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In-Vehicle Brake System Temperature Model

ADRIAAN NEYS
Department of Applied Mechanics
Chalmers University of Technology

ABSTRACT

The brakes system is critical with respect to Mehsafety. One situation during which
the brake system is put to the test is an Alpirseeiet. Such a descent causes very high
brake system temperatures and may even induce Buadtezaporization. In following
report an In-Vehicle Brake System Temperature Masleleveloped and tested. This
model makes use of the information that is avadail the vehicle CAN-bus in order to
estimate the temperature of the brake system amectdéhe risk of brake fluid
vaporization. Implementing such a model in prodarctrehicles would improve vehicle
safety and in the long run allow downsizing of tireke system without giving in on
any safety margins.

Firstly, possible approaches for estimating the w@mhoof kinetic energy that is

converted into heat by the brake system are imyestil. A Feed-Forward model is
developed that uses the pressure in the primargahiid circuit as input. The problem

with such a Feed-Forward Model is that the frictomefficient is variable. A Feed-Back
model that uses the vehicle deceleration as inpaisgoetter results. The challenge in
this approach lies in the fact that not all reqdiineputs for the Feed-Back Model are
known.

Secondly, the Temperature Estimation Model is dgyedl. This is composed of models
of different parts of the brake system which arenkbmed and matched to the
measurements. The brake disc is modeled as a lumpss. The brake pad is modeled
as a Finite Difference Thermal Model. The fluid aulrounding caliper are modeled as
one lumped mass which receives its heat throughlwziion from the brake pad and
spreads the heat into the surroundings by meacsnykection.

Finally, for the Human Machine Interface, severativ@ and passive intervention

concepts are proposed. One important challengak® ihto account is the uncertainty
in the brake fluid boiling temperature, which deses over the course of time due to
brake hygroscopic effects.

Keywords: Brake System, Thermal Model, Brake FIMdporization, Brake Pad,
Alpine Descent
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1. Introduction

1.1. Background

The continuously increasing demand for personal iliypbhas led automobile
manufacturers to strive continuously for cheapeoramefficient and safer vehicles.
These requirements are competing with respect th eséher. However, the tough
competition in today's automotive market forcesieglehmanufacturers to strive for
improvement in each of these fields.

To improve vehicle safety without the burden ofre@asing vehicle weight, more and
more active safety features are introduced. Howetiermost critical part with respect
to safety is, and has always been: the brake syddemm to its critical role, very high
demands are imposed on the brake system with regpeaeliability, durability and
consistency in its behavior. These severe demamds lfiorced the brake system
development in a rather conservative directiorrobhicing drastically new technology
is never completely free of risk and in brake systéevelopment there is no room for
mistakes. Therefore, the brakes on modern vehalesan extreme optimization of a
very old design.

Four-Wheel hydraulic brakes have been introducet®it8 by Malcolm Loughead [1].
Both disc brakes and drum brakes have been dewklopthe beginning of the 20
century. Among these types, the disc brakes gdpdnalve better performance than
drum brakes, though at a higher cost. From the '$33@vards, hydraulic brake systems
with disc brakes on the front axle and a vacuunraipd brake booster have been the
standard in the automotive market. This setup Ihagen to be very reliable, robust and
well performing. Most modern vehicles have disckbsaat the front axle, where the
toughest requirements are imposed on the brakesh@®rear axle either disc brakes or
drum brakes are generally installed.

With modern technical standards, the rigorous delmahat are imposed on a brake
system can be met easily. This has led to a shiftgus in brake system development.
The high standard with respect to durability, talisy, performance and comfort
should be maintained, while at the same time reducobst and weight of the brake
system as much as possible. Currently this is doaaly by optimization of different
parts of the brake system and the cooling airfloeuad it. In the near future however,
additional help can come from vehicle dynamics #nedsensors that are installed in the
vehicle. Knowledge of vehicle dynamics in combiaatwith on board computational
capacity paves the way for safety systems that toidestimate the brake system
condition.



1.2. Problem Definition

The rigorous demands for the brake system withe@sjo reliability are put to the test
during situations in which the brake system is usegténsively. Since brake system
design is a tradeoff between costs, weight andopednce, the brake system is
designed to be able to cope with the most extratunat®ns it might encounter during
its lifespan. One such situation in which brakes @ut to the test is an Alpine descent.
A standard test for European automobile manufagtusedescending Mount Glockner
in Austria with a fully laden vehicle and withoutaking use of engine braking. This
Alpine descent is simulated at Volvo Car Corporatiy means of a so called SimAlp
test. During this test the Alpine descent is sinatlaby pushing the test vehicle with a
second vehicle. During this test, the push fordeveéen both vehicles is measured since
this corresponds to the brake force exerted byrtre vehicle. During such an Alpine-
descent the brake fluid temperature rises sigmiflgaFor well maintained vehicles this
generally does not impose a large problem since prake fluid has a very high boiling
temperature in the order of 200-300 degrees Ce2|uf3].

