOLDING PROCESS

The ABS system adjusts the state of motion of the wheel by controlling the pressure in

the brake cylinder. Thereforea dudy pertaining to theinfluence of hydraulic
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characteristics is the foundation of research evaluation ofthe ABS The research
of hydraulic characteristics focesmainly on performanceas the pressure within the

brake cylinders isncreased and decreased
In order todevelop anodel ofanABS hydraulic actuator, weeed[124]:

(1) Ignore the pressure lodsie tothereducedlow of brakefluid insidethe hydraulic
pipe.
(2) Assume thatheinternal surface of theydraulic pipe isufficiently smooth

(3) Ignore the instant impact ttie brake fluid during solenoid valve switching.

(4) Ignore the elastic deformation tie braking hydraulic pipe and wheel cylinder

body.

As discussed inChapterThree the characteristic model dhe hydraulic throttle

systemcan bedentified asfollows:

-37.2162 P, P }* Pessure_ Increase

® (4.1)
— 35.5261P°®  Pessure_ Decreasin

The brake torquel, can be described as:

T, KuP (4.2)

where K is thebraking efficacy coefficient107].

By using the principleshown abovge the braking torque subsystem without the
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pressureholding processcan be built up as shown in Figut®. The Memory Block
output is the input from the previous time step, applying a one integration step

sampleandhald to the input signal. As shown in Figudéed, the brake torquel, is

generated differentlyofl either pressuréncreasingor pressuredecreasingnode and
chosen by the slip input, withthreshold of 0.4the optimal slip rate for wet asphalt

road is about 0.1, 0.2 is the maximum limitation)he Switch Block.

Pressure Decrease2 Gain4

Th

@D :l-—>§ :@ >

Slip-in

ER
[

Integratorl Memory Scopel

Tbo-Th
Tbo u(1y0.54 b L _>_>

i o —»I
ThO Pressure Increase2 Gainl : Saturation?
Switch »

» |§| Scope2

Scope

Figure 4.5 Braking torque logic controller module without the pressure-holding process

Simulationmodelwithout the pressureholding processsishown in Figuret.6.
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T

— R1 Wheel_Velocity

v_wheel
T ;:l b w0 L »
SR -
Velocity_Comparison

+

\4

Vi 1/R i
Tb v_vehicle

Py
Torque Wwo

W saturation1 w

Integrator
s rete —>|§|

Add 2 Saturation2 Slip Rate

I
1

®
A 4

A 4

dlip rate

=

N Saturation Vehicle Speed
L
s

Add2

Integrator2 Distance

1-Dry Asphalt
2-Wet Asphalt
3-Dry Concrete
Road Choice 4-Dry Cobblestones
: 5-Wet Cobblestones
Road Choice

riction coefficient 6-Snow
7-lce

Friction Coefficient

slip rate

Road Friction Coefficient Subsystem

Figure 4.6 Simulation model of logic control without the pressure-holding process

As shown in Figure .8, tKH V XEV\V W HiRcéivds &dakiithé slip rate from
thevehicle.The nodule ofthe svitch is set up with a threshold 612, which is called
the Optimal 60LS 5DWH’ -time SlKddte UsHoiy@er than the threshold, the
switch turns tdhe pressure decrease modulen the contraryif the realtime slip rate

is less than the threshold, the switch turnthépressure increase module.

43 THE  SIMULATION MODEL  WITH
PRESSUREHOLDING PROCESS

The test braking system inclesla brake drum with radius of Bth. The braking

efficacy coefficient is 2.42s derivedrom thetest[105].

Tb KpbPa :K pb Npa Ad (43)
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where P, is the brake oil pressure of the brake cylind®, the fluid pressure
inside the pipe, and A, is the area ofthe brake drum.If the braking efficacy
coefficient K, 2.42 with A, S5(0.013F, the fluid pressureP, is about

3MPa from testandthe braking torquel, is 1800Nm as set ithe Simulink nodel.

As discussed irChapterThree the characteristic model dlfie hydraulic solenoid

system can be identified as shown in Equatib4) (105].

37.2162 ¢, P, $>* Pressure_ Increase
® 0 Pressure_ holding (4.4)
©  35.5261P°®  Pessure_ Decreasin

The brake torquel, can be described as:

T, KPP (4.5)

where Kpb is thebraking efficacy coefficientl07].

To evaluate the suggested approach, the simulation mod#lecABS with the
pressurenolding process ishownin Figure4.7. The subsystem of braking torque is
shown in Figure4.8. The outputs of Multiport Switchfmodule in Figure 4. with
definitions of: O for pressurdecrease, 1 for presstielding, 2 for pressuracrease

and 3 for stefpresureincrease.
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Figure 4.7 Simulation model of logic control with the pressure-holding process

Saturation2 p—————pp»|
]

Chartl >
dTh Th_Comparison
P lomoes L~ | | = Th_out ]
1)10. _ou
u(1y0.95 b i @t ol
Pressure-Decrease Gain4 —p>| ._— L
0
Integratorl Memory
1
Pressure-Holding < PWM_High3
1
u(1)°0.54 n He Ll

PWM_Lo Motor

lN

Pressure-Increase 2
n B
ThO-Tb
PWM_Law6
u(1)"0.54 b £ n e
Pressure-Step_Increase  Gain2 PWM_Low7 Multiport
Multiport Switch3

Switch

A\ 4

T
A4
o
y

Output_Valve

Lo :{EI P

Input_Valve '
E’_—pﬁ PWM_Low3
s,

3

— E’ Multiport
PWM_Low4 Switch2
Multiport

PWM_Lowl Switchl

) PWM_High2 A\ Output_Valvel
PAM_H 0 NS » ]

Figure 4.8 Braking torque controller with pressure-holding process
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Figure 4.9 Braking torque subsystem with dSpace DAC module

Figure4.9 shows the braking torque subsystem witedSpace DAC Moduldlf the
dSpace component is disconnectedhasno power supply, it wilkurn redas shown

in Figure4.10. In this situationjt is necessary to check the connectiothefsystem.

T T T T

—> |

— e

Figure 4.10 Disconnection problem of dSpace

The @ntroller module encapsulates the ABS control logic witompiled program.

The representation @he ABS control logic algorithm can be expressed in two ways
using Matlab. Firstly, it can be programmedadn/S-function in Simulink.Secondly, it

can be describedsing Stateflow. A Stateflow chart is a graphical representation of a
finite state machine, where states and transitions form the basic building blocks of the

system[125].

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 108 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

BecauseStateflow has a better readability of logic design and more convenient logic
control in implementationit has been used fdogic controldesign in this project.
When the control thresholds are decided, the logic contrahefABS can be
developedusing Stateflow. By using Stateflow, control logganformed by operating
conditions, whist action can beriggered bystatus.By using highfriction coefficient

control,thecontrol logic oftheABS logic threshold is shown in Tablel.

Table 4.1 Control logic of ABS logic threshold

State Before Transfer Transfer Condition State After Transfer
Pressurénolding Z A&&S,!S Pressuralecrease
Pressurénolding ZVA Pressurencrease
Pressurénolding A Z A Steppressureéncrease
Pressuralecrease Z1A Pressurénholding
Pressuréncrease Z A Pressurénholding

Steppressurancrease Z A Pressuralecrease

The logic control Stateflow based @nhigh friction coefficient road is shown in
Figure4.11. There are three general sttethis StateflowABS nonwork state, ABS
working state and ABS quit stat€he ABS working state includes four sigtates

pressurancreasing state, presstolecreasing state, pressim@ding state and

stepincreasing state as shown in Figdr&l.
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Figure 4.11 Stateflow of logic control on high friction coefficient road

Pressure_KEEP_Haold | ;
o NUM=1

[(wa==A2)&&wa=AT1)] after(rt.tick)

[wa=A3]

[wa<A3]

Pressure_Increase
num=2

4.4 THE FAULT SIMULATION

Conventionally, a moddbased approach compares the model prediction and the
actual measurement to generate resglimalfault diagnosisin this project, however,

this is virtually implemented in Simulink, in the first instance to evaluate the
feasibility of the proposed methoth this Matlab/Simulink evaluation, the actual
measurement isiodelledby differentfaulty simulatiors. The normabehaviar of the
system is simulated in a masked program in which the residual generation and fault
prognosisare also carried ouBecause tesephases use different thresholtsy are

discussed separately in following sections

4.4.1 Wheel SpeedSensor Failure

Whenwheel speed sensor failure occurs, there is no feedback of wheel speed from

v A&
sensor tahe control unit.According totheslip rate function of S, T*loo%,

the slip rate will be Q0% underthe speed sensor failure condmi. The control unit

will considerthat thewheel is locked. Figuré.12 shows theSimulink model of speed
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sensor failure ina vehicle braking systemThe manual switch canthen convert

between twdlifferentstates of normal and fault

H @
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L v

: v_wheel
1
P T
e i @ v_vehicle

tb » Velocity Comparison
»

Speed Sensor Failure
Braking Torque Subsystem b wo I+ > K
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7-lce

Slip Rate > ]

Slip Rate

Road Friction Coefficient Subsystem

Figure 4.12 Simulink model of speed sensor failure in braking torque subsystem

4.4.2 Solenoid Valve Sticking orStuck

If one of the solenoid valves sticks completely, there iaationwithin the valve.If it
is slightly sticky, the valv& actionswill be delayed and the transient pressure signal
will be different from normalThis can bemodeled using a delay function as shown

in Figure4.13.
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Figure 4.13 Simulink model of valve stuck failure in braking torque subsystem

4.4.3 Fluid Leakage

When leakage occurs, the leakage flow rate is determined by the size of the leaking
hole and the pressure inside the cylindteis normally simplified into a linear model.

If leakage is present, the ABS model in eithi®e pressureincreasingprocess or
pressure decreasing process will be affected. Figudeshowsa Simulink model of

fluid leakage irthebraking torque subsystermhe leakage amount can be changed by

varying the module value gBain
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Figure 4.14 Simulink model of liquid leakage in braking torque subsystem

4.4.4 Pump Efficiency Loss

If the pump fails completely, it M not return fluid back tothe master cylinder
although the ECU tries to control it to do $n.this case, the fluid from the brake
cylinder can only go into the accumulator during the Al§8le The accumulator has
alimit level meaning thatfeer its spring is completely depressed, it cannot accept any

additional liquid.In this case, the pressudecreasing cannot becomplished

In practice, however, what happens most frequently is that the pump efficiency

decreases with age and extensive usehis case, the fluid that is charged into the

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 113 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

accumulatorcannot be returned to the master cylindempletelyleaving a small
amount of fluidin the accumulator at the end of each pressure decreasing mode.
addition, because the pressure decreasing cannot be completed, the following pressure
increasing mode will be also slowed dowine accumulatomwill sooneror later reach

its limitation and the presuredecreasing processill not take place Figure 4.15

shows the model with fault simulation of the pump efficiency loss.

