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Abstract

The Influence of Braking System Component Design Parameters on
Pedal Force and Displacement Characteristics

Abstract
This thesis presents an investigation of braking system characteristics, brake system
performance and brake system component design parameters that influence brake pedal
force / displacement characteristics as ‘felt’ by the driver in a passenger car. It includes
detailed studies of individual brake system component design parameters, operation, and
the linear and nonlinear characteristics of internal components through experimental study
and simulation modelling.

The prediction of brake pedal ‘feel’ in brake system simulation has been achieved using
the simulation modelling package AMESim. Each individual brake system component was
modelled individually before combining them into the whole brake system in order to
identify the parameters and the internal components characteristics that influence the
brake pedal ‘feel’. The simulation predictions were validated by experimentally measured
data and demonstrated the accuracy of simulation modelling.

Axisymmetric Finite Element Analysis (using the ABAQUS software) was used to predict
the behaviour of nonlinear elastomeric internal components such as the piston seal and
the booster reaction disc which was then included in the AMESim simulation model. The
seal model FEA highlighted the effects of master cylinder and caliper seal deformation on
the brake pedal ‘feel’. The characteristics of the brake booster reaction disc were predicted
by the FEA and AMESim simulation modelling and these results highlighted the
importance of the nonlinear material characteristics, and their potential contribution to
brake pedal ‘feel’ improvement.

i

Abstract
A full brake system simulation model was designed, prepared, and used to predict brake
system performance and to design a system with better brake pedal ‘feel’. Each of the
brake system component design parameters was validated to ensure that the braking
system performance was accurately predicted. The critical parameter of brake booster air
valve spring stiffness was identified to improve the brake ‘pedal ‘feel’.

This research has contributed to the advancement of automotive engineering by providing
a method for brake system engineers to design a braking system with improved pedal
‘feel’. The simulation model can be used in the future to provide an accurate prediction of
brake system performance at the design stage thereby saving time and cost.

Keywords:
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Chapter 1 Introduction

Chapter 1 Introduction
1.1 Background
“It is more important to able to stop a car than to start it” (Newcomb and Spurr 1969). This
statement defines the reason behind the evolution of passenger car braking systems in the
last century (1900’s). Safety has been considered a most important factor in the evolution
of automotive braking systems; the conventional passenger car hydraulic braking system
has gone through a long evolution process to reach the current design of active systems
that not only decelerate the vehicle but also can assist the driver in difficult manoeuvres
and dangerous situations.

The first hydraulic brake system was patented in 1917 and the earlier mechanical brake
systems were gradually replaced by hydraulic brake systems from 1934 (Newcomb and
Spurr 1969). Early brake systems were designed to operate on the rear wheels only which
caused serious vehicle stability problems under heavy braking (Gutknecht et al. 1993,
Newcomb and Spurr 1969), as well as low deceleration and poor braking efficiency.

Further improvements and additional components were added to the basic hydraulic
system from the 1930’s. For example, the vacuum booster was added to the system as a
servo to reduce brake pedal effort and pressure limiting valves were added to optimise the
dynamic front/rear pressure ratio (Gutknecht et al. 1993). Anti lock braking (ABS) was
developed to improve safety and increase driving comfort in the 1950’s (Sekiguchi et al.
1993), and as the demands for vehicle safety have increased, ABS has been introduced
by all car manufacturers since 1978 (Hattwig 1993). ABS has added many advantages to
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the passenger car, especially in vehicle stability and steerability during heavy braking
(Oppenheimer 1985). However, ABS systems always generated vibration feedback
(because the brake pressure modulation) from the brake pedal at low pressure (below 20
bar) (Petruccelli et al. 2003, Winkler et al. 2005) and such vibration feedback from ABS
raised the question of the quality of braking performance and the braking system feedback
to the brake pedal, and is a concern as regards driver confidence and comfort.

Brake performance has become a very important factor for automotive manufacturers and
customers because of the legislative safety requirements and more and more complex
systems are being employed (Celentano et al. 2004, Todorovic 1985) all of which can
affect the way the driver interacts with the brake pedal. The performance of the brake
system is often evaluated by the driver in terms of the brake pedal ‘feel’, and one of the
major concerns from manufacturers and customers is therefore the ‘feel’ of the brakes
under use. This is because the brake pedal ‘feel’ gives the driver a perception of the
braking status and braking performance (Park 2005). In other words, the term brake pedal
‘feel’ is not just focusing on the quality of the brake system in a passenger car but also on
the feedback of the braking system performance to the driver (Bill et al. 1999).

Brake system effectiveness is defined by international legislative requirements, e.g. ECE
regulation no. 13 (Curry and Southall 2002, UK Department of Transport 1998). However,
to understand the term brake pedal ‘feel’, the focus is wider than the boundary of the
legislative requirements. Recent research has added significantly to the understanding of
not only how the driver perceives the brake pedal to ‘feel’, but also of how this ‘feel’ can be
quantified in terms of measurable parameters, e.g. pedal travel and the actuation force
(Augsburg and Trutschel 2003a, Celentano et al. 2004, Ebert and Kaatz 1994). The
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variables influencing the brake pedal ‘feel’ can be divided into two independent
relationships; firstly, the relationship between the pedal travel and the actuation force;
secondly, the relationship between the driver demand and the resulting vehicle
deceleration (Bill et al. 1999, Curry et al. 2003, Dairou and Priez 2003). Longer pedal
travel or higher actuation force (or low deceleration rate) may be considered as bad pedal
‘feel’ (Curry et al. 2003).

Furthermore, the different characteristics of brake system components will make a
significant difference to pedal ‘feel’. A conventional hydraulic brake system has many
advantages, lower cost effective brake systems can be achieved by the correct
combination of the brake components in terms of size (Gutknecht et al. 1993, Sheridan
and Chang 1993). Brake system component design and operating parameters are very
important in the design stage. The linear and nonlinear characteristics of brake internal
components are key factors that influence the brake performance and brake pedal ‘feel’.
To improve the efficiency of the brake system in this competitive market today,
understanding the brake pedal ‘feel’ in terms of component characteristics is important in
order to build a better quality of brake system (Kowalski and Ebert 1993, Seiffert 2003).

1.2 Aims and Objectives

This research project aimed to improve the scientific understanding of automotive brake
pedal ‘feel’, by developing a simulation model of a passenger car hydraulic braking system
to predict the brake pedal feel, including system component characteristics and their
behaviour or performance on the car. A detailed study of brake pedal feel and its
simulation using techniques based on the findings from literature review, company
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information, engineering data and experimental evaluation. The simulation ranges from a
basic hydraulic system model to an advanced dynamic model. Each simulation model has
been verified and validated by the experimental work which was carried out on a test rig
and on a vehicle.
The research project objectives were as follows:
i.

To identify and understand the major braking system components, characteristics
and parameters that influence brake pedal ‘feel’ in a passenger car.

ii.

To review and evaluate existing knowledge, including public domain information
and design, engineering and test data provided by the sponsoring company Honda
R&D Europe (UK) Ltd (HRE-UK) which were representative of car brake system
usage and perception by drivers in terms of ‘feel’.

iii.

To design and construct an measurement test rig in combination with a test rig
provided by the sponsoring company and use it to establish the working
parameters of the research.

iv.

To establish an initial ‘lumped parameter’ model of a basic hydraulic car braking
system based upon system component force deflection characteristics, and verify
and validate that model by experimental testing.

v.

To develop a more advanced simulation model to accommodate nonlinearities in
the braking system, for example using the AMESim simulation package.

vi.

To analyse individual system components such as the piston seal using Finite
Element Analysis (FEA) to support the AMESim simulation package.

vii.

To validate each model against experimentally derived data, and to verify
predictions from each model against actual system performance and behaviour.

viii.

To develop a model as a guideline for engineers to generate improved designs of
braking system for passenger cars.
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1.3 Research Thesis Structure
The thesis is organized into seven chapters. The first chapter presents a general
background of requirements of a passenger car braking system and the importance of
brake pedal ‘feel’. Chapter 2 reviews published research about the brake system. The
concepts of automotive brake systems which include the characteristics of brake
components and brake pedal “feel” have been investigated through literature study. It was
found that brake pedal ‘feel’ could be judged by several factors, hence a study of
guidelines to judge a good pedal ‘feel’ brake system has been carried out. Chapter 3
introduces the characteristics of the passenger car brake system including the operation of
its components. It also covers the computer simulation modelling techniques and
equations used in the research.

Chapter 4 describes experimental work which was carried out to measure the parameters
of brake components and the braking system performance in order to validate the
modelling work and verify the predictions made. It also covers the test rigs used in this
project, the testing procedure and experimental measured results. Chapter 5 describes the
simulation modelling which was carried out to predict the brake system performance and
characteristics of each individual brake component in terms of brake pedal ‘feel’. It also
describes the investigation of the piston seals and the reaction disc using the ABAQUS
finite element analysis software. Chapter 6 presents the results and discussion of the
simulation modelling. The analysis of brake system performance and the brake pedal ‘feel’
has been completed through the predicted simulation results. Internal components
characteristics and parameters influencing the brake pedal ‘feel’ are evaluated and
simulation results are validated against experimental work. Chapter 7 includes the
summary, conclusions and recommendations for future work.
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Chapter 2 Literature Review

2.1 Brake Pedal “Feel”
The design and operating principles of brake systems are continually being improved to
meet the performance requirements of legislation and consumers. Automotive brake
system design and development processes are not just focused on the safety of the
vehicle but also on braking comfort. Augsburg and Trutschel (2003a) stated that; “Brake
pedal “feel” is of equal significance for both safety and comfort.” Consumers expect a good
“feel” of braking for easier driving and to fulfill the driver’s intention of deceleration in order
to ensure confidence in terms of personal safety and comfort.

Braking effectiveness is generally determined by vehicle deceleration or stopping distance,
pedal travel and pedal force (Todorovic, Duboka et al. 1995; Park 2005). Drivers control
the vehicle deceleration by sensing the pedal force and pedal travel, in addition to using
their experience to “calculate” the stopping distance (Park 2005). Brake effectiveness has
an interrelationship with brake pedal “feel” and it is important to drivers because of the
relationship between the stopping distance and perceived quality (Johnston, Leonard et al.
2005). Figure 2.1 shows how the brake pedal “feel” can be defined in 6 categories; both
conventional braking (hydraulic) and brake-by-wire systems are influenced by the brake
pedal “feel” and the outcomes of good brake pedal “feel” are safety, high subjective rating
(customer satisfaction), and comfort. These categories represent objective measurement
parameters which are all related.
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Safety
Conventional
braking

Subjective
evaluation

Brake pedal “feel”

Objective
measurement
parameters

Brake-by-wire
system
Braking
comfort

Figure 2.1 Definition of brake pedal “feel” (Augsburg and Trutschel 2003)

2.1.1 Subjective Evaluation and Objective Measurement Parameters

Braking effectiveness is generally defined by mean fully development deceleration (MFDD)
or stopping distance (UK Department of Transport 1998); this indicates the limit of brake
performance but cannot provide an evaluation of braking performance under normal
driving conditions as experienced by the driver (Ebert and Kaatz 1994). The driver’s
subjective evaluation relates to the performance of the brake system as controlled by the
driver during operation. This represents customer expectations (Ebert and Kaatz 1994) but
the subjective evaluation or customer expectations of brake pedal “feel” are difficult to
translate into the brake system design (Ebert and Kaatz 1994; Todorovic, Duboka et al.
1995). Therefore, objective measurements of brake pedal “feel” parameters are necessary;
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brake pedal travel, brake pedal force, hydraulic line pressure and the relationship to
vehicle stopping distances and times. These parameters relate to braking effectiveness
and are derived from the performance of each brake system component such as the brake
booster, master cylinder, brake pads, calipers, and brake disc. All these brake system
components have an effect on the brake pedal “feel” (Ebert and Kaatz 1994; Johnston,
Leonard et al. 2005).

Braking effectiveness is generally defined subjectively (by the driver) in terms of the
relationship between the applied force on the brake pedal and the resulting vehicle
deceleration. However, in technical terms, braking efficiency is defined as the use which
the vehicle braking system is able to make of the available coefficient of tyre or road
adhesion, i.e. η = z/k = (a/g)/k (Wong 2001; Day and Shilton 2008). Further more,
adhesion utilization further defines this technical aspect of theoretical braking performance
(see reference (Day and Shilton 2008) for more information).

According to Ebert and Kaatz (1994) the combination of both subjective evaluation and
objective measurement methods can enable a brake system to meet the performance
requirements and also ensure customer satisfaction. Thus, a Brake Feel Index (BFI)
calculation method was created (Table A1 in Appendix A) which is an index based on a
system of 100 scoring points. The parameters are based on the brake pedal response time,
pedal travel and pedal force at different levels of deceleration, e.g. low, moderate and high
deceleration. The BFI results are compared to the average subjective evaluation of overall
brake system performance. This method is useful to predict customer satisfaction with
overall brake system “feel” based on an objective measurement but is still not considered
to be good enough to improve the brake pedal “feel” in the braking system. Augsburg and
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Trutschel (2003a) stated “if one observes that pedal feel is a phenomenon lying on the
interface of the objective measurement and the subjective perception, one will appreciate
that classic methods of engineering are not enough to give the full picture.” From this
statement it can be seen that using the classical methods alone to predict brake pedal
“feel” is not enough to understand the actual characteristic of each component in the brake
system.

From the literature studied, a parameter chart was created to summarize the objective
measureable parameters which influence the brake pedal “feel” (Figure 2.2).

Pedal
ratio

Preload

Booster
ratio

Pedal
force

Low
deceleration
Pedal travel

Master
cylinder

Moderate
deceleration
Caliper
& pad

Brake
disc

High
deceleration

Brake Pedal “feel”
Figure 2.2 Pedal feel parameter chart
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2.2 Hydraulic Brake System Component Characteristics which Influence
Brake Pedal “Feel”
Figure 2.2 the summary pedal “feel” parameter chart shows that these parameters are all
inter-related. Maciuca and Hedrick (1995a) stated that, “The brake system can be
represented as a series of nonlinear elements” (Maciuca and Hedrick 1995). Successful
design of the brake system components and the features (pedal travel, pedal force and
movement of vehicle) involves understanding the complexities of the static and dynamic
relationships in the whole braking system. Experimental measurement and computer
simulation are necessary in order to predict accurately both the static and dynamic
response of the brake system (Hildebrandt, Sawodny et al. 2004).

2.2.1 Effect of Brake Pedal on the Brake ‘Feel’

As previously described, brake pedal ‘feel’ is determined by brake pedal input force, pedal
travel and vehicle deceleration (Ebert and Kaatz 1994; Dairou and Priez 2003). According
to Hildebrandt et al. (2004), the pedal ‘feel’ is determined by the nonlinear characteristics
of a hydraulic brake system which include spring force, viscous damping force and a
Coulomb friction element 1. An important consideration in the design of a braking system is
the correlation between the pedal input force and the deceleration (Mortimer, Segel et al.
1970; Mortimer 1974). A typical brake pedal in a passenger car could provide a
mechanical gain from 2.5:1 to 5:1 (Day and Shilton 2008). Different pedal input forces
could lead to different results of brake control in different road or driving conditions
(Mortimer 1974). According to Mortimer (1974), too high brake pedal input force could lead
to lost control of the vehicle, and too low brake pedal input force could lead to a collision.

1

A ‘Coulomb friction element’ is defined by sliding force between two bodies.
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Sharp braking in a very short stopping distance may require a brake pedal input force
which is beyond the driver’s foot force capability (Park 2005).

The brake force feedback from the brake system components to the brake pedal is also
important in the driver’s perception of braking situations (Park 2005). A system has been
developed by Park (2005) called brake pedal impedance for a Brake-By-Wire System
(BBW). The brake pedal impedance mathematical model detects the pedal feel depending
on the pedal stiffness, taking into account the road conditions (wet road or dry road) and
the driver’s action on the brake pedal, for example, normal braking or emergency braking
(Yoshida, Nagai et al. 2005). According to Day and Shilton (2008), the boundaries and
restrictions of brake pedal design are as follows:
•

The space between the firewall, instrument cluster and driver’s seat which allows
the driver’s leg access to the brake pedal.

•

The effective ratio of the brake pedal design in combination with the brake boost
ratio, hydraulic ratio (master cylinder and caliper diameter), wheel size and friction
level of brake pad material.

•

The ergonomic design of the seating position with respect to the brake pedal zone
of operation.

•

Crashworthiness requirements to minimize pedal intrusion into the driver’s leg
space which can be addressed for example by designing pedals to fold to limit
intrusion. If a brake pedal deforms in this way under the impact force, the
measured intrusion is taken from the deformed position (Insurance Institute for
Highway Safety 2002).
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•

The step-over height between the accelerator and brake pedal relative to the lateral
separation of the pedals (see Figure 2.3).

Lateral Separation
(Minimum Dimension)
Reference Plane P
AAP (Accelerator
Actuation Point)

CAP
Step-over Height
CAP (Clutch
Actuation Point)

BAP

BAP (Brake
Actuation
Point)

AAP

Side View

Projection View

Figure 2.3 Nominal dimensional relationships between brake pedal and accelerator pedal
(Day and Shilton 2008)

The time delay which is created by the driver’s foot changing from the accelerator pedal to
the brake pedal could be dangerous in an emergency situation (Maciuca and Hedrick 1995;
Yoshida, Nagai et al. 2005). Thus a good design of pedals with suitable lateral separation
and step-over height between the accelerator, clutch and brake pedal is important. A good
package will give the driver comfortable and faster reaction times, and reduces delay
during an emergency situation. According to Triggs and Harris (1982), for passenger cars
the minimum lateral separation is about 5 cm. The minimum dimension of lateral
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separation should be able to prevent the driver’s foot becoming accidentally trapped by the
pedals (Van Cott and Kinkade 1972).

Figure 2.4 Foot transfer times recorded for male and female drivers with three types of
pedal arrangement (Breuer and Bill 2008).

Figure 2.4 shows the foot transfer times recorded for male and female drivers with three
types of pedal arrangement. It can be seen in Figure 2.4 that the lateral separation
between accelerator and brake pedal has relatively influenced the foot pedal transfer times
on different step-over heights (Breuer and Bill 2008). The step-over height difference
between the accelerator and brake pedals also lowers the likelihood of the driver’s foot
becoming accidentally trapped between the pedals. (Woodson, Tillman et al. 1992) argued
that the foot pedals should be approximately the same level as each other to prevent the
need for drivers to raise their foot repeatedly between adjacent pedals. Higher step-over
height of accelerator pedal and brake pedal could lead to higher movement times (Triggs
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and Harris 1982). Figure 2.4 shows the pedal arrangement with the brake pedal 5 cm
lower than the accelerator have shortest foot transfer times but there is a dangerous of
simultaneous actuation of both pedals for the arrangement with a higher accelerator pedal
(Breuer and Bill 2008). However, the different designs of pedal package depends strongly
on the vehicle class, local market and consumer needs (Day and Shilton 2008), e.g. sports
cars have narrow lateral separation and about the same level of step-over height of pedals
to prevent delay in foot movement times.

The brake pedal lever is the device for applying input force to the actuation system for
initiating deceleration (Robert Bosch GmbH. 1995). In the case of a conventional hydraulic
system the brake pedal applies the actuation force to the master cylinder usually through a
booster. The brake pedal dynamic behaviour (pedal force and pedal travel) is important to
define the brake pedal “feel” (Hildebrandt, Sawodny et al. 2004). Thus the method used to
measure the input force is very important in defining how the force can be applied
effectively. Augsburg and Trutschel (2003a) have compared a conventional and an exact
method to measure the force applied to the brake pedal by the driver.

Figure 2.5 Conventional method (left) and exact method (right) of measuring pedal effort
(Augsburg and Trutschel 2003)
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For the conventional method, the applied force is not always the effective force; the
process would be limited due to changes in the direction of the applied force arising from
the driver’s foot force. In the exact method as shown in Figure 2.5 (right), the pedal travel
is determined by the length of the chord of the arc which is traced to the actual point at
which the force is effectively applied. According to Augsburg and Trutschel (2003a), the
difference in accuracy is about 15% between the conventional method and the exact
method. Therefore the exact method should be used when the measurement system is set
up e.g. on a robot or test rig (Augsburg and Trutschel 2003).

2.2.2 Effect of Brake Master Cylinder on the Brake ‘Feel’

A conventional modern passenger car braking system is actuated through the master
cylinder. This has the main function of transferring and amplifying the input force from the
driver on the brake pedal into hydraulic actuation pressure at the individual wheels (Vlacic,
Parent et al. 2001). It is a requirement of the legislation that the master cylinder must also
be able to decelerate the car safely in the event of vacuum booster failure (Goto, Yasuda
et al. 2003). The most common brake system layout for modern passenger cars comprises
2 separate circuits for passenger cars is the diagonal ‘split’, where each circuit controls
one wheel at the front and another at the diagonally opposite rear wheel, e.g. left front and
right rear wheels (Happian-Smith 2002). Recent advances in braking technology (e.g. ABS,
EBD, and TCS) still use the basic hydraulic system principle, but the need for active
intervention has introduced a distribution pump unit for ABS or TCS pressure control.
Whilst this adds another component to the circuit, the master cylinder remains an essential
component (Buschmann, Roth et al. 1993). To meet the additional requirements of
developments such as EBD, the master cylinder has been improved to the current design
of centre valve master cylinder which is able to withstand the higher pressure
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requirements (Buschmann, Roth et al. 1993). Not much research has been published on
the master cylinder relating to the brake ‘feel’. Augsburg and Trutschel (2003a) show how
to improve the brake ‘feel’ by matching the effective ratio of the brake system components
design, for example pedal ratio and hydraulic ratio (master cylinder diameter).

One of the concepts to generate good braking at high braking pressure is to reduce the
master cylinder bore size; however, a smaller master cylinder bore size requires larger
piston travel and the pedal stroke is increased accordingly (Goto, Yasuda et al. 2003).
Leffler (1995) stated that a long stroke master cylinder matched with the right pedal ratio
and booster ratio is able to achieve the same pedal travel as a conventional master
cylinder in the booster failure mode. Figure 2.6 shows the different results of conventional
and long stroke master cylinders with different pedal and booster characteristics. The long
stroke design of master cylinder had a bore size reduced from 25.4 mm to 20.64 mm but
the vacuum booster size was increased from about 226 mm to 255 mm, to match with the
lower pedal ratio 2.8. The long stroke or smaller bore master cylinder was able to achieve
high pressure with the same corresponding input force but the booster had to be tuned to
get the same pedal ‘feel’ (Leffler 1995).
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Figure 2.6 Conventional and long stroke design of master cylinder with pedal and booster
characteristics (Leffler 1995)

During vacuum booster failure, the brake ‘feel’ is defined in terms of the deceleration of the
vehicle and the corresponding pedal stroke. According to ECE regulations, a maximum
500 N pedal force should achieved 0.6 g of braking during booster failure (Breuer and Bill
2008). Figure 2.7 shows the relation of input force, deceleration and pedal stroke of a
master cylinder characteristics during brake booster failure; a good master cylinder design
should achieve a secure brake ‘feel’ during booster failure (Goto, Yasuda et al. 2003).
According to Goto et al. (2003), a separate large diameter piston combined with a smaller
diameter piston master cylinder could achieve the secure ‘feel’ zone target during brake
booster failure (See Figure 2.8). This new concept could avoid longer pedal stroke
because the pressure in the primary and secondary chambers are hydraulically balanced
by the larger piston (P3) during normal operation. At the booster failure condition, the bore
switching valve is opened and fluid in the third chamber is not pressurized; thus the larger
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piston directly pushes against the smaller bore size piston and achieves high pressure in
the primary and secondary chambers (Goto, Yasuda et al. 2003). (See Figure A1 in
Appendix A for the details of the operation of this design).

Deceleration
Normal
Condition

Normal Vacuum
Failure Condition

Vacuum Failure
Condition
Legislation
Requirement

Pedal Stroke

Input Force

Figure 2.7 Characteristics of master cylinder during brake booster failure (Goto, Yasuda et
al. 2003)

P2=P1

P1=P2

P3=F/A

At normal operation

Bore Switching Valve

P2=P1

P1=F/A

P3=0

At booster failure
operation

Open

Figure 2.8 Master cylinder bore switching operation (Goto, Yasuda et al. 2003)
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The challenges that all researchers and manufacturers are facing in brake system design
and analysis are the nonlinear characteristics, in particular seal friction and deformation,
and valve operation (Plattard 2006). The efficiency of a piston seal in a hydraulic
automotive braking system master cylinder is very important in order to obtain consistent
levels of brake actuation force at the individual wheels (Bignardi, Bertetto et al. 1999). The
fluid in the tandem master cylinder flows from the reservoir through the compensation port
to the master cylinder. Since the chamber is pressurized after the piston seal closes the
compensation port, the piston may be damaged after passing the compensation port
(Buschmann, Roth et al. 1993). Thus, the centre valve master cylinder was designed to
improve the braking system to avoid piston seal damage. According to Buschmann el al.
(1993), the additional tasks associated with advanced braking systems have led to an
increased requirement of the piston seal to withstand higher fluid pressure.

2.2.3 Effect of Brake Vacuum Booster on the Brake ‘Feel’

A brake booster is usually fitted to passenger cars and light commercial vehicles today
because of the market demand to reduce the brake pedal force required from the driver
and to increase the braking effectiveness (Day and Shilton 2008). The brake booster
amplifies the brake pedal input force through the master cylinder to the wheels and
reduces the pedal effort when braking. Earle (1993) stated that successful design of the
brake booster enables the most cost effective balance between brake pedal effort and
braking force applied to the wheels. As mentioned in Section 2.2.2, the pedal ratio and
hydraulic ratio have to match with the booster characteristics in order to achieve a good
brake pedal ‘feel’ system. The brake booster must be able to improve the braking
performance, and the booster amplified force can provide positive feedback of brake pedal
‘feel’ by reducing pedal effort and pedal travel. In other words, the braking performance in

19

Chapter 2 Literature Review
many respects depending on the capabilities of brake booster (Ivanov, Lepeshko et al.
2001).