The brake fluid is divided into DOT-categories, deging on the fluid boiling point [2],
[3]. Over the course of time the brake fluid absaonoisture, significantly reducing the
fluid boiling temperature. For DOT 3 and DOT 4 kdluids, which are used in a vast
majority of today's vehicle park, the initial boij point lies at 205 degrees Celsius and
230 degrees Celsius respectively. Due to hygroscefiects, the brake fluid boiling
temperature has already gone down to 140 degrelssu€and 155 degrees Celsius
respectively, after only a few years of operatibnis gives a significant increase in the
risk of brake fluid vaporization during an Alpinestent.

A vehicle brake system is designed to be able tiopa an Alpine descent without the
risk of brake fluid vaporization. However, duringhicle development it is assumed that
the brake fluid is changed every second year. &tityemany vehicle owners never
change the brake fluid of their vehicle. This iinoes the risk that some of the older
vehicles could encounter brake fluid vaporizationd atrives towards the demand for a
system that estimates the brake fluid temperatugder to take action in the case (the
risk for) brake fluid vaporization occurs.

During braking, the kinetic energy of the vehidetiansformed by means of frictional
contact into heat. For drum brakes 95% of this heatissipated through the brake
drum. The remaining part goes into the brake lifdjg Due to the poor conductivity
between the brake lining and the wheel cylindeg, lifake fluid is effectively insulated
from the brake heat generation for drum brakes [Hjerefore there is only a
considerable risk for brake fluid vaporization disake systems. Next to this, the vast
majority of vehicles are equipped with disc brakesthe front axle where most of the
brake torque is exerted in order to maintain vehgthbility. These factors combined
lead to the decision to focus the brake system ¢éeatpre model on disc brakes and not
on drum brakes.



1.3. Objective

The objective of this thesis is to develop preliamn version of a Brake System

Temperature Model (BSTM) for vehicle implementatiand perform the required

testing to tune this model. This system shouldhesté the temperature of the different
brake system components in order to detect dangesitwations that can arise due to
over-heating of the brake system.

The BSTMY should fulfill following requirements:

* The input for the BSTM consists of the sensor dgyttzat are readily available
in the Brake Control Module (BCM) and on the ve®i€AN-bus. No additional
sensors or other hardware should be installech®BSTM.

* The amount of parameters that are to be tuned amalbirshould be as small as
possible. In other words: it should be possiblengtall the BSTM on a new
vehicle with a limited amount of additional testituming required.

 The BSTM is compatible with the brake system madeéVCC. To ensure this,
regular meetings and discussions with the VCC bslsgem CAE Engineers
are needed. This will ensure easy exchange ofrfeemation and models in
both directions.

* The estimation of the fluid temperature should b#figently accurate. The
brake fluid temperature should be estimated withaximum deviation of plus
or minus 30 K over a complete Alpine descent iniclgdheat soaking. On top of
this, the time at which the fluid peak temperataceurs should be predicted
within an accuracy of 5 minutes.

 The BSTM development will focus on an Alpine degcd@merefore, the BSTM
should be able to detect the risk of brake fluigar&zation during this driving
situation. An additional application could be toted# high brake system
temperatures during sportive driving.

e During the development of the BSTM several testd v performed to
determine brake system characteristics. These t&stsild be set up in
cooperation with the brake system CAE Engineergesisome of the info
coming out of some of these tests will be of ugetiem also.

* Future application and improvement of an on-boa8TH should be thought
through and a strategy should be proposed.

(1): It should be noted that the BSTM as develapddis report is only a preliminary
version. The requirements as stated are therefoeeréquirements for this report and
not for the complete project.






2. Brake System Description

2.1. General Description

The function of the brake system is to allow th&elrto reduce the vehicle kinetic
energy according to a highly controllable rate. Tirake pedal travel and force
determines the brake fluid pressure that is presetite hydraulic circuit. In between
the brake pedal and the hydraulic circuit, a briadester is present to amplify the force
exerted by the driver. This allows any driver taovdn@omplete control over the brakes
with limited effort and a proper pedal feedbackeTrake booster makes use of a
vacuum which is either driven by the vacuum thatues in the combustion engine at
the intake manifold for most gasoline engines omlseparate vacuum pump for most
diesel engines. The increased pressure in the Whaikepushes one or more pistons
outwards. In a disc brake setup, these pistons fweshrake pad against the disc.