H
Tb
Saturation2p————————pp|
»l
= g
oﬁ* (1]
\ Integratorl Memory
e

s

v

—1

Scope3 —

A 4

" or Normal dTb

»
L

L3 Motor Efficiency Loss Pressure-Decrease  Gain4
L

Integrator2 Gain3

-

Le
. -
High3 \
1
Pressure-Holding n r* ’E
eeseesss THO-Th -
Tho u(L)0.54 b 2. Pyp_Laws ,
[2e
Tbo Pressure-Increase Gainl

Motor

Iy

b0-Th

u(1)"0.54 b PWM_Low? Multiport
Multiport Switch3
Pressure-Step_Increase Gain2 Switch
»ir
Ll o
>
. gk E
. » 0
.
PWM_High2 Output_Valvel
e\ »

o
PWM_High \ E},—*

'1

. L »|1 PWM_Low2 , Output_valve

Input_Valve H
: ],—_;24 PWM_Low3
g(
e E} Multiport
: ]i PWM_Low4 Switch2
Multiport

Switchl

Figure 4.15 Simulink model of pump efficiency loss in braking torque subsystem

4.5 SUMMARY

In this chapterthe smulation models of ABS system veebuilt up based on the
mathematical model introduced in Chapter Th&mme important subsystems such as
slip rate calculation subsystem, vehicle dynamic performance subsgsteinction
coefficient subsystem welbuilt up separatelyThree different simulation models of
braking system including braking without ABS, ABS without presswniding
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process anentire braking system with ABS we developed with parameterBhe
simuation results of braking system withodBS wee exposited in velocity, braking
distance, slip rate and braking torcgeparatelyThe control logic of ABS waapplied

by using Stateflow with transfer conditiorithe faulty models of speed sensor failure,
solenoid valve sticking or stuck, fluid leakage apdmp efficiency loss we
developedin this chapter.The simulation results will be carried out in the next

chapter.

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 115 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

CHAPTER FIVE

SIMULATION RESULTS OF

THE ANTI -LOCK BRAKING SYSTEM

The simulation results of ABS withoutthe pressureholding process and ABS
with pressure-holding process are discussed separatelyhe comparison results
of vehicle velocity, wheel velocity, braking distance, slip rate and braking torque
between neABS, ABS without pressure-holding and ABS with pressureholding
are going to bediscussed Meanwhile, the simulation results with four different
faults using the simulation models aslevelopedin Chapter Four are analyzed

and conclusions aresummarized
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5.1 SIMULATION RESULTS WITHOUT ABS

The simulation resultef braking system without ABS as discussed in Sectiorade 1

shown below.The simulation model refers to Figure 44 shown in Chapter Four

With an initial speed v, 25m/ s, which can also be considered s 90km/ h or

v, 55.92mile /h, and braking torque T, 1800Nm, Figures5.1 to 5.4 show that

wheel peed reduces sharply, with a zero value in 0.137s, whilst sliprise
synchranoudy for a vehicle braking on a wet asphalt rodtle wheel is lockup and
begins to slipIn this condition, thetsering capability and operabilitf the vehicle is
entirely lost, potentially leading to a traffic accident. The braking distance is about
113.3m, with a braking time of 9.087%he braking torque remains at 1800 Nm
througlout the whole braking progress without AB&L these initial parameters are

set up under realistic conditid®5] [126].

30 T T T
I I I
| | |

------ W heel Velocity
25 — Vehicle Velocity

N
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=
o
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0 1 2 3 4 6 7 8 9 10
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Figure 5.1 Velocity in braking without ABS
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Figure 5.3 Slip rate in braking without ABS
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Figure 5.4 Braking torque without ABS

5.2 SIMULATION RESULTS WITHOUT
PRESSUREHOLDING PROCESS

By using theSimulink model as developeih Section4.2, the simulation resultare

shownin Figure5.5 to Figure5.10. The simulation results are based aminitial

velocity of v, 25m/s, which can also be considered a 90km/h or

v, 55.92mile /h andabraking torqueof T, 1800Nm on wet asphalt road

Because the ABS startto work during the braking process, whout the
pressureholding process, the wheel mot locked during theentire braking process.

The braking distance is abdf.66n, with abraking timeof 7.40%.
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Without Pressure-holding Process
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Figure 5.5 Velocity under logic control without the pressure-holding process

The vehicle velocitydecreasesontinualy from the start of the braking actioihe
wheel velocity shows a trend dicreasingput with fluctuations The fluctuations
appearbecause whethe ABS starts wiking, the modes of pressdirgcrease and

pressuredecreasswitchdue to the threshold as shown in Figdi@

Figure5.6 shows the braking distance is ab®6t66n, which is17.64m less than the
braking distance without AB. This shows a idtancereduction achievedf 15.5%%,

which is significanimprovement

Figure 5.7 shows the slip rate of the ABS without the predsoiding processThe
slip rate varies up to the optimal slip rate limitation value of 0.2 as designed in Section

4.2. The final @alue is 1 because the vehicle stops and the wheel is locked at the end

of the braking process.
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Without Pressure-hold Process
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Figure 5.6 Braking distance under logic control without the pressure-holding process
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Figure 5.7 Slip rate under logic control without the pressure-holding process

The Figure 5.8 shows the braking torque changes of ABS withabe
pressureholding process.The value changes significantly because there is no
pressurenolding process during the brakinghe biggestvalue of braking torque is
about600 Nm and the smallest value is abolBOZNmM during the whole braking

process.

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 121 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

Without Pressure-holding Process
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Figure 5.8 Braking torque under logic control without the pressure-holding process

Figure5.9 shows the braking torque comparison with memory andtireal without
the pressureholding process as discussed in Sectddh It is based on the Braking
Torque Controller model of Figurd.12. The memory result idelayedone step
behindthe realtime resultfor feedback to the controlldfrom Figure5.10, it is easy

to find thedifference between these two results.
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Figure 5.9 Braking torque comparison with memory and real-time without the
pressure-holding process
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Without Pressure-holding Process
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Figure 5.10 Zoom in of Figure 5.9
5.3 SIMULATION RESULTS WITH

PRESSUREHOLDING PROCESS

By using the Simulink model adevelopedn Section4.3, the simulation results are

shownfrom Figureb.11 to Figure5.16. The simulation resultare based otheinitial

velocity of v, 25m/s, which can also be considered ag 90km/h or

V, 55.92mile /h, andbrakingtorque T, 1800Nm onawet asphalt road.

Figure5.11 describes wheel velocity together withe vehicle velocity from 25 m/s

until the vehicle has stoppelt stops at time of 183s without wheel lockingThe
ABS stops working at about 5.98gcause the vehickelocity V... 4m/s. The

control algorithm is settled in Stateflow as shown in Figutd. The vehicle stops at
7.183safter the braking process startghich is 1.904sless than thdime taken

without ABS. The stopping times reduced by20.5%%, a significantimprovement
than thestgpping timewithout ABS.
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Figure 5.11 Velocity under logic control with the pressure-holding process

Figure 5.12 shows theesult of the braking distance from the initi@locity of 25 m/s
until stopping. The braking distance of ABS with the presbotding process is
89.528m from the point at which the ABS begins to work, which is 20.98% less than

without ABS.
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[7;) 40
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20 ///
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Figure 5.12 Braking distance with the pressure-holding process

Figure5.13 shows the result ahe slip rate fromthe initial velocity of 25 m/suntil

stopping During the whole process, the wheel is not locKétwe amplitude otheslip
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rate withthe pressureholding process changes more slightly than the one witthaut

pressureholding procesdn this situation, the vehicle can be more stableeasier to

handle.

0.8

Slip Rate

o
~

0.2

Time (s)

Figure 5.13 Slip rate under logic control with the pressure-holding process

Figure5.14 showsthe result otthe braking torque fronaninitial velocity of 25 m/s
until stopping. The ABS brakes 8 times/s@t average, which matches the regular
braking control rulesThe braking torque isontrolledin therange of 360 Nm to 470

Nm, which is more stable than the ABS withthe pressureholding process.

Figure 5.15 shows the result of wheel acceleration from an inglatity of 25 m/s

until stopping. The wheel acceleration changes in the range 8brad /< to

10rad /S . The change is caused by switching between the three modes of pressure

states.
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Figure 5.14 Braking torque under logic control with the pressure-holding process
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Figure 5.15 Wheel acceleration under logic control with the pressure-holding process

Figure5.16 showsthe ABS action choice based dine Stateflowcontrol result shown

in Figure 4.11. The meanings ofthe outputs are O for pressuralecreas, 1 for
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pressureholding, 2 for pressurancreag, and 3 for steppressurancrease The final
value is 1, which means whahe ABS stos working, andthe braking pressure

remains stable until the vehicle has stopped

By using the output values amofigl, 2 or3, theblock of the multiport switch as
shown in Figure 4.13 switches to pressuiacrease, presswdecrease,
pressureholding or stegpressurancrease branches orderto control the ABSThe

output results are shown in Figure®.1

25

15

Action Choice

0.5

0 1 2 3 4 5 6 7 8
Time (s)

Figure 5.16 Action choice of Stateflow with the pressure-holding process

5.4 COMPARISON RESULTS

Based on the contents discussed above, three different control algorithms will be

discussedn this chapterAll test results are based aninitial velocity v, 25m/s,
which can also be considered & 90km/ h or v, 55.92mile /h, with initial

brakingtorque T, 1800NmM onawet asphalt road.
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Figure 5.17 shows comparison ressilof the vehicle velocity from 25 m/s to 0 m/s.
Theblue solidline of the ABS with the pressureholding process stops at 7.1&8sa
result of the ABS beginning to worklhe red dashed line of ABS withotie
pressureholding process stops at 7.402s sititeABS is similarly beginning to work
The green dottedine without the ABS stop at 9.087s which is much longer than

with ABS.
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-‘7,5% -=--ABS without Pressure-holding
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Figure 5.17 Comparison of vehicle velocity

Figure 5.18 shows comparison resslof the wheel velocity from 25 m/s to 0 m/s.
Without ABS t is easy tesee thathe wheeéstarts slippingat 0.137suntil the vehicle
stops at 9.087s.In contrast no matter whether the systems of AB& using the
pressurenolding process onot, both showexcellent performance during brag.
There is no slipping lenomenonthrougtout the entire braking procedureof the

systemsusingABS.
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Figure 5.18 Comparison of wheel velocity

Figure5.19 showsthe comparison resugtof braking distance frortheinitial velocity
of 25 m/suntil stopping The braking distance of ABS witthe pressureholding
process i89.53n from the point at which thé&BS begins to work ABS withoutthe
pressureholding process stops &5.66m, which is slighy longer The braking

distance othe system withotABS is 113.3m, much longer than the other two.
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Figure 5.19 Comparison of braking distance
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Figure 520 shows the comparison results of the slip faden initial velocity of 25

m/s until stoppingThe slip rate of the system without ABBesrapidly at 0.137s,
since this is when the vehicle wheel begins tp. dlhe performance of the slip rate
with the ABS pressurbolding process is more stable than the one without, although

both of them haveolatility.
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Figure 5.20 Comparison of slip rate

Figure5.21 showsthe comparison reswgtof brakingtorquefrom aninitial velocity of
25 m/suntil stopping ABS with pressurdolding process showe better and more
stable performance than the one without. Bystemwithout ABS maintains the

initial braking torque value of 1800Nm through the whole process.
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Figure 5.21 Comparison of braking torque

5.5 THE SIMULATION RESULTS WITH SPEED
SENSOR FAILURE

As discussed in Sectiod.4.1, speed sensor failure can be simulated using the
Simulink model as shown in Figu#12. The switch block can control the condition
of whether speed sensor faié occurs or not during the entlieaking processiVhen
speed sensor failure occurs, it will send incorrect feedbattieteCU of the vehicle.

As a resultthe control instructionshich are sent to the actuators are also ieobrr

Figures 5.22 to 5.28 show thecomparisonof the Simulink results of speed sensor
failure. The red line refers to the result with speed sensor failureswitnd blue line

refers to normal condition.