According to Basch et al. (2002), brake pedal ‘feel’ for a four wheel disc brake system is
determined by booster valving and control strategy. Thus, apart from booster size
(diaphragm diameter), the control valve of a brake booster can have a great influence on
the brake ‘feel’. Konishi et al. (1998) stated that a brake system’s characteristics depend
on the vacuum booster ‘jump-in’ and boost ratio. Brake booster ‘jump-in’ is a basic
characteristic of pedal ‘feel’ and Hirota et al. (2004) suggested two methods to improve the
‘jump-in’ characteristics:

•

Output ‘jump-in’ method

•

Control valve ‘jump-in’ method

Figure 2.9 Basic construction of output ‘jump-in’ method (Hirota, Miwa et al. 2004)

For the output ‘jump-in’ method, sub chamber and solenoid valves are added to the
vacuum chamber. The extra pressure difference created between the vacuum chamber
and apply chamber when the solenoid valve is operated, and the clearance between the
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reaction disc and plunger become larger due to the movement of the sub chamber (Hirota,
Miwa et al. 2004), as shown in Figure 2.9. Thus extra ‘jump-in’ force is generated. The
control valve ‘jump-in’ method is similar in concept to the output ‘jump-in’ method, and
increase the clearance between the reaction disc and plunger by adjusting the vacuum
valve travel distance (Hirota, Miwa et al. 2004).

The booster control valve is also important for the brake pedal ‘feel’, e.g. (Bill, Balz et al.
1995) presented a smart booster design which added a electrical actuation unit to a
conventional vacuum booster control valve in order to control the pneumatic pressure to
achieve vehicle brake pressure control.

Brake designers usually enhance brake performance by controlling the boost ratio. The
brake characteristics can then be adjusted by changing the contact area of the reaction
disc (Leffler 1995; Konishi, Hattori et al. 1998), since the boost ratio is determined by the
area ratio of the reaction disc to the plunger (Curry and Southall 2002). According to
Fortina (2003), the diameter of the reaction disc could increase the boosted output force
since the reaction disc is similar to a fluid element; the bigger the external diameter, the
bigger the ratio between output and input force (Fortina 2003).

2.2.4 Effect of Brake Calipers and Brake Pad on the Brake ‘Feel’

As mentioned in Section 2.2.2, the hydraulic ratio between the master cylinder diameter
and caliper piston diameter have a great influence on the brake pedal ‘feel’. However, the
friction material in the brake system also has a great contribution to pedal ‘feel’ (Basch,
Sanders et al. 2002). Friction materials are selected to meet the criteria required to ensure
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brake performance, safety, wear and freedom from noise and vibration (Basch, Sanders et
al. 2002). According to Day and Shilton (2008), the functional requirements of a brake
friction material are as follows:
1. To provide consistent and reliable friction force.
2. To be durable, the effective life must be equivalent to the manufacturer’s service
target.
3. To be mechanically and thermally strong to withstand the load applied.
4. To minimize the noise and vibration issues.
5. To be environmentally friendly.
6. To be cost effective in design, manufacturing and use.

The formulation of friction materials includes different materials such as glass fibre, aramid
fibre, carbon black, copper, brass and zinc (Klaps 1999; Day and Shilton 2008). Each
material formulation is proprietary to the individual manufacturer, and aims to develop
good frictional and wear performance friction material (Day and Shilton 2008). Basch et al.
(2002) stated that “friction material characteristics are critical contributors to overall brake
performance, life and durability, in adding to pedal ‘feel’”. The friction level should be a
high level to ensure good brake performance, however, there are some practical
constraints such as wear rate and friction stability which restrict the range to 0.3 - 0.5
(Klaps 1999). s
The friction coefficient can be defined as µ =

F
(Klaps 1999; Day and Shilton 2008).
N

(See Figure 2.10)
Where N = Clamping Force and F = Friction Force
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Figure 2.10 Brake pad friction (Klaps 1999)

Changing the friction properties and compressibility of the friction material present an
inexpensive method of changing the brake pedal ‘feel’ (Basch, Sanders et al. 2002). The
compressibility of the brake pad was proved to influence the brake pedal ‘feel’ in terms of
pedal travel by Basch et al. (2002), who showed that for the same applied force, a brake
pad with lower compression of about 145 µm is associated with slightly less pedal travel
than a brake pad which has higher compression (about 230 µm). Figure 2.11 shows the
relationship between actuation force and displacement at the brake pad, from which it can
be seen how the brake pad stiffness (compressibility), temperature and pad wear can
affect brake pedal ‘feel’.
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Figure 2.11 Correlation between force and displacement of the brake pad (Breuer and Bill
2008)

2.3 Future Braking System

Brake pedal ‘feel’ is increasingly important for modern vehicles, thus a modern braking
system must provide more driver safety and comfort far beyond that of the basic driverinitiated deceleration (Klaps 1999; Breuer and Bill 2008). The importance of developments
in braking technology was anticipated during the1990s, when future braking systems were
aimed to design in control using electrical and electronic actuation (Oppenheimer 1990).
The aim was to replace the mechanical actuation system by electronic actuation (Line,
Manzie et al. 2004). Table 2.1 shows 5 categories of the requirements for future braking
systems, which include active safety, passive safety, signal, energy, and material,
environment and cost (Breuer and Bill 2008). Brake-by-wire (BBW) systems were
developed to fulfill the high requirements of specific brake pedal characteristics, in
particular to achieve the specific area of safety and signal transmission (Breuer and Bill
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2008). The mechanical decoupling of the brake actuation device from other brake system
components makes the braking force no longer transmitted directly from the driver’s
muscular input (Dairou and Priez 2003). Figure 2.12 shows the comparison between a
conventional braking system and a BBW system in terms of signal and energy
transmission. The operation of BBW depends fully on the electronic control unit without
any additional support from the basic hydraulic or pneumatic components (Breuer and Bill
2008). According to Dairou et al. (2003), a BBW system has 2 independent relationships:
1. The brake pedal characteristics in terms of the correlation between brake pedal
applied force and travel.
2. The correlation between the driver’s braking command and the vehicle deceleration.

A BBW system would expected to offer less pedal input effort and short pedal travel; and
also a minimized stopping distance in order to give good pedal feel’.
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Slip control, speed control, drive stability and driver assistance
systems.
Active Safety
Wheel –selective actuation (intended and controllable)
High system dynamics (reduction of delay times) for the shortening
of braking distances and vehicle stabilization (apply and release).
Light weight construction: wheel sprung mass, reduction of vehicle
mass.
Optimized and situation-dependent configurable characteristics of
the actuation device (coupling of the driver).
Passive Safety

Increase of passenger protection (crash compatibility).
Limitation of critical space requirement.

Signals

Possibilities for external system interventions.
Parallel working command sources (driver’s signal, signals from
vehicle controllers).
Transparent flow of information (interlinking).
Safe and continuously working error diagnosis.

Energy

Low power demand of the braking system.
Minimal residual brake torques.
Possibility of brake energy recuperation.

Material,

Avoidance of problematic substances, recycling friendliness.

Environment, Cost

Enhancing mechanical and thermal reliability and long term quality.
Assembly, services and repair – friendliness; components with little
or no maintenance.
Costs, assembly, maintenance, economic efficiency.

Table 2.1 Selected requirements for future braking system (Breuer and Bill 2008)
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By- Wire Brake System
Power braking system

Standard Brake System
Energetic pedal coupling

Figure 2.12 Brake system comparison in energy and signal transmission (Breuer and Bill
2008)

2.3.1 Electro-Hydraulic Braking System

An Electro-Hydraulic Braking system (EHB) is an advanced non-muscular energy braking
system in which the actuation energy from the driver is fully supported by electronic
devices and pressure is supplied by a hydraulic pump (Breuer and Bill 2008). For safety
reasons, the EHB system includes a hydraulic back up system in case of electronic
component failure (Oppenheimer 1990). The hydraulic back up circuit in the EHB system
(secondary braking circuit) can be obtained by muscular energy (Breuer and Bill 2008)
(See Figure 2.13). Dairou et al. (2003) explained that damping force in the brake system
is important to avoid unstable feedback from the braking process, e.g. vibration
transmission from an uneven road surface. For the EHB system, the brake pedal force
actuation force is transmitted to a damper spring mechanism (pedal simulator); in other
words, the braking actuation force is not directly supplied by the driver but is activated
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through a damper mechanism and the pressure is built up from an independent energy
hydraulic accumulator (Breuer and Bill 2008). Brake pedal travel was designed just to give
a signal to activate the braking (Schenk, Wells et al. 1995). Thus the feedback of the
braking process from individual wheels will be isolated by the damper mechanism and
without the necessary feel by the driver’s foot in order to gain good pedal ‘feel’.

Figure 2.13 Electro-hydraulic braking system layout (Breuer and Bill 2008)

The advantages of an EHB system stated by Day and Shilton (2008) include:
•

Vacuum booster and master cylinder unit replaced by the electro-hydraulic unit
provide light and quick response of braking system.

•

The electro-hydraulic control unit adjusts braking performance to achieve good
pedal ‘feel’ to individual driver.

•

Shorter brake pedal travel distance in very little pedal effort.

•

Good braking stability performance, capable analyzing all required braking and
stability function.
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•

Good stopping distance.

•

No pedal vibration feedback.

The advantages are welcomed; however, the pedal ‘feel’ must be carefully designed
otherwise the driver may not like the system and sales may be affected. The development
of future braking systems must be able to fulfill the necessary safety and reliability
requirements (Pickenhahn, Gilles et al. 2006). The failure of electronic elements is still the
main concern for future braking system (Petruccelli, Velardocchia et al. 2003).

2.3.2 Electro Mechanical Braking System
An Electro Mechanical Braking (EMB) system is considered as a pure brake-by-wire
system which replaces the conventional hydraulic linkage between the pedal and wheel
with an electronic controller (Langenwalter and Kelly 2003). Figure 2.14 shows the
structure of an EMB system. The main advantages of an EMB system relate to the electric
signal and energy in the actuation device (Breuer and Bill 2008). The brake pedal contains
a sensor to provide information about the brake force demand (Langenwalter and Kelly
2003). It can be seen in Figure 2.14 that the transmission device only consists of the
electronic control unit which coordinates the wheel selective brake function and controls
the data and energy supply to the individual wheel (Breuer and Bill 2008). The failsafe
concept in the control unit is highly linked with the brake system structure because high
redundancy is required in the brake system in the event of failure (Breuer and Bill 2008). In
the short term, the EMB is unlikely to replace the EHB system, because if the electronic
system fails the EHB system can automatically shift back to the muscular energy braking
system. A parking braking system in EHB can be considered as a different principle of
operation to provide secondary braking.
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According to Day and Shilton (2008), the advantages of the EMB system include:

•

No hydraulic system required and creates more free space for the engine
compartment.

•

Shorter brake pedal travel distance with very low pedal effort.

•

Good braking stability performance.

•

Good stopping distance

•

No pedal vibration feedback

•

Virtually silent

•

Freely adjustable pedal ‘feel’ characteristics

In longer term, EMB may become commonplace when the technology has advanced
sufficiently.

Figure 2.14 Electro mechanical braking system (Breuer and Bill 2008)
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2.4 Summary
Braking performance and brake pedal ‘feel’ can be determined as follows:

•

Types of braking system (hydraulic braking system);

•

System parameters (including the brake pedal travel, brake pedal force, hydraulic
line pressure and the relationship to vehicle stopping distances and times);

Through the literature studied, the direction of investigating the brake pedal ‘feel’ in this
thesis has been focused on the points stated above. The advantages of future braking
systems have indicated the importance of brake pedal ‘feel’ and also the features of a
good braking system. However, the technological reliability of a full electronic braking
system is still insufficient (Todorovic 1985; Oppenheimer 1990; Seiffert 2003; Frost and
Sullivan 2007). Therefore, improving the design parameters of basic hydraulic brake
components is important in order to improve the brake pedal ‘feel’. Authors have described
the relevance and effect of objective measurements parameters to judge a braking system
with good pedal ‘feel’, in particular the hydraulic and pneumatic brake components have a
great effect on the brake pedal ‘feel’.

Understanding the brake system component characteristics is important and necessary in
order to improve the brake system design. An important observation that can be made is
from the statement of Hildebrandt et al. (2004) to investigate the brake pedal ‘feel’ through
the nonlinear characteristics of the hydraulic brake system such as spring force, damping
force and friction force. From this statement, the investigation of the details of the
nonlinear characteristics of each brake system components is particularly important.
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Having considered the work from the previous researchers, this research will investigate
brake ‘pedal ‘feel’ using a computer simulation model with experimental validation. The
adopted approach and methodology were as follows:

•

Investigate the parameters of each brake component by either measuring the
dismantled components or from drawings. The detail of the stiffness of each
internal component is to be examined in detail.

•

The experimental work carried out in this research will related to the investigation
of linear and nonlinear components such as the measurement of spring force and
the force-displacement relationship of the elastomeric material. A brake system test
rig will be developed in different stages to investigate different brake component
characteristics.

•

A spreadsheet model will be initially developed to understand the characteristics of
each brake component. An advanced computer simulation model will then be
developed to study the details of the dynamic characteristics of the brake system
performance. A computer simulation model will be validated with the experimental
data in order to verify the accuracy of the simulation model.

•

A validated simulation model will be used to study the brake pedal ‘feel’ by
changing the parameters of brake internal components.
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Chapter 3 Passenger Car Brake Systems
3.1 Introduction of Hydraulic Brake System Components Characteristics
Successful design of the brake system in a passenger car always includes a consideration
of the efficiency of the brake system components. In the literature review, it was shown
that each component’s characteristics have some effect on the vehicle’s braking
performance. Furthermore, the different characteristics of brake system components will
make a significant difference to pedal ‘feel’.

The basic brake system components in a passenger car are as follows:
•

Brake Pedal and Linkage

•

Brake Master Cylinder

•

Brake Vacuum Booster

•

Brake Pipes

•

Brake Caliper or Drum

•

Brake Pad or Shoes

•

Brake Disc

Understanding the characteristics of each of these brake components was important at the
beginning stages. A full understanding of each component was required and the
components of a car braking system were dismantled in order to understand their internal
design, operation and function.
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3.2 Standard Tandem Master Cylinder
The master cylinder of a hydraulic brake system generates the applied force through the
brake circuit to actuate the brakes on the wheels (Alirand et al. 2001, Vlacic et al. 2001).
In order to satisfy the demands of legislation, every vehicle must have two separate brake
circuits so the master cylinder is designed as a tandem unit where there are two pistons in
one cylinder, with two separate chambers called the primary and secondary chambers.
Theoretically, when the pushrod piston is moved towards the floating piston in the master
cylinder, the primary connection port to the fluid reservoir is closed and pressurization
begins in the primary chamber. As pressure continues to increase and the piston moves,
the secondary port closes and pressurizes the secondary chamber (Day and Shilton 2008).

Brake Fluid Reservoir

Secondary
Circuit

Primary Circuit

Figure 3.1 Cross sectional diagram of a standard tandem master cylinder

Figure 3.2 shows the components of a standard tandem master cylinder which was
dismantled in order to measure each component and understand clearly their functions.
The internal components of the master cylinder are similar to those shown in Figure 3.2.
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The master cylinder has the same diameter in both chambers so almost equal pressure is
developed in both circuits (Day and Shilton 2008); a slight difference exists due to the
friction of the seal in the cylinder and the forces generated by 2 helical compression
springs (Day and Shilton 2008, Vlacic et al. 2001), one between the primary and the
secondary pistons, and one between the secondary piston and the end of the cylinder bore.
These springs are designed to ensure that the pistons return to their ‘home’ positions
when pressure is released.

Reservoir
Piston 2

Spring 2
Brake circuits
1& 2

Piston 1

Spring 1

Seal Friction
2

Seal
Friction 1

Figure 3.2 Components of a standard tandem master cylinder

3.2.1 Centre Valve Master Cylinder
Figure 3.3 shows the cross sectional diagram of the centre valve master cylinder and
Figure 3.4 shows the components of the centre valve master cylinder which was
dismantled. The internal components of the centre valve master cylinder are similar to
those shown in Figure 3.3, for example the primary piston and secondary piston which are
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fitted with a centre valve, primary and secondary spring, and also the cross-pin which is
located in the middle of the secondary piston.

Secondary
piston

Primary piston

Secondary
centre valve

Valve inlet
bores

Primary centre
valve

Figure 3.3 Cross sectional diagram of a centre valve master cylinder (Buschmann et al.
1993)

Cross pin

Secondary centre
valve

Primary centre
valve

Figure 3.4 Centre valve master cylinder

The difference between the standard tandem master cylinder (Figure 3.1) and the centre
valve master cylinder is the design of hydraulic fluid flow from the reservoir to the primary
and secondary pistons. The design of the standard tandem master cylinder is such that
when the pushrod piston is moved towards the floating piston in the master cylinder, the
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primary connection port to the fluid reservoir is closed by the piston seal and
pressurization begins in the primary chamber. Figure 3.5 shows the valve open and close
of the centre valve master cylinder. The reservoir brake fluid flow design for the centre
valve master cylinder is through the open centre valve to the brake circuits via the valve
inlet bore. When the pushrod piston is moved towards the floating piston, at the same time
it closes the valve inlet bore and centre valve and pressurization begins in the primary
chamber (Buschmann et al. 1993). Similar to the secondary piston valve, the valve is
opened by contact with the cross-pin. When the secondary piston is pushed forward by the
primary piston, the valve inlet bore closes and pressurization begins in the secondary
chamber.

Figure 3.5 Centre valve master cylinder open and closed (Buschmann et al. 1993)
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3.2.2 Standard Master Cylinder Model Equations
Figure 3.6 shows a cross sectional diagram of a tandem master cylinder, in which there
are two chambers; primary (pressure P1) and secondary (pressure P2). According to
Gerdes (1995), the chamber pressure can be calculated as follows, knowing the piston
area, the spring force and the friction seal details.

P1 =

Fmc − Fk1 − F f 1

P2 = P1 −

(3.1)

Amc

(F

k2

+ Ff 2 )

(3.2)

Amc

where F f1 and F f2 are the seal friction forces (refer to equation 3.7) and F k1 and F k2 are the
spring forces:

Fk1 = Fpk1 + K1 ( xmc1 − xmc 2 )

(3.3)

Fk 2 = F pk 2 + K 2 .x mc 2

(3.4)

where F pk1 and F pk2 are the spring preloads.

Fmc
Spring 2

P2

Spring 1

P1

Figure 3.6 Cross sectional diagram of standard tandem master cylinder (Vlacic et al.
2001).
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Equation (3.1) represents an ideal system in which the dynamic or damping characteristics
of the hydraulic system have been ignored. According to Limpert (1992), there will always
be a small amount of residual air remaining in the system, thus, the chamber pressure
equations should add the damping force (F c ) to the model, since the damping coefficient is
related to the viscosity of the brake fluid. The modified chamber pressure equation is given
by:

P1 =

Fmc − Fk1 − F f 1 − Fc1

P2 = P1 −

Amc

(F

k2

+ F f 2 + Fc 2 )
Amc

(3.5a)

(3.5b)

a) Seal Friction
The hydraulic seals in the master cylinder are made from an elastomeric material and the
friction between the sides of the seal and the bore of the cylinder depends on the piston
velocity, temperature of the fluid, length of the seal surface and also the pressure in the
chamber (Burenin 1981). The resulting friction force is nonlinear, and there is no simple
method to measure it. Hydraulic seal friction force can be divided into Stiction (static)
friction and Coulomb (dynamic) friction. Stiction is a term which describes the force
required to move the seal from stationary to a sliding movement. This can also be defined
as a threshold value of friction force (AMESim 2004b). Coulomb friction occurs in the
sliding movement between two bodies, thus the Coulomb friction force is given by:
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− µN x > 0 


Fco = f c (x ) =  0
x = 0  = µN sign(x )
 µN x < 0 



(3.6)

where f c is the frictional force, N is the normal force and µ is the coefficient of sliding
friction. The frictional force f c always acts in a direction opposite to the direction of motion
causing a system with Coulomb friction to be nonlinear. The sign (+ / –) of the x
determines the direction in which the opposite frictional force (Inman 2000, Kelly et al.
2000).
Assuming the Stiction friction and Coulomb friction to be connected; the total friction force
can be modelled as

F f = Fs ( x ) + Fco ( x )

(3.7)

F f = µ s N ( x ) + µ d N sign( x )

(3.8)

Or

Where µs is the static coefficient of friction and µd is the dynamic coefficient of friction.
Table 3.1 lists some approximate coefficients of friction for several different sliding pairs.

Material

Dynamic

Static

Metal on metal (lubricated)

0.07

0.09

Steel on steel

0.3

0.75

1.0

1.20

(unlubricated)
Rubber on steel

Table 3.1 Approximate coefficients of friction for various objects sliding together (Inman
2000)
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b) Spring Stiffness
There are two helical compression springs in the brake master cylinder. The force applied
to a spring will create relative displacement between the two ends of the spring and the
spring force is proportional to the amount of the displacement of the spring (Hooke’s law)
with the equation (3.9):

Fk = kx(t )

(3.9)

Where F k is the spring force, x is the displacement of the spring and k is the spring
stiffness. The relationship between F and x in equation 3.9 is linear, thus the graph
between force and the displacement of the spring should be a straight line (Inman 2000,
Rao 2004).

c) Damping
Vibrational energy that is dissipated by being converted into sound and heat energy is
known as damping. A damping force only exists when there is relative velocity between
the two ends of the damper element (Rao 2004). A good example of a damper is shown in
Figure 3.7 in which a dashpot consisting of a piston in a cylinder is filled with oil. In order
to move the piston, the oil must be permitted to flow from one side of the piston to the
other, for which purpose one or more orifices are positioned in the piston. The flow of the
oil through a hole in the piston resists the piston movement and creates a damping force,
which is proportional to the velocity of the piston motion (Inman 2000).
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Figure 3.7 Piston- cylinder dashpot that produces a damping force (Inman 2000)

Where c is a constant of proportionality related to the oil viscosity, also called the damping
coefficient, units of N s/m or kg/s. The damping coefficient of the dashpot depends upon
the viscosity of the fluid, which is generally nonlinear. However, the amount of damping
generated can be measured using a dynamic test (Inman 2000).

Figure 3.8 Single degree of freedom system with viscous damping (Inman 2000)
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Figure 3.8 shows the single degree of freedom system with viscous damping by using
simple force balance on the mass in x direction, where the equation of motion is given as

mx = − Fc − Fk

(3.11)

Or

mx(t ) + cx (t ) + kx(t ) = 0

(3.12)

3.2.3 Brake Vacuum Booster

Figure 3.9 shows the schematic diagram of a vacuum booster which is taken from the
sponsoring company’s drawing. A vacuum brake booster is designed to use depression
generated from a petrol engine intake manifold or from a vacuum pump (usually on a
diesel engine) in order to amplify the brake pedal input force (Maciuca et al. 1995, Robert
Bosch GmbH. 1995, Vlacic et al. 2001). A pressure difference of up to 0.8 bar is achieved
by using two air chambers separated by a diaphragm (Day and Shilton 2008). One of the
chambers is called the ‘apply’ chamber which is connected through the control valve to the
atmosphere. The ‘vacuum’ chamber is constantly connected with the inlet manifold
through a non return valve. When the pedal force is applied, the control valve is operated
to open the atmospheric pressure to the vacuum chamber, and generates a pressure
difference between the two chambers. As the pedal pushrod moves towards the
diaphragm, the pressure difference between the two chambers provides the amplified
brake force to the master cylinder (Vlacic et al. 2001).
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Plunger
Vacuum
Chamber

Valve Body
Washer
Poppet

Silencer

Poppet
Diaphragm
Vacuum
Check Valve

Pushrod

Air Valve
Spring
Reaction
Disc

Vacuum
Valve Spring

Apply
Chamber

Air Valve Seat

Vacuum
Valve Seat

Figure 3.9 Schematic diagram of vacuum booster (Honda 2006)

The basic requirement is that the brake booster must be sensitive enough to provide high
braking efficiency when very low pedal force is applied. For example only 22 N pedal force
should be enough to achieve boosting of the initial braking (Day and Shilton 2008, Limpert
1999). The longer or more effort to initiate the braking, the poorer the pedal feel would be
to the driver. This is called the ‘Threshold’ or idle travel. The characteristics of internal
components of the brake booster will directly affect the brake performance and brake
pedal ‘feel’. For example, one of the special characteristics of brake booster is called
‘jump-in’ (see Figure 3.10), which describes the brake pressure jump achieved after the
‘threshold’ stage. The ‘jump- in’ take place because the air valve in the apply chamber
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pushes the air in the gap between the rubber reaction disc and the plunger. The ‘jump-in’
characteristic will improve pedal feel after the ‘Threshold’.

Characteristic of Brake Pressure vs Applied force
100.00
90.00

Knee Point

80.00

60.00
50.00
40.00
30.00
20.00
10.00

Boost
Boos
tRatio

Threshold

Pressure (bar)

70.00

0.00
0.00
-10.00

Jump-in
50.00

100.00

150.00

200.00

250.00

Applied force (N)

Figure 3.10 Characteristics of brake pressure and brake pedal applied force

Once the pressure increases, it will continue until it reaches the maximum of the
atmospheric pressure, called the ‘Knee Point’. This defines the maximum boost assistance
in the brake system. After this point, if any further increase in braking output is required, a
large pedal effort is needed since the pedal pushrod is in direct contact with the valve body,
thus the pedal force is directly transmitted to the master cylinder through the reaction push
disc (Khan et al. 1994).

The curve between ‘jump-in’ and ‘Knee Point’ is affected by the boost ratio, which is
determined by the area ratio of the reaction disc and the plunger (Curry and Southall 2002)
(see Figure 3.11). High boost ratio will increase the responsiveness of the braking but will
reduce the Knee Point (Day and Shilton 2008). Thus the design of the vacuum brake
booster will directly affect the driver’s pedal feel.
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Pushrod
force

Aplunger Areaction disc

Reaction rubber

Plunger

Figure 3.11 Reaction disc and plunger area

3.2.3.1 Brake Booster Control Valve Operations

Figure 3.12 shows the diagram of a brake booster control valve which is similar to Figure
3.13. There are some important internal components inside the booster control valve
including the vacuum valve (washer poppet) spring, air valve (poppet) spring, diaphragm,
poppet, reaction rubber, pushrod and plunger. As mentioned in Section 3.2.3, the brake
booster has two chambers (vacuum chamber and apply chamber) which are separated by
a diaphragm. The brake booster control valve is used to control the air flow between the
vacuum chamber (engine manifold depression) and the apply chamber (atmospheric
pressure).