In modern disc brake systems, two types are mastyl:

» Floating caliper: A sliding contact in which there are only brakstpns on one
side of the brake disc. These piston(s) push theripad against the brake disc.
At the same time, they push a part of the calimektvards. By means of a
sliding contact this pulls the brake pad at theep#ide against the brake disc.

» Fixed caliper. Brake pistons which are located on both sidethefbrake disc
and push the brake pads directly against the liesice

A more elaborate and detailed description of défifiersetups of disc brake systems can
be found in [5]. In Figure 2.1 and Figure 2.2 belaw illustrative sketch of a brake
system is shown.

EXPLODED VIEW OF

BRAKE CALIPER ASSEMBLY Sl

Caliper Body \
Pin Boot y 2
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BRAKE EXFERTH

Figure 2.1: Exploded View of Brake Caliper Assembly
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Figure 2.2: Brake Disc and Caliper

2.2. Heat Generation

As mentioned before, the function of the brake®iseduce the vehicle kinetic energy.
For disc brakes, this kinetic energy is mainly sfanrmed into heat through a frictional
sliding contact between the brake disc and pads ffistion force between the pads
and the disc generates a resisting torque on theelwithis resisting torque initially
transforms the rotational inertial energy of theeahinto heat which slows down the
wheel rotation with respect to the vehicle transtal motion. This reduced wheel
rotational speed generates in turn a frictionatdoat the wheel-ground contact patch
which reduces the vehicle translational velocityuriDg the transient phase of the
braking phase, elastic energy is being built ughetire while it is deforming in order to
build up the friction force at the tire-ground cacit patch. Next to this, some of the heat
is absorbed by elastic deformations in the chassissuspension. Therefore, the initial
part of the heat generation process does not &t@nsmmediately into vehicle
deceleration. On top of this, at high decelerabmaking there is a significant amount of
slip at the tire-ground contact patch which geresr&eat as well. However, for normal
braking situations, this amount of heat generai®megligible with respect to the
amount of heat generated in the friction brakepeEmlly for Alpine descent situations
this heat generation is negligible since Alpinekbrg consists of moderate continuous
braking.

In Figure 2.3 below an overview of all the momestsing on the wheel during a brake
event are shown. The translational inertia of tehicle generates a frictional force at
the tire-ground contact patch when the brakes ppéeal. This frictional force together
with the wheel rotational inertia should be overedny the brake torque.
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Figure 2.3: Moments acting on a braking wheel

J, Eo=-T

fric

T +T Eq. 2.1

pt brake

Figure 2.3 in combination with Equation 2.1 aboesatibes the dynamics of a single
wheel T, is generated at the tire-ground contact patch dute difference in wheel

fric
rotational and vehicle translational velocity. Aemtioned before, this braking moment
transforms the vehicle kinetic energy into heate BHmount of heat generation by a
frictional contact is given by [6]:

Q= Frie e Eq. 2.2a
or for rotational movement:

Q=T [ Eq. 2.2b
in which:

Torake = Fic et Eq. 2.2¢

By making use of Equations 2.1 to 2.2c the heaeggion process in the brake system
can be described.



2.3. Disc — Pad Heat Distribution

During a braking event, kinetic energy is transfedinto heat by means of the friction
brakes. This heat is generated within the contatase between the brake disc and pad.
In the following section, some general modelingrapphes for this contact surface are
discussed. Generally, the contact between theasidgpad can be modeled as a perfect
or an imperfect contact. The perfect contact pastut assumes that the disc and the
pad have identical surface temperatures. The irapedontact postulation assumes a
temperature discrepancy between both parts.

In reality, brake events are very transient anda fhort duration. Therefore perfect
contact can often not be achieved and mostly inegedontact is used for modeling the
disc-pad interface [7]. In the imperfect contacstptation, a third body constituted by
detached particles is present between the dispaddurfaces. The heat is assumed to
be generated at the pad surface and dissipatethmtdisc through this third body. This
causes a discrepancy between the disc and pacceudemperature [8]. A detailed
description of the disc-pad interface and modetihthis third body can be found in [9].
This imperfect contact postulation complies morthweixperimental observations where
there is a temperature difference between the @&t the pad. The challenge lies
however, in determining the thermal resistancdisfthird body [8].