Figure5.22 shows the vehicle velocity differencesth regards tspeed sensor failure
and normal conditiorBefore 0.5372s, the speedtbt sensor failure decreases more

rapidly thanundernormal condition After this, the situation igeversed Compared
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with normal condition results, the braking timath speed sensor failuiacreasedy

26.84%andstops at 9.111s.

f f f
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Figure 5.22 Vehicle velocity with speed sensor failure

Figure 5.23 shows the residual dhe vehicle velocity with sensor failurdhe peak
value of 5.292m/s occurs atime of 7.183s, which is the time poiat whichvehicle
stops under normal conditioBecausehe speed sensor failure occurs during braking,

thevehicle continuesnoving until stopping at 9.111s.

Residual of Vehicle Velocity with Sensor Failure

~

Residual (m/s)

Timé (s)

Figure 5.23 Residual of vehicle velocity with speed sensor failure
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Figure 5.24 shows the wheel velocity differences between speed sensor failure and
normal conditionThe wheel velocity in a sensor failure situation remains at O during

the whole braking process.
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Figure 5.24 Wheel velocity with speed sensor failure

Figure 5.25 shows the residual ahe wheel velocity witha speed sensor failure.
Becausethe feedback othe speed sensor tthe ECU remains 0, the residual is

actually the negative value of wheel velocity undermal condition.
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Figure 5.25 Residual of a wheel velocity with speed sensor failure
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Figure5.26 shows the differenci braking distance between speed sensor failure and
normal condition. The braking distance increabgs27.22%to 113.897m when

compared with aormal condition of 89.53m.
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Figure 5.26 Braking distance with speed sensor failure

Figure 5.27 shows the slip rate differences betweabe speed sensor failure and
normal condition.Because the feedback value tbe wheel velocity remainst O
duringall of the braking, the ECldetermineghat the wheehas beetocked since the
very beginning.The slip rate undethe speed sensor failure condition remaatsa

value of 1 during the entiteraking process.
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Figure 5.27 Slip rate with speed sensor failure

Figure5.28 shows the braking torque differences betwierspeed sensor failure and

normal conditionThe braking torque witlthe speed sensor failure rises rapidiytil

at 1.8sit reachesa peak value of 1800 Nrwhich is the samas the initial braking

torque value.The value ofthe breaking torque remainsonstant until thevehicle

stops.
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Figure 5.28 Braking torque with speed sensor failure

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 135 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

56 THE SIMULATION RESULTS WITH
SOLENOID VALVE STICKING OR STUCK

As discussed in Sectiagh4.2, the solenoid valve stucknditioncan be simulated by
using the Simulink model as shown in Figdt&3. The switch block can control the
conditionas towhetheror notthe stuck conditionoccurs during the braking process.
When thesolenoidvalve stuckconditionoccurs, it will send an incorrect feedback to
the ECU of the vehicleAs a resultthe control instructionsentto the actuators are

similarly incorrect.

Figures 5.29 to 5.35 show thecomparisorof the Simulink resultsregardingsolenoid
valve stuck failureThe red line refers to the result witie solenoid valve stuck fault,

whilst the blue line refers to normal condition.

Figure 5.29 shows the vehicle velocity differences betwéeasolenoid valve stuck

ard normal conditionBefore 1.2s, there iso notabledifference between these two
conditions which because that the braking oil is not going back to theesdrvoir

but the accumulator of the ABShe performance of the vehicle velocity is not
affectedby the valve fault until the spring inside the accumulator compressing to the
limitation position. After that, the differences between these two conditions are

obvious.Thebraking time increasdsy 5.65%,and the vehiclstops at 7.589s.
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Figure 5.29 Vehicle velocity with valve stuck

Figure 5.30 showsthe residual ofthe vehicle velocity withthe solenoid valve stuck
The peak value of 1.82m/s occurs at time of 4.A15/.183s after braking starts, the
residual value decreases sharply because the&leeshould stop under normal
condtions. Because ofthe solenoid valve stuckcondition which occurs during
braking, thevehicle continuesnoving until stopping at 7.589%he solenoid valve is
sticking, which means that the action of the valve will be delafk&ér some time,

the valve returns to normal action.

Residual of Vehicle Velocity with Valve Stuck

TN
| / \

/ \
L \

Timé (s)

Residual (m/s)

Figure 5.30 Residual of vehicle velocity with valve stuck
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Figure 5.31 shows the wheel velocity differences between solenoid valve stuck and
normal condition.The wheel velocity irnthe solenoid valve stuck situation changes
significantly during the whole braking proce3$ie wheelshows signs of locking at

2.013sanunstabé region for driving.
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Figure 5.31 Wheel velocity with valve stuck

Figure 5.32 shows the residual dhe wheel velocity withthe solenoidvalve stuck.
The peakabsolute valveccurs aR.013s,when the wheel is most unstable during the

entirebraking process.
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Residual of Wheel Velocity with Valve Stuck
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Figure 5.32 Residual of wheel velocity with valve stuck

Figure 5.33 showsthe difference irbraking distance between solenoid vadtieking
or stuck and normal condition. The braking distance increas@8.53m8.94%more

than normaktopping condition of 89.53m
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Figure 5.33 Braking distance with valve stuck

Figure 5.34 shows the slip rate differences between the solenoid valve stuck and
normal condition. Normally, the optimal slip rate is 0.2, at which point the

longitudinal adhesion coefficiemeaches its peak valui.the slip rate is in the range
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of 0.15 to 0.3 during braking, the vehicle is stable enough to co@tbérwise,
wheel locking or some other condition occurs, which will lead to unstable situations

during braking.
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Figure 5.34 Slip rate with valve stuck fault

Figure 5.35 shows the wheel acceleration differences betwiensolenoid valve
stuck and normal conditionlhe wheel acceleration witthe solenoid valve stuck

shows a significant differenedbanfrom the one under normal condition.
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Figure 5.35 Wheel acceleration with valve stuck
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5.7 THE SIMULATION RESULTS WITH FLUID
LEAKAGE

As discussed in Sectiof.4.3, a fluid leakage fault can be simulataging the
Simulink modelshown in Figuret.14. The switch blocks can control the conditimin
whether fluid leakage occurs during tkatire braking processlt is not only the
pressuredecreasanodule which contains a fluid leakage switcthey canalso be

found in the pressuréncrease module anthe pressurestepincrease moduleBy

using these three switches, the fluid leakage fault can be simulated during the whole
braking proceduréWhen fluid leakage occurs, it will send incorrect feedbacthéo

ECU of the vehicleAs a result of thisthe control instructionsentto theactuators are

incorrect as well.

Figures 5.36 to 5.41 show thecomparisonSimulink results of fluid leakagelhe red
line refers to the result withh speed sensor failure, whilghe blue line refers to

normal conditbn.

Figure5.36 shows the vehicle velocity differences betwésafluid leakage fauland
normal condition.The braking time increasdsy 1.38%, and the vehicle eps at
7.282s The wheellocks at6.545sand the vehicle slips until it stops @t282s.
Although the difference between the conditions of both leakage and the normal is not
significant from Figure 58 the uncertainty or error from the model is much smaller
than typical value of the residual in this ca$ehe leakage amount iargerthanthe

oneasshownin Figure4.14 (Chapter Four)thenthe performance will be eveworse
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Figure 5.36 Vehicle velocity with fluid leakage

Figure5.37 shows he residual othe vehicle velocity withfluid leakage There is a
significant decrease aftés. The troughvalue of0.005n/s occurs at time d3.545%,
as this iswhen the wheel is locked ategins to slipas seen irrigure5.37. During

the slipping period, the braking control is not stable.

Residual of Vehicle Velocity with Liquid Leakage
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Figure 5.37 Residual of the vehicle velocity with fluid leakage

Figure5.38 shows the wheel velocity differences betwdeafluid leakage fault and
normal condition. The wheel velocity inthe fluid leakage situation shows
completelydifferent performancérom approximately 6s aftehe braking startsAt
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6.545s, the wheel is locked and starts slipping.
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Figure 5.38 Wheel velocity with fluid leakage

Figure 5.39 shows the residual dhe wheel velocity witha fluid leakage faultThe
largestabsolute residual occurs at 6.545s vatiialue of 1.9 m/s, which is also the
time the wheel starts slippinglf the leakage is worse, the wheel lockup happens

earlier and last for a longer time.
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Figure 5.39 Residual of wheel velocity with fluid leakage

Figure 5.40 shows the difference braking distance betwedhe fluid leakage fault
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and the normal condition. The braking distance increabgsl.5% more than the

normal condition of 89.53m, t60.85m.
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Figure 5.40 Braking distance with fluid leakage

Figure 541 shows the slip rate differences between the fluid leakage fault and normal
condition.After 6s of braking, the slip rate result shows unstable characteristics of the
wheel. The slip rate under the fluid leakage condition remains at a value of 1 from

6.545% until stopping at 7.282s.
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Figure 5.41 Slip rate with fluid leakage

Figure5.42 shows the braking torque differences betwtesfluid leakage fault and
normal condition.The braking torque withhe fluid leakage fault shosva lack of

performancewhen comparedwith the normal one,potentially leading to a longer

brakingtime.

Figure 5.42 Braking torque with fluid leakage

Figure 5.43 shows thewheel acceleratiordifferences between fluid leakage and

normal conditionThewheel acceleratiowith fluid leakage shows a trough at 6.545s,

which is the timeat which thewheel is locked and starts slipping.
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Figure 5.43 Wheel acceleration with fluid leakage

5.8 THE SIMULATION RESULTS WITH PUMP
EFFICIENCY LOSS

As discussed in Sectioh4.4, the pump efficiazy loss fault can be simulatecsing

the Simulink model shown in Figu#el5. The switch blocks can control the condition
and selectvhether pump efficiency loss occurs or not during the braking pro8gss.
changing the parameters of the control block, dffieiency loss can be changed as
required.When pump efficiency loss occurs, it will send an incorrect feedback to
ECU of the vehicleThis means thathe control instructionsentto the actuators are

incorrect as well.

Figures 5.44 to 5.51 showthe comparativeSimulink results ofppump efficiency loss
The red line refers to the result withe speed sensor failure, whilthe blue line
refers to normal conditioBoth stopping time and braking distance are increasea

resultof pump efficiency loss.

Figure5.44 shows the vehicle velocity differences betwdlempump efficiency loss
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fault and normal conditionThe braking time increaséds/ 4.6%, stoppingat 7.465.
Although the braking time doeaw®ot increasegreatly other characteristics show that

the pump efficiency loss also increases the risktadffic accident during braking.

Figure 5.44 Vehicle velocity with pump efficiency loss

Figure 5.45 showsthe residual ofvehicle velocity withpump efficiency lossThe
residual increases from 1.233s because tB& Atos working since thenDue to
pump efficiency los®ccurringduring braking, thevehicle continueso move until
stopping at 467s. The pump efficiency loss does not show a significant difference at

the beginning of braking, but will show up as time passes.
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Figure 5.45 Residual of vehicle velocity with pump efficiency loss

Figure5.46 shows the wheel velocity differences between puefficiency loss and
normal condition.The wheel velocity in the pump efficiency loss condition does not
fluctuake as regularly as the normal conditi@mce the ABS stops working at 1.233s,
the performance of wheel velocity shows a similar performance to the one without
ABS discussed in Section 4.1.4. The ABS stops working during braking process with
fault of pump efficiency loss because the pressi@@easing stagecannot be
completed, whilst the next stage of pressnmeasing cannot starts working of the

whole ABS working cycle.
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Figure 5.46 Wheel velocity with pump efficiency loss

Figure5.47 shows the residual afiewheel velocity witha pump eficiency loss fault.
The residual increases significantipm 1.233s, when the ABS stops workinfgfter

the wheektops under normal conditisat 7.138s, the residual decreases shauphj

7.467s.