The booster control valve operations can be divided into 3 stages:
1. Brake Pedal Release Stage
2. Brake Pedal Applied Stage 1 (vacuum valve seat closed)
3. Brake Pedal Applied Stage 2 (air valve seat closed)
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Reaction
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Poppet and
Seal
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Poppet Silence
Pushrod

Return
Spring
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Figure 3.12 Schematic diagram of brake booster control valve ( Honda 2006)
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Figure 3.13 Brake booster control valve diagram
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Figure 3.12 and Figure 3.16 show the control valve in the pedal release stage. Under the
released position, the vacuum chamber and apply chamber are at the same pressure
since the vacuum valve is opened and air valve is closed. The vacuum valve is seated on
the air valve with the air valve seal, thus atmospheric pressure is unable to enter to the
apply chamber in the brake pedal release stage (Khan et al. 1994). The vacuum chamber
is connected to the engine manifold through the check valve; this only allows air flow in
one direction (Khan et al. 1994). So under the release stage, air flow can occur between
the apply chamber and the vacuum chamber so they are therefore at the same pressure.
The vacuum valve and air valve are controlled by the vacuum valve spring and air valve
spring (Feigel and Schonlau 1999). These have different functions and different spring
stiffnesses in order to control the valve opening and closing. The preload of the vacuum
valve spring acts against the air valve to ensure the vacuum valve is opened and air valve
is closed in the release stage (Khan et al. 1994).

Booster
Force

Booster
Force

Apply
Chamber

Atmospheric
Pressure

Vacuum Valve Seat
Closed

Figure 3.14 Control valve pedal apply stage 1 (Vacuum Valve closed)

When the pedal force is applied, the pushrod moves the poppet and the washer poppet
moves forward until it contacts with the vacuum valve seat. Since the stiffness of the air
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valve spring is greater than the vacuum valve spring, the vacuum valve is closed before
the poppet (air valve) closes the air valve. In other words, the vacuum supply to the apply
chamber is controlled by the vacuum valve. At this position, the vacuum valve path closes
and atmospheric air pressure enters the apply chamber via the poppet. Air at atmospheric
pressure enters the apply chamber and creates a pressure difference between the two
chambers. Thus the pressure difference between the two chambers provides an amplified
force to the master cylinder (Yi and Kwon 2001). The diaphragm is fixed to the valve body,
therefore the force on the diaphragm is transmitted to the body valve and the body valve is
held against the return spring (Khan et al. 1994). It can be seen in Figure 3.14 that there is
a gap between the plunger and the reaction rubber in the vacuum valve close position and
the air gap provides the ‘jump-in’ characteristic which the driver feels (Hirota et al. 2004).

Booster
Force
End

Guide
Pin

Booster
Force
End

Reaction
rubber &
Plunger

Poppet

Valve body
Force

Air valve Seat

Figure 3.15 Brake booster pedal applied stage 2 (air valve closed)

After the vacuum valve seat is closed, no more ‘vacuum’ is supplied to the apply chamber.
Any further increase in the pedal force results in the pushrod being moved forward and the
poppet (air valve) closed by contact with the air valve seat (see Figure 3.15). At this
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position, the path of the atmospheric air becomes closed, and no more air is supplied to
the apply chamber and it does not provide any boost assistance after this point. In theory,
when the apply chamber reaches the maximum of atmospheric pressure, it does not
provide any additional boost assistance in the brake system, which is the ‘Knee Point’
(Day and Shilton 2008). After this point, if any further increase in braking output is required,
a large pedal effort is needed since the pedal pushrod is in contact with valve body and the
pedal force is directly transmitted to the master cylinder through the reaction disc (Khan et
al. 1994). It can be seen in Figure 3.15 that, the plunger is in contact with the reaction
rubber when the booster reaches the ‘Knee Point’.

The functions of the guide pin are to fix the pushrod with the valve body and also control
the plunger and the valve’s travel distance. In fact, most of the boosters designed for
passenger cars are designed to avoid the brake pressure from reaching the ‘Knee Point’
by controlling the air valve, plunger travel distance and booster diameter. Because a large
increase of pedal force is needed when the brake pressure goes beyond the ‘Knee Point’,
the loss of boost assistance give a poor brake ‘feel’ to the driver.

Vacuum
Chamber

Booster Force

Return
Spring

Booster Force

Figure 3.16 Brake booster pedal release stage
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Figure 3.16 shows a diagram of the control valve after brake pedal release. When the
brake pedal is released, the return spring force pushes the valve body and diaphragm
back to the original position, and the backward motion of the pushrod re-opens the
vacuum valve and closes the air valve. At this point, the atmospheric pressure is blocked
by the air valve and the air pressure in the apply chamber is depressed by the vacuum
pressure; both chambers are in the same pressure again.

Cham ber Pressure vs. Input Force
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Return spring
force
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Vacuum50Valve
Re-open40
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0
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0
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100

150

200

-10
Input Force (N)

Figure 3.17 Brake pressure vs. actuation force characteristics

As can be seen in Figure 3.17, the brake force is reduced due to the return spring force
pushing the diaphragm and body valve backwards, and the brake pressure is reduced
after the air valve is re-opened. It was important to understand the brake booster and the
control valve operations in order to generate the booster simulation model.
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3.2.4 The Brake Caliper and Brake Disc
Figure 3.18 shows a cross section of the brake caliper and brake disc. Compared to the
master cylinder and brake booster, the components of the brake caliper unit are not
particularly complex. But these are some of the very important brake system components
to determine the brake performance and brake ‘feel’ because of the nonlinear
characteristics such as vibration and thermal effects in the brake disc and brake pad.
Figure 3.18 shows some important components in the brake caliper such as piston, piston
seal, piston dust cover, guide pin, brake pad, and caliper housing. The guide pin has the
main function of supporting the caliper and caliper housing, and also to align the caliper
housing when the brake is applied (Heisler 1999). The piston is protected by a dust cover
and the dust cover also has some spring effect to assist the piston retraction when the
pressure is released. The rubber seal ring is located in a groove in the cylinder body, and
is designed to seal the piston under high pressure applications and also to help retract the
piston and pad when the pressure is released, as known as ‘rollback’ (Anwana and Cai
2003, Heisler 1999).

Figure 3.18 Cross sectional diagram of sliding brake caliper and brake disc (Anwana and
Cai 2003)
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3.3 Brake System Model
A spreadsheet calculation tool for a hydraulic brake system was introduced by Young and
Agnew (2005), to model the static characteristics of a brake system. Their model used the
basic brake component equations based on the book by Limpert (1992). The outputs
included the objective measurement parameters; pedal travel, line pressure, pedal force
and stopping distance (Young and Agnew 2005). A similar spreadsheet calculation method
was used in this research project in order to understand the basic brake system working
principles.

3.3.1 Brake Pedal Model

The brake pedal lever is the device for applying input force to the brake booster and for
initiating deceleration. The pushrod in the brake booster control valve is connected to the
brake pedal and the pushrod is linked to the master cylinder. Figure 3.19 shows that the
input force depends upon the pedal ratio and applied force. Therefore the input force may
be defined as follows:- (Vlacic et al. 2001)

Fin = L p × Fapp

,

(N)

(3.13)

Where (Lp) = pedal ratio:

Lp =

d app
(3.14)

d in

d app = 311.5 mm ; d in = 119.7mm
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Figure 3.19 Brake pedal dimension and layout (Vlacic et al. 2001)

3.3.2 Brake Booster Model
Brake booster ratio (B) is defined as the ratio of the pushrod force against the master
cylinder piston to the pedal effort input into the booster. The boost ratio can be expressed
as the following: (Limpert 1992)

B=

( Fin + Boosterforce)
Fin

(3.15)

Thus the Booster Force is given by

BoosterForce = (Fin × B ) − Fin

,

(N)
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Most brake boosters in modern passenger cars use boost ratios between 4:1 and 6:1. In
this model the difference between boost ratios 4 and 6 are compared.

The spreadsheet model ignores the return spring force and the friction reaction in the
control valve (see Figure 3.13). Thus in this model, the threshold and ‘jump-in’
characteristics are not shown.

The booster pressure is multiplied by the area of diaphragm (A D ) to give the booster assist
force. If the maximum booster depression is limited to 0.8 bar;

PB =

BoosterForce
AD

,

(N/m2)

(3.17)

The brake line output pressure (P line ) from the master cylinder is defined as the following,

Pline = η ⋅

Fin + BoosterForce
Amc

,

(N/m2)

(3.18)

where A mc = area of master cylinder. The spreadsheet model assumes100% efficiency ( η ),
i.e. any losses in the brake system were ignored.

The brake system without vacuum booster can be described as having the pedal pushrod
connected directly to the master cylinder in order to generate the deceleration. The brake
line output pressure (P line 1) without the brake booster is:

Pline = η ⋅
1

Fin
Amc

,

(N/m2)
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3.3.3 Brake Pedal Travel
The pedal travel was calculated from the movement and deflection of the brake system
components including brake fluid volume ‘losses’ i in the brake system. The brake fluid
volume delivered by the stroke of the master cylinder must be sufficient with the volume
requirement of the four wheels. Pedal travel in this model was calculated from the brake
fluid losses in the system. Movement or deflection or distortion of the brake system internal
components such as piston movement, brake pad compression, seal deformation and
brake hoses expansion will cause brake fluid volume change or volume ‘loss’. Thus, the
individual volume ‘losses’ on the brake components can be calculated based on the brake
line pressure. The volume ‘losses’ in the brake system to calculate the pedal travel are as
follows:-

a) Brake Pipe Expansion
Every vehicle has a brake pipe length (L), the volume loss due to the brake line expansion
may be determined by (Limpert 1992) :

V BL = K BL × L × Pline

,

(m3)

(3.20)

Where the volume loss coefficient (K BL )

K BL =

0.79 × D 3
t×E

,

[m3/N/m2.(m)]

(3.21)

Where D = outer diameter of pipe (m) ; E = elastic modulus of pipe material (N/m2);
L = length of the brake line (m); t = wall thickness of pipe (m)
i

In this thesis, the term ‘loss’ or volume ‘loss’ when applied to the hydraulic actuation system
means an increases in the volume occupied by the brake fluid, e.g. by piston movement, which
therefore requires more fluid to fill it. It does not mean that fluid is actually lost (by leakage or any
other process) from the system.
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3.3.4 Brake Hose Expansion
Flexible brake hoses connect the brake system components mounted to the wheel or axle
to those mounted on the body. Brake hose expansion has been measured; the hose
expansion can be determined as follows, where the volume loss coefficient
(K BH ) = 4.39 x 10-12 m3/((N/m2).m) (Limpert 1992).

VBH = K BH × L × Pline

,

(m3)

(3.22)

L = Brake Hose Length (m);

3.3.5 Master Cylinder Losses
‘Volume losses’ for master cylinders in good condition generally depend on the size of the
master cylinder. In this model a diameter of 20.64 mm was used so that the volume
losses coefficient (K mc ) was estimated at 1.82 x 10-12 m3/(N/m2) (the ‘volume losses’
coefficient value was taken from a table of master cylinder losses in (Limpert 1992)).

Vmc = K mc × Pline

,

(m3)

(3.23)

3.3.6 Caliper Deformation
To measure the caliper deformation accurately was difficult because each caliper design
has individual characteristics. Furthermore any residual air in the brake line may cause
fluid compression loss. Thus, the volume loss coefficient (K c ) = 23.7 (0.2d wc -0.5) x10-12
m3/(N/m2) was based on one fixed caliper design and was corrected for fluid compression
(Limpert 1992).
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Vc = K c × Pline

,

(m3)

(3.24)

3.3.7 Brake Pad Compression
For front disc brake pads, the volume loss due to compression is determined by : (Limpert
1992)

V p = 4∑ ( Awc × C × Pline )

,

(m3)

(3.25)

Where A wc = wheel cylinder area; C = brake pad compressibility factor. For the disc brake
pads, a relatively well damped pad material yields compressibility factors from
11 x 10-6 to 26 x 10-12 m/(N/m2) (Limpert 1992).

3.3.8 Brake Fluid Compression
Compression loss in brake fluid will have a significant effect on pedal travel as fluid
temperature and brake line pressure increase (Limpert 1992). The volume loss in the fluid
compression can be determined as a function of fluid active volume in the brake system
pressurized during the braking process, thus the equation of the brake fluid active volume
is (Limpert 1992):

V A = Vo + 4∑ ( Awc × w)

,

(m3)

(3.26)

Where V o = brake fluid volume with new pad; A wc = wheel cylinder area; w = wear travel of
pad; C FL = brake fluid compressibility factor (4.35 x 10-12 m/(N/m2)).
Thus equation for volume loss due to fluid compression is:
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VFL = V A × C FL × Pline

,

(m3)

(3.27)

3.3.9 Pedal Travel
The pedal travel is determined by:(Limpert 1992)

 ∑Vtotal
S p = 

 Amc


Where

o



 + o 





,

(m)

(3.28)

= master cylinder pushrod travel; V total = Total volume losses

3.4 Vehicle Specification
A passenger car was used to verify the modelling and prediction in this research; a Honda
Accord 1.8 diesel. Tables 3.2 and 3.3 show a summary of the car’s specification:

a) Vehicle data:

Wheelbase (E)

2754 mm

Effective radius of tyres (R r )

307 mm

Centre of Gravity height (h)

450 mm

Front axle load

9205 N

Rear axle load

7575 N
Table 3.2 Vehicle data
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b) Brake Data:

Front Disc brake

Rear Disc brake

Caliper piston diameter

57 mm

38 mm

Threshold Pressure

0.75 bar

1.5 bar

Pad friction coefficient

0.4

0.38

Effective radius of rotor

150 mm

130 mm

Table 3.3 Vehicle brake data

3.5 AMESim Simulation Program
There are two characteristics to describe brake pedal “feel”; static and dynamic (Augsburg
and Trutschel 2003b). In order to investigate these characteristics in the brake system, two
methods can be used. The first, analysis by mathematical differential equations, is a
common method. An example of this is the mathematical model which was developed by
Gerdes et al. (1995) in particular for brake booster and master cylinder systems. The
second is by applying computer simulation such as AMESim (AMESim 2004b), through
the creation of models, and mathematical equations to predict the value of parameters
associated with the pedal “feel” of the braking system. This method would normally need
to be associated with experimental work to provide validation and verification for the
simulation model (Augsburg and Trutschel 2003a). The use of simulation techniques in the
product development process has contributed to reduce the costs and the development
time; as well as to increase the production quality (Breuer and Bill 2008).

AMESim

(AMESim

2004b)

stands

for

Advanced

Modelling

Environment

for

performing Simulations of engineering systems. It is accessed through a graphical user
interface which is displayed in the system throughout the simulation process. AMESim
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uses symbols to represent the individual components in the system, based on standard
symbols such as hydraulic components and the block diagram for the control system. All
these symbols or ‘icons’ are designed to present the system pictorially for easy recognition
(AMESim 2004b), for example see Figure 3.20.

AMESim was selected for analysing the dynamic characteristics of an automotive braking
system including hydraulic, mechanical and pneumatic aspects. There are two ways of
investigating the dynamic characteristics of a brake system, either by analytical differential
equations, or by computer simulation which contains numerical method and modelling
(Augsburg and Trutschel 2003a, Gerdes et al. 1995). AMESim uses a combination of
these two methods. The software contains large libraries and submodels of components
including control, mechanical, hydraulic and pneumatic for performing the dynamic
simulation of a braking system. Each individual component has an associated
mathematical description, thus the dynamic behaviour of the model refers to the set of
equations and the implementation of the computer code (AMESim 2004b). Each
component is accessed through an ‘icon’ on the user screen.
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Figure 3.20 AMESim braking system elements (AMESim 2004a)

3.5.1 AMESim Hydraulic Fluid Properties
The hydraulic fluid used in AMESim is represented by an element

, which defines the

characteristics of the hydraulic fluid properties. There are 7 fluid properties which need to
be considered, which are as follows:

1. Density

ρ=

M
V

Density is the mass (M) of a substance per unit volume (V) (kg/m3).
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2. Bulk modulus

B=

•

P pressure (bar)

•

ρ density (kg/m3)

ρ
∂ρ
∂P

(bar)

(3.30)

3. Viscosity
The definition of viscosity is based upon fluid shear between two layers at a
distance dy apart. The exerted force between these two layers is given by

F = µA

dU
dy

(Pa-s)

•

U = velocity (m/s)

•

dU/dy = velocity gradient (m/s/m)

•

µ = Absolute viscosity (cP)

•

A =Area

(3.31)

4. Saturation Pressure
This parameter is used to specify the pressure at which all the air is dissolved
within the hydraulic fluid. Above the saturation pressure, the fluid is a pure liquid
without air bubbles. Below the saturation pressure, the fluid properties are modified
by the presence of undissolved air.
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5. Air content
The AMESim definition of the "air content" is as follows: separate the air/gas
including the dissolved air from the liquid and store both of them at atmospheric
pressure and a temperature of 0 °C.

AirContent

Vair
Vair + Vliq
(3.32)

•

V liq = volume of the liquid at atmospheric pressure and temperature 0 °C;

•

V air = volume of the air or gas at atmospheric pressure and temperature 0 °C.

6. Polytropic index for air
The equation of state for a polytropic fluid is :

 1
 1+ 
n

P = K ⋅ ρ
•

P = pressure (bar)

•

K = constant

•

ρ = density (kg/m3)

•

n = polytropic index.

(3.33)

7. Temperature
The fluid density at atmospheric pressure can be adjusted using the “density”
parameter. The fluid density values are consistent with the bulk modulus in order to
account for conservation of mass. The existence of air bubbles at atmospheric
pressure (when the saturation pressure is greater than zero (bar) results in a fluid
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density which is lower than the liquid density at atmospheric pressure. Note that
the liquid density is assumed to be independent of the temperature. The “air
content”, the “temperature” and the “polytropic index” parameters should not have
any influence on the simulation results (since, bulk modulus and viscosity are not
dependent on these 3 parameters) (AMESim 2004b).

3.5.2 Brake Pedal Model
In the AMESim simulation model, the pedal lever can be simplified as shown in Figure
3.21. Although the pedal movement of the actual car pedal lever is determined by the
pedal length of the chord of the arc but according to Augsburg and Trutschel (2003a) the
AMESim linear pedal lever has less than 15 % error when compared to the actual system.

Thus the pedal input force F pedal in AMESim may define as :

Foutput = Fpedal ⋅

l2
l1

(N)

(3.34)

Figure 3.21 AMESim symbol for brake pedal (left) and simplified physical model of a pedal
box (right) (Augsburg and Trutschel 2003b)
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3.5.3 AMESim Master Cylinder
Figure 3.22 shows the AMESim tandem master cylinder model which was developed for
this research, in which there are two chambers; primary (pressure P1) and secondary
(pressure P2). The brake pedal force acting on the master cylinder in AMESim can be
modelled as follows:

Brake pedal

P1

P2

Figure 3.22 AMESim master cylinder model
The master cylinder primary piston movement is given by:

[

M 1 ⋅ x = Fmc − P1 ⋅ Amc − Fpk1 + (K1 ⋅ x ) + C1 ⋅ (x1 ) + (m s ⋅ N s + m co ⋅ N co ) ⋅ x1

]

(3.35)

Equation (3.35) represents the AMESim master cylinder system in which the dynamic
characteristics of the hydraulic system have been considered.

•

M 1 is the mass of the piston (kg)

•

F mc = input force (N)

•

x = piston displacement (m)

•

A mc = area of master cylinder
primary chamber (m2)

•
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•

C 1 = damping coefficient (N s/m)

•

N s = Stiction friction force (N)

•

µ s = Stiction friction coefficient

•

N co = Coulomb friction force (N)

•

K 1 = primary spring stiffness(N/m)

•

x1 = velocity (m/s)

•

µ co = Coulomb friction coefficient

•

F pk1 = primary spring preload (N)

AMESim brake fluid properties include the option of a small amount of air in the brake
hydraulic fluid to represent a realistic fluid. The piston movement equation includes a
damping force in the model, since the damping coefficient (C 1 ) is related to the viscosity of
the brake fluid also the aeration. The friction model between the elastomer seal and the
metal cylinder bore takes into account Stiction and Coulomb (dynamic) friction forces to
provide an accurate representation of seal behaviour, as explained in Section 3.2.3.

The primary piston fluid flow rate is given by (AMESim 2004b)

QPis1 = x1 ⋅ Amc ⋅

ρ (P1 )
ρ (Patm )

•

ρ is the density (kg/m3)

•

P atm = Atmospheric pressure (bar)

(3.36)

The pressure change in the master cylinder primary chamber is

P1 =

B ⋅ Q pis1

(3.37)

V1

•

B = Bulk modulus (bar)

•

V 1 = Volume of primary chamber (m3)

The AMESim master cylinder secondary piston movement is given by
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 K 2 ⋅ x 2 + ( m s 2 ⋅ N s 2 + m co 2 ⋅ N co 2 ) ⋅ x 2 + C 2 ⋅ x 2 + F pk 2
M 2 ⋅ x2
= P 1 − (P2 ) + 
Amc
Amc







(3.38)

The equation (3.39) leads to pressure change in the secondary chamber is

P2 =

B ⋅ Q pis 2

(3.39)

V2

Where the secondary piston flow rate (Q pis2 ) is given by

QPis 2 = − x 2 ⋅ Amc ⋅

ρ (P2 )
ρ (Patm )

(3.40)

3.5.4 AMESim Brake Caliper
The AMESim brake caliper model was based on the connection of mechanical
components (mass and spring) and hydraulic components (piston) see Figure 3.23. The
caliper model considered the pad stiffness and the clearance between the pad and brake
disc.

Figure 3.23 AMESim brake caliper
The caliper piston movement for one wheel is given by:
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P ⋅ A

M 1 ⋅ x = Fdisc +  1 cal − (F fric ⋅ x + Fvis ⋅ x )
 2

•

F vis = Viscous friction (N)

•

A cal = Area of caliper piston (m2)

(3.41)

Where

Fdisc = K pad ⋅ x + C ⋅ x
•

C = Damping coefficient (N s/m)

•

K pad = Pad stiffness (N/m)

(3.42)

3.5.5 AMESim Integration Methods
Many fluid power simulation programs have preferred to use numerical integration
algorithms in the solver e.g. Piche and Ellman (1994) stated that AMESim uses an
advanced numerical integration algorithm to solve ordinary differential equations (ODE)
and differential algebraic equations (DAE) (AMESim 2004b). Piche and Ellman (2002)
indicated two challenges when solving the system of equations for a fluid circuit by
numerical integration methods, which are as follows:
•

Numerical Stiffness: Hydraulic systems may contain different fluid volumes in the
component parts. The dynamic response of these different fluid volumes causes
the time constant to be significantly different, and this difference makes the
numerical integration method unstable and low in efficiency (Piche and Ellman
1994, Van Rensburg et al. 2002).
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•

Discontinuities: Discontinuities in the solution can be introduced by the control
signal, limited movement of the masses, and friction transition, which affect the
calculated results (AMESim 2004b, Piche and Ellman 1994).

Knowing these challenges, the standard AMESim integrator does not give the user a
choice of selecting the integration algorithm (AMESim 2004b). Instead, the AMESim
numerical integration solver automatically, and dynamically selects the best calculation
method from 17 available algorithms (AMESim 2004b). For example, AMESim uses
Gear’s method (multi step or backward fitting) to overcome the numerical stiffness problem
(Piche and Ellman 1994). But Gear’s method is intolerant to the discontinuity problem, thus
AMESim selects a Runge Kutta algorithm to solve the discontinuity problem in the system
(AMESim 2004b).

The accuracy of the AMESim solver methods was proven by Marquis-Favre et el. (2006a),
in which the AMESim model was compared with a test case developed by (Piche and
Ellman (1994) solved by other suitable numerical methods. The AMESim equations shown
in Section 3.5 are further complicated by the choice of different integration methods. A
comprehensive explanation of the computational formulation in the AMESim elements has
been presented in (Marquis-Favre et al. 2006a, Marquis-Favre et al. 2006b).

3.6 Summary

Successful design of the brake system in a passenger car should include a consideration
of the efficiency of the brake system components. Understanding each brake component
is particularly important to the work of simulation modelling design. A clear understanding
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of passenger car brake systems has been achieved as indicated here. The characteristics
of brake components such as the brake pedal, brake booster, master cylinder and caliper
have all been presented in this chapter. The internal components of the brake system with
the details of the function and operation have also been discussed in this chapter.

The spreadsheet model of the braking system has been presented which describes the
static characteristics of the braking system, in particular the relationship between the
components. This spreadsheet enables study of how the brake components contribute to
the brake pedal feel, for example higher boost ratio will gain lower pedal effort but will
reduce the knee point pressure.

The AMESim simulation package has been explained in this chapter and the AMESim
modelling has included the static and dynamic characteristics of the brake system e.g.
spring force and friction force. In the next chapter, experimental work to validate the
spreadsheet and AMESim modelling are presented.
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Chapter 4 Experimental Work
4.1 Introduction
This chapter describes the experimental work which was carried out to measure the
parameters of brake components and the braking system performance in order to validate
the modelling work and verify the predictions made.

Three different test rigs have been designed and used in this research together with test
car and laboratory test equipment in order to provide experimental data on the
performance of individual brake components, and the whole system braking performance.
First, an experimental test rig was designed to evaluate the characteristics of the brake
pedal. Secondly, the brake pedal test rig was extended to include the master cylinder with
the brake pedal. Thirdly, a test rig was set up with each component in the complete car
brake system, from the brake master cylinder to the wheel brakes. In addition, an
instrumented car was set up and tested to provide overall comparison with the predictions
and the other experimental results. Additional testing was carried out using laboratory test
equipment to measure the characteristics of individual components, e.g. a compression
test machine was used to measure spring stiffness. The experimental procedures are
presented individually in each of the following sections, and a summary is presented at the
end of the chapter.

4.2 Objectives
The objectives of the experimental work were as follows:
1. To understand and verify each brake component characteristic including the
parameters of each internal component, e.g. master cylinder spring stiffness.
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2. To find the compressibility and stiffness of the elastomeric materials, e.g. the
hydraulic seal and the reaction disc.
3. To validate and verify the predicted brake system performance.
4. To compare the results from the bench tests, vehicle tests and simulation
predictions, in order to understand the detailed operation of each component part
of the brake system and their contribution to the brake pedal ‘feel’.

4.3 Test rig 1: Brake Pedal

Figure 4.1 shows an overview of the brake pedal test rig used to measure the brake pedal
input/output force relationship. Three Tokyo Sokki Kenkyujo (FLA-5-11) strain gauges
(TML) were attached to the brake pedal at the locations shown in Figures 4.2 and 4.4 to
measure the force applied to the brake pedal. A Novatech F256 load cell (Novatech 2006)
was used to measure the force applied to the pushrod of the master cylinder as also
shown in Figure 4.3. The data from the strain gauges and load cell were logged using an
HP Benchlink data logger and software with internal signal conditioning (Hewlett-Packard
1997).

The complete brake pedal assembly from the same model of car (Honda Accord) was
used throughout the research. It was mounted on a purpose designed frame as shown in
Figure 4.3. The brake pedal was not fitted in the same orientation as in the car; instead it
was set at an orientation angle of 60° to the horizontal so that an actuation force could be
applied to the brake pedal to simulate the driver’s foot by dead weight loading. This is
illustrated in Figure 4.2. The orientation did not affect the operational performance of the
pedal or master cylinder.
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HP
Benchlink
Data
Logger

Brake
pedal test
rig

Figure 4.1 Experimental setup for brake pedal test

20 mm hole and
strain gauge (T&C)

Load Cell

Frame

Dead
Weight
Loading

Strain Gauge (L)

Figure 4.2 Illustration of brake pedal test rig
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Dead
Weight

Figure 4.3 Dead weight load applied on the brake pedal

Three Tokyo Sokki Kenkyujo strain gauges (FLA-5-11) were attached to the brake pedal
as shown in Figure 4.4. The strain gauge (L) was attached at the middle of the brake pedal;
another two strain gauges (T) and (C) were attached on the top and bottom of a 20 mm
hole, which was machined in the pedal shank in the position shown. The Novatech F256
load cell was attached to the plate in order to measure the output force of the brake pedal;
when the input load was applied to the brake pedal (Figure 4.3), the pedal lever pressed
against the load cell, at the same time the data were transferred to the data logger along
with the strain gauge signals.

The Novatech load cell F256 has a high accuracy of output; the manufacturer’s
specification stated that the maximum error of compression force is 0.25%. The load range
is between 0 and 785 N. (See Table B1 in Appendix B for the specification of load cell
F256).
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Strain gauge
(C)
Strain
gauge (T)

Strain gauge (L)

Load Cell

Figure 4.4 Locations of the strain gauge and load cell

4.3.1 Calibration Procedure
The calibration of the load cell was carried out by using a dead weight calibration method
from 9.81 to 98.1 N. The output signal from the load cell was recorded in mV. Figure 4.5
shows the calibration graph of the load cell.
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Load Cell (F256) Calibration
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y = 39.416x - 0.4849
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Figure 4.5 Load cell calibration

4.3.2 Test Procedure
The test procedure was as follows:

1.

Start the data logger and set the transducer readings to zero.

2.

Attach the dead weight carrier to the mounting point on the brake pedal.

3.

Add dead weight loads in 49.05 N steps from 49.05 N to 245.25 N, allowing the
system to settle for about 20 seconds (minimum) at each stage.

4.

When 245.25 N has been reached remove the dead weight loads in 49.05 N
steps back down to 49.05 N.

5.

Stop the data logger and review the results.
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4.3.3 Results and Discussion
Figure 4.6 shows the brake pedal force input and output characteristics. 5 input loads from
49.05 N to 245.25 N were applied to the system. This graph indicates that when an input
load of 98.1 N was applied to the brake pedal, the output load reached approximately 250
N. As can be seen in Figure 4.6, the results demonstrate that the brake pedal ratio was
2.545, (= 500 / 196.5). The data in Figure 4.6 was used to determine the input force to the
brake booster and master cylinder. The brake pedal ratio and the brake pedal output force
relationship were important parameter data for the simulation model.

Brake Pedal Output Load
800.00
700.00

Output Load (N)

600.00
49.05 N
98.1 N
147.5 N
196.5 N
245.25 N

500.00
400.00
300.00
200.00
100.00
0.00
-100.00 0

10

20

30

40

50

60

Time (sec)

Figure 4.6 Brake pedal force Input/Output characteristics
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4.4 Brake Pedal and Standard Tandem Master Cylinder Test Rig

The standard tandem master cylinder (STMC) test rig was developed from the brake pedal
test rig (see Figure 4.1) by the addition of a standard tandem master cylinder (STMC),
pressure transducer and position transducer. The brake pedal and STMC test rig was
used to measure data for verification of the simulation model including brake line pressure,
pedal input force and pedal travel. Figure 4.7 shows the experimental setup of the brake
pedal and STMC. The purpose was to measure the relationship between master cylinder
chamber pressure brake pedal input/output forces.

Position transducer
Master cylinder

Brake
Pedal

Load cell

Pressure transducer

Figure 4.7 Brake pedal and standard tandem master cylinder experimental test rig

The frame of the test rig was the same as the brake pedal test rig where the pedal was
orientated at 60˚ to the horizontal to apply the input force by dead weight loading. The
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STMC was fitted perpendicular to the brake pedal and linked with a pushrod and load cell
(See Figure 4.8). The system did not include the vacuum booster; so a long push rod was
designed to link the brake pedal to the master cylinder. Two pressure transducers (EPG
007 F and EPG 007 R) were used to measure the primary and secondary chamber
pressure in the master cylinder circuits. It can be seen in Figure 4.7 that each pressure
transducer was connected via a T- piece, one end connected to the master cylinder
chamber and the other end to bleed the system for air, which was then locked by a ball
bearing to avoid brake fluid leakage.

Position transducer
Brake pedal

Master Cylinder
Frame

Load Cell
Pressure transducers

Dead
weight
loading

Figure 4.8 Illustration of standard master cylinder test rig

A position transducer (Celesco SP 1) (Celesco 2007) with a full stroke range of 0 to 120
mm and a stated accuracy of +/- 1.00% was located between the STMC and the brake
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pedal to measure the pedal travel. (See Table B2 in Appendix B for the specification of
SP1 position transducer).

4.4.1 Pedal Position Transducer Calibration
The pedal position transducer operated by using a cord to rotate a rotary transducer. The
output signal was 0 V to 30 V, and the calibration was carried out by measuring the output
voltage related to the measured cord movement (see Figure 4.9).

Position Transducer Calibration
y = 0.0192x - 0.0236
R2 = 0.9998

2

Voltage (V)

1.5

1

0.5

0
0

20

40

60

80

100

120

-0.5

CordString
TravelTravel
(mm) (mm)

Figure 4.9 The calibration of the pedal position transducer

4.4.2 Pressure Transducer Calibration

As mentioned in Section 4.4, two pressure transducers (EPG 007 F and EPG 007 R) were
used to measure the primary and secondary chambers pressure in the master cylinder
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circuits. As shown in Figures 4.7 and 4.8, the pressure transducers were fitted on to the
master cylinder. The pressure transducer was calibrated using a Budenburg hydraulic
dead weight tester with an accuracy of 0.025%. This works by loading the piston cross
sectional area (A) with a dead weight W which corresponds to the calibration pressure
P = W/ A (Howard 1998, Omega-Engineering 1996).

Pressure (bar)

Pressure Transducer EPG 007 F Calibration
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140
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80
60
40
20
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y = 31.93x - 1.7165
2
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0
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2

3

4

5

6

5

6

Voltage (V)

Pressure Transducer EPG 007 R Calibration
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160
y = 32.041x - 0.6787
R2 = 1
R2=1.0000

140
120
100
80
60
40
20
0
0

1

2

3

4

Voltage (V)

Figure 4.10 Pressure transducers calibration primary and secondary chambers

The pressure transducers were calibrated from zero up to 160 bar, and the pressure data
was recorded over the output range 0 to 5 V. Figure 4.10 shows the calibration graph of
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the pressure transducers EPG 007 F and EPG 007 R (primary and secondary circuits
respectively). All the experimental data were recorded from the transducers through the
HP Benchlink data logger software.

4.4.3 Test Procedure
The test procedure was as follows:
1.

Check that the brake fluid reservoir was filled to the required level.

2.

Start the data logger and set the transducer readings to zero.

3.

Attach the dead weight carrier to the mounting point on the brake pedal.

4.

Add dead weight in 5 kg steps from 5 kg to 25kg, allowing the system to settle
for 20 seconds at each stage.

5.

When 25kg has been reached, remove the dead weights in 5kg steps from 25
kg to 5kg.

6.

Stop the data logger and review the results.

4.4.4 Results and Discussion
Figure 4.11 shows a graph of measured chamber pressure vs. pushrod force. The
experimental data shows the master cylinder low pressure characteristic. No piston
movement (primary or secondary) occurred until a threshold pushrod force was reached. It
can be seen that the secondary chamber pressure was slightly higher than the primary
chamber pressure, which was due to the different spring force and friction force. A master
cylinder Excel model was developed in order to explain the STMC low pressure
characteristics (see Appendix C-3). The primary pressure increased to match with the
secondary pressure when the input force of the primary piston was able to overcome the
preload of the secondary spring force (see Appendix C-3) to compare the low input force
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with Figure 4.11; the gap between the secondary chamber pressure was smaller when the
input force increased. The details of the STMC low pressure characteristics are discussed
in Section 5.2.4, where the STMC experimental data are compared with the simulation
model.

Chamber pressure vs. Pushrod force

Chamber pressure (bar)

14.00
12.00
10.00
Experimental
Primary P1
Experimental
Secondary P2
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6.00
4.00
2.00
0.00
0.00

200.00

400.00

600.00

800.00

Pushrod Force (N)

Figure 4.11 Standard tandem master cylinder chamber pressure vs. pushrod force

Figure 4.12 shows the experimental data of the STMC chamber pressure vs. pedal travel.
It can be seen that the maximum pedal travel was about 4.8 mm, after which the chamber
pressures increased rapidly. Similarly, the secondary chamber pressure was slightly
higher than the primary chamber; this is discussed in more detail in Section 5.2.4, where
the STMC experimental data are compared with the simulation model.
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Chamber Pressure vs. Pedal Travel
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Figure 4.12 Standard tandem master cylinder chamber pressure vs. pedal travel

4.5 Full Brake System Test Rig
Figure 4.13 shows the full brake system test rig which was built at the sponsoring
company. There were 8 main brake system components on the test rig, including brake
pedal, centre valve master cylinder (CVMC), brake front and rear discs, brake front and
rear calipers, and line pressure control valves. The purpose of this rig was to measure the
dynamic characteristics of braking performance. The full system test rig was designed to
measure the effect of different groups of brake system components in order to verify the
brake pedal characteristics, e.g. brake full system without booster and brake full system
without rear calipers. The interchangeable design of the test rig included either removing
the components or controlling the line pressure control valves. The line pressure control
valves open or close the caliper line pressure, and the line pressure control valves were
connected to 2 pressure transducers and 4 calipers.
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Master
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Brake
Front Disc

Brake Rear
Disc

Brake
Pedal

Brake Front
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Valves
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Figure 4.13 Full brake system test rig

The input actuation force of the full system test rig was applied using a brake robot device
(AB Dynamics BR1000; see section 4.7.2 for details). The brake robot was able to apply
high input forces and control the speed of the input force application by a pneumatic
actuator. It was used in the full system test rig and the vehicle test. As mentioned in
Section 2.2.1, the exact method was recommended in order to apply the actuation force
most accurately. Thus, the connection of the brake robot actuator with the brake pedal was
achieved using a plate which allowed the movement of the brake robot actuator in the
required arc of movement (see Figure 4.14).

The full system test rig had a performance which was designed to be as similar to the
braking system of the real passenger car as possible. The brake components fitted on the
test rig were the actual components in the test car, e.g. the vacuum booster. Figure 4.15
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shows the vacuum pump used in the full system test rig which was connected to the
vacuum booster check valve through a pipe.

Figure 4.14 Designed connector of brake robot actuator and brake pedal

Figure 4.15 Vacuum pump

4.5.1 Calibration
The calibration of the sensors on the test rig viz. the pressure transducers, position
transducer, and load cell was completed as described next.
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•

Load cell: see Section 4.3.1

•

Position transducer: see Section 4.4.1

•

Pressure transducers: see Section 4.4.2

The Brake Robot was factory calibrated and the actuation it provided was measured by the
calibrated instrumentation on the rig.

4.5.2 Test Data
The data were transferred to the Micro Analog data logger (FE-MM8) in 3 channels (load
cell, position transducer and pressure transducer). The acquisition software saved the data
in CSV ASCII format. Figure 4.16 shows the Micro Analog data logger (FEMM8) and
channel cards.

Figure 4.16 Micro analog data logger (FEMM8) and channel cards
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4.5.3 Test Procedure

The test procedure was as follows:
1.

Check that the brake fluid reservoir was filled to the required level.

2.

Start the data logger and zero the transducer readings ;

3.

Set the vacuum pressure to 0.7 bar.

4.

Check the status of the line pressure control valves.

5.

Start the brake robot and set up the input force and speed of the actuation.

6.

When the brake robot has completed the actuation, stop the data logger and
review the results.

4.5.4 Results and Discussion
As mentioned in section 4.5.1, the full system test rig could measure the different
characteristics of the brake system with combinations of different components. Five
different experimental datasets were measured with different groups of components.
Figure 4.17 shows the Chamber Pressure vs. Pedal Travel for the full system test rig;
higher chamber pressure was recorded in the full system test rig compared to the master
cylinder test rig results (Figure 4.12), and the experimental data in Figure 4.17 was
recorded in 5 different conditions as follows:
•

Master cylinder only

•

Master cylinder with front calipers

•

Master cylinder with rear calipers

•

Master cylinder with 1 front and 1 rear calipers

•

Full system without booster
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Full System Experimental Test Rig Data for Chamber Pressure
vs Pedal Travel
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Figure 4.17 Full system experimental test rig data for different groups of brake system
components: chamber pressure vs. pedal travel

Different pedal travel characteristics are shown in Figure 4.17 for different combinations of
system components. It can be seen in Figure 4.17 that the pedal travel became longer
when more components were added, e.g. the pedal travel for the master cylinder only was
about 10 mm but at the same pedal force, the pedal travel for the full system without
booster was about 52 mm, a difference of 42 mm. The clearances in the brake system and
the seal deformation have an effect on the pedal travel and fluid displacement, thus adding
more components into the brake system increased the pedal travel. The clearance of the
brake system and seal deformation is discussed in more detail in Section 5.3.

90

Chapter 4 Experimental Work
The experimental data in Figures 4.17 and 4.18 were without the brake booster, thus the
low pressure characteristics of the brake system were recorded. This was important to be
able to analyze the master cylinder and brake calipers characteristics in the simulation
model. Without the boosted force, the internal component characteristics of the master
cylinder and calipers were easily defined using the simulation model. Again, the details of
simulation modelling are discussed from Section 5.2.

Full system Experimental Test Rig Data in Chamber Pressure vs
Applied Pedal Force
60

Chamber Pressure (bar)

50

40

30
P1 test rig
P2 test rig
20
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0
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1000

-10
Applied Pedal Force (N)

Figure 4.18 Experimental test rig data for the full system without booster;
chamber pressure vs. applied pedal force

Figure 4.18 shows the experimental data for the full system without booster in terms of the
chamber pressure vs. applied pedal force. The maximum applied pedal force was 800 N
and the maximum chamber pressure was 58 bar. Without the brake booster, higher input
force was needed, and the maximum pedal speed was 35 mm/s (see Figure B1 in
Appendix B). As shown in Figure 4.18, the primary and secondary chamber pressures
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were very similar, any small difference was due to the spring forces and friction forces in
the brake system (refer to Section 3.2). When the experimental data in Figure 4.18 is
compared with that in Figure 4.11, the primary and secondary pressure gap were
overcome by higher input force and higher pedal input speed.

Figures 4.19 and 4.20 show the full brake system experimental test rig data in terms of
chamber pressure vs. applied pedal force and chamber pressure vs. pedal travel. The
hysteresis characteristics in Figures 4.19 and 4.20 show the applied and release strokes of
the brake pedal.

As indicated in Figure 4.19, about 25 N input force was needed to overcome the threshold
brake pressure. Once the booster ‘jump-in’ characteristic was passed, the chamber
pressure increased from 0 bar to 12 bar. The experimental data shows the characteristics
of the brake components, for example, the ‘jump-in’ characteristic represented the
clearance between the plunger and reaction disc (refer to Section 3.2.3), with the
experimental data the brake pedal ‘feel’ could be predicted by adjusting this parameter in
the simulation model (see Chapter 5). Apart from the ‘jump-in’ characteristic, the
hysteresis when the pedal was released was important for analyzing the effect of the
spring force, friction force and damping force. For example, Figure 4.20 shows the test rig
results in terms of chamber pressure vs. pedal travel, and the gap between the pedal
travel curve was closely related to the damping force and friction force.
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Chamber pressure vs. Applied pedal force
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Figure 4.19 Full system experimental test rig data: chamber pressure vs. pushrod force

Chamber Pressure vs Pedal Travel
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Figure 4.20 Full system experimental test rig data: chamber pressure vs. pedal travel
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4.6 Compression Test
Figure 4.21 shows the Instron compression machine used to carry out compression tests
to measure the properties of the internal components of the brake system e.g. the spring
stiffness and the elastomer material compression modulus. The measured data was used
in the simulation model. The Instron compression machine was fitted with an internal load
cell and position transducer, thus the compression test results took the form of applied
load and the displacement. The Merlin series 9 software was installed in the Instron
compression machine, and the calibration, control and data recording were carried out
using the Merlin software.

Figure 4.21 Instron compression machine

4.6.1 Test Procedure
The compression test procedure was as follows:
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1.

Adjust the height of the compression block.

2.

Change the die for the compression test, and fit the test material on the frame.

3.

Start the Merlin software, calibrate the load cell before placing the test material
and set the transducer readings to zero.

4.

Set up the input load, and height block travel distance.

5.

Start and record the compression test.

4.6.2 Results and Discussion
a) STMC Spring Stiffness Analysis

Spring compression
70

Compression load (N)

60
50
40
Spring 1
Spring 2

30
20
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0
0
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0.005

1
0.01

15
0.015

20
0.02

-10
Displacement
(mm)
Displacement(m)

Figure 4.22 Spring stiffness compression test
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Figure 4.22 shows the STMC spring stiffness compression test results. The springs show
linear stiffness and the stiffness of spring 2 was higher than spring 1. The spring stiffness
was calculated by substituting the values of displacement (x) and the load values (F) into
equation 3.9. The stiffness of spring 1 was 48 / 0.02 N/m i.e. 2400 N/m. Similarly the
spring 2 stiffness was 2950 N/m. However, the preload of the spring 1 was much higher
than spring 2, so the input force will be balanced.

b) Brake Pad Stiffness

Figure 4.23 shows the compression tests on the new and used brake pads. The purpose
of this test was to measure the pad stiffness in order to apply into the AMESim model.
Both of the tests applied 40 kN compressive load to the pad, and the pad stiffness was
calculated from the load divided by the displacement difference before compression and
after compression. It can be seen in Figure 4.23 that the displacement of the used pad
was about 0.98 mm, more than the new pad which had a displacement of about 0.9 mm.
This extra displacement comes from the concave wear profile of the worn pad, giving the
nonlinear part of the used characteristics on initial application of the load. Once the pad is
fully in contact, the friction material compressibility as indicated by the slope is the same
as the new material. It can be concluded that the stiffness of the new pad was the same as
the used pad, about 44 MN/m; this stiffness value was therefore used in the AMESim
model.
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Pad Compression 40kN
45
40
35

Load (kN)

30
25

Used

20

New

15
10
5
0
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

Displacement (mm)

Figure 4.23 Compression tests on the new and used pad

c) Booster Reaction Disc Compression Test

Figure 4.24 shows the compression tests on the brake booster reaction disc. A
compression load was applied up to a maximum of 425 N controlled in 3.5 mm steps. The
purpose of this test was to measure the reaction disc elastomer stiffness in order to apply
the parameter into the simulation model. The reaction disc stiffness was calculated from
the load divided by the displacement at 117 kN/m. The reaction disc stiffness was
assumed to have linear characteristics in the AMESim model, and the reaction disc was
represented by spring elements.

Figure 4.25 shows the reaction stress and strain data which was calculated using the
compression test data. These data were used in the ABAQUS simulation model, for the
material properties of the reaction disc finite element model.
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Reaction Rubber Compression Test
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Figure 4.24 Reaction disc compression test
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Figure 4.25 Reaction disc stress and strain
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4.7 Vehicle Test

Figure 4.26 Test car - Honda Accord 1.8 diesel

The bench tests were completed and were verified with vehicle test data. Using the test
car, a Honda Accord 1.8 Diesel (see Figure 4.26), experimental data measured from the
brake system during testing are shown in Table 3.2. All the vehicle test results are
discussed in Section 6.9.

There were 8 measurement devices supplied and fitted on the test car.
1. FGP (FA101-A2) Accelerometer (FGP 2006)
2. Thermocouple (Figure 4.28)
3. Hondata S2000 Manifold Absolute Pressure (MAP) sensor (Hondata 2008)
4. Pressure transducers
5. Laptop (Figure 4.31)
6. Brake pedal load cell (Figure 4.29) (Corrsys-Datron 2008)
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7. AB Dynamic BR1000 Brake robot (Neads 2007)
8. AB Dynamic power supply and control box

The instruments stated above were fitted in the Honda Accord with different purposes, e.g.
the FGP (FA-101-A2) accelerometer (FGP 2006) was used to measure the vehicle
deceleration. Figure 4.27 shows the radar used to detect the deceleration of the vehicle
which was located on the roof of the Honda Accord. Four pressure transducers were used
to measure the individual brake pressure; each pressure transducer was fitted on the
brake hose near caliper. Figure 4.28 shows the type of rubbing thermocouple which was
fitted on all 4 of the discs fitted to the front and rear brakes. The Hondata S2000 MAP
sensor (Hondata 2008) was used to measure the vacuum level on the brake booster, the
vacuum level was important for the simulation model.

Radar

Figure 4.27 Vehicle deceleration radar
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Rubbing
thermocouple

Figure 4.28 Brake disc rubbing thermocouple

The mass of the vehicle was measured and recorded before each test began. There was a
driver and two passengers in the car and the measured mass of the vehicle included the
instrumentation and datalogging equipment in the passenger compartment and boot. The
measured masses at the 4 individual wheels were as follows:
1. Front left wheel (passenger side) : 510 kg
2. Front right wheel (driver side) : 542 kg
3. Rear left wheel (passenger side) : 352 kg
4. Rear right wheel (driver side) : 398 kg

Two methods were used to test the vehicle
1. Human driver brake test
2. Robotic driver brake test
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4.7.1 Human Driver Brake Test
The human driver brake test was carried out to demonstrate human braking styles and the
difference between human brake pedal application and robotic brake pedal application.
The human driver brake pedal application force was applied by the driver’s foot, and the
brake pedal input force was measured by the Corrsys-Datron brake pedal load cell
(Corrsys-Datron 2008) as shown in Figure 4.29.

Brake pedal
Load Cell

Figure 4.29 Brake pedal load cell

The human driver brake pedal input force was applied by 3 different rates (gentle,
moderate and forceful) at 2 different vehicle speeds, 50 km/h and 80 km/h. The 3 different
input force rates were based on the driver’s feeling and experiences in order to judge the
input force level. The Corrsys-Datron pedal load cell was attached on the brake pedal’s
upper surface, the driver’s foot then applied the force on the load cell which then
measured the pedal input force. The calibration of the pedal load cell was completed by
the sponsoring company; it was calibrated and checked against a 98.1 N dead weight load
and the calibrated data was checked through a load cell meter.
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4.7.1.1 Human Driver Brake Test Procedure
The test procedure was as follows:
1.

Drive the vehicle to the test track.

2.

Start the AB dynamic power supply, AB dynamic control box and the laptop.

3.

Check the experimental data in static conditions (stopping condition).

4.

Before the test starts, drive the vehicle and apply the brakes in order to
increase the brake disc temperature to 100 °C.

5.

Vehicle speed: 50 km/h; once vehicle speed reaches 50 km/h, select neutral
gear and apply the brake.
•

Low, moderate and high force application

•

Slow, moderate and fast pedal release

6.

Stop the data logger and review the results.

7.

Repeat the test from step 4 and increase the vehicle speed to 80 km/h.

4.7.2 Robot Driver Brake Test
The robot driver brake test was carried out using the AB dynamic BR1000 brake robot
(Neads 2007). Figure 4.30 shows the brake robot which fitted on the driver seat and was
connected to the brake pedal. The brake robot could achieve very accurate force step
applications to the brake pedal by using feedback from a load cell mounted along a piston
which acted like the driver’s leg. The application force rate was programmed using the
computer software which allowed the driver to test the car at different force application
rates. The brake robot maximum force capacity was 1400 N and the maximum application
speed capacity was 700 mm/s (Neads 2007). The brake robot application force accuracy
and repeatability was more accurate and repeatable than human brake application.
2 different tests were completed on the vehicle:
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1.

Static test

2.

Dynamic test

Load Cell

Figure 4.30 Brake robot fitted on the test car

Laptop
Emergency
stop button
& start button

Brake
robot

Figure 4.31 Arrangement of measuring instruments
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The static test was completed to compare the brake performance with the bench test
results. Two different brake pedal force application rates were applied: 50 mm/s and 100
mm/s with the maximum pedal travel 50 mm. The dynamic test was made at 2 different
vehicle speeds, 50 km/h and 80 km/h. Similarly to the static test, 2 different brake pedal
force application rates (50 mm/s and 100 mm/s) were applied with a maximum pedal travel
of 27 mm at vehicle speeds of 50 km/h and 80 km/h. The application force/speed rate was
input by the driver through the software installed in the laptop. Figure 4.31 shows the
position of the laptop and the control button. The emergency button was used to stop the
brake robot if an error occurred, and the start button was used to start the brake robot in
each test.

Control Box

Figure 4.32 AB Dynamics control box

All the associated instrumentation was connected to the AB Dynamics control box which
was located in the rear passenger seat. Figure 4.32 shows the AB Dynamics control unit
and Figure 4.33 shows the power supply for the control unit. The brake application signal
from the laptop was transferred to the brake robot through the control unit, and the test
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results were transferred to the laptop through the control unit also. Thus the vehicle test
results could be reviewed on the laptop immediately after each test.