Figure 5.47 Residual of wheel velocity with pump efficiency loss

Figure 5.48 shows the difference in braking distance between the pump efficiency loss
and normal condition. The braking distance increases by 4.9% to 93.87m rather than
the normal condition of 89.53m.

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 149 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

Figure 5.48 Braking distance with pump efficiency loss

Figure5.49 shows the slip rate differences between pump efficiency loss and normal
condition.The slip rate witlthe pump efficiency loss remairad a constant levefrom

1.233suntil the end, which shows rsigns of the ABSvorking.

Figure 5.49 Slip rate with pump efficiency loss

Figure 5.50 shows the braking torque differences betwtenpump efficiency loss

and normal conditionAt 1.233s the ABS stops workingnd from then on, the
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pressurenaintains aonstantevel of 387.7 Nmuntil stopping

Figure 5.50 Braking torque with pump efficiency loss

Figure 5.51 shows the wheel acceleration differences between pump efficiency loss
and normal conditionThe wheel acceleration withump efficiency loss shows a

constanwalue since the ABS stops at 1.233s.

Figure 5.51 Wheel acceleration with pump efficiency loss
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5.9 SUMMARY

This chaptershowed the simulation result®f both ABS without pressuieolding
process and ABS with pressthielding processThe comparisorresults of above two
status, together with the results of braking system without ABS as discussed in last
chaptershowed a better performance of the system with ABS in not only shorter the
braking time and distance, but also more stable in slip ratebeaidng torque
performance.After describesthe simulation results under healthy condition, the
results of ABS system under faulty conditiomsre carried outThe simulation results
under four different faults of wheel speed sensor failure, solenoid s#bleng or
stuck, fluid leakage and pump efficiency logsere discussed irwheel velocity and
vehicle velocity, braking distance, slip rate and braking torijoematterwhich type

of fault existed in the ABS system, the braking time and distavere longer than
normal condition; the slip rate and braking torquee not as stable as that under
normal condition.The results shoed that it would be not safe and stable to control
the vehicle during emergency braking process if some faahssing in the ABS

system.
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CHAPTER SIX

TEST RIG DEVELOPMENT OF

THE ANTI -LOCK BRAKING SYSTEM

In order to validate the developed theoretical model, an Andiock Braking
System test rig has been developeWithin this test rig, an autonomous control
strategy based on dSpacéMicroAutoBox is developed and applied. A data
acquisition device based on NI Labview is used for braking signal displacement.

The motion of an ABS system can be monitoredsing a modelbased approach
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6.1 THE OBJECTIVE SOF THE TEST RIG

In order to carry out condition miboring of an Anti-lock Braking Systema real
system is necessaryfhe first objective is to design a systewhich enables
implementationof the modelbased approacbn an indoor ABS systenin order to
demonstrate as many industredlds as possible, the systemdssignedout to be a

typical ABS system which is idealgimilar tomost vehicle braking applications.

The second obijective is to induce ABfults for monitoring in he ABS test ig. The
induced fauk should have the following featurgk3]. Firstly, they should be selected
from those that commonly occur ia typical ABS system.Secondly, the fault
induction should not cause any damageh®ABS system;otherwise, theest rig
either cannot be used for long or wikhve to be repaired from time to timkhirdly,

in order to investigate the fault performance, the induced faults showtbibearily
repeatableFinally, it should be possible to run the ABS test rigooth healthy and

faulty conditions.

The third objetive is to provide a wgual interface for implementation o&
modetbased fault diagnosis approad8]. This relates to software developnt in
simulation, comparison and panel displalgis may be implemented either locally for
a local modebased approach or remotely for a remote mbdskd approacfi3]

[26].

6.2 DSPACE MICROAUTOBOX

The dSpaceMicroAutoBox is a realtime system for performing fast function
prototyping in fullpass and bypass scenaribsperates without user intervention, just

like an ECU. MicroAutoBox can be used for many different rapid control
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prototyping (RCP) application3.he benefitof the MicroAutoBox hardware is its
unique combination of high performance, comprehensive automotive 1/0O, and an

extremelycompact and robust design.

The equipment type choserfor this project is dSpace MicroAutoBox
1401/1505/1507. It concentrates on the bus and bypass interfaces, making it a very
costeffective solution.It contains 16 MBof main memory, 4 MBof memory
exclusively for communication betwedime MicroAutoBox and PC/notebooland

16 MB of nonvoldile flash memory containing code section and flight recorder data.

Figures 6.1 t06.3 showthe appearance of the MicroAutoBox

Figure 6.1 Top view of dSpace MicroAutoBox

Figure 6.2 dSpace MicroAutoBox  1/O connector

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 155 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

Figure 6.3 dSpace MicroAutoBox  1/0O connector with hub

6.3 THE DESIGN OF THE ABS TEST RIG

6.3.1 The Overall Design

The ABS test rig is the monitoringhd control system and consists of @mputer,
electric motors, magnetigowderclutch, reducerantilock braking systemsest rig
connedbn systemincluding bearings, shafts, couplingsd atest benctbracket The

entire design othe ABS dynamic simulation test systeisishown in Figuré.4.
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Figure 6.4 The entire design of the ABS test rig

The codes shown in Figu64 are listed in Tablé.1.

Table 6.1 The appellations of components of the ABS test rig

Code Appellation Code Appellation
1 PC 12 | ElectromagnetiénductionSensor
2 National Instruments &a| 13 | DC motor
AcquisitionCard

3 Brake Pedal 14 | TransmissiorBelt

4 VacuumBooster 15 | Smallsize Counterweight
Flywheel

5 dSpace MicroAutoBox 16 | Control Unit of Magnetic Powde
Clutch

6 VacuumPump 17 | Magnetic Powder Clutch
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7 Wheelspeed Sensor 18 | Wheelspeed Sensor
8 Brake Drum 19 | Big-size Counterweight Flywhee
9 RearAxle 20 | Brake Disc

10 | Signal Plate for Wheedpeed 21 | HydraulicModulator

Collection

11 | Branch Braking Pump 22 | FrontAxle

Figure 6.5 shows the construction of the ABS test riy.frame was designed to

support the actuators.

Figure 6.5 Construction of the ABS test rig

6.3.2 Speed Signal Collection

In the ABS test rig, wheedpeed sensors are necessarychacking thevheel speed.
As with normalvehicleapplication, every wheekquiresa wheelspeed sensor which
can send aignal tothe ECU for ABS controlFour geairings with four speed sensors

on the front and reaaxle arein chargeof the four wheelspeeddata collection.
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Figures 6.6 and 6.7 showthe electromagnetienductionwheelspeed sensors of both

front wheels and rear wheedsparately

Figure 6.6 Speed sensor of front wheel Figure 6.7 Speed sensor of rear wheel

Figure 6.8 shows the construction of the whegleed sensor on the ABS test rig.

There are 43 teeth on the geag for signal collection.

Figure 6.8 Speed sensor of rear wheel on test rig

The ABSsystens of modern vehiclgeare provided wittan electromagnetic ithuction
type wheel speed sens®his can be installed in the main reduceltloe transmission
and the composition and working principle of the wheel speed sensor is shown in
Figure 6.9. The sensors composed o& magnet, coil pole pieceard the ring gear.

The ring geais rotated in a magnetic fiemhdasthe clearance between the gear top
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andthe electrode with a certain velocity changes, doeshe magnetianductance
The result isthat the magnetic flux cycle increaser decreaseand the induction
voltage across the ca# proportional to the flux rate dfieincrease or decreasehe

AC voltage signal is transmitted to the electraroatroller.

(a) (b)
Figure 6.9 The principle of the wheel speed sensor [127]

As shown in Figur®.9, asinusoidalsignal is produced abe gear teeth pass in front

of the sensor, which causes changes in the magnetic flux. When the gap passes the
sensor, the level of magnetic flux is low. When the gear tooth passes the sensor, the
magnetic fluxincreasesThe frequencyof the voltage sigal is proportional to the

speed anthe number ofring gearteeth Whentherearea certain number afng gear

teeth, theérequency othewheel speed sensor output sigisadnly proportional to the
speedof thecorresponding whe¢l27]. Figure6.10 describes the voltage differences

between high speed and low speed ftbespeed sensor signal.
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Figure 6.10 Wheel speed sensor signal voltage comparison

The characteristics dhe electromagnetic induction wheel speed serse(87] [88]

[128][129] [130];

z The signals generated by the sensor are cloteetsine wave with mean value

of zero.

z The amplitde ofthe sine wave signal increaswith the decrease dhe air gap

betweerthesensor head and ring gearamrincreasan wheel speed.

z The signal waveform is not a standard and smooth sine wave, $ine wave
with vibration That is lecausdahe airgap between the wheel speed sensor and
gear tooth are not exactly the sanide deflections between sensor and gear

tooth and the vibration from test ragfectthe test results significantly.

Figure 6.11 to Figure 6.13 represerthe data fromthe speedsensor atspeed of
20km/h 30km/h and 40km/s respectiveljhe control signal of wheel speed is sent
out by VAS 5054equipment througlOn-Board DiagnosticOBD) connector.The
VAS 5054 isusuallyused for vehicle diagnostic manufactured frootkswagen In

order toidentify the data fronthe electromagnetic induction wheel speed sensor
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confident for condition monitoring in this project, a test is carried out fif8§fyusing
the Zeracrossing method131], the input data of these three different speeds are
19.34km/h, 29.55km/h and 40.42km/h respectiv@lye test results are all within
of the control speed3he test results show a confident applicatbrising the
electromagnetic induction wheel speed sengwr further modebased condition

monitoring of the ABS test rig.

Figure 6.11 Speed sensor data of the vehicle at 20km/h

Figure 6.12 Speed sensor data of the vehicle at 30km/h
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Figure 6.13 Speed sensor data of the vehicle at 40km/h

By comparing the results from Figuéell, Figure6.12 and Figure6.13 at speed of
20km/h, 30km/h and 40km/h respectively, it is obvious that the faster the speed, the
higher the frequencgnd he greater thamplitude.The signal is not a smooth sine

waveas a resulbf vibrationduringthetest as mentioned above.

6.3.3 SchematicDiagrams ofthe Three Steps

As explained in Chapter Six, there are thratages of the pressureprocess
pressurencreasing, presse-holding and presswaecreasingFigure6.14 shows the

performance ofhepressure oil inside the pipesthe pressue-increasingorocess
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Closed
Opened

Figure 6.14 Pressure increasing sketch

Figure 6.15 shows the performance dhe pressure oil inside the pipes ihe

pressureholdingprocess

Closed Closed

Figure 6.15 Pressure holding sketch

Figure 6.16 shows the performance dhe pressure oil inside the pipes the

pressuredecreasing process
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Closed

Opened

Figure 6.16 Pressure decrease sketch

6.3.4 Data Acquisition Component

The National Instruments (NI) da Acquisition Card (as shown in Figur&é.17) is

used for wheespeed data collectioithe NI USB6009 is a lowcost data acquisition
(DAQ) devicewith easy connectivity and a small form factor. With pargiplay

USB connectivity, these devices are simple enough for quick measurements but

versatile enough for complex measurement applications. This NI DAQ contains:

(1) 8 analogeinputs at 14 bitsyp to 48 kS/s,
(2) 2 analogeoutputs at 12 bits, softwataned
(3) 12 TTL/CM OS digital I/O lines

(4) One 32bit, 5 MHz counter

(5) Digital triggering

(6) Buspowered
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Figure 6.17 The National Instruments Data Acquisition Card

Figure6.18 shows the Signal Label Application Diagram of NI DAQ. Until the signal
labels are applied, the screw terminal blode be insertednto either of the

combicon jacks.

Figure 6.18 Signal label application diagram of NI DAQ [132]
1 Overlay Label with Pin Orientation Guides 2 Combicon Jack

3 Signal Labels 4 USB Cable
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Oncethe screw terminal blockare labeld, we must only insert into the matching
combicon jack, as indicated by the overlay label on the-B@E device. Tablé.2
lists the analoge terminal assignments, and Talb#e3 lists the digital terminal

assignments.

Table 6.2 Analogue terminal assignments of NI DAQ [132]
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Table 6.3 Digital terminal assignments of NI DAQ [132]

6.3.5 Other Components

Figure6.19 shows the ABS controller of the test rig.

Figure 6.19 The ABS controller
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Figure6.20 shows the ABS control unit of the test rig.

Figure 6.20 The ABS control unit

Figure6.21 shows the Master Cylinder of the test rig.

Figure 6.21 The master cylinder

Figure6.22 shows the vacuum booster and the accumulator of the test rig.
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Figure 6.22 The vacuum booster and the accumulator

Figure6.23 shows the DC motor of thest rig.

Figure 6.23 The DC motor

Figure6.24 shows thdiquid pressure sensor for collecting liquid pressia&inside

pipesof the test rig.
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Figure 6.24 The liquid pressure sensor

6.4 AUTONOMOUS CONTROL OF THE ABS
SYSTEM USING THE DSPACE TOOLBOX

An autonomous control strategy has bedaveloped to drive the ABS system
operating under desired control. The dSpaderoAutoBox  as described in
Section6.1 is utilized for this purposéds shown in igure6.25, the MicroAutoBox is
connected to a computeon which a Matlab/Simulink program is developed. The
programis thendownloaded tdhe dSpace software to drive the ABS ECU which is
also connected to the MicdatoBox  through aself-designecklectrical boed with
a power amplifier. At the same time, an interface as showhigare 6.26 can be

developed for condition monitoring.
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Figure 6.25 An ABS system driven by the dSpace MicroAutoBox

Figure 6.26 Interface for ABS condition monitoring by using dSpace toolbox

6.5 TEST RESULTS OF ABS SYSTEM UNDER
AUTONOMOUS CONTROL

In this test, a step contretrategyis used to control &1 ABS valve operating for one

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 172 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

cycle. Figure 6.27 shows the braking pressuretime ABS valve under step control.
The three steps of presstnerease, pressw®lding and pressurgecrease are
carried out on the test riddefore operation, the normally opened solenoid valve
remainsopen, and the normgiclosed solenoid valveemairs closedWhen operation
starts the pressure increasdse toa sudderforce on the brakepedal The pressure
then maintains constantlevel of about 1.75 MPaln order to simulate the control
stage of pressuieolding, thenormally opened solenoid valveaksed The force on
the pedal isthen releasedbut the pressureemains atthe same levelWhen the

normally closed solenoid valve is opened, the pressure is released.

Figure 6.27 Braking pressure in the ABS valve under step control

Figure6.28 shows the braking pressumnen the normallglosed solenoid valvis in
the openedcondition Becausethe normal closed solenoid valve is opethe
pressureholding processfails. When the force orthe brakepedal is relesed, the

pressure is logimultaneously
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Figure 6.28 Braking pressure when the normally closed solenoid valve is in the open

condition

6.6 SUMMARY

The test rig with components of ABS, dSpace MicroAutoBoxnddataacquisition
devicewas developed in his chapte The design objectivewere listed firstly. The
entire design of the ABS test ngasthen carried out witldescriptionin both figure

and tableThe principle of wheel speed sensor was then discussed in dEt&ildata
acquisition componerdaf NI card was showed in both analogue terminals and digital
terminals.Some other components of ABS test rig such as the master cylinder, the
vacuum booster, the accumulator, the DC matwtthe liquid pressure sensaere
introduced as welBy using ths ABS test rig, the experimental results can be carried

out.
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CHAPTER SEVEN

ABS MONITORING USING

THE KALMAN FILTER

In this chapter, the Kalman filter is used for the condition monitoring of an ABS
control system. Themathematical modelasdescribed in ChapterThree is usedin
order to construct a Kalman filter for a typical ABS system The Kalman filter is
then used to estimatehe ABS performanceincluding vehicle velocity andwheel
velocity in different cases and allows an implementationof modelbased
condition monitoring. The monitoring results demonstrated that the Kalman
filter and associated model based condition monitoring is successful in detection
and diagnosing faults fromsolenoidvalve sticking or stuck, liquid leakage, pump

efficiency lossand speedsensor failures.
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71 TEST RESULTS UNDER NORMAL
CONDITION

As discussed in Section 3.5, the designed Kalman filter is for ati@deld condition
monitoring ofa typical ABS system Using thequartervehicle modelthe Kalman

filter is applied in this project to estimate thehicle velocity and wheel velocity
respectivelyThe measured signals of vehicle velocity and wheel velacéygoing to

be used to compare with the estimated vehicle velocity and wheel velocity using the
Kalman filter, and used to update the coefficient of the Kalman filterafmurate
estimated results obtaiAs shown in Figure 7,lthe measurement results wheel

velocity and vehicle velocity atbe focusunderfault-free condition

Figure 7.1 Scheme of Kalman filter application under fault-free condition

In this research, the Kalman filter is applied for estimatsiggaelins of both vehicle
velocity and wheel velocityWhen the measurement results are not enough for an
entire braking process, the Kalman filter can be used to estimate the leftpsuis

one of theestimationfeatures of the Kalman filteBy comparing the estimatedsults
using the Kalman filter wittmeasurememtesults if the residual is within acceptable

range, the designed Kalman filter can be used in further work as a baseline.

Figure 7.2 shows the scheme of Kalman filter application under faulty condiigns.
comparing with the Kalman filter estation results, the residuals of modised
approach will be generated from measurement results under different\félaéis.the
residuals exceed the pspecified thresholds, the alarm will repexistingfault in the

ABS system.
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Figure 7.2 Scheme of Kalman filter application under faulty conditions

7.11 Comparison Results betweenthe Simulation and the

Kalman Filter Estimation

By using the standard deviation and tolerance intemvasry, about 68% of values
drawn from a normal distribution are within one standard deviation from the mean;
about 95% of thealuelie within two standard deviations; and about 99.7% are within
three standard deviationBhis fact is known as the 68-99.7(empirical) rule, othe
3-sigmarule [133]. In this research, the method of three standard deviations is used
for fault detection of the ABS systerihe following discussionsabout thresholds
seting are all based on thagorithm The thresholds, including the upper limitation

and lower limitation, aréefinedusingthered daskdline as shown in Figuré4.

Figures 7.3 shows the vehicle velocitycomparisorresults between thi€alman filter
estimation resultandthe simulationresuls for the ABS under normal conditiarThe
blue solid line refers to the Kalman filter estimation resuite red solid lingefers
to thesimulation result.From Figure 73, there is nasignificantdifference baveen
these twoln order to give a quantitative measurement of thierdifices, the residual
generatedetween the Kalman filtexstimation resultand the Simulink modeksults

is shown in Figure7.4. The standard deviatiorof vehicle velocity estimatio
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stdey,, Iis calculated by

(7.1)

where X,., and X represent vehicle velocity data dfie Kalman filter

modelV
estimation results and simulation results respectiviégig vehicle velocity estimation

threshold is set up by using the thrsggma rule as

(7.2)

The residial generatedrom vehicle velocity between these twofiem -0.0181 m/s

to 0.0181m/s, which is witin acceptable accuracy.

Figure 7.3 Comparison of vehicle velocity between the simulation and the Kalman filter
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Figure 7.4 Residual of vehicle velocity between the simulation and the Kalman filter

Figures7.5 shows the wheel velocitpomparisonresults between the Kalman filter
estimation results and therailation results for the ABSinder normal conditiariThe

blue solid line refers to the Kalman filter estimation resdite red solid line refers

to thesimulation result.From Figure 7.5 there is nosignificant difference between
these twoln order to give a quantitative measurement of the differences, the residual

generatd between the Kalman filtezstimation resultand the Simulink modeksults

is shown in Figure/.6. The standard deviation @fheelvelocity estimation stdey,,,

is calculated by

(7.3)

where X, and X ... representwheel velocity data ofthe Kalman filter

estimation results andthe simulation results respectivelyThe wheel velocity

estimatiornthreshold is set up using the threggma rule as
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(7.4)

The residual generatdtbm vehiclevelocity between thestwo is from-0.0156 m/s

to 0.0156m/s,which is also witin acceptableccuracy.

Figure 7.5 Comparison of wheel velocity between the simulation and the Kalman filter

Figure 7.6 Residual of wheel velocity between the simulation and the Kalman filter
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7.12 Comparison Resultsbetween theMeasurementand the

Kalman Filter Estimation

Figure 7.7 showsa typical vehicle velocity measured under normal conditith

initial velocity of v, 25m/s, which can also be considered &s 90km/ h or

v, 55.92mile /h, and a lraking torqueof T, 1800Nm on wet asphalt roadAs

shown inFigure 77, the raw data contasna largedegree of high frequency noise,
which maks it difficult to compareit with estimaéd data fronthe Kaman filter. To
suppresshe noisethe data is smoothaasing aMoving Average Filter (MAF).The
MAF reduce random noise while retaining a sharp step resgjtB84¢ The MAF
filters data by replacing each dapoint with the average of the neighboring data
points defined within the spdth35]. The MAFis optimal filter method for a periodic
fluctuations signal witmandom white noisgl36] [137]. Since the noise we atsying

to reduce is random, none of the input points is special; each is josisysas its
neighbor. Therefore, it useless to give preferential treatmenany one of the input
points by assigning it a larger coefficient in the filk@rnel [134]. In this project,
50-point moving averag®AF is applied formeasuremerdata filtering As shown in
Figure 77, the MAF eliminates the high frequency noise amdtainsthe important

decreasingrendwhich isembeddedhn the original data
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Figure 7.7 Measurement results of the vehicle velocity under normal condition

Using thesmoothed data, the measukeghicle velocityresults can be compared with
thoseof the Kalman filter. Figur&.8 shows the comparisoof the results. It can be
seenthat the two sets ofdataare in closeagreementin order b obtainan accurate
quantitativemeasureof the differencebetween the smoothed date and Ksman
filter data, a residualsignal is obtained by subtractinige Kalman filter estimation
results from the smoothed measurement resAlssshown inthe lower graph of

Figure 7.8, the residual signal is nearly Gaussidhe standard deviation of vehicle

velocity measurementstdey,, is calculatedising:

(7.5)

where and represent vehicle velocity data of the smoothed measurement

results and the Kalman filter estimation results respectivigdg vehicle velocity

measurement threshol@th,, is establishedising the thresigma ruleand is given

as
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(7.6)

As shown inFigure 7.8, the residualdatafrom vehicle velocitymeasurementnder
normal condition igrom -0.4038m/s t00.4038m/s showing thenormal status of the

system.