Figure 4.33 AB Dynamics power supply

4.7.2.2 Robot Driver Brake Test Procedure
The test procedure was as follows:
1.

Drive the vehicle to the test track.

2.

Start the AB Dynamics power supply; AB Dynamics control box and the laptop
computer.

3.

Define and input the application force/speed rate on the laptop computer.

4.

Before the start of the test, drive the vehicle and apply the brakes in order to
increase the brake disc temperature to 100 °C.

5.

Drive the car at an indicated (by the car’s speedometer) speed of 55 km/h and
at this speed shift the gears to neutral and press the start button to activate the
brake robot.

6.

When the brake robot has completed the brake application, stop the data
logger and review the results.
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Repeat from step 3 twice more, and then at a vehicle speed of 80 km/h, repeat the test
sequence.

4.8 Summary
The importance of accurate measurement and / or derivation of the dimension and
properties of individual brake system components have been shown to be important for
simulation modelling. In this chapter, these dimension and properties have been measured
and verified e.g. spring stiffness and successfully applied to the simulation modelling.

Three different test rigs have been designed, presented and explained. The details of
individual test rig instrumentation, calibration and experimental procedures have been
described. Each of the test rigs has provided experimental data relating to each individual
brake component, and the full system operation. The three test rigs are as follows:

1. The brake pedal test rig; set up to evaluate the brake pedal characteristics
including pedal force and pedal travel.

2. The extended brake pedal test rig to include the standard tandem master cylinder
in order to evaluate the low pressure characteristics of the braking system.

3. A full system test rig; set up with each component in the complete car brake
system, from the brake master cylinder to the wheel brakes.

Apart from the three test rigs, vehicle tests have also been conducted and presented in
this chapter. A Honda Accord 1.8 Diesel car was tested under two different methods
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(human driver brake test and robot driver brake test), and all the instrumentation,
calibration and experimental procedures have been presented.

The next chapter (5) presents the AMESim brake system simulation modelling; the static
and dynamic characteristics of individual brake system components, and finite element
analyses of the elastomeric materials. The predictions from the simulation in Chapter 5 are
compared with the experimental results (from this chapter (4)) in Chapter 6 for the
purposes of verification.
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Chapter 5 Simulation Modelling
5.1 Introduction
In order to develop a simulation model of a passenger car hydraulic braking system to
predict the brake pedal feel, including system component characteristics and their
behaviour and performance on the car, each step in the development of the simulation
model has to be verified and validated by experimental work carried out on a test rig and
on a vehicle. The brake system component simulation models presented here were
developed using the AMESim simulation software (AMESim 2004b) recommended for
analysing the dynamic characteristics of the braking system including hydraulic,
mechanical and pneumatic aspects (Alirand et al. 2001). The dynamic equation of motion
for the brake system results in a set of ordinary differential equations. These could be
solved analytically for simple system or numerically for advanced and complex system
(Augsburg and Trutschel 2003a, Gerdes et al. 1995). AMESim uses both of the
approaches (analytical and numerical). The individual brake system component model was
designed and developed based on the AMESim library of elements and sub-models of
components such as control, mechanical, hydraulic and pneumatic. Each of the individual
elements is associated with mathematical descriptions thus dynamic behaviour of the
model refers to the set of equations and the implementation of the computer code
(AMESim 2004a).

This chapter describes the simulation modelling which was carried out to predict the brake
system performance and characteristics of each individual brake components in terms of
brake pedal ‘feel’. The AMESim brake system simulation models were designed based on
the individual brake components and each AMESim model was developed separately
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before combining them all together to predict the design parameters of the internal
components influencing the brake pedal ‘feel’. In the first stage, the brake pedal and
standard tandem master cylinder model were developed to predict the low pressure
characteristics of brake performance. In the second stage, the brake caliper model was
developed and combined with the brake pedal and master cylinder model and in the final
stages, the whole braking system was combined with addition of the vacuum booster
model. In addition, axisymmetric ABAQUS Finite Element modelling of the master cylinder
and caliper seal deformation was developed to study contact friction effects relating to the
volume ‘losses’ in the brake fluid. The results from the Finite Element Analysis of the seal
deformation were transferred into the AMESim simulation to predict the brake pedal travel.
Further investigation of the vacuum booster reaction disc axisymmetric FE model was
developed to predict the volume ‘losses’ in the booster control valve.

Each AMESim simulation model is presented and discussed here. The FE modelling using
the ABAQUS is presented in Section 5.4, and a summary is presented at the end of the
chapter.
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5.2 AMESim Standard Tandem Master Cylinder Model
Figure 5.1 shows the brake pedal and tandem master cylinder model which converts the
piston force from the brake pedal into hydraulic pressure in the two chambers (primary and
secondary circuits). The mechanical and hydraulic elements represent the brake pedal and
master cylinder construction schematically. The main purpose of this model was to
investigate the designed parameters of the internal components and the low pressure
characteristics of brake performance without the brake booster, e.g. the influence of seal
friction force on the brake line pressure.

Brake
pedal

Primary piston
spring and
damping
elements

Figure 5.1 AMESim brake pedal and standard tandem master cylinder model

In the AMESim model, the primary spring and damper elements represent the two internal
springs (Figure 3.1) in terms of the spring force and the brake fluid damping. The master
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cylinder has two seals: one is located in the piston actuated directly by the pushrod, and
the second located in the floating piston (Figure 3.1). Since the spring force, seal friction
force and piston travel all affect the chamber fluid pressure, this model concentrates on the
investigation of spring stiffness and the seal friction force parameters in order to provide
comparison with the experimental results. The model parameters included measurements
from the dismantled master cylinder of internal components e.g. spring stiffness, piston
diameter and piston length.

Signal input
element

Force
convertor

Linear mechanical lever

Figure 5.2 AMESim brake pedal

Figure 5.2 shows the AMESim brake pedal elements. The input signal was input through
the signal input element where the signal is applied to the pedal lever by the force
convertor. The signal was input as data file of force per time. The brake pedal lever was
represented by a linear mechanical lever as discussed in Section 3.5.2.

5.2.1 AMESim Centre Valve Master Cylinder Model

Figure 5.3 shows the centre valve master cylinder system modelled in AMESim to
investigate the master cylinder component characteristics of seal friction force and spring
characteristics in order to predict the chamber pressure and the piston movement in the
master cylinder. This model of the master cylinder model did not include the brake booster
or brake caliper system, and was for verification purposes only. It can be seen in Figure
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5.3 that the centre valve master cylinder system is similar to the standard tandem master
cylinder model apart from the addition of two valves in the model.

Master cylinder
centre valves

Figure 5.3 AMESim centre valve master cylinder

Equivalent mass
and friction force
element

Pressure
converter

Displacement
and velocity
signal input
element
Piston and spring
force elements
Figure 5.4 Master cylinder piston valve
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Figure 5.4 shows the detail of the master cylinder valve model. The small valve controls
the flow of the brake fluid from the reservoir into the cylinder chamber. The centre valve is
linked with each piston and is controlled by the displacement and velocity of the primary
and secondary pistons. As can be seen in Figure 5.4, the small centre valve was modelled
with elements which included piston and spring, mass with friction force elements. The
design was based on the dismantled centre valve master cylinder (see Section 3.2) and
the input parameters were measured from the drawing, see Table 5.1 for the details of
master cylinder parameters. The AMESim centre valve master cylinder model was
combined with the vacuum booster model and used to investigate the seal volume change,
which will be discussed in Section 5.4.

5.2.2 Investigation of Master Cylinder Seal Friction Force

This section will discuss the method of investigating the seal friction force in the master
cylinder. As mentioned in section 3.2.2, hydraulic seal friction force can be divided into
Stiction (static) friction and Coulomb (dynamic) friction. Since this is a nonlinear system
and there is no established method of measuring friction between an elastomer seal and a
cylinder bore in a brake system, a range of seal friction values were modelled in order to
match the experimental data. It can be seen in Figure 5.5 that the different static and
dynamic values of friction have a different effect on the primary pressure. A higher friction
force can decrease the chamber (primary) pressure but a higher pushrod force is required
to reach the maximum static friction force. For example, for 10 N and 8 N (static & dynamic)
friction force about 90 N pushrod force is required to reach the maximum static friction
force but for 120 N and 118 N (static & dynamic) friction force more than 210 N pushrod
force is required, and the chamber pressure reduces from 17 bar to 14 bar. The results in
Figure 5.5 give an indication of suitable friction values (static & dynamic) in order to match
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the experimental data. Please refer to Figure C6 in Appendix C for a similar comparison of
the friction force in chamber 2 (secondary) pressure.

Comparison max.(static&dynamic) friction force
on pressure 1
Chamber pressure (bar)

20.00
15.00

Static Dynamic

10.00

10_8 N
70_68 N
120_118 N

5.00
0.00
0.00
-5.00

200.00

400.00

600.00

800.00

Pushrod force (N)

Figure 5.5 The effect of different maximum (static & dynamic) friction force on primary
pressure

5.2.3 Verification of AMESim Standard Master Cylinder Model

Figure 5.6 shows a comparison of experimental data and predictions from the AMESim
standard tandem master cylinder model for the chamber pressure vs. pushrod force. The
AMESim predictions are very close to the experimental data for the values of seal friction
force characteristic used (see Table 5.1; and they also show some agreement with the low
pressure characteristics). During the initial stage of actuation, no pressure rise (primary or
secondary) occurred until a threshold pushrod force and the maximum stiction force (Table
5.1) was reached, approximately 100 N. The pistons then started to move, with seal
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dynamic friction force increasing until the maximum dynamic friction force value was
generated at the point of about 190 N pushrod force for the primary piston. It can be seen
that the secondary chamber pressure is slightly higher than the primary chamber pressure,
which was due to the different spring force and friction force. For the same pedal force, the
AMESim predicted values are slightly higher than the experimental data. For example at a
pushrod force of 600 N, the measured primary chamber pressure reached about 12 bar
but the AMESim prediction shows the primary chamber pressure to reach about 12.5 bar.
Similarly, for the secondary chamber at the same pushrod force, measured pressure
reached about 12.4 bar but the AMESim prediction shows the pressure to reach about 13
bar. However, this was considered to be good agreement, and provided verification of the
simulation.

Chamber pressure (bar)

16.00
14.00
12.00
Exp P1
Exp P2
AMS P1
AMS P2

10.00
8.00
6.00
4.00
2.00
0.00
0.00

200.00

400.00

600.00

800.00

Pushrod Force (N)
Figure 5.6 Comparison of experimental data with AMESim model in chamber pressure vs.
pushrod force.
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5.3 AMESim Caliper Model

Two AMESim brake caliper models were set up. The differences between these two
caliper models are as follows. Figure 5.7 includes Coulomb friction force between the
rotating disc and pad and also the rollback effect caused by the retraction of the piston on
pressure release. The rollback effect was added by changing the mass and seal element
to have a return motion in the parameters. In Figure 5.8 the caliper design was used to
investigate the caliper piston pressure and fluid displacement; the rollback effect and the
rotating disc friction were not included. The friction between the pads and the disc, and
thermal effects, were not included to simplify the modelling but the clearance between the
disc and the pad was included (assumed as 3 mm). The pad was represented as a spring
and damping element with the clearance, and the pad stiffness was measured using the
compression test machine (see Section 4.6.2). The caliper seal friction force was assumed
to be 25 N (See Table 5.2).

Piston and Seal

Contact Coulomb
Friction

Gap between Disc
and Pad
Figure 5.7 AMESim brake caliper model
with Coulomb friction and rollback effect

Figure 5.8 AMESim simplified brake
caliper
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5.4 Axisymmetric Finite Element Modelling

The efficiency of the piston seal is of fundamental importance in the working of the master
cylinder and caliper. Good sealing is necessary to obtain high fluid pressures at the
individual wheels (Bignardi et al. 1999). With such a high pressure, high friction forces
between the seal and the cylinder wall can be generated as well and seal deflection
causes extra fluid displacement in the system. Brake fluid displacement during brake
application has an effect on the brake response and brake pedal ‘feel’; higher seal
deflection means extra brake fluid volume is needed and hence longer brake pedal travel
(Anwana and Cai 2003).

The piston seal performance is influenced by the seal material properties, friction between
the contact surfaces, and the geometry of the seal. An axisymmetric Finite Element model
of the seal deformation was developed to study the seal deformation and the volume
change in the brake system, and parameters influencing seal performance were
considered in this FE model. The Finite Element Analysis of the seal deformation was
transferred into the AMESim simulation software to predict the brake pedal travel.

5.4.1 Master Cylinder Axisymmetric FE Seal Model
As mentioned in Section 5.2.2, the AMESim model was used to investigate the Stiction
(static) friction and Coulomb (dynamic) friction of the piston seal. Apart from friction force
loss, nonlinear behaviour is generated by e.g. brake fluid volume loss, fluid compressibility,
and rubber seal deformation. Each has some effect on the brake response and brake ‘feel’
(Plattard 2006).
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Brake fluid displacement during brake application has an effect on the brake response;
higher piston displacement means extra brake fluid volume is needed and longer brake
pedal travel (Anwana and Cai 2003). With such fluid displacement, there are some volume
losses due to the seal friction, pipe deformation under pressure, seal deformation, brake
hose expansion, and pad deformation. Figure 5.9 shows the pedal travel in the braking
system under two different conditions. It can be seen that longer pedal travel is needed for
the complete system without the booster when compared with the braking system of the
master cylinder only. When the extra components are added to the braking system, the
fluid displacement is higher because of clearance in the system and also seal deformation
(See Figure 5.9, the curve below 10 bar as highlighted in the circle).

Pedal Travel in Braking System
45

Pedal Travel (mm)

40
35
30
25

Seal deformation
and volume loss
complete system without
booster

20
15

Master cylinder only

10
5
-10

0
-5 0

10

20

30

40

Pressure (bar)

Figure 5.9 Pedal travel in braking system
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Figure 5.10 Comparison of experimental data with AMESim model in
chamber pressure vs. pedal travel

The comparison of the AMESim master cylinder model with the experimental data in
Figure 5.6 shows good agreement. However, the AMESim prediction of chamber pressure
vs. pedal travel (see Figure 5.10) shows the necessity of taking the seal deformation and
fluid damping force into consideration in order to improve the AMESim prediction results. It
can be seen in Figure 5.10 that at the maximum pedal travel the experimental chamber
pressure is about 4.8 mm but for the AMESim model, the maximum pedal travel was about
2.4 mm. The AMESim master cylinder model neglected the seal deformation, damping
forces and clearances in the system which is why the AMESim prediction results in Figure
5.10 shows shorter pedal travel.

5.4.2 ABAQUS FEA Master Cylinder Seal Model

An axisymmetric Finite Element Analysis for the master cylinder seal deformation was
completed using the ABAQUS analysis program (ABAQUS 2006). The axisymmetric FEA
seal model had three basic components which were:
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•

Master cylinder seal;

•

Piston;

•

Cylinder body.

Seal

Cylinder
body

Piston

Pressure apply
direction

z
r

Figure 5.11 Master cylinder seal model components

Figure 5.11 shows the cross section of the master cylinder seal model components in
which r is the radial direction and z is the axial direction. The assembly model design
features were based on the half section of the piston and seal. All the dimensions of the
components were measured which included the height of the piston to the cylinder bore,
seal width, seal height and the angle of the seal. The contact between the seal and the
cylinder bore was considered as the top surface of the seal was compressed when in
contact with the cylinder bore. As shown in Figure 5.11, the pressure was applied
uniformly on the right side surface of the seal and piston.
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The axisymmetric master cylinder seal model was designed to study the seal deformation
in order to evaluate the equivalent fluid volume change in the brake system. The
necessary data in the seal FE model were the actual dimensions of the piston, seal and
cylinder body, the material properties of the seal, the actuation forces on the seal, and the
boundary conditions (Bradley 1990, Raparelli et al. 1997). The axisymmetric FE model
used 880 nodes of which there were 13 nodes on the seal top surface, 8 nodes on the left
seal surface and 21 nodes on the right seal surface. The nodal deformation data from the
latter (the right seal surface) were used to evaluate the fluid volume change.

The seal material properties were modelled using linear isotropic material properties; for
the Young’s modulus and Poisson’s ratio 8 MPa and 0.48 respectively were assumed
(Bignardi et al. 1999, Raparelli et al. 1997). Although elastomeric materials are known to
have nonlinear constitutive behaviour, the assumption of linear isotropic material
properties at relatively low deflections was considered to be acceptable, since such
materials generally exhibit a linear stress-strain relationship at low strain (<3%). The piston
and cylinder body material properties were assigned the properties of cast iron; Young’s
modulus 170 GPa and Poisson’s ratio 0.26.

To define the boundary conditions, pressure loading and static friction were considered. A
static friction coefficient of μ s = 0.1 was assumed (Raparelli et al. 1997) in the contact
between the seal top surface and the cylinder bore (see Figure 5.12); this friction value
included the effects of lubrication in the contact interface. Uniform pressure loading on the
right surface of the piston and seal was applied in different pressures steps from 1 bar to
50 bar. This loading process required a restraint on the cylinder body and piston in the r
and z direction to avoid piston movement in order to study the deformation of the seal.
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Seal top
surface
μ = 0.1

Seal left
surface

Seal right
surface

Figure 5.12 Seal mesh and boundary condition

5.4.2.1 Master Cylinder Seal Deformations and Fluid Volume Change
The brake fluid displacement has an inter-relationship with the seal deformation. Seal
deformation has a great effect on the low pressure characteristics of the brake system,
and this effect will cause a volume change in the cylinder, thereby affecting the pedal
travel and fluid displacement. Thus, the axisymmetric seal FE model was used to calculate
the seal volume change after pressure was applied on the seal. Figure 5.13 and 5.14 show
the seal before and after deformation. It can be seen from Figure 5.14 that the
displacement of the seal left surface is larger than the right surface. This model focused on
the seal deformation to evaluate the volume change in the cylinder, so the displacements
of the nodes on the right seal surface have been measured.
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Figure 5.13 Cross sectional of
undeformed seal

Figure 5.14 Cross sectional of deformed
seal

As mentioned in section 5.4.1, there are 21 nodes on the right seal surface; the
displacement data of each node was recorded in pressure steps from 1 bar to 50 bar. In
order to obtain more accurate data, the average value between each node in the y
direction was considered in the volume change calculation. Based on the node
displacement data and the area of the seal, the total volume change was calculated using
an Excel spreadsheet. (see Appendix C-1)

Figure 5.15 shows the volume change in the cylinder. An important part of assessing the
FEA seal performance is to validate with experimental measured data (Calvert et al. 2002).
Thus, the Excel total volume change data was transferred into the AMESim master
cylinder and caliper model (Figure 5.16), in order to compare with the experimental test rig
pedal travel data.
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Volume
change

Figure 5.15 Volume change before and after deformation

5.4.3 ABAQUS Caliper Seal Axisymmetric FE Model

The caliper seal is designed to seal the brake fluid in the caliper and also retract the
caliper piston during the brake release (Anwana et al. 2002). Similar to the master cylinder
seal, the caliper seal has a great influence on the brake performance (Anwana et al. 2002).
As discussed in Section 5.4.2.1, the seal deformation affects the fluid volume change and
causes greater fluid displacement and hence longer pedal travel. Thus, a similar modelling
concept as the ABAQUS master cylinder axisymmetric seal model in the last section was
applied to the caliper seal in order to increase the accuracy of the AMESim predicted
results and also to study the effect of seal deformation on the brake system operation.

Figure 5.16 shows an example model for an axisymmetric ABAQUS Finite Element
Analysis of the caliper seal deformation. There are three main components in the
ABAQUS caliper seal model which are:
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•

caliper seal

•

piston and

•

caliper housing

Brake Fluid Pressure Direction
Caliper Housing

Piston

Caliper Seal

Figure 5.16 Caliper seal model

Figure 5.16 shows a cross sectional view of the caliper seal model components. The
assembly model design features were based on the half section of the piston and seal. It
can be seen in Figure 5.16 that the caliper piston seal was squeezed in the groove
between the caliper housing and piston. According to Anwana et al (2002), seal groove
design parameters are important in terms of the effect on brake performance. Thus the
parameters of the seal groove design were measured from the actual caliper; these
included groove design parameters included groove diameter, front angle, inner angle,
inner height, outer height and corner break (See Figure 5.17).

The contact between the seal and the piston has been considered when the seal was
compressed when in contact with the seal groove surface. As shown in Figure 5.16, the
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pressure was applied uniformly on the left side surface of the seal and piston. Thus, the
nodes on the left side surface were used to evaluate fluid volume change in the brake
system. There are 31 nodes on the left seal surface which the deformed nodes have been
recorded and used to calculate the fluid change in the caliper.

Groove diameter

Inner angle
Inner height

Outer height

Front angle

Corner angle

Piston

Figure 5.17 Caliper seal groove design

The seal material properties were modelled using hyperelastic material properties in
ABAQUS (ABAQUS 1999), where the hyperelastic material properties show the nonlinear
characteristics (elastic strain deformation) of the elastomer seal material (ABAQUS 1999,
Anwana et al. 2002, MSC.Software 2000, Wang et al. 2002). The caliper seal material
properties were measured (stress and strain data) and recorded from the experimental test
(Akisanya et al. 2001, Miller 2002) (see Figure B2 and B3 in Appendix B). The piston and
caliper housing material properties were assigned the properties of steel; Young’s modulus
210 GPa and Poisson’s ratio 0.3. To define the boundary conditions, pressure and static
friction coefficient were considered. The static friction coefficient μ = 0.1 was assumed in
the contact between the seal and the piston surface; and this friction value included
lubrication.
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5.4.3.1 Caliper Seal Deformations and Fluid Volume Change
The caliper axisymmetric seal FE model was used to calculate the seal volume change
arising from seal deformation after pressure was applied on the seal. Figure 5.18 and 5.19
show the caliper seal before deformation and after deformation. It can be seen from Figure
5.19 that the displacement of the seal right surface is larger than the left surface due to the
designed corner angle on the seal groove. The corner angle parameter has a significant
influence on the seal deformation (see Figure 5.20) (Anwana and Cai 2003, Nikas 2003).
However, this model focused on the seal deformation to evaluate the fluid volume change
in the cylinder, so the displacements of the nodes on the left seal surface were measured
and recorded in order to evaluate the nodal displacements and calculate the fluid volume
change in the caliper. There were 31 nodes on the seal left surface; the displacement data
for each node was recorded in pressure steps from 1 bar to 55 bar. In order to obtain more
accurate data, the average value between each node in the y direction was considered in
the volume change calculation. Similar to the master cylinder seal calculation method, the
caliper total volume change was calculated using an Excel spreadsheet. (Table C1 in
Appendix C-2)

Figure 5.18 Caliper seal before
deformation

Figure 5.19 Caliper seal after
deformation
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Seal left
surface

Seal right
surface

Corner angle
deformation
allowance

Figure 5.20 Caliper seal after deformation and deformation allowance

5.5 AMESim Centre Valve Master Cylinder and Calipers with Seal
Volume Change

As mentioned in Section 5.4.1, the prediction of the AMESim standard tandem master
cylinder chamber pressure and the input force were in good agreement with the
experimental data, but the prediction for the pedal travel and the fluid displacement did not
match the experimental data as well as was required (see Figure 5.10). Thus a further
improvement on the master cylinder model was made by adding the details of the seal
deformation and the valve characteristics as shown in Figure 5.21; the AMESim master
cylinder and 4 calipers model which were improved by added the seal volume change and
the valve characteristics. The purpose of this simulation model was to improve the
accuracy of the previous model and also to accurately predict the pedal travel, pressure
and input force with more components added into the model. Five different AMESim
models were created with different components added into the AMESim master cylinder
model to study and compare the fluid displacement characteristics.
•

Master cylinder only (Figure C1 in Appendix C)

•

Master cylinder with front calipers only (Figure C2 in Appendix C)
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•

Master cylinder with rear calipers only (Figure C3 in Appendix C)

•

Master cylinder with front and rear calipers (Figure C4 in Appendix C)

•

Full system without booster (Figure 5.22)

Figure 5.21 AMESim centre valve master cylinder without ‘volume change’ piston

The clearances in the system, damping force and the seal deformation have an effect on
the pedal travel and fluid displacement. There are three seals in the master cylinder, one
located in the primary piston and two in the secondary piston. Each seal deformation will
cause a volume change in the brake system, apart from that, the 4 caliper seals were
included in the AMESim model. Thus, two ‘volume change’ pistons were designed for the
master cylinder, and another two were designed for calipers in the AMESim model (see
Figure 5.22). The function of these pistons was to model the fluid loss which caused by the
seal deformation. The ABAQUS axisymmetric seal deformation data were calculated by
the Excel spreadsheet and the volume change data was transferred into this model by
using a data transfer element transferred into the ‘volume change’ piston.
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3
1

2
Secondary Valve
4

Primary Valve

5

Volume Change
Pistons

1) Primary piston

3 & 4) Spring and damping element

2) Secondary piston

5) Data transfer element

Figure 5.22 AMESim centre valve master cylinder and calipers model with seal volume
change piston

The centre valve parameters were measured from the drawing and also from the
dismantled piston. The spring stiffness in the valves was assumed to be low because the
spring was located inside the valve. The ‘volume change’ piston diameter is same as the
master cylinder piston diameter. The damping force was added in this model due to the
fluid displacement. The damping forces are different when different components are added
into the model, for example the damping coefficient was changed from 150 N s/m to 30 N
s/m when the master cylinder model changed from no caliper to 4 calipers. This is
because the fluid displacement and the compressibility were different. For further details of
each model parameters, see Appendix C, Figure C1 to C4.
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5.5.1 AMESim Brake Pedal, Master Cylinder and Caliper Model
Parameters

Parameters

Measured or

Chamber 1

Chamber 2

Derived (from
modelling)
Spring stiffness

Measured

2400 N/m

2960 N/m

Damping rate

Derived

150 N s/m

-

Spring preload

Measured

70 N

30 N

Maximum stiction force

Derived

40 N

10N

Maximum Coulomb (dynamic) force

Derived

38 N

8N

Stiction (static) friction coefficient

Derived

0.1

0.1

Coulomb (dynamic) friction coefficient

Derived

0.9

0.9

Table 5.1 Various parameters in the AMESim master cylinders

Parameters

Measured or Derived

Value

(from modelling)
Pedal Ratio

Measured

2.6

Pedal Spring Stiffness

Measured

1500 N/m

Caliper Piston Diameter

Measured

32 mm

Pad Stiffness

Measured

44 MN/m

Caliper Piston Mass

Measured

0.3 kg

Stiction (static) Friction Force

Derived

13 N

Coulomb (dynamic) Friction Force

Derived

12 N

Table 5.2 Various parameters in the AMESim brake pedal and caliper model
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5.6 AMESim Brake Booster Simulation Model

Figure 5.23 shows the AMESim brake booster model which was designed based on the
drawing provided by the sponsoring company. The purpose of this simulation model was
to improve the centre valve master cylinder model with booster characteristics, to
accurately predict the pedal travel, pressure and input force, and also to study the booster
characteristics by changing the parameters in order to improve the brake ‘feel’.