Figure 7.8 Comparison between the measurement and the Kalman filter
of vehicle velocity under normal condition

Figure 7.9 shows a typical wheel velocitjneasuredunder normal conditionAs
discussed abovéhe raw data contaia high degree of high frequency noise, which
makes comparisonwith estimaed resultsfrom the Kalman filter. To suppresshe
noise, the data is smoothedthe same way gsreviouslydiscussedy using an MAF
method As shown inFigure 7.9, the MAF eliminates the high frequency noise and
retairs the importantdecreaing trend which isembeddedn the original dataThe
blue solid line refers to the measurement resultse red solid line refers the

smoothed results.
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Figure 7.9 Measurement results of the wheel velocity under normal condition

Using thesmoothed data, the measumgdeel velocityresults can be compared with
those fromthe Kalman filter. Figur&.10 shows the comparison results. It can be seen
the two datasets are igoodagreementin order b obtaina quantitativemeasurdor

the difference, the residuas generatedetween thesmoothedmeasurementesults
and the Kalman filteestimation resultsAs shown inthe lowersubfigure of Figure
7.10, the blue solid lingepresentshe Kalman filter estimain resuls whilst the red

dotted line representshe measurement result¥he standard deviation of wheel

velocity measuremenstdey,,, is calculatedising:

(7.7)

where and representwheel velocity data of the smoothed measurement

results and the Kalman filter estimation results respectivigdg vehicle velocity

measurement thresholdth,,, is establishedising the thresigma rule a$ollows:
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(7.8)

Theresidual generateffom wheelvelocity under normal condition isom -0.4104

m/sto 0.4104m/sand is almost a random signal.

Figure 7.10 Comparison results and the residual results between the measurement and
the Kalman filter of vehicle velocity under normal condition

The results show that th&lmanfilter methodis with good performance on filtering
thesignal processingf the measuremesif both vehicle velocity and wheel velogity
it can thereforebe used for condition monitoringf aghe ABS system under fault

conditions

7.2 TEST RESULTS OF WHEEL SPEED SENSOR
FAILURE

7.21 Vehicle Velocity with Speed Sensor Failure

Figure7.11 shows the measurd results anégmoothedesults ofvehicle velocitywith

the speed sensdailure in the ABS systemAs shown inFigure 7.1]1 the raw data
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containa high degree of high frequency noiseaking it difficult to comparewith
datafrom theestimae results of theKalman filter. Tosuppresshe noise, the data is
smoothed using an MAF method The blue solid line refers to the iginal
measurement results wsiithe red solid line refers to the smoothed resiltga was
simulated using Simulinks discusseth Section5.4, the vehicle stops at 9.11tdhen

thespeed ensor fais. Thisis 1.928s longer thamnderthe normal condition.

Figure 7.11 Measurement results of the vehicle velocity with speed sensor failure

Figure 7.12 showsthe smoothedmeasurement resultgith speed sensor failur@nd
the Kalman filter estimatiomesults ofvehiclevelocity. As shown in the upper graph,
the bluesolid line refers to thesmoothedmeasurement resulishilst the reddotted
line refersto the Kalman filterestimaton results The residual generatebetween
themis shown inthe lower graph The vehicle velocity residual with speed sensor
failure varies significantlyand continues to increase from thigeginning of the
simulation It achievespeakamplitudeof 5.5522m/s at timeequals7.183s,which is
thevehide stop time under normabndition Since then, the residual reduagdil the

vehicle stops.
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Figure 7.12 Comparison results between the measurement and the Kalman filter
of vehicle velocity with speed sensor failure

Figure7.13 shows the fault detectn threshold settirgpf the ABS systemBYy using
the standard deviation and tolerance intervals thesrgiscussed in SectigtR.1, the
upper and lower threshaare set upsing the method of three standard deviations as
described in Equatian(7.5) and {.6). As shown in Figure 7.13the adaptive
threshold (Adaptive thresha methods are those thdbd not use the same threshold
throughout the whol@rocess but the same trends of the processing qiy8@l) for
the vehicle velocity maintain ¢hsame trends as the smoothed measurement résults
order to make ieasier to obseryéhe residual signal with thresholdsapplied for the
fault detection of the ABS system under speed sensor failure. The twaasbdd
lines referto the thresholds setting for vehiclelocity from -0.4038 m/s to 0.4038
m/s The failurealarm only works when the residualignal exceedshe threshold§
range In the case ofthe speed sensor failuras shown irFigure 7.8, theresidual
exceeds the thresholdtahe equalsl.1swhenthe brakingcommencesand the alan

starts to report the failure
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Figure 7.13 Fault detection threshold of vehicle velocity with speed sensor failure

7.22 Wheel Velocity with Speed Sensor Failure

Figure7.14 shows themeasurement results and the smoothed results of wheel velocity
underspeed sensor failure the ABS systemAs the speedensoifails to work since

the beginning of braking, the measurement remaingean value od for the entire
process By using theMAF method, the smoothed measurement resalle obtained
andshown inFigure 7.8 with thered solid line, whit the original measuremersg

shownwith the blue solid line.
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Figure 7.14 Measurement results of the wheel velocity with speed sensor failure

Figure 7.15 shows the smoothed measurement results with speed sensor failure and
the Kalman filter estimation results of wheel velocity. The blue solid line refers to the
smoothed measuremteresults whit the red dotted line refet® the Kalman filter
estimation results. e residuageneratd between themoothedneasurement and the
Kalman filter results shows a significant value sincedfagt of thebraking process.

The absolutepeakvalue of residual is 25m/s, which appeargte starttime of the

braking process.

Figure 7.15 Comparison results between the measurement and the Kalman filter
of wheel velocity with speed sensor failure
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Figure7.16 shows thdault detectiorthresholds fowheel velocity othe ABS system

with speed sensor failurdy using the standard deviation and tolerance intervals
theory as discussd in Section7.1.2, the upperand the lower threshatdare
establishedusing the method of three standard deviatiassdescriba in Equation

(7.7) and 7.8). The figure shows thathe adaptive thresholdsr the wheel velocity
maintainthe same trends as the smoothed measurement results. In order to make it
easier to observéhe residuakignal with thresholdss applied for the fault detection

of the ABS under speed sensor fadélufhe two red dashedésreferto the threshold
setting for wheel velocitfrom -0.4104 m/s t0 04104 m/s As the residual signal
exceeds thdéower thresholdat start of the braking pcessthe alarm repostfaults

occurringin the ABS systenmmediately

Figure 7.16 Fault detection threshold of wheel velocity with speed sensor failure
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7.3 TEST RESULTS OF SOLENOID VALVE
STICKING OR STUCK

7.31 Vehicle Velocity with Solenoid Valve Sicking or Stuck
Fault

Figure 7.17 shows the measurement results and the smoothed resultgebicle
velocity with a solenoid valve sticking or stuck fauit the ABS system.The figure
showsthe originalmeasurement data is smooth&ihgan MAF methodas discussed
above. The blue solid line refers to the original measunemesults whit the red
solid line refers to the smoothed resiighen smulated using Simulinkas discussed

in Sectionb.5, the braking time increast® 7.589s.

Figure 7.17 Measurement results of the vehicle velocity with valve sticking or stuck fault

Figure 7.18 shows the smoothed measurement restutis the valve sticking or stuck
fault and the Kalman filter estimation results of tehicle velocity The blue solid

line refers to the soothed measurement results shihe red dotted line refers to the
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Kalman filter estimation results. The residsanal generatd between them is also
shown inFigure 7.B. The vehicle velocity residual witthe valve sticking or stuck
fault does not show a significant valydut it continues tancreag 1.5s fromthe start

of the braking process reachiageak value 02.1579 m/s.

Figure 7.18 Comparison results between the measurement and the Kalman filter of
vehicle velocity with valve sticking or stuck fault

Figure 7.19 showsthe thresholds setting for fault detection of the ABS system. By
using the standard deviation and toleerintervals theory, the uppend lower
threshold are set upgn the same way. As shown the lowersubfigure, the red
dotted lines refer tthe adaptive threshoklwhichmaintainthe samelecreasingrernd

as the smoothed measurement redoltshe vehicle velocityTo make iteasier to
observe the residual sigad with thresholds are applidgd the fault detection of the
ABS system with valve sticking or stu¢iult. The two red dashed liaeefer to the
thresholds setting for vehicle velocifyom -0.4038m/s to 0.4038 m/s. The alarm
reportsa fault occurring in the ABS system when the residual signa&leeds the

WKUHVKROGVY UDQJH DW DER Xigure of FiigUreV.10RZQ LQ WKH OR.
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Figure 7.19 Fault detection threshold of vehicle velocity with valve sticking or stuck fault

7.32 Wheel Velocity with Solenoid Valve Sticking or Stuck

Fault

Figure7.20 shows themeasurement results and the smoothed results of wheel velocity
with valve sticking or stuck fault in the ABS systente blue solid line refers tine
smoothed measurement results whilhe red solid line refers to the original
measurement resulté&\s the solenoidvalve is stickingor stuck the processes of
pressurencreasing, pressutelding and pressw@ecreasingcannotswitch as it is
designed in a control algorithrAs shown in he figurethe performance of the wheel
velocity decreases to a slipping trend at 2.013s, which is an unstable region for

driving.

Figure7.21 shows the comparison results between the measurement and the Kalman
filter estimation with valve sticking or stkic The red dottedine refers to the
smoothed measurement results wtthe blue solid line refers to the Kalman filter
estimation results. The residual genedabetween these two shows a significant

decreasing and increasing trend through the wholergadtocess. iie peak absolute
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value occurs at 2.013s, which is the most unstable region of driving during the whole

braking process.

Figure 7.20 Measurement results of the wheel velocity with valve sticking or stuck fault

Figure 7.21 Comparison results between the measurement and the Kalman filter of wheel
velocity with valve sticking or stuck fault

Figure 7.22 shavs the fault deteain thresholdsfor the ABS system with valve

sticking or stuck faultUsing the three standard deviatimethod, thaipper and lower
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adaptive thresholdsmits are set up as shown in the upper-8gbre with the red
dotted line For ease obbservation, the residusignal with thresholds iapplied. The
red dashed lines refer to the thresholds setting for wheel vefomity-0.4104m/s to
0.4104m/s. The blue solid line refers to the residual. The alarm repdatslt when

the residual exceeds the thresholds.

Figure 7.22 Fault detection threshold of wheel velocity with valve sticking or stuck fault

(4 TEST RESULTS OF LIQUID LEAKAGE

7.41 Vehicle Velocity with Liquid Leakage Fault

Figure 7.23 shows the measurement results and the smoothed results ofethiele

velocity with the liquid leakagein the ABS system.As shown in the figure, the
original measurement dasmoothed usingn MAF mehodaspreviouslydiscussed
The blue solid line refers to the original measurement resultstitnd red solid line

refers to the smoothed resultAs liquid leakage will lead to serious and
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nonreversible damage to the ABS test facility, the leakage amount setting for this
project is not significantHowever,it is sufficient enougho show the characteristics
of the fault itself. When simulated sing Simulink as discusseth Section5.6, the

entirebraking process takes 7.282s until the vehicle stops.

Figure 7.23 Measurement results of the vehicle velocity with liquid leakage fault

Figure7.24 shows the comparison results between the smootme@gsurement and the
Kalman filter estimation. The blue solid line refers to the Kalrfier estimation
results whistthe red dotted line refers to the smoothed measurement results, as shown
in the upper suffigure. The residual generatbetween them is shown in the lower
subfigure. The vehicle velocity residual witheliquid leakage faultloes not change

a great dedbecause the liquid amoupteviouslyset inthe system is noparticularly

large If the settingparametersre different, theliquid leakage amourtbgether with

the residuaWill be changed.