Atmospheric pressure

Vacuum Valve

Diaphragm

Rubber Reaction Disc

Air Valve

Figure 5.23 AMESim brake booster model

There are a few important components and considerations such as air valve, vacuum
valve, diaphragm, atmospheric pressure, engine depression, reaction disc, and return
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spring (See Figure 3.9 in Section 3.2.3). The dimensions and the properties of each
component were measured from the drawing and dismantled booster, and are shown in
Table 5.3. The dimensions and the properties of the brake booster components are very
important, because these affected the characteristics and results of brake system, as
discussed in Section 3.2.4. There are some important parameters in the valve which had
to be considered, e.g. the vacuum valve spring stiffness and the clearance for the valve
from open to close. The vacuum valve and the air valve in AMESim were represented by
springs with damping and clearance because the design considerations were based on the
stiffness and valve travel distance. The diaphragm was represented as a piston with a
large diameter (255 mm), connected to the engine vacuum check valve and also to the
atmospheric pressure.

Valve Body
Input Force
Volume

Reaction rubber
Rubber
Stiffness

Rubber
displacement

Air
Piston

Figure 5.24 AMESim reaction disc design concept (Alirand et al. 2001)

Figure 5.24 shows the design concept of AMESim reaction disc. The reaction disc and
rubber were represented using springs, mass and pistons; the input stiffness on the piston
depended on the corresponding rubber section (Alirand et al. 2001).
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According to Bignardi et al. (1999), “the reaction disc acts like the hydraulic fluid piston
producing equal pressure against all surfaces it contacts”. Thus, the AMESim Vacuum
booster reaction disc model used pistons to represent the rubber deformation; this was a
similar concept to compressing hydraulic fluid by a piston and creating a different volume.
The rubber stiffness was represented by two spring elements.

The brake booster model was combined with the AMESim master cylinder and caliper
model as shown in Figure 5.25. This model was used to study the characteristics of the
brake system and the predicted results were compared with test rig experimental data.

Vacuum
Booster

Centre Valve Master Cylinder

Calipers

Figure 5.25 AMESim booster, master cylinder and calipers model
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5.6.1 AMESim Brake Booster Parameters

Components

Parameters

Values

Vacuum Valve Spring

Spring Stiffness

1000 N/m

Vacuum Valve

Clearance

3 mm

Air Valve Spring

Spring Stiffness

1500 N/m

Air Valve

Clearance

5 mm

Return Spring

Spring Stiffness

3456 N/m

Return Spring

Pre-Load

200 N

Reaction Disc

Rubber Stiffness

2000 N/m

Reaction Disc

Rubber Diameter

27 mm

Plunger

Diameter

10 mm

Engine Depression

Pressure

0.7 bar

Atmospheric Pressure

Pressure

1 bar

Diaphragm

Diameter

255 mm

Table 5.3 Parameters used in brake booster model

5.7 ABAQUS Reaction Disc Axisymmetric FE Model

As mentioned in section 3.2.4, the booster ‘jump- in’ occurs because the air valve in the
apply chamber forces air through the gap between the rubber reaction disc and the
plunger. The deformation of the reaction disc affects the ‘jump-in’ characteristics and also
the braking performance. Apart from the ‘jump-in’ characteristics, the deformation of the
reaction disc has inter-relationship with the pressure, actuation force and pedal travel.
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The booster reaction disc was designed with linear spring characteristics in the AMESim
booster model (Figure 5.23). As mentioned in Section 5.6, the AMESim reaction disc was
represented using spring and damper elements in combination with 2 pistons. The
predictions from the AMESim booster model are compared with the experimental data in
Section 6.5 and show good agreement.

However it is necessary to investigate the

reaction disc deformation in order to understand the effect of reaction disc deformation and
to improve the braking performance brake pedal ‘feel’.

Two ABAQUS reaction disc axisymmetric FE models were developed to study and
validate the reaction disc deformation, and volume change of the reaction disc, in order to
increase the accuracy of the AMESim prediction and also improve the brake pedal ‘feel’.
The two ABAQUS reaction disc models were as follows:

•

ABAQUS reaction disc with flat plunger axisymmetric FE model

•

ABAQUS reaction disc with rounded end plunger axisymmetric FE model

5.7.1 ABAQUS Reaction Disc with Flat Plunger Axisymmetric FE Model
Figure 5.26 shows an axisymmetric ABAQUS Finite Element Analysis for the reaction disc
with flat plunger model. There are four main components in the ABAQUS reaction disc
model:
•

Control valve

•

Flat plunger

•

Reaction rubber

•

Reaction push rod
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Control Valve
Reaction Rubber
Input force
direction

Air gap

Plunger

Reaction Push Rod

Figure 5.26 ABAQUS reaction disc with flat plunger model

All the dimensions of the components in Figure 5.26 were measured from the dismantled
booster control valve, including the plunger diameter, control valve body height, reaction
rubber height and thickness, and the clearance between the plunger and reaction rubber.
It can be seen in Figure 5.26 that the control valve body was in contact with the reaction
rubber, thus at the initial stage, the reaction rubber was compressed by the control valve
body rather than the plunger. As shown in Figure 5.26, the actuation force was applied to
the plunger and the control valve body from the left side. The gap between the reaction
rubber and the plunger is very important to allow reaction rubber ‘extrusion’ (deformation).
The nonlinear compressibility of the reaction rubber and the pressure difference created
the braking system ‘jump-in’ characteristics.

The axisymmetric reaction disc model was designed to study the reaction rubber
deformation in order to evaluate the displacement of the reaction rubber in the gap
between reaction rubber and the plunger. The force was applied on the reaction rubber top
surface, thus the nodes on the top surface were used to evaluate the deformation in the
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reaction clearance area. There were 21 nodes on the reaction rubber surface; the
deformed nodes were recorded and used in the AMESim model.

The reaction rubber material properties are important to evaluate the nonlinear braking
‘jump-in’ characteristics. Thus, the reaction rubber material properties were modelled using
hyperelastic material properties in ABAQUS to represent the nonlinear characteristics of
the elastomer material. The measured reaction disc stress and strain material data in
Figure 4.26 were used in the model. The plastic control valve material properties were
assigned the properties of an engineering polymer; Young’s modulus was assumed as 2.3
GPa and Poisson’s ratio 0.3. The reaction push rod and the plunger were assigned as the
properties of steel; Young‘s modulus 2.09 GPa and Poisson’s ratio 0.3. To define the
boundary conditions, input force and plunger movement were considered. Input force
loading on the control valve and plunger compressed the reaction rubber top surface, the
input force loading was applied from 100 N to 4000 N. The plunger was allowed to move
up to 3 mm to avoid the plunger directly pushing against the reaction disc.

5.7.2 Flat Plunger Reaction Rubber Deformations
Figures 5.27 and 5.28 show the reaction rubber before deformation and after deformation.
It can be seen from Figure 5.28 that the compression of the control valve caused the
reaction rubber to become deformed in the air gap between the plunger and reaction disc.
The deformation of the reaction rubber allowed rapid movement of the control valve and
created a rapid air pressure difference in the initial stage of braking.
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In this model, the reaction rubber front surface nodes were used to calculate the reaction
rubber deformation. The displacement of the node was recorded in different input force
from 100 N to 4000 N, and the data were transferred to the AMESim brake booster model.

Figure 5.27 Reaction rubber with flat
plunger before deformation

Figure 5.28 Reaction rubber with flat
plunger after deformation

5.7.3 ABAQUS Reaction Disc with Rounded End Plunger Axisymmetric
FE Model
Figure 5.29 shows an axisymmetric ABAQUS Finite Element Analysis for the reaction disc
with rounded end plunger model. The model was the same as the ABAQUS flat plunger
reaction disc model except that the plunger was developed with a rounded end. The
rounded end plunger was designed 1.5 mm longer than the flat plunger where the longer
part was the dimension of the rounded end. The purpose of the ABAQUS reaction with
rounded end model was to study the braking ‘jump-in’ effect with a rounded end plunger.
The sensitivity between the actuation force and chamber pressure in threshold stage is
highly dependent on the reaction disc deformation and also the shape of the plunger. The
compression of the rounded end plunger affected the deformation of the reaction rubber,
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and the rapid air compression in the air gap initiated the braking faster than the flat surface
plunger. Thus, the rounded end plunger was believed to improve the brake pedal ‘feel’ in
the initial stage of braking (threshold).

The material properties of the ABAQUS reaction disc with the rounded end plunger model
were the same as the flat plunger model. The boundary conditions relate to the input force
and the movement of the plunger; the input force was applied from 100 N to 4000 N and
the movement of the plunger was controlled between1.5 mm and 2.25 mm.

Control Valve
Reaction Rubber
Input Force
Direction

Rounded End
Plunger

Air Gap

Reaction Push Rod

Figure 5.29 ABAQUS reaction disc with rounded end plunger model

5.7.4 Rounded End Plunger Reaction Rubber Deformations and Air
Volume Change
Figures 5.30 and 5.31 show the reaction rubber with rounded end plunger before
deformation and after deformation. It can be seen from Figure 5.31 that the deformation of
the reaction rubber is similar to the flat plunger reaction disc model but due to the rounded
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end plunger being 1.5 mm longer than the flat plunger the actuation of the rounded end
plunger was faster than the flat plunger. This might improve the braking in the initial stage
(threshold). For further details see Section 6.8.1.

Similar to the flat plunger reaction disc model, the input force was applied on the control
valve and plunger from 100 N to 4000 N, and the plunger movement was controlled from
1.5 mm to a maximum 2.25 mm. For the movement of 2.25 mm, the rounded end plunger
was allowed to compress the reaction rubber (see Figure 5.32).

Figure 5.30 Reaction rubber with
rounded end plunger before deformation

Figure 5.31 Reaction rubber with
rounded end plunger after deformation

Figure 5.32 Rounded end plunger compressed the reaction rubber
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5.8 AMESim Brake Booster Model with Reaction Disc Deformation Data
5.8.1 AMESim Brake Booster Model with Flat Plunger Reaction Disc
Deformation
Figure 5.33 shows the modified AMESim brake booster model combined with the
ABAQUS flat plunger reaction rubber deformation data. The AMESim full system model
prediction results were in good agreement when compared with the experimental data
(see Section 6.6.2). However, the ‘jump-in’ characteristic of the AMESim prediction was
slightly lower than the experimental data. A further improvement of the AMESim brake
booster model was achieved by adding the detail of the ABAQUS reaction disc
deformation data. The purposed of this model was to improve the accuracy of the previous
brake booster model.

The reaction rubber in the AMESim brake booster model in Section 5.6 was represented
by using two linear spring and damping elements. In order to predict an accurate nonlinear
‘jump-in’ characteristic for the brake booster, the linear spring and damper elements were
changed by a spring and damping element with the reaction disc material properties. The
reaction disc compression data (see Figure 4.25) was used in this model, in order to
increase the accuracy of the prediction. Apart from the reaction disc material properties,
the brake booster model was improved by the ABAQUS reaction disc deformation data.
Thus, the brake booster model was improved by adding a spring and damper element with
the ABAQUS reaction disc deformation data behind the piston in order to predict the
displacement of the reaction rubber.
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Spring and
damper element
with material
properties

Spring and damper
element with
reaction rubber
deformation data

Figure 5.33 AMESim brake booster model with flat plunger reaction disc deformation data

5.8.2 AMESim Brake Booster Model with Rounded End Plunger
Reaction Disc Deformation
Figure 5.34 shows the AMESim brake booster model with rounded end plunger and
combined with the ABAQUS reaction disc deformation data. This model was used to study
the braking performance with a rounded end plunger and also to compare the difference
between the flat plunger and also rounded end plunger in the braking ‘threshold’ and
‘jump-in’ stages.

The model was similar to the flat plunger AMESim booster model (Figure 5.33), where the
reaction rubber was represented by two spring and damping elements with reaction disc
compression data. It can be seen in Figure 5.34 that the reaction disc plunger in this model
was changed to a rounded end piston. The rounded end piston was pushed against the
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spring and damping element with the detail of the ABAQUS rounded end plunger reaction
disc deformation data.

The AMESim brake booster model with ABAQUS reaction disc deformation model was
combined with the AMESim master cylinder and caliper model, and the results are
discussed in Section 6.7.

Rounded end plunger

Spring and
damping
element with
Properties

Spring and damper
element with
reaction rubber
deformation data

Figure 5.34 AMESim brake booster model with rounded end plunger reaction disc
deformation data

5.9 Summary
AMESim brake system simulation models have been presented in this chapter. The
AMESim standard tandem master cylinder model was used to investigate the parameters
of the master cylinder low pressure characteristics before more brake components were
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added into the model. The AMESim standard tandem master cylinder was validated with
the experimental data and the results were in good agreement.

A further improvement of the AMESim master cylinder model was made to represent the
centre valve master cylinder. The brake caliper model was also added into the simulation
and was able to accurately predict the higher pressure characteristics of the brake system.
The simulation model shows good comparison with experimental data in pressure and
force characteristics. However, it was observed from the experimental data that when
extra components were added to the braking system, the fluid displacement or pedal travel
became higher (see Figure 5.10). ABAQUS finite element modelling of the master cylinder
and caliper seal deformation was developed to study contact friction effects on the volume
change in the brake fluid.

Finally, a full AMESim braking model has been developed with a combination of an
AMESim brake booster model and the AMESim centre valve master with caliper model.
Good results have been predicted by this model. A further improvement of the AMESim
brake booster model has been made by adding the detail of the ABAQUS finite element
predictions of the reaction disc deformation. Additionally, an ABAQUS finite element
rounded end plunger reaction disc model was developed to study the effect of the braking
performance with a rounded end plunger.
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Chapter 6 Results and Discussions
6.1 Introduction
In this chapter the brake system performance and the brake pedal ‘feel’ are analysed
through the predicted results and the simulation model is compared and validated with
experimental measured data. The AMESim full system model was used to investigate the
brake pedal ‘feel’ by adding the detail of dynamic characteristics and also changing the
internal component parameters. ABAQUS FEA seal and reaction disc models have been
combined with the AMESim simulation model and the results for the seal deflection,
reaction disc deformation and their effect on brake pedal ‘feel’ have been analysed and
discussed.

The discussions have been divided into four parts; the first part presents the spreadsheet
model. The AMESim master cylinder, calipers simulation model results and the ABAQUS
FEA seal deformation data are presented in the second part (Sections 6.3 - 6.5) and the
AMESim full system results are discussed in the third part (Section 6.6 – 6.9). The
discussion of the AMESim full system results including the ABAQUS FEA reaction disc
models and the effect on the brake pedal ‘feel’ are discussed and interim conclusions are
presented at the end of each section. Experimental vehicle test results are presented in
the last part.
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6.2 Spreadsheet Model Analysis
Figure 6.1 shows the predicted characteristics of the vacuum booster using the
spreadsheet model which indicates the effect of different boost ratios between 4:1 and 6:1,
and the characteristics of the brake system without the vacuum booster (the boost ratios in
passenger cars are usually designed to be between 4:1 and 6:1). In this model, the pedal
ratio was fixed at 2.6, the master cylinder diameter was 20.64 mm and the diaphragm
diameter could be changed in order to investigate the effect of line pressure. The minimum
diaphragm diameter was 255 mm.

Vacuum Booster Characteristics
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Figure 6.1 Predicted vacuum booster characteristics

As shown in Figure 6.1, if the boost ratio is 4:1, the line pressure will be boosted up to a
knee point pressure of 130 bar and about 1100 N input force is needed. Compared with a
boost ratio of 6:1 with the same diaphragm diameter (255 mm), the knee point was
reduced to 120 bar with an actuation force of 650 N. Based on this result it can be
concluded that a higher boost ratio will reduce the pedal effort but will also reduce the
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knee point pressure during braking. Generally, a minimum 80 bar of knee point pressure
must be provided for a passenger car. Thus the driver will feel less pedal effort at the
higher boost ratio but will need to apply a higher effort in order to achieve higher
deceleration (after the knee point). As shown in the next characteristic with no booster in
the brake system, an input force of 500 N only generated 18 bar of line pressure.
There were no ‘threshold’ or ‘jump-in’ characteristics included in the analysis in the
spreadsheet model. The special characteristics of the brake booster were discussed in
Section 3.2.3, and a more advanced simulation (AMESim) was subsequently used to
model the control valve and return springs of the brake booster in the nonlinear brake
system.

6.2.1 Line Pressure vs. Pedal Travel
Figure 6.2 shows the correlation between line pressure and pedal travel, calculated
including brake fluid compression loss, piston travel, seal movement, pad compression
and caliper deflection in the system.

The individual volume losses in the brake

components were calculated based on the brake line pressure using equations (3.13) to
(3.28) in Chapter 3. As shown in Figure 6.2, a pedal travel of about 8 mm is necessary in
order to initiate the booster while for line pressures between 5 bar and 140 bar only about
37 mm pedal travel is required. As a result, a pedal travel of about 8 mm to initiate the
booster force is considered acceptable, but the distance of pedal travel of about 37 mm to
move from 5 bar to 140 bar is too short.
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Line Pressure vs. Pedal Travel
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Figure 6.2 Predicted line pressure vs. pedal travel

6.2.2 Rate of Braking vs. Pedal Travel
Figure 6.3 shows the rate of braking against pedal travel, from which it can be seen that
the pedal travel distance is about 32 mm for 0.9 g deceleration for the vehicle in the
unladen condition. As shown by Limpert (1992), pedal travel should not exceed
approximately 90 mm for decelerations of 0.9 - 1 g with a ‘cold’ brake. When comparing
the results with this statement, the result has to meet the basic requirement of the safety
standard.
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Line Pressure vs. Pedal Travel
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Figure 6.3 Predicted rate of braking vs. pedal travel

6.2.3 Comparison of Experimental Data with Model Predictions

Figure 6.4 shows a comparison of experimental data and predictions from the spreadsheet
model for line pressure vs. applied force. The dynamic characteristics in the test rig data
can be seen in Figure 6.4. During the initial stage of braking, the threshold applied force is
about 30 N and the ‘jump in’ characteristics occur from negative brake pressure to about
18 bar. The brake pressure increases to 70 bar with a pedal force of 150 N, the brake
pressure was set at a maximum value of 70 bar in the experiment, and therefore the brake
pressure stops at 70 bar before it reaches the knee point. In the spreadsheet data, it can
be seen that the initial stage of the braking does not have the threshold and ‘jump-in’
characteristics; this is because the spreadsheet model represented a linear system,
without any dynamic effects.
For the same load, the spreadsheet model predicted a slightly higher line pressure than
the test rig line pressure. For example, at a load of 50 N, the test rig line pressure reached
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20 bar, but the prediction reached about 25 bar. However, in comparing the test rig data
with the predictions, the line pressures were similar, except that the predicted knee point
required more force (at 120 bar it required about 220 N).

Line Pressure vs. Pedal Force
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Figure 6.4 Comparison of experimental test rig data and model predictions of line
pressure vs. pedal force

6.2.3.1 Applied Force vs. Pedal Travel

Figure 6.5 shows the comparison between the experimental test rig data and the predicted
data in terms of Applied Force (to the pedal) vs. Pedal Travel. It can be seen in Figure 6.5
that the test rig data is the same as the previous graph, in which the initial stage had the
threshold and jump in characteristics. To reach the threshold force of about 30 N, it is
necessary to input 2 mm pedal travel for the ‘jump-in’ stage and then a further 10 mm of
pedal travel. When the applied force was increased to about 160 N, it took about 23 mm
pedal travel. The results also show that the system as modelled in the spreadsheet was
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stiffer than the actual system as indicated in the test rig data. For example, a 150 N
applied force needed 22 mm pedal travel in the test rig data but at the same load the
prediction was 25 mm pedal travel. From this graph, it can be seen that the predicted Load
vs. Pedal travel is still comparable below the knee point.

Applied Force vs Pedal Travel
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Figure 6.5 Comparison of experimental test rig data and predictions in
applied force vs. pedal travel

6.2.3.2 Line Pressure vs. Pedal Travel

Figure 6.6 shows the comparison of experimental test rig data and the predicted data in
terms of line pressure vs. pedal travel. It can be seen that the line pressure in the test rig
data is very different from the predicted line pressure (about 120 bar) which is much higher
than the experimental test rig data (70 bar). Similarly in Figure 6.6 the pedal is predicted to
be much stiffer than the actual car pedal. The pedal travel was predicted to require about
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30 mm to reach a line pressure of 70 bar but the experimental data shows about 65 mm to
achieve 70 bar.

Line Pressure vs. Pedal Travel
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Figure 6.6 Comparison of experimental test rig data and predicted data for
line pressure vs. pedal travel

6.2.4 Spreadsheet Model – Interim Conclusions
The spreadsheet modelling was used in the initial stages of the research to understand the
brake system component characteristics, and how the individual brake components
influenced the brake pedal ‘feel’. For example, a higher boost ratio would need lower
pedal effort but would reduce the knee point pressure. The predictions confirmed that the
modelling needed to be improved in terms of predicting the pedal travel and the brake
dynamic characteristics more accurately to achieve better correlation between theory and
experiment. This was subsequently achieved by using a more advanced simulation

154

Chapter 6 Results and Discussions
(AMESim and ABAQUS) in which the dynamic characteristics of brake system
components such as friction force and damping force could be taken into account.

6.3 AMESim Standard Tandem Master Cylinder Simulation Model
Figure 6.7 shows the comparison of experimental data and results from the AMESim
standard tandem master cylinder (STMC) model for the chamber pressure vs. pushrod
force to confirm the accuracy of the simulation model. Figure 6.7 shows the results from
the AMESim STMC model, which were very close to the experimental data; also shown
are the dynamic characteristics predicted by the AMESim model. During the initial stage of
braking, both pressures in the AMESim model were negative up to 20 N pushrod force;
because of the return spring force. The high friction force in the primary piston caused the
high threshold pressure in chamber 1. The transition from static friction force to dynamic
friction force in both chamber pressures, experimental and AMESim model, was at about
190 N pushrod force. It can be seen that the secondary chamber pressure was slightly
higher than the primary chamber pressure, due to the return spring force and the friction
force in the chamber 1 being higher than chamber 2. The spring stiffness and chamber
pressure correlation was verified using a spring model (Appendix C-3).

With the same load, the spreadsheet model showed slightly higher predicted values than
the experimental data. For example at a pushrod force of 600 N, the primary chamber
pressure reached about 12 bar but in the AMESim prediction the primary chamber
pressure reached about 12.5 bar. Similarly, for the secondary chamber pressure at the
same pushrod force, the measured chamber pressure reached about 12.4 bar but the
AMESim predicted chamber pressure was about 13 bar. This was considered to be good
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agreement. The STMC AMESim model was used to investigate the master cylinder
component characteristics including spring stiffness and friction force.

Chamber pressure vs. Pushrod force
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Figure 6.7 Comparison of experimental data with AMESim STMC model for
chamber pressure vs. pushrod force.

6.4 ABAQUS Axisymmetric Master Cylinder Seal Volume Change
Results
Figure 6.8 shows the master cylinder seal right surface nodal displacements in pressure
steps from 1 bar to 50 bar. The displacement of each node was recorded, and the shape
of the seal deformation varied in different pressure steps. It can be seen in Figure 6.8 that
the pressure steps were applied from 1 bar to 10 bar, 20 bar and 50 bar, and the nodal
displacements on the seal right surface changed as the pressure increased. The negative
nodal displacement values represented the seal deformation to the left, and the largest
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displacement of the seal was about 0.65 mm when 50 bar pressure was applied. Based on
these recorded nodal displacements, the seal volume change was calculated (see
Appendix C-1)
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Figure 6.8 Seal right surface nodal displacement at different pressure steps

Figure 6.9 shows the seal volume change characteristics in different pressure steps. The
results were calculated using the method shown in (See Appendix C-1), and it can be seen
that the volume change characteristic was linear. As shown in Figure 6.9, the pressure
was increased from 1 bar to 50 bar and the seal volume changed from 8.4 µm3 to 10.5 µm3
respectively. For example, maximum volume change was about 10.5 µm3 when 50 bar
pressure was applied. This corresponded to the pressure build up in the simulation models
and the volume change data was represented for one seal in the system, doubled to
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increase the volume change when two seals were included in the system. The volume
change data were applied to the volume change piston in the AMESim model.