Figure 7.25 shows the fault detection thresholds setting for the ABS system with
liquid leakage fault. By using the standard deviation and tolerance intervals theory,
the upper andolWwer threshold are set up the same way. As shoinnthe lower

subfigure, the red dotted linegor the adaptive thresholdmaintain the same
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decreasindrends as the smoothed measurement refultdhe vehicle velocity. &r

ease ofobservation, the residl signal with thresholds ispplied for the fault
detection of the ABS system with liquid leakage fault. The two red dashed lines refer
to the thresholds setting for vehicle velocitpm -0.4038m/s to 0.4038m/s. The
alarm reports faudtoccurring in the ABS system when the residual signal exceeds the

W KUHYV KR an@ safi bg Be@nlthk lower suligure of Figurer.25.

Figure 7.24 Comparison results between the measurement and the Kalman filter of
vehicle velocity with liquid leakage fault

Figure 7.25 Fault detection threshold of the vehicle velocity with liquid leakage fault
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7.42 Wheel Velocity with Liquid Leakage Fault

Figure7.26 shows the measurement results and the smoothed results of wheel velocity
with a liquid leakage fault in the ABS systemt.can be seen thate wheellocks at

about 6.5&ndbegins toslip until the vehicle stopdf the leakage amount iacreased,
thenthe performance will baignificantly worse The blue solid line refers to the

original measurement results watithe red solid line refers to the smoothed results.

Figure 7.26 Measurement results of the wheel velocity with liquid leakage fault

Figure7.27 shows the smoothed measurement results with liquid leakage fault and the
Kalman filter estimation results of wheel velocity. The blue solid line refers to the
Kalman filter results whdt the red dotted line refers to the smoothed measurement
results. Theresidual generatebetween thems shown in the lower sufigure. The

peakvalue is 1.0566m/s and the valley value29065m/s.

Figure 7.28 shows the fault detection thresholds for the ABS system with liquid
leakage fault. The upper stigure shows th smoothed measurement results together

with adaptive thresholds. The lower siifjure shows the residual with thresholds
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setting for wheel velocityfrom -0.4104m/s t00.4104m/s. The alarm reports fasin

the ABS system intermittently when the residereceeds the thresholds.

Figure 7.27 Comparison results between the measurement and the Kalman filter of wheel
velocity with liquid leakage fault

Figure 7.28 Fault detection threshold of the wheel velocity with liquid leakage fault
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(5 TEST RESULTS OF PUMP EFFICIENCY LOSS

7.51 Vehicle Velocity with Pump Efficiency Loss

Figure 7.29 shows the measurement results and the smoothed resultgebicle
velocity with pump efficiency loss in the ABS systefrhe original measurement data

is smoothed by usingn MAF methodas previouslydiscussed. The blue solid line
refers to the original measurement results sthihe red solid he refers to the
smoothed resultsThe braking time increases to 7.467s due to the pump efficiency

lossfaultin the ABS system.

Figure 7.29 Measurement results of the vehicle velocity with pump efficiency loss

Figure 7.30 shows the smoothed measurement results with pump efficiency loss and
the Kalman filter estimation results of vehicle velocity. As shown in the upper
subfigure, the blue solid line refers to the epthed measurement results wshthe

red dotted line refers to the Kalman filter estimatiesults. The residual generdte
between them is shown in the lower digure. The peak value of 1.5776nuscurs

5.9safter tre startof the braking process.
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Figure 7.30 Comparison results between the measurement and the Kalman filter of
vehicle velocity with pump efficiency loss

Figure 7.31 shows threshoklsetting up for fault detection of the ABS system with
pump efficiencyloss.The red dotted lines the upper sulfigure refer to the adaptive
threshold. The blue solid line refers to the smoothed measurement vesldt$ault
conditions The thresholds are sap with value of -0.4038m/s and0.4038m/s. The
alarm reports fautof the ABS system when the residual excesitlserthe upperor

the lowerthreshold

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 201 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

Figure 7.31 Fault detection threshold of vehicle velocity with pump efficiency loss

7.52 Wheel Velocity with Pump Efficiency Loss

Figure7.32 shows the measurement results and the smoothed results of wheel velocity
with pump efficiency loss in the ABS system. The blue solid line refers to the
smoothed measurement results whithe red solid line refers to the original

measurement data with high frequency noise.

Figure 7.32 Measurement results of the wheel velocity with pump efficiency loss
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Figure 7.33 shows he compadtive results between thactualmeasurement and the
Kalman filter estimation results with pump efficiency lo3$e red dotted line refers
to the snoothed measurement results whthe blue solid line refers to the Kalman
filter estimation results. The residual geneddietween these two shows a significant

change during thentirebraking process.

Figure 7.33 Comparison results between the measurement and the Kalman filter of wheel
velocity with pump efficiency loss

Figure 7.34 shows the fault detection thresholds for the ABS system with pump
efficiency loss. The threshold are seith values 0f-0.4104m/s and0.4104 m/s. As
shown in the upper stfigure, the blue solid line refers to the smoothed measurement
results whist the red dotted lines refer to the adaptive threshdids. ease of
observation, he residual signal with thresholds applied as shown in the lower
subfigure. The red dashed lines refer to the thresholdslst the blue solid line
refers to the residual. The alarm starts to reportdaulthe ABS when the residual

exceeds the thsholdsafter1.4s until the wheel stops.
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Figure 7.34 Fault detection threshold of wheel velocity with pump efficiency loss

7.6 SUMMARY

In this chapter, the experimental results were carried out by using the test rig that built
up in Chapter SixThe Kalman filterwas utilized in this project to estimab®th the
vehicle velocityand wheel velocity antb obtain good filtering performanseThe
residuas generatd between the results of bothe Simulink model and the Kalman
filter werefrom -0.0181 m/s t00.0181 m/s and from0.0156 m/s to 0.0156/s for
vehicle velocity and wheel velocity respectivelyeresiduas generatd betweenthe
results from measurement that smoothed by MAF and the Kalman filterfroene
-0.4038 m/s to 0.4038 m/s and fre4104 m/s to 0.410d/s for vehicle velocity
and wheel velocity respectivelit showed that the Kalman filter methoébr this
project could provide excellent accuracy farondition monitoringand could be
implemented to detedtaults of the ABS systemBy using the standard deviation
method the measurement results under four different faulty conditions disoeissed
with residuals and designed threshoMAth the vehicle state variables estimated by
the Kalman filter advanced ABS control strategiesuld be desigredto improve the

vehicle safety without adding additional expensive hardware to the system.
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CHAPTER EIGHT

CONCLUSIONS AND FUTURE WORK

In this chapter, the achievements of this research project are summarizetihe
findings and conclusions are presentedThe contributions to knowledge have
been summarized separately and proposals for future research to develop this

area of wok are discussed.
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8.1 REVIEW OF PROJECT OBJECTIVES AND
ACHIEVEMENTS

The key achievements of the research documented in this thesis are described below.

Care has been taken to correlate these achievements with the original objectives set

out in Section 1.5.

Objective 1:To review and understand existing techniques in theetrmased
condition monitoring of control systems. A potential technique will be chosen for

implementation in this project

Achievement 1 The review was presented in Chapter 2. The basic prisable
the modébased approachexebriefly reviewed in Seabn 2.12. The advantages

of aconventional modebased approach were discussed in Sectiob.2.1.

Objective 2:To investigate the background and algorithm of the Kalman filter
New applications of the Kalman filter will be introduced in ordeexploit the

filter with the ABS

Achievement 2The process to be estimated @hdcomputatioml origins of the
Kalman filterwerediscussed in SectioB.5.1 Some new applications of Kalman
filter, especially in velocity estimation field, were introduced in ®ecB.5.1 as

well. The parameters for estimation of both vehicle velocity and wheel velocity
using the Kalman filter method were set up in Section 3.5.2 and Section 3.5.3. In
order to get better filter results, parameter adaptive Kalman filter was intaduc

in 3.5.4.

Objective 3: To developa normal model of atypical ABS system for
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implementing ABS process control. The control strategies will focus on
improving controllability, stability and stopping distance under a wide variety of

driving conditions

Achievement 3The dynamic aalysis ofthe seven steps dhe control cycleof a
typical ABS system with hydraulic brakes was introducedChmapter Two The
simulation models othe entire ABS system under normal control conditions
were designed using Se¢dibw for logic control design (Sectiah3). Simulation
modelswithout ABS (Section3.1), ABS without the pressureholding process
(Section 3.2), and ABS with the pressuréholding procesgSection 3.3) were
developedfor vehicle braking simulationdn ABS with the pressureholding
process, different actions of pressuréancreasing, pressuteolding,
pressuredecreasing and stgpessurancreasingwere included inthe models.
The control statevastransformed from one state to anothsmgdifferent ABS

control logic thresholds.

* Objective 4:To devebp fault modes for the ABS control system. The faults
designed in the model should be ones which are not easily detected by common
methods. The seeded faults should be fully controlled in fault type afzdilin
severity, and furthermore, should not cause any damage to the test facility or

simulation hardware

Achievement 4 Speedsensorfailure (Sectior3.3.1), solenoid valve sticking or

stuck (Section3.32), fluid leakage ofthe actuator (Sectior8.3.3) and pump
efficiency loss (Section3.34) were seeded in the simulation madeThese
seededaultsdid not cause damage to the ABS system or the hardware of dSpace
MicroAutoBox . The simulation modeh fault-free condition was designetd
achieve thesame effect aan ABS systemThe seeded faults coulik turned on

and offto simulate faults and to return to normal conditiofise parameters of
themodelscould also be changed, whitdad to different fault severityithin the
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ABS systemlt was foundhat different faults coulde activeindependentiyr in

any combination.

» Objective 5:To set up a test facility for the implementation of the ABS system.
This work will allow control of the ABS system when different strategies are
applied, in order tononitor and estimate the system, with the same user interface,

and moreover, to seed faults in the system

Achievement 5:The test facility was developed in Chapt8ix. A typical
Anti-lock Braking System was chosen as designed. The ABS type MK20
which widely applied on Volkswagen vehicleBpm a Germany manufacture
namedContinental Teveswas chosen fothis projectand his modelis a typical

Anti-lock Braking System

* Objective 6:To design different road conditions inSamulink model in order to
test scenarios for road and driving conditions. The road type chosen for the design

should be classical and realistic

Achievement 6 Seven different types of road were designed usiegimulink
subsystem (Sectiof.1.3). The calculation ofhe friction forces was carried out
using the Burckhardnethod (Sectio.4). A number of road typewere selected
to simulate real road condition$hese includedhe high adhesion coefficient
roads such as dryasphalt wet asphaland dry concretend the low adhesion

coefficient road such as dry cobblestones, wet cobblestones, snow and ice.

* Objective 7:To combine a dSpace MicroAutoBox with the ABS system test
rig together with advanced data acquisition components. The tdgetbe
applicationof this hardware are flexié of design and modelling, and stability of

operation and control

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 208 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

Achievement 7 The realtime system dSpace MicroAutoBox was combined
into the ABS test rig (Sectiof2). It operated without us@rtervention just like
the ECU of a vehicle. It was used for rapid control prototyping (RCB)pth
normal models and faylt models were download into the dSpace
MicroAutoBox . The ABS actuatorsvere operated via PC anda National
Instruments(NI) Data Acquisition Card wasused for data collection (Section
6.3.4). The speed sensor datadthe liquid pressure sensor data waansferred

to the PC for analysigSection6.5).