Fluid volume change from seal deflection
in different pressure steps
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Figure 6.9 Fluid volume change due to seal deflection at different pressure steps

6.4.1 ABAQUS Axisymmetric Caliper Seal Volume Change
Figure 6.10 shows the fluid volume change from the caliper seal deflection in different
pressure steps. The result was calculated by using the recorded nodes displacement (see
Figure C5 in Appendix C-2). It can be seen from Figure 6.10 that the pressure was
increased from 1 bar to 55 bar and the caliper seal volume was change up to 1.8 mm3.
The amount of volume change for the caliper seal is very small due to the caliper seal
groove designed which the allowance for the caliper seal deformation was limited (see
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Figure 5.20). The caliper seal volume change data was transferred to the AMESim centre
valve master cylinder and caliper model.
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Figure 6.10 Fluid volume change from caliper seal deflection in different pressure steps

6.5 AMESim Centre Valve Master Cylinder Simulation Model

The pedal travel predictions were improved by adding the seal deformation volume change
data and valve characteristics into the AMESim centre valve master cylinder model. Five
different AMESim models were created with different components added into the model.
Figure 6.11 shows the comparison of experimental test rig data and the AMESim centre
valve master cylinder simulation results in terms of Chamber Pressure vs. Pedal Travel,
for 5 different conditions as follows:
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•

Master cylinder only

•

Master cylinder with front calipers

•

Master cylinder with rear calipers

•

Master cylinder with 1 front and 1 rear calipers

•

Full system without booster

Comparison of Experimental Data and AMESim Simulation
Results for Chamber Pressure vs Pedal Travel
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Figure 6.11 Comparison of experimental data with AMESim centre valve master cylinder
simulation results for chamber pressure vs. pedal travel

It can be seen in Figure 6.11 that the pedal travel became longer when more components
were added into the model, e.g. the pedal travel for master cylinder only (refer to results (1)
in Figure 6.11) was about 10 mm but at the same pedal force, the pedal travel for the full
system without the booster (refer to results (5) in Figure 6.11) was about 52 mm, a
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difference of about 42 mm. The AMESim predictions were very close to the experimental
data after the seal volume change data were incorporated into the model. The valve
parameters also showed some agreement with the threshold pressure characteristics; it
can be seen that the graph for the master cylinder with 1 front and 1 rear caliper (refer to
results (4) in Figure 6.11) is slightly different from the experimental data during the initial
stage (curve under 10 bar). In fact, the linear seal material properties used in the ABAQUS
master cylinder seal model has increased the chamber pressure with less pedal travel. In
the other words, the brake pedal ‘feel’ has improved due the slightly higher material
stiffness of the seal. A verification of the simulation vs. experimental results for Chamber
Pressure vs. Applied Pedal Force in Figure 6.12 shows that the AMESim predictions were
in good agreement.
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Figure 6.12 Comparison of experimental data and AMESim simulation model for
chamber pressure vs. applied pedal force
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6.5.1 AMESim Centre Valve Master Cylinder, Calipers with Seal
Deformation Simulation Model – Interim Conclusions

The predicted results from the AMESim / FEA simulation showed excellent agreement with
the experimentally measured data. From these, it may be concluded that the modelling
approach which combines FEA and Hydraulic system simulation provides an efficient and
accurate representation of the performance and behaviour of the components, and of the
system made up of the individual components. The deflection of the seals in the master
cylinder under brake application pressure has been shown to be significant in the
relationship between the travel of the brake pedal, the force applied to it, and the brake
actuation pressure generated. Thus it may be concluded that the master cylinder piston
seals play a significant role in the ‘feel’ of the brake pedal.

The contact between the piston seal and the cylinder bore generates ‘Stiction’ forces when
there is no relative movement between the seal and the bore over the contact area, and
sliding friction when the seal moves relative to the cylinder bore. The hydraulic modelling
enables both these to be realistically and accurately modelled, although there is indication
in the predictions at low actuation forces, that there is possibly some small discontinuity in
the transition zone between static and sliding contact. The FEA indicates that as the
hydraulic pressure increases, the area of contact between the seal and the cylinder bore
increases. This affects the frictional forces, which enables the simulation to correctly
predict the nonlinear force / displacement / pressure relationship. Realistic values have
been determined for the appropriate coefficients for ‘Stiction’ and sliding friction, also for
the transition force levels. It may be concluded therefore that the modelling has enabled
the complicated contact and frictional effects at the seal / cylinder bore interface to be
better understood.
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The predictions have been validated against experimental data measured from a static test
rig in which the basic components of a hydraulic brake actuation system were included, viz.
the master cylinder, brake pipes, hoses, and caliper(s). There is generally close
agreement between the predicted and measured data, with some small differences at low
actuation forces due to the seal material properties used in the ABAQUS master cylinder
seal model. Linear seal material properties increasing the initial chamber pressure with
less pedal travel, indeed, improve the brake pedal ‘feel’.

6.6 AMESim Booster Simulation Model Characteristics and Depression
There are several factors which can cause the brake pressure to reach the ‘Knee Point’,
for example air valve travel distance, booster diaphragm diameter, and engine depression.
Figure 6.13 shows the comparison of experimental data with the AMESim brake booster
model for different depressions. As mentioned in Section 3.2.3, most boosters for
passenger cars are designed to avoid the brake pressure reaching the ‘Knee Point’. Thus,
the test rig results were used to compare the accuracy of the AMESim booster model
predictions. As can be seen in Figure 6.13, the depression affects the ‘Knee Point’
pressure, for example, 0.7 bar depression has a higher ‘Knee Point’ when compared with
0.6 bar depression at the same pedal output force. This is because lower depression
results in the apply chamber reaching atmospheric pressure quicker.
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Figure 6.13 Comparison booster results in different engine vacuum depression

6.6.1 Brake Booster Internal Components Characteristics
Figure 6.14 shows the analysis of internal components of the brake booster in terms of the
pedal output force vs. pedal travel characteristic. The booster vacuum valve spring
stiffness and air valve spring stiffness had a great effect on the brake ‘feel’. For example,
the vacuum valve spring stiffness is related to the non-reaction stroke below 25 mm pedal
travel, as mentioned in Section 3.2.3.1, the force builds up after the vacuum valve is
closed. As can be seen in Figure 6.14 the non-reaction stroke between 1 mm to 25 mm
pedal travel was related to the vacuum valve spring stiffness and travel distance due to the
effect of valve movement.

After the non-reaction stroke, the vacuum valve is closed and the force starts to increase.
The linear relationship after the non-reaction stroke was influenced by the air valve spring
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stiffness. This is because of force building up after the vacuum valve closes and the apply
chamber opens to atmospheric pressure (see Section 3.2.3.1). The details of valve spring
stiffness are discussed in the next Section. The force reduced after the pedal was released,
and the return spring force caused the force to reduce rapidly from 180 N to about 120 N.
When comparing the released non reaction stroke with the applied stage, it can be seen
the vacuum valve re-open point was quicker when the pedal was released. This was
caused by the return spring force and the valve spring force.

Pedal Force vs. Pedal Travel
200

Pedal force (N)

150

Air valve
spring
stiffness

Vacuum
valve
spring
stiffness

100

Return
spring force

Series1

Non-reaction
Stroke

50

Vacuum valve
re-open point

0
-10

0

10

20

30

40

50

60

70

Non reaction
load -50
Pedal travel (mm)

Figure 6.14 Brake booster internal components analysis

6.6.1.1 Air Valve Spring Stiffness Characteristics and Brake ‘Feel’
As mentioned in the last section, the air valve spring stiffness has a great effect on the
pedal output force and pedal travel. Figure 6.15 shows the AMESim booster model
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predicted results for different air valve spring stiffnesses compared with experimental data.
The predictions were based on a fixed value of vacuum valve spring stiffness and
changing different values of air valve spring stiffness. The non-reaction stroke and the
stiffness ‘feel’ after the vacuum valve is closed are important to the brake ‘feel’. As
mentioned in the previous section, the force builds up after the vacuum valve is closed. In
other words, this is influenced by the air valve spring stiffness because higher air valve
spring stiffness can close the vacuum valve quicker. Thus the AMESim predictions show
the effect of different air valve spring stiffness and the improvements that changes to the
air valve spring stiffness can provide. As can be seen in Figure 6.15, the experimental test
rig results (blue line) were compared with the AMESim 1500 N/m air valve spring stiffness
predictions. The AMESim predictions match with the experimental test rig results and
prove the accuracy of the AMESim booster model. Thus the AMESim booster model was
used to predict the effect of different air valve spring stiffnesses to improve the brake ‘feel’.
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Figure 6.15 Comparison of different air valve spring stiffness with experimental data
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Improvement to the brake ‘feel’ was achieved by increasing the air valve spring stiffness.
For example, when 150 N pedal output force was applied, 52 mm pedal travel was
measured for an air valve spring stiffness of 1500 N/m, but the pedal travel was reduced
from 52 mm to about 50 mm after increasing the air valve spring stiffness to 1800 N/m. In
contrast, when the air valve spring stiffness was decreased from 1500 N/m to 1000 N/m, at
the same pedal output force 150 N, the pedal travel became longer from 52 mm to 62 mm.
In other words, the brake ‘feel’ could be improved by increasing the air valve spring
stiffness, because the driver can feel the braking at a shorter pedal travel.

With a further increase in the air valve spring stiffness from 1800 N/m to 3000 N/m, it can
be seen in Figure 6.15 that the stiffness ‘feel’ was increased rapidly and also the nonreaction stroke was improved from 24 mm to 22 mm pedal travel. Due to the air valve
spring and vacuum valve spring being linked in the push rod, the air valve spring stiffness
could be increased too much, and this will affect the movement of the vacuum valve. The
3000 N/m spring stiffness results shows the non-reaction stroke being improved to 2 mm,
but in turn might cause the braking to become over-efficient at the initial stage of brake
application, possibly causing the driver to regard the brakes as being ‘too sharp’.

6.6.2 Comparison of Experimental Data with AMESim Full System
Simulation Prediction
Figure 6.16 shows the comparison of experimental data and predictions from the AMESim
booster model for the chamber pressure vs. pushrod force. This graph shows that the
results from the AMESim model were very close to the experimental data. It can be seen
in Figure 6.16 that the brake pressure vs. push rod force results demonstrated hysteresis,
which can be seen in the pressure during the pedal applied, held and released stages. The
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AMESim model ‘jump-in’ was slightly lower than the experimental data. This could be due
to the reaction rubber being represented as a linear spring; the characteristics of rubber
were assumed linear in compression for small strain (<3%). However, the pressure
became well matched with the experimental data after 40 bar. The return spring preload
was set at 200N; this can be seen in the graph, and the force reduction in the AMESim
model was in good agreement with the experimental data. The vacuum valve re-open
point was accurately predicted by the AMESim model at 20 bar. A slight inaccuracy was
that the AMESim model predicted pressure did not end at 0 bar. However, overall the
predictions from the AMESim model were in good agreement with the experimental data.

Chamber Pressure vs. Input Force
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Figure 6.16 Comparison of experimental data with AMESim booster predictions for
pressure vs. push rod force
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6.6.2.1 Pressure vs. Pedal Travel
Figure 6.17 shows the comparison of experimental data with prediction from the AMESim
model in term of Pressure vs. Pedal travel. The AMESim prediction was very close to the
experimental data before the pedal was released; as can be seen in Figure 6.17; the
predicted pressure was only slightly different from the experimental data. But after the
pedal was released and the pressure dropped, the AMESim predicted result seemed to
become slightly unstable. For example, the pedal travel returned too fast at the beginning
of the pressure drop between 85 bar to 50 bar. Two possible explanations for this are the
speed of the return spring too fast because of incorrectly defined damping forces (see
Figure C7 in Appendix C), and the nonlinear material properties of the reaction rubber.
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Figure 6.17 Comparison of experimental data with AMESim booster predictions for
pressure vs. pedal travel
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6.7 ABAQUS Flat Plunger Reaction Disc Deformation Results
As mentioned in Section 5.7 the reaction disc deformation has great effect on the ‘jump-in’
characteristics. The AMESim booster model required the reaction disc deformation data in
terms of force vs. displacement in order to predict the nonlinear characteristics of the
reaction disc to improve the prediction results in Section 6.6.2. Figure 6.18 shows the
reaction disc rubber deformation result which was based on the recorded reaction rubber
nodal displacements under different compression forces from 0 to 4000 N. It can be seen
from Figure 6.18 that the highest node displacement was about 2.4 mm when 4000 N
compression force was applied. This result was important for the AMESim model in order
to control the displacement of the AMESim piston element in relation to the deflection of
the reaction rubber deformation. The result was transferred to the AMESim booster model
in the combination of the spring and damping element.
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Figure 6.18 ABAQUS flat plunger reaction disc deformation data
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6.7.1 ABAQUS Rounded End Plunger Reaction Disc Deformation Results
Similar to the ABAQUS flat plunger reaction disc model, the rounded end plunger reaction
disc deformation results were recorded and used in the AMESim brake booster model. As
mentioned in Section 5.7, the rounded end plunger has an effect which increases the
brake pressure rapidly. Figure 6.19 shows the ABAQUS rounded end plunger reaction disc
deformation data. It can be seen from Figure 6.19 that the compression force was applied
from 0 to 4000 N and the highest displacement is about 2.7 mm. The result was based on
the displacement of 1 node at the centre of the reaction rubber disc in order to record the
highest point of the displacement. Figure 6.19 shows the effect of the rounded end plunger
on the reaction disc. It can be seen in Figure 6.19 that the reaction disc deformed rapidly
in the initial stage of the actuation force when using the rounded end plunger.
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Figure 6.19 ABAQUS rounded end plunger deformation data

171

Chapter 6 Results and Discussions

6.8 AMESim Full System model with ABAQUS Flat Plunger Reaction
Disc Deformation Data
As mentioned in Section 6.6.2 the AMESim model ‘jump-in’ is slightly lower than the
experimental data (Figure 6.16) due to the reaction rubber being represented as a linear
spring in the AMESim model. A further improvement was made by adding the detail of the
ABAQUS reaction disc deformation characteristics. Figure 6.20 shows the comparison of
AMESim full system results before and after adding the detail of ABAQUS flat plunger
reaction disc deformation data. Figure 6.20 shows the higher ‘jump-in’ pressure for the
AMESim model with the ABAQUS flat plunger reaction deformation data (pink line in the
highlighted circle).
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Figure 6.20 AMESim model ‘jump- in’ characteristics before and after improvement
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The higher ‘jump–in’ pressure has developed higher line pressure below 40 bar. For
example, a 16 bar pressure required 50 N actuation force before the improvement, but
after the improvement at the same force, a 20 bar pressure was achieved. Although the
improved result shows the ‘jump-in’ pressure still lower than the experimental data it can
be concluded and proved that the reaction disc deformation has great effect on the ‘jumpin’ characteristic.

Apart from the improvement of the ‘jump-in’ characteristic, the AMESim model predicted
better results in terms of chamber pressure vs. pedal travel (Figure 6.21). Due to the
improvement of the ‘jump-in’ characteristics, it can be seen in Figure 6.21 that the
AMESim model also predicted a better pedal ‘feel’ result in terms of pedal travel. The
AMESim predicted line pressure increased significantly with less pedal travel. For example
30 mm pedal travel was required to achieve 20 bar for experimental data but the AMESim
model also required about 25 mm. It can be seen in Figure 6.21 that the line pressure
decrease after the pedal release was slightly better than the previous model, in terms of
the stability. Based on the results in Figure 6.21, the reaction disc deformation and the
nonlinear characteristics are important to improve the brake pedal ‘feel’.
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Comparison of AMESim Flat Plunger Model with Experimental
Data and AMESim Old Model
for Chamber Pressure vs Pedal Travel
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Figure 6.21 AMESim model with improvement of flat plunger reaction disc deformation
data

6.8.1 AMESim Full System model with ABAQUS Rounded End Plunger
Reaction Disc Deformation Data
Figure 6.22 shows the comparison of experimental data with the AMESim full system
model prediction with the ABAQUS rounded end plunger reaction disc deformation data
added. As mentioned in Section 5.7.3, the rounded end plunger is able to improve the
sensitivity between the actuation force and chamber pressure in the threshold stage. It can
be seen in Figure 6.22 that the AMESim with rounded end plunger model showed
increased line pressure before that indicated by the experimental data. For example the
threshold pressure for the experimental data is up to about 25 N actuation force, and the
AMESim rounded end plunger model predicted the pressure start rising after 20 N. Based
on the results in Figure 6.22, it can be stated that the rounded end plunger has increased
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the sensitivity of the actuation force to the brake line pressure. With such a prediction, the
brake pedal ‘feel’ could be improved by less pedal effort to initiate the braking. However,
the AMESim prediction ‘jump-in’ pressure with the rounded end plunger is ‘gradually’
increased up to about 15 bar, compared to the experimental data, the ‘jump-in’ is ‘rapidly’
increased to about 15 bar.
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Figure 6.22 Comparison of AMESim full system rounded end plunger model with
experimental data
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6.9 AMESim Full System Model and Brake Pedal ‘Feel’ - Interim
Conclusions
From the literature studied, a braking system with good pedal ‘feel’ could be judged by the
objective measurement parameters. An objective measurement of brake pedal ‘feel’
includes the interrelationship between the line pressure, pedal travel, actuation force,
deceleration and times (Ebert and Kaatz 1994, Johnston et al. 2005). These parameters
provide a guideline to determine the brake pedal ‘feel’ and also a guideline to validate the
predicted results of the simulation model. The AMESim predicted results were plotted
based on the objective measurement parameters in terms of the interrelationship between
line pressure, pedal travel and actuation force.

The AMESim simulation model effectively predicted the static and dynamic characteristics
of the braking system. The different AMESim models as discussed in chapters 5 and 6
identified the important parameters and unknown hydraulic brake system internal
components characteristics. All of the AMESim predicted results were validated with
experimental data in order to confirm the accuracy of the prediction. The predicted
simulation model results were in good agreement when compared with experimental data.

Since the AMESim predicted results were in excellent agreement with the experimental
measured data, the AMESim model was able to be used to predict the brake pedal ‘feel’
by changing the parameters of the conventional hydraulic brake system internal
components. First of all, the AMESim STMC model successfully verified the Stiction and
Coulomb friction force parameters in the master cylinder as discussed in Section 5.2.2. As
mentioned in Section 2.2.2, the challenges that all researchers and manufacturers are
facing in brake system design and analysis are the nonlinear characteristics, in particular
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of seal friction and deformation and valve operation (Plattard 2006). The combination of
the AMESim centre valve, calipers and ABAQUS FEA seal model has provided the
characteristics of seal deformation and the effect on brake pedal ‘feel’ (see Section 6.4 6.5).

Three AMESim brake booster models were developed to investigate the full braking
system performance and brake pedal ‘feel’.
1. AMESim brake booster model
2. AMESim brake booster with ABAQUS flat plunger reaction disc model
3. AMESim brake booster with ABAQUS rounded end plunger reaction disc model

1. The AMESim brake booster model was combined with the AMESim centre valve,
calipers model. The predicted results were in good agreement when compared with
experimental data. Earle (1993) stated that a successful design of the brake booster
enabling the most cost effective balance between brake pedal efforts and braking force
applied to the wheels. This statement reassures that the brake booster design has
great effect on the brake pedal ‘feel’. The validated AMESim full system model was
used to investigate the brake pedal ‘feel’ by changing the parameters of the brake
booster. The results of booster parameters changed are summarized as follow:
•

The AMESim full system model was used to predict the effect of different
depression levels and the effect of the ‘Knee Point’ pressure. A lower depression
level results in the apply chamber reaching atmospheric pressure quicker and
affected the brake pedal ‘feel’. Thus, one of the methods to avoid the ‘Knee Point’
and achieve good pedal ‘feel’ is to design the depression level near to 1 bar.
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However, depression (‘vacuum’) level will never reach 1 bar, the maximum
attainable is about 0.9 bar, in practice no more than 0.8 bar.
•

Booster air valve spring stiffness was chosen to improve the brake pedal ‘feel’. This
was because higher air valve spring stiffness causes the vacuum valve to close
quickly, resulting in the atmospheric pressure being supplied to the apply chamber
to create the boost force. The AMESim booster model was validated with
experimental data with the original air valve spring stiffness set at 1500 N/m.
Different air valve spring stiffnesses were tested and the results showed that higher
air valve spring stiffness could improve the brake pedal ‘feel’ (see Figure 6.15);
this is a cost effective method.

2. The reaction disc has great influence on the brake pedal ‘feel’ because the boost ratio
is determined by the area ratio of the reaction disc and the plunger (Curry and Southall
2002). One of the traditional methods to improve the brake pedal ‘feel’ is by changing
the boost ratio (the effect can be seen in the spreadsheet model in Figure 6.1).
However, the material characteristics of the reaction disc and the plunger shape affect
the ‘jump-in’ characteristics of braking performance.

The AMESim brake booster with ABAQUS flat plunger reaction disc model verified the
difference between the linear and nonlinear material characteristics of the reaction disc.
As mentioned in Section 6.7.1, the ‘jump-in’ characteristics of the AMESim booster with
the ABAQUS flat plunger reaction disc model prediction was improved after adding the
details of nonlinear material characteristics and deformation data of reaction rubber.
This indicates that, the deformation and material characteristics of the reaction disc is
important method to improve the brake pedal ‘feel’. It is because the nonlinear
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elastomeric material characteristics provided extra movement for the control valve due
to the deformation of the reaction rubber in between the plunger and reaction disc (air
gap). The AMESim booster and ABAQUS flat plunger model proved the softer and
nonlinear material characteristics of reaction rubber will provide a better pedal ‘feel’
braking system.

3. The aim of the AMESim brake booster with ABAQUS rounded end plunger reaction
disc model was to predict the effect of the different shape of plunger on the brake
pedal ‘feel’. As mentioned in Section 5.7.3, the compression of the rounded end
plunger affected the deformation of the reaction rubber, and the rapid air compression
in the air gap initiated the braking faster than the flat surface plunger. The result in
Figure 6.22 predicted that the rounded end plunger is able to improve the brake pedal
‘feel’ by increasing the sensitivity between the actuation force and chamber pressure in
the threshold stage.
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6.10 Vehicle Test Results (Human Driver Brake and Robotic Driver Test
Results and Discussion)
Figure 6.23 shows the human driver brake test results for front and rear wheel pressure vs.
applied pedal force at a vehicle speed of 50 km/h. As mentioned in Section 4.7.1, the
human driver brake test was carried out at 3 speeds of pedal force application (slow,
medium and fast), and these results were from medium pedal application speed and fast
pedal release. It can be seen in Figure 6.23 that the pedal force was applied in 2 steps:
before the ‘jump-in’ characteristic was reached (pressure below 8 bar), and then a stable
applied force when the driver sensed the boosted force (i.e. ‘jump-in’ reached). The ‘jumpin’ characteristic gave the driver a secure pedal ‘feel’, and then he applied a judged brake
pedal input force to stop the car. The peak pressure to stop the vehicle from 50 km/h
required about 20 bar pressure with 30 N applied pedal force.
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Figure 6.23 Human driver brake test front and rear pressure vs. applied pedal force with
vehicle speed 50 km/h
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Figure 6.24 shows the human driver brake test result for front and rear wheel pressure vs.
pedal travel. As can be seen, the brake pedal travel reached about 33 mm and the
measured front and rear wheel line pressures were about 20 bar. The rear wheel line
pressure was slightly higher than the front wheel pressure at lower line pressures. The
braking low pressure characteristics have been discussed in Section 4.4.2 (rear wheel
pressure higher than front wheel pressure).
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Figure 6.24 Human driver brake test front and rear pressure vs. pedal travel with vehicle
speed 50 km/h

Figure 6.25 shows the comparison of front wheel pressure and rear wheel pressure vs.
applied pedal force for a vehicle speed of 80 km/h. The pedal force was applied at medium
rate. As can be seen in Figure 6.25, about 28 bar line pressure with a 40 N applied pedal
force was required to stop the vehicle from 80 km/h with the required deceleration. Figure
6.25 shows similar pedal force application behaviour before ‘jump-in’ was reached as
shown in Figure 6.23, where there are 2 steps of pedal input force. It can be also seen in
Figure 6.25 that 3 different force steps were applied after the ‘jump-in’ and before the 28
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bar line pressure was reached. From these results, it can be seen that the pedal input
force by the driver was based on the deceleration of the car. For example, when the
braking pressure achieved 20 bar with 30 N applied pedal force; an extra 5 N pedal force
was applied to increase the line pressure to about 25 bar when the driver sensed the
increased deceleration was necessary to stop the car in the set distance.
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Figure 6.25 Human brake test front and rear pressure vs. applied pedal force with vehicle
speed 80 km/h

Figure 6.26 shows the human driver brake test results for front and rear line pressure vs.
pedal travel for a vehicle speed of 80 km/h. The results were recorded in the same test as
the data shown in Figure 6.25. It can be seen in Figure 6.26 that the rear line pressure
required more pedal travel to achieve the same as the front line pressure. Comparing
Figure 6.26 with Figure 6.25, the rear line pressure was lower than the front line pressure.
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Front and Rear Pressures vs Pedal Travel
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Figure 6.26 Human brake test front and rear pressure vs. pedal travel with vehicle speed
80 km/h

6.10.1 Robotic Driver Brake Test Results and Discussion
Figure 6.27 shows the comparison of the bench test results and the static vehicle test data
for front line pressure vs. applied pedal force. The purpose of this comparison was to
compare the accuracy of the bench test results. Figure 6.27 indicates that the vehicle test
data matched reasonably well with the bench test data, e.g. the ‘jump-in’ pressure for both
tests was about 12 bar. The bench test results show that the pressure was slightly lower
than the vehicle test data from about 30 bar to 70 bar, this was due to the slower speed of
the bench test pedal application. Due to the brake pedal release speed the holding time
was different for the two sets of tests; the bench test pressure was slightly lower when the
pedal was released. These results indicated that the bench test data matched the vehicle
test results.
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Figure 6.27 Comparison of bench test result and vehicle test data for front line pressure vs.
applied pedal force

6.10.1.1 Robotic Dynamic Brake Test Results

Figures 6.28 and 6.29 show the vehicle brake performance at a speed of 50 km/h. The
pedal application speed was set at 50 mm/s. As indicated in Figure 6.28, the front line
pressure and rear line pressure were about the same for a pedal application speed of 50
mm/s. This is similar to 6.29, where the front and rear brake pressures were about the
same before the brake pedal was released. It can be seen from Figure 6.29 that the rear
line pressure reduced quicker than the front line pressure when the brake pedal was
released.
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Front and Rear Pressure vs Applied Pedal Force
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Figure 6.28 Robot driver brake test result for front and rear pressure vs. applied pedal
force at vehicle speed 50 km/h, pedal application speed 50 mm/s
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Figure 6.29 Robot driver brake test result for front and rear pressure vs. pedal travel at
vehicle speed 50 km/h
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Front and Rear Pressure vs Applied Pedal Force in Pedal Travel
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Figure 6.30 Comparison of front and rear pressures vs. applied pedal force for pedal
application speed = 100 mm/s

Figure 6.30 shows the comparison of front and rear pressure vs. applied pedal force. The
vehicle speed was 50 km/h with the pedal application speed 100 mm/s. As can be seen in
Figure 6.30, the rear line pressure was lower than the front line pressure when the pedal
application speed increased from 50 mm/s to 100 mm/s (compared with Figure 6.28). For
example, the front line pressure required about 32 N pedal force for 15 bar pressure but
with the same 32 N pedal force, the rear line pressure was 10 bar. This is because the
front and rear brake cylinders have different dynamic response characteristics and the rear
brakes have a longer line from the master cylinder.

Comparing Figure 6.28 with Figure 6.30, the front line pressure was about 3 bar higher at
pedal application speed 100 mm/s than at a pedal application speed of 50 mm/s. From
these results it can be concluded that the speed of brake pedal force application can have
a great influence on the brake performance especially the wheel pressure and the pedal
force.
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6.10.1.2 Comparison of Robotic Driver Test Results at Different Vehicle
Speeds (50 km/h and 80 km/h)
As explained in Section 4.7.1, the vehicle tests were carried out at speeds of 50 km/h and
80 km/h. Figure 6.31 shows the comparison of front pressure vs. applied pedal force for
these two different vehicle speeds with a pedal application speed of 50 mm/s. It can be
seen in Figure 6.31 that both of the front brakes achieved about 20 bar peak pressure
during braking, but the applied pedal force was different for different vehicle speeds. At 80
km/h a higher pedal force was required to achieve the same pressure than at 50 km/h; at
80 km/h, 28 N applied pedal force was required to give 15 bar pressure while for the same
pressure (15 bar) at 50 km/h, 25 N was required. The maximum pedal travel was preset at
27 mm (see Figure 6.32), so the holding force at 20 bar before the pedal release for the
vehicle travel in 80 km/h was longer than the 50 km/h in order to stop the car.
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Figure 6.31 Comparison of front pressure vs. applied pedal force at vehicle speeds of 50
km/h and 80 km/h

187

Chapter 6 Results and Discussions
It can be seen from Figure 6.32, the comparison of front pressure vs. pedal travel at
different vehicle speeds (50 km/h and 80 km/h) that the pedal travel at 80 km/h was
slightly higher than that at 50 km/h before the pedal was released. Due to the higher force
was applied at 80 km/h (see Figure 6.31), the pedal travel when the pedal was released
was quicker than the 50 km/h.
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Figure 6.32 Comparison of front pressure vs. pedal travel at vehicle speeds of 50 km/h
and 80 km/h

Figure 6.33 shows the comparison of deceleration vs. pedal travel for vehicle speeds of 50
km/h and 80 km/h. As can be seen in Figure 6.33, the deceleration level for both speeds
was about the same in terms of pedal travel. However, the deceleration level was different
in terms of time (see Figure 6.34). It can be seen in Figure 6.34 that the deceleration for 80
km/h was different to that at 50 km/h. For example, the deceleration level for 80 km/h
increased rapidly after 1 second of brake application, but the deceleration at 50 km/h took
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about 3 sec to achieve 2.5 m/s2 deceleration level. This was because a higher applied
pedal force was initially input for the vehicle speed of 80 km/h.
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Figure 6.33 Comparison of deceleration vs. pedal travel at vehicle speeds 50 km/h and 80
km/h
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Figure 6.34 Comparison of deceleration vs. time at vehicle speeds 50 km/h and 80km/h
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6.11 Summary
The spreadsheet model has given some important understanding of braking system static
characteristics, and how the individual brake components influence the brake pedal ‘feel’.
Although the spreadsheet model prediction results are not very close to the experimental
measured data, the model has shown the clear difference between the static and dynamic
characteristics of the braking system and also the need to use AMESim and ABAQUS
software in this research.

The AMESim master cylinder and calipers simulation model shows excellent agreement
with the experimental measured data. The results shown in Figure 6.11 have highlighted
the contribution of the ABAQUS FEA seal model to the AMESim model and also the effect
of seal deformation on the brake pedal ‘feel’.

Through the verification of experimental data, the AMESim full system model was used to
predict the brake pedal ‘feel’ by changing the parameters of the brake system internal
components. The improvements of brake pedal ‘feel’ through the AMESim full system
models predictions are highlighted as follows:

•

The contribution of changing booster air valve spring stiffness is to provide a way of
easily making a great improvement in the brake pedal ‘feel’. The AMESim booster
model has highlighted the importance of the vacuum depression level to the ‘knee
point’.

•

The ABAQUS FEA flat plunger reaction disc model has been presented in Section
6.7 and the contribution of the reaction disc nonlinear characteristics towards the
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brake pedal ‘feel’ in particular ‘jump-in’ and pedal travel have been discussed and
presented in Figures 6.20 and 6.21. Higher ‘jump-in’ pressure has been achieved
and line pressure increased significantly with less pedal travel.

•

The AMESim brake booster with ABAQUS rounded end plunger reaction disc
model shows the effect of the rounded end plunger shape increasing the sensitivity
between the actuation force and chamber pressure in the threshold stage.
However, this requires further investigation to prove the prediction towards the
brake pedal ‘feel’.
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Chapter 7 Summary, Conclusions and Recommendations for
Future Work
7.1 Summary
This thesis has presented a detailed study, involving modelling, simulation and
experimental measurement, of a passenger car brake actuation system to extend the
scientific understanding of how the system components contribute to the ‘feel’ of the brake
pedal as experienced by the driver. A good understanding of brake system and brake
pedal ‘feel’ has been achieved through the literature review presented in Chapter 2. From
the literature studied relating to conventional braking systems, it was found that objective
measurement parameters have been proposed as guidelines for characterising brake
pedal ‘feel’ which have been used in this research to understand the brake pedal ‘feel’ of a
passenger car braking system. The design and operation parameters which contribute to
generating the specific brake pedal ‘feel’ have then been identified through the modelling
and simulation, thus helping the designers of future braking systems to design desirable
(as defined by customer) brake pedal ‘feel’ into their braking system. The investigation of
the linear and nonlinear characteristics of a car braking system including the internal
component characteristics has become important in the search for improved brake pedal
‘feel’. Nearly all existing car braking systems rely upon hydraulic actuation which defines
the brake pedal ‘feel’. With the advent of electronic braking systems, it is possible that the
brake pedal ‘feel’ could be designed to create any characteristics or ‘feel’ the driver wants.
However, it has to be remembered that a braking system that fully depends on electronic
components is still considered as not sufficiently reliable.
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Understanding the hydraulic brake system component characteristics is important and
necessary in order to improve their design. A detailed explanation of brake system
component characteristics including the internal components was presented in Chapter 3
along with the equations that have been used in the spreadsheet model and the AMESim
simulation model. The spreadsheet model of the braking system as presented in Chapter 3
describes the static characteristics of the braking system; the purpose being to understand
broadly how the brake system components combine to create the brake actuation, linking
force and movement. Chapter 4 presents the experimental work from three experimental
test rigs, and explains the purpose of these tests. The experimental results presented in
Chapter 4 are subsequently compared with simulation prediction results (in Chapter 6).

Modelling of the brake system components is presented in Chapter 5. The brake system
components were modelled individually using the AMESim software. Three simulation
models were developed with different purposes; the standard tandem master cylinder was
used to predict the characteristics of the master cylinder at low pressure including seal
friction and spring stiffness; an improved centre valve master cylinder model was made by
adding in the brake caliper models and the ABAQUS finite element master cylinder and
caliper seal model to predict the higher pressure characteristics of a brake system without
the brake booster; and a full brake system was developed with a combination of the
AMESim brake booster model and the AMESim centre valve master cylinder with the
caliper models. The predicted results showed good agreement with the experimental
measured data and are discussed in Chapter 6.

Chapter 6 presents the results and associated discussion from the spreadsheet model,
AMESim, ABAQUS and vehicle tests respectively. The predicted results have been
discussed in the context of validation using the experimental measured data. Chapter 6
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also indicates improvements of brake pedal ‘feel’ predicted by the AMESim brake system
models as three interim conclusions, which highlighted the importance of the brake system
internal components and parameters influencing brake pedal ‘feel’.

7.2 Conclusions
The research presented in this thesis has successfully investigated the operation of a
passenger car braking system and identified the parameters which affect the force /
displacement characteristics as ‘felt’ by the driver.

The research has established theoretical and practical methods to investigate and
measure passenger car brake system internal components and parameters that influence
brake pedal ‘feel’, using computer simulation modelling with experimental validation.

The static and dynamic characteristics of each individual component of the brake system
have been found to be important in defining the overall force / displacement characteristics
of the braking system as ‘felt’ by the driver. Each component of the brake system has
therefore been investigated and the linear and nonlinear parameters of the brake system
components have been evaluated and verified through experimental work and simulation
modelling.

The conclusions based on the simulation modelling including the linear and nonlinear
internal components parameters that influence brake pedal ‘feel’ are as follows:

i. AMESim and ABAQUS are suitable simulation tools for the prediction of the static
and dynamic characteristics of a brake system. The research has successfully
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used these tools to identify the characteristics and effect of hydraulic brake system
internal components in determining the brake pedal ‘feel’. Comparison of predicted
operation with experimental data has confirmed the accuracy of the simulation
modelling.

ii. Combined FEA and Hydraulic system simulation provides an efficient and accurate
representation of the performance and behaviour of the components, and of the
system made up of the individual components.

iii. Both Stiction and Coulomb friction effects are important in modelling brake cylinder
/ piston / seal interaction. Seal friction force can be divided into ‘Stiction’ and
‘Sliding’ (Coulomb) friction, because contact between the piston seal and the
cylinder bore generates ‘Stiction’ forces when there is no relative movement
between the seal and the bore over the contact area, and ‘Sliding’ (Coulomb)
friction is generated when the seal contact surface slides relative to the cylinder
bore.

iv. Consistent seal friction force is important to obtain steady and predictable brake
line pressure. Higher Stiction means higher actuation force is required to produce
the initial pressure rise to overcome threshold effects, i.e. no pressure rise occurs
until a threshold actuation (pushrod) force is reached and the Stiction force is
overcome.

v. Higher Coulomb friction force could reduce the hydraulic pressure generated by
opposing sliding movement between the seal and the cylinder bore. The FEA
master cylinder seal model indicated that as the hydraulic pressure increases and
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the seal slides, the area of contact between the seal and the cylinder bore changes
and affects the Coulomb friction force. As force / pressure equilibrium is reached,
Stiction forces come back into play, which with greater area of contact can mean
increased Stiction force.

vi. The AMESim modelling enables both of the friction forces (Stiction and Coulomb)
to be realistically and accurately derived. Realistic values have been determined
for the appropriate coefficients for friction, also for the transition force levels.

vii. The deformation and deflection of the piston seals have a significant effect on the
brake pedal travel during braking, and the simulation model has proved that the
contribution of seal deformation data to the AMESim predicted performance of the
centre valve master cylinder with brake caliper model is important. The master
cylinder seal deflection under brake fluid pressure has a significant effect on the
relationship between the brake pedal travel, actuation force and brake actuation
pressure. Seal deflection could cause extra fluid displacement, and higher seal
deflection means extra brake fluid volume in the system is needed which causes
longer pedal travel.

viii. The caliper seal deflection has a smaller effect on the brake pedal ‘feel’ than the
master cylinder because of the seal groove design. The movement of the seal in
the groove is restricted by the groove, and this limits the fluid displacement.

ix. The master cylinder and caliper piston seals play a significant role in the force /
displacement characteristic of the brake pedal and hence the ‘feel’ as perceived by
the driver. Increased piston seal deflection and deformation will increase the brake
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pedal travel, and thus affect the brake pedal ‘feel’. Higher seal stiffness could
increase the initial pressure with less pedal travel, which could improve the brake
pedal ‘feel’.

x. The damping forces are different for different combinations of brake system
components. This is the result of increased fluid displacement with more
components in the system and the different compressibility of each component. A
brake system with fewer components has lower damping forces due to the lower
displacement and slower actuation velocity.

xi. The damping force is important when the brake pedal is released because it affects
the response of the brake pressure decrease in terms of brake pedal return travel. .
The hysteresis measured when the pedal is released was found to be important for
analyzing the effect of the damping force.

xii. Realistic damping coefficients for master cylinder and calipers were predicted from
the AMESim simulations. These results also confirmed the importance of damping
force in the brake pedal force / displacement modelling.

xiii. Different spring stiffnesses in the master cylinder piston could affect the chamber
fluid pressure level. Higher spring stiffness and preload require a higher actuation
force to overcome the residual spring force. Balancing the spring stiffness and
preload in between the STMC primary and secondary pistons is important in
determining the low pressure characteristics. The secondary pressure could be
slightly higher than the primary pressure at low level pressure levels because of the
higher spring preload of the primary piston. The primary pressure can increase to
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equal the secondary pressure when the input force of the primary piston is able to
overcome the preload of the secondary spring force.

xiv. The brake booster is very important in defining the brake pedal force /
displacement characteristics. The booster internal component characteristics can
be tuned to create significant effects on brake pedal ‘feel’, e.g. by changing the air
valve spring stiffness. The linear air valve spring stiffness is the main control for the
brake booster vacuum valve and air valve in creating the pressure difference
between the booster chambers. Higher air valve spring stiffnesses influenced (and
improved) the non-reaction stroke of the braking force input, in other words, the
brake ‘feel’ could be improved by increasing the air valve spring stiffness because
the driver can feel the braking at a shorter pedal travel. This could be a cost
effective method to improve brake pedal ‘feel’.

xv. The AMESim booster model has highlighted the effect of vacuum depression on
braking performance. It has been shown that a higher vacuum depression level
could avoid poor pedal ‘feel’ until the ‘Knee Point’ pressure is reached. Thus, one
of the methods to avoid the ‘Knee Point’ and achieve good pedal ‘feel’ might be to
design the depression level as near to atmospheric pressure (1 bar) as possible.

xvi. The AMESim full system model and ABAQUS flat plunger reaction disc model
results have shown the difference between the linear and nonlinear characteristics
of the booster reaction disc. The contribution of the nonlinear material
characteristics and deformation data of the reaction disc rubber to the AMESim full
system model and brake pedal ‘feel’ has been characterized to a limited extent,
sufficient to indicate that this is significant.
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xvii. The ‘jump–in’ characteristic of the brake booster is important in characterising
brake pedal ‘feel’. ‘Jump-in’ could be modified by replacing the elastomeric reaction
disc with a different spring characteristic reaction disc. A softer/nonlinear elastomer
reaction disc could provide a better pedal ‘feel’ braking system, as higher
deformation of the softer nonlinear elastomer reaction disc has been found to have
a significant effect on the jump-in characteristics.

xviii. The effect of different shapes of the booster plunger where it contacts the booster
reaction disc has a significant effect on the brake pedal ‘feel’. The rounded end
reaction plunger appears to have a significant effect on the brake pedal ‘feel’ by
increasing the sensitivity between the actuation force and chamber pressure in the
threshold stage. The rounded end plunger affects the deformation of the reaction
rubber, and the rapid air compression in the air gap initiates the braking faster than
the flat surface plunger.

xix. The research has advanced knowledge and understanding in the field by providing
guidelines to help brake engineers to improve the design of hydraulic braking
systems which are based on clear explanations of what is happening and why. The
simulation model can be used in the future to provide an accurate and more cost
effective prediction of brake system performance than by experimental evaluation.

7.3 Recommendations for Future Work
i. Component Design
The effects of master cylinder seal friction on brake actuation system efficiency
should be further investigated using simulation methods such as the AMESim
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master cylinder model. The investigation of master cylinder seal deformation and
deflection has predicted a significant effect on brake pedal travel during braking.
According to Calvert et al. (2002), increasing seal material stiffness could lower the
seal friction force and reduce the seal deflection. A further investigation is required
to understand the effect of different seal designs and different material
characteristics in order to direct further improvements to brake pedal ‘feel’.

The AMESim brake booster with the ABAQUS rounded end plunger reaction disc
model predicted that the rounded end booster plunger has a significant contribution
to the brake pedal ‘feel’. However this was not confirmed experimentally. Further
experimental work could be done by changing the booster flat plunger to a rounded
end plunger in order to verify the predicted results.

ii. Reaction disc
The reaction disc has a great effect on the ‘jump-in’ characteristics. The AMESim
full system with the ABAQUS FEA flat plunger model have shown the effect of the
nonlinear material and softer material characteristics of reaction rubber on the
brake pedal ‘feel’. A further investigation of different material characteristics in the
experimental and simulation work could be done in order to improve the brake
pedal ‘feel’.

iii. Vehicle simulation model
Modelling and simulation in this thesis has focused on the brake system and brake
system components characteristics based on the bench test results. Although
vehicle tests have been done to compare with the bench test results, a further
improvement on the simulation model could be obtained by extending the brake
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system model into a full vehicle dynamic model with the subsequent prediction of
deceleration and validation with the vehicle test results.
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Appendix A
Literature Study

Parameter

Weight

Calculation method

(100%)
Pedal force preload force

5%

Subtract 1.5% for each lb pedal force
over target

Low deceleration pedal force

5%

Subtract 1% for each lb pedal force
over target

Low deceleration pedal travel

20%

Subtract 1% for each inch pedal
travel over target

Moderate deceleration pedal

10%

force
Moderate deceleration pedal

Subtract 1% for each lb pedal force
over target

10%

travel

Subtract 1% for each 2 inch pedal
travel over target ;

High deceleration pedal force

20%

Subtract 1% for each Ib over target

Response time

30%

Subtract 1.5% for each 0.01 second
over target

Table A1 Brake feel Index calculation method (Ebert and Kaatz 1994)

Figure A1 Control of bore switching valve (Goto et al. 2003)

Appendix B
Experimental Works
Load Cell F256 Specification
Parameter

Value

Unit

Non-linearity - Terminal

±0.05

% RL

Hysteresis

±0.05

% RL

Creep - 20 minutes

±0.05

% AL

Repeatability

±0.02

% RL

Rated output - Rationalised

2.0

mV/V

Rationalisation tolerance

±0.1

% RL

±4

% RL

Temperature effect on rated output per °C

±0.002

% AL

Temperature effect on zero load output per °C

±0.005

% RL

Zero load output

Temperature range - Compensated

-10 to +50

°C

-10 to +80

°C

Excitation voltage - Recommended

10

V

Excitation voltage - Maximum

20

V

Bridge resistance

700

Ω

Insulation resistance - Minimum at 50Vdc

500

MΩ

Temperature range - Safe

±0.25

% RL

Overload - Safe

50

% RL

Overload - Ultimate

100

% RL

Sealing - R option

IP65

Sealing - S option

IP67

Weight - Nominal (excluding cable) - ranges up to 500kg

330

g

Weight - Nominal (excluding cable) - ranges above 500kg

1

kg

Inclined load error - concentric at 3°

Table B1 Load Cell F256 Specification

Position transducer SP1 Specification Summary:
GENERAL
Full Stroke Range Options

0-4.75, 0-12.5, 0-25, 0-50 inches

Output Signal

voltage divider (potentiometer)

Accuracy

.±0.25 to ±1.00%

Repeatability

± 0.05% full stroke

Resolution

essentially infinite

Measuring Cable

0.019-in. dia. nylon-coated stainless

Enclosure Material

polycarbonate

Sensor

plastic-hybrid precision potentiometer

Weight

3 oz. (w/o mounting bracket) max.

ELECTRICAL Input Resistance
Power Rating, Watts

10K ohms, ±10%
2.0 at 70ºF derated to 0 at 250º

Recommended Maximum Input

30 V (AC/DC)

Voltage
Output Signal Change Over Full Stroke

94% ±4% of input voltage

Range
Table B2 Position transducer SP1 Specification

Master Cylinder Pedal Input Speed

Master cylinder only pedal input speed vs. pedal travel

Pedal input speed (mm/s)

40
35
30
25
20

Series1

15
10
5
0
-5

-5 0

5

10

15

20

25

Pedal travel (mm)

Figure B1 Pedal input speed vs. pedal travel

Caliper Seal Tensile Test

Load (N)

Caliper Seal Tensile Test
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Figure B2 Caliper seal tensile test
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Stress and Strain Curve for Caliper Seal
5000000
4500000
4000000
3500000
3000000
2500000
2000000
1500000
1000000
500000
0
0

0.1

0.3

0.2
Strain

Figure B3 Caliper seal stress and stain curve
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Vehicle test results

a) Human driver brake test

Applied Pedal Force (N)

Applied Pedal Force vs Pedal Travel
80 km/h (application speed- medium; release speed- medium)
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b) Robotic driver test
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Figure B4: Robotic driver brake test result in applied pedal force vs. pedal travel at vehicle
speed 50 km/h

Comparison of Front and Rear Pressure vs Applied Pedal Force
in Different Vehicle Speed 50 km/h and 80km/h
(Pedal Travel Speed 100mm/s)
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Figure B5 Comparison of front and rear pressure vs. applied pedal force at different
vehicle speeds (50 km/h and 80km/h)
Front and Rear Pressure vs Pedal Travel
Pedal Speed 100mm/s
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Figure B6 Front and rear pressure vs. pedal travel (100 mm/s)

Brake Pedal Strain Analysis
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Figure B7 Brake Pedal Force with measurement of Strain (C)
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Figure B8 Brake Pedal Force with Measurement of Strain Gauge (T)
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Figure B9 Brake Pedal Force with Measurement of Strain Gauge (L)

Appendix C
Simulation Modelling

Figure C1 AMESim Simulation Master Cylinder only

Damping rate

20 N s/m

Figure C2 Master cylinder with front calipers only

Damping rate

52 N s/m

Figure C3 Master cylinder with rear calipers only

Damping rate

60 N/m/s

Figure C4 Master cylinder with front and rear calipers

Damping rate

42 N/m/s

1) Master Cylinder Seal Volume Change Spreadsheet Data
Deformed
1bar
deformed
U2
6.9986081E-03
7.1423971E-03
7.2652256E-03
7.3632822E-03
7.4531786E-03
7.5397477E-03
7.6220771E-03
7.7030064E-03
7.7809474E-03
7.8581907E-03
7.9341650E-03
8.0106652E-03
8.0872144E-03
8.1639059E-03
8.2399257E-03
8.3168558E-03
8.3923364E-03
8.4683949E-03
8.5420262E-03
8.6168137E-03
8.6892937E-03

right
8
137
136
135
134
133
132
131
130
129
128
127
126
125
124
123
122
121
120
119
118

Deformed height
2.0013915E-03
2.0672153E-03
2.1110190E-03
2.1579191E-03
2.1998961E-03
2.2365810E-03
2.2699153E-03
2.2969934E-03
2.2190523E-03
2.1418091E-03
2.0658348E-03
1.9893346E-03
1.9127854E-03
1.8360939E-03
1.7600741E-03
1.6831440E-03
1.6076634E-03
1.5316049E-03
1.4579736E-03
1.3831861E-03
1.3107061E-03

Deformed (R ave )
average
7.1305500E-06
1.2677500E-06
2.5578500E-06
3.1166000E-06
3.6223000E-06
3.9626000E-06
4.2241500E-06
4.3357000E-06
4.3513000E-06
4.2253000E-06
4.0226500E-06
3.7057500E-06
3.3615000E-06
2.9379000E-06
2.5309000E-06
2.0778000E-06
1.6690000E-06
1.2526500E-06
8.9207500E-07
5.5840500E-07
2.9382000E-07

Volume Change
3.7175296E-07
3.9049144E-07
4.0359295E-07
4.1728099E-07
4.3000666E-07
4.4169079E-07
4.5277160E-07
4.6263164E-07
4.5119829E-07
4.3958098E-07
4.2795192E-07
4.1595808E-07
4.0369328E-07
3.9110963E-07
3.7840025E-07
3.6520575E-07
3.5202450E-07
3.3840450E-07
3.2501345E-07
3.1107800E-07
1.8608996E-07

Volume change = undeformed volume – deformed volume
= (undeformed Area x undeformed height ) – (deformed area x defomed
height)

Undeformed volume = π

Deformed volume = π

R ave =

(Rave1 − Rave 2 )
2

(R

(R

2
Dave 1

2

)

− R2
×h
2

2
ave1

− R2

2

2

)× h

D

(for 1 node)

(for 1 node)

(for 1 node)

R ave = average value between each node in the y direction

h
b

R ave1

a
R ave2
R2

Pressure
(bar )
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
20
50

total volume change
3
(mm )
8.42188
8.4644136
8.5069511
8.5494894
8.5920183
8.6345450
8.6770700
8.7195924
8.7621107
8.8046282
8.8471433
8.8896567
8.9321713
8.9746697
9.0171784
9.2218437
10.523958

Total volume change = volume changed (1bar) + volume changed (2 bar) +....
+volume changed (50bar)

2) Caliper Seal Volume Change Spreadsheet Data
Node Displament vs Node Number
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Figure C5 Recorded caliper seal nodes displacement

Pressure
(bar)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
20
40
55

3

Total Volume change (mm )
3.15749E-02
6.31609E-02
9.47586E-02
1.26370E-01
1.57997E-01
1.89639E-01
2.21294E-01
2.52975E-01
2.84674E-01
3.16389E-01
3.48134E-01
3.79897E-01
4.11685E-01
4.43498E-01
4.75334E-01
6.34978E-01
1.28274E+00
1.78274E+00

Table C1 Caliper seal total volume change

55bar
40bar
20bar
15bar
14bar
13bar
12bar
11bar
10bar
9bar
8bar
7bar
6bar
5bar
4bar
3bar
2bar
1bar

3) Spreadsheet Master Cylinder Spring Model

P2.k2.x2

P1.k1.x1
F

x2

x1

Spreadsheet equations

− k1 (x1 − x2 ) − AP1 + F = 0 ……………………………………… ..(a)

− k 2 x2 − AP2 + AP1 = 0

……………………………………………(b)

Where A is area of the cylinder
Friction force is neglected

Assume

x = αp

∴ x1 = α 1 P1

;

x2 = α 2 P2

…………………………………………………… ……(c)

Results of master cylinder spring model (k2>k1)

Chamber pressure (Pa)

Chamber pressure vs. Pushrod force: k2 > k1
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Results of master cylinder spring model (k2<k1)
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Comparisons Maximum (Static and Dynamic) Friction Force on Secondary Pressure
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Figure C6 Comparisons Maximum (Static and Dynamic) Friction Force on Secondary
Pressure

The Effect of Different Damping Force
Chamber Pressure vs Pedal Travel
100
90
80

Chamber Pressure(Bar)

70
Test Rig

60

AMESim 1

50

AMESim 2
40

Series3

30

Damping
Force Increase

20
10
0
-10

-10

0

10

20

30

40

50

60

70

Pedal Travel(mm)

Figure C7 Chamber Pressure vs. Pedal travel for different damping force