» Objective 8: To investigate Kalman filtering techniques for application to the
condition monitoring of the ABS system. Based on this study, novel schemes will

be recommended for the mod®sed approach

Achievement 8 The Kalmanfilter technology was applietb the simulation
model ofthe ABS (Section3.5). The test results of bothe vehicle velocity and
the wheel velocity provided good performance fmth tracking and estimation
(Section7.1). The thresholdsvereset for fault detection and diagnosis using the
standard deviation and tolerance intervals thediye measurements dhe
vehicle velocity and wheel velocity wer@moothedusing an MAF method
(Section 7.1.1 and Section 7.1.Zhe comparison results between the smoothed
measurement arttie Kalmarfilter showed an excellemstccurateestimation.The
Kalman filter technology can be implementedanactual vehicle systemvithout

calculating any analytical derivatives.

* Objective 9:To perform a comprehensive data analysis for the ABS sykiem
fault detection and diagnosiBoth normalcondition and faultyconditions are to

be demonstrated based on the control algorithm designed for the ABS.system

Achievement 9 The data analysisising simulation resultsvas describedin
Chapter5. The simulation results withotihe pressureholding process and with
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the pressuringholding process in normal condition were listedparately
Comparison ofvehicle velocity, wheel velocity, braking distance, slip rate,
braking torque and wheel acceleration (®ec5.1 to 5.3) were presentedrhe
simulation resultgor faultsincluding speed sensor failu(&ection5.4), solenoid
valve sticking or stuck (Section 5.5), fluid leakage(Section5.6) and pump
efficiency loss(Section5.7) were also preseted and compared with normal
conditiors. The measurementgsults under healthy conditions (Sectibh) and
faulty conditions (Sectiofi.2 to Section7.5) were discussed.he thresholds for
fault detection ofvehicle velocity and wheel velocity are set using the standard
deviation method. The residualsgeneratd from the measuremest and the

Kalmanfilter estimations under faultyonditionsare listed in figures.

« Objective 10: According to the results and experience gained during this
programme of work, to suggest potential future work which will extend the

resarch for integration of more advanced technologies in this. field

Achievement 10Some possible directions for future wdrlve been identified
including unscented filter applicatien residual generation ithe modetbased

approach, acotis modetbasedexploitation,fault isolation techniques and so on.

8.2 CONCLUSIONS

Conclusion 1: The Modelbased method has significant advantages for condition
monitoring andfor fault detection for control system$he basic algorithm othe
modetbased method islevebped using the system model and the measurement
signal to reconstrudhe parametersBy using the difference betwedhe estimation
and measurement tabtainthe residual,the goals of condition monitorincan easily

be achieved
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Conclusion 2:Anti-lock Braking Systemsre highly integratedsystens with a high
degree of commercial confidentialityfhe development ofthese systemshas
acceleratedluring the pas80 yearsThe ABS system can improve braking safety and
driver comfor@bility during emergency braking situatiote dynamic friction tge
model canprovide a simplified procedurefor the controller design procegs obtain

stable and reliablperformancaluring the operationfdheABS systems

Conclusion3: As a consequence tfis researchABS conditionmonitoring and fault
detectionhas improvedsignificanty compared withprevious researctvorks In the
past, ABScondition monitoring anfault detectiorhas beermoncernegrimarily with
electronic fault diagnosidt is not easy to dete¢he mechanical faults oan ABS
system.An ABS systemonly works underextremedriving conditionswhere severe
braking is necessary to avoid accidents and endangeringThie researchhas
focused orboththe electronic faustsuc as speed sensor failumad the mechanical
and hydraulidaults such as solenoidalve stuck liquid leakage and pump efficiency
loss. It provides methoddgor carrying outregular checks of the mechanicahd
hydraulic components of théBS using aspedally designedtest rg ensuringthe

capability and performance tife functioningABS system

Conclusion 4: The Kalmanfilter with adaptive parametersan be combined wita
modetbased approach for condition monitoririg. this research work, theaknan

filter estimation resultgre fitted to the simulationand measurementesultswith a

high degree oficcuracymeaningthatthe adaptiveparametesetting for the model of

the Kalmanfilter are sufficiently accurde. Together witha modetbased method, én
Kalmanfilter can be used to estimate vehicle velocity and wheel velocity during faults
occurringin the ABS systemThe residua are generatd betweenthe KalmanFilter

estimation and measurement for fault diagnosis.

Conclusion 5: The mathematical model dhe ABS system has beedeveloped
providing a new method for the modielg of the vehicle braking system and
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simplifying the design of the ABS controllgkt the same timeg dynamic friction tyre
model wa also developed basedn the Burckhardt metid for generating the

dynamic tye/road interaction.

Conclusion 6: The Kalmanfilter was utilized to estimate the vehicle velocity and
obtain good filtering performance of the wheel velocCliye testresults showd that

the Kalmanfilter estimation ofthe vehicle state mated the simula¢d vehicle state

very well. Fromthe vehicle state variables estimated by the Kalrilser, it is
possible to design advanced ABS control strategies to improve the vehicle safety
without adding addional expensive hardware to the ABS systé@ime Kalmanfilter

used duringhis reseech shows a good performance whestimatingboththe vehicle

velocity and wheel velocity.

Conclusion7: The dSpace MicroAutoBox can be combinedith the ABS system
for the implementation oRCPsimulation.The dSpace take place of ECU in vehicle
as a virtual controllelThe model could bdownloagd from Matlab or Simulink and
communicatd with the actuators as the case of aBCU ofavehicle.As a result of
this resarch,a number ofadvantagesvere observed such asiore comprehensive
and more systematic tests in a shorter time, fewer prototypes and &oghesacy for

modeling.

Conclusion8: From the rig simulation of system faults, it cancbhacludel that faults
such as speed sensor failuselenoidvalve sticking or stuck, fluid leakage and pump
efficiency loss can be seedwith the following effectsFirstly, they will not caise
damage to the system itseBecondly, they will not cause distortion codingthe
dSpace MicroAutoBox ; Thirdly, they can be repeated arbitrariliginally, their
severity can be adjusted to any desired degnekinally, they can be turned on or off

as required.

Conclusion9: The testresultsshow that the braking performanceaofehicle withan
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ABS system is much better than the one withantABS system.The braking
performance ofin ABS with the pressurenolding process is much better thame
without the pressureholding processAll comparison results such ashiclevelocity,
wheel velocity, braking distance,sliate and braking torqueve beermarried oufor

these different scenarios

8.3 CONTRIBUTION TO KNOWLEDGE

The project reported owithin this thesis has made several new contributions to
research in the field of modbhsed condition monitoring using the Kalmgter.

These will now besummarized

* Novelty 1:A new model of ABS system wadevelopedwith normal conditions

and faulty conditions.

There are several subsystems included in the simulation modeé 8BS system.
The slip rate calculation modulesing theinputs of vehicle velocity and wheel
velocity is a subsystem examplé is intuitive to observe the slip rate changing
througlout the whole braking proces$he choice ofroad typeis also asubsystem
and sevendifferent road typg including dry asphalt, wet asphalt, dry concrete, dry
cobblestones, wet cobblestones, snow andvieee simulatedThe road type can be
changed freely as the test requifBise mosicomplicatedsubsystem of thentireABS
system is the contrdtrategy The control commands of not only the processes of
pressurencreasing, presswieolding and pressw@ecreasing, butlso the processes
of the stegpressurancreasing and first round pressumereasing are demonstrated in
the ABS system.The initial vehicle velocity and initial braking toog can be

modified according toequirements.

* Novelty 2:An autonomous ABS contrd system was designed witla dSpace

DEGREE OF DOCTOR OF PHILOSOPHPHD) PAGE 213 OF 225



MODEL-BASED CONDITION MONITORING
OF ANTI-LOCK BRAKING SYSTEMS

MicroAutoBox

By using dpace MicroAutoBox and its software interface Control Desk, the
simulaed model ofthe ABS control system can bprogrammedwithout manual
programmingNo special expertise isecessary for implementation thie prototyping
system.The designedaults can also be seededtanthe Matlab/Simulink model of
ABS. With dSpac# implementation software Re&@ime Interface (RTI), the
designed models can be implemented on the dSpackvdna automaticallyA
graphical block library with numerous interface functionalities is provided for
configuring input and output and connecting I/O to the model, which can be easily
used in SimulinkThe ABS models with faults can also be implementedi®$yace

MicroAutoBox  for usingon ABS actuator components.

* Novelty 3: The Kalman filter was applied to modelbased condition

monitoring of the ABS system.

The Kalmanfilter method is used to estimate the vehicle velocity and wheel velocity
of the ABS systm under healthgnd faultyconditiors. The comparisorresults show
that theKalmanfilter model can match the designe@&3® systenwith high acaracy.

By usingthe Kalmanfilter modetbased approach, the ABS system with faults can be
monitored by inspecting the generated residlik condition monitoring withfault

detection can be carried out by analysis of residual characteristics.

8.4 FUTURE WORK

* Future Work 1: Liquid pressue sensorswill be installed on the brake fluid

pipe of the remaining three wheelsfor pressure monitoring.

The sensofor measurindiquid pressure is only used @quartermodelat the
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moment The performance can suit the theoretiocabdel as required.It is
recommended that liquid presswensorsareadded to the other three whetds

pressure monitoringf the whole system

* Future Work 2: Use Fault Diagnostic Apparatus (AutoBoss V30) for the ABS

test rig.

The fault diagnostic apparatus an decode the commandorders from the
Electronic Control Unit (ECU) andan also send code tioe ECU for testingBy
using he proposed fault diagnostic apparattise three steps othe ABS
controller can be emonstragd. At the same time, the speed signathefvehicle

and the pressure signal daenbe collected for analysis.

» Future Work 3: Develop a ron-interference pressure sensor.

In order to check the pressuretbé brake cylinder, a noeimterference pressure
senso is neededThis kind of sensor will not change any construction of the
pipelines, which is required maintain ehigh safetylevel ofthe braking system.
The noninterference sensor should be used for AgStemconditionmonitoring
and fault diagnosisiVhena fault occurs inthe ABS mechanical components, the

pressure othebrake cylinder should be different fraime healthycondition

» Future Work 4: Residual generation for partially known systems.

A partially known systermeans thabnly a part of the system information can be
obtained For example, most ABS manufacturers do not provide detailed structure
parameters when they sell their produdisstead, they deliveperformance
descriptions such as valve action frequency in theidyct specificationsThis is
usually not sufficient for a modélased applicationAnother example of a
partially known system is when the nbmearity of a system cannot be
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represented accurately with a linead analytical model since some informatio

has been lost.

* Future Work 5: Network communications between ECU and dSpace.

This workis importantfor implemenation of the ABS control algorithm in the
operation ofreal vehicle At the moment,ite majority of vehicles are using CAN
communication protocol Only a few vehicle are using other types of
communicationprotocol By using the pcketinformation from CANHigh and
CAN-Low, the control algorithm can be applied to vehicles through the vehicle

OBD connector.

» Future Work 6: Non-parametric moddling.

The central issue of the modehsed approach is the residual generation, which in
turn relies heavily on the system modélowever, for systems with high
nontlinearity and a wide operating range, the nibdg is quite difficult and
often inacdquate for modebased applicationln some systems, an analytical
model cannot be built up due to the lack of sufficient informatioA
nontparametric model with adaptive parameteasid advanced filtering

technology is gossiblealternative in these case
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