A part of the heat generated during braking is imliately dissipated into the
surrounding air by means of convection. Accordiad4] this fraction is only in the
order of 1%. The fraction of heat that is absorbgdhe brake disc is, according to [7]
in the order of 93%. The remaining part of the hsatbsorbed by the pad. These
findings are compared to a more theoretical modiak exact distribution of heat
between the brake disc and pad is dependent gordiperties of each specific pad-disc
combination. In [7], a theoretical model for theahgartition coefficient between the
brake disc and pad for an imperfect contact isrgine

- ¢4 BBy

g=——4-"4d Eqg. 2.3
$o 5 t4, L5

In this equationSis the contact surface area of the disg and pad &) respectively
and the thermal effusivity is calculated according to:

&= Jkiple, Eq. 2.4

in whichk is the thermal conductivity argl the thermal capacity.

This heat partition coefficient represents the ticac of the total amount of heat
generated that travels into the brake disc. Theaneimg part goes into the pad and into
the surroundings. This approach also has someuragies like the overlook of thermal



inertia (the responsiveness to a change in tempejaand the assumption of a linear
temperature gradient across the third body [8].

When inserting material properties of a normal braksc/pad combination into

Equation 2.3 above, it is observed that 98,8% efttital energy is absorbed by the
brake disc. This is significantly larger than tH&®that is assumed in [7]. Therefore,
the exact heat distribution between brake discpatbwill be tuned experimentally later
on.

2.4. Disc Temperature

In the last decade many investigations on disarthebehavior have been performed.
Also within VCC disc thermal models have been aredbeeing developed varying from
simple lumped mass models to advanced Finite Elemmenels. Therefore the disc
temperature evolution has not been investigateehsktely within this report. The disc
model should be kept as simple as possible in dalée replaced by more advanced
models in a later stage of the project. In [6] scdnodel is proposed consisting of slabs
in circumferential direction. Due to the generdlyge angular velocity of the brake
disc, the heat input is assumed to be spread @umlyein angular direction. The brake
disc absorbs by far the largest portion of the érakergy. This is conducted within the
disc material and spread to the surroundings, mammbugh convection and radiation.
The exact behavior of this is a complicated pro@ess highly influenced by the disc
shape and the aerodynamics of the wheel hub. Maigeleld investigation of brake disc
thermal behavior and its dependency on shape andyaemics can be found in [10].

For estimating the fluid temperature however, ahly disc surface temperature is of
importance in order to model the interaction betwdesc and pad. Therefore only a
lumped mass model is developed for the disc thaiaitched to the measurements.

2.4.1. Disc Heat I nput

The heat that is absorbed by the brake disc isadpleroughout the disc by means of
conduction and causes the disc temperature toaserd he temperature increase of the
disc lumped mass model is calculated by:

T . .
Cp Dniisc% = Qn_ Qut Eq 2.5
The heat inqun is caused by the brake torque:

Q, =0 [ Eqg. 2.6



The thermal capacity of a brake disc is temperatimeendent. In Figure 2.4 below
temperature dependency of the thermal capacityoafis shown [11]. The importance
of this was mentioned in [12]. In [12] a lineas-Temperature dependency was
assumed. In the operating range of the disc (Oe#sgCelsius — 700 degrees Celsius)
this assumption is justified, as can be seen inr€i@.4 below. This variable value for
Cp is included into the disc lumped mass model.

1000 T T T T T T T
: : : : * : :
=1 1| PR .......... .......... ........... .......... .......... ........... ......... _
¥ ook S SO T S U SUUT L i
] : . - : . : .
o : : : : : : :
= : : : : : : :
e ook T .......... G .......... .......... _
z f 5 - f f .
o : . : . . : .
B RIOF----- e T e e L o D]
& : p W : : : :
: S T T T T
E o0k ...... g e ........... SRR .......... e _
— : : : : : : :
E A0+ - . .......... .......... ........... .......... .......... ......... _
200 _ .......... .......... .......... ........... .......... ......... 4
200 L | | | ] | i |
=200 0 200 400 GO0 B0o 1000 1200 1400

Temperature T [ °C]
Figure 2.4: Temperature dependency of iron thercaglacity

2.4.2. Disc Heat Output

Q,..is the heat output of the disc. While driving, ceation is the main contributor of
this heat loss and can according to Newton be ibestby [11]:

Quony = Ny DAJAT Eq. 2.7

in which:

1
=L o ho Eq. 2.8
h, Afj A q
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The convective coefficienh is dependent on the shape of the disc and thewirf

around it, which in turn is mainly dependent on tlehicle aerodynamic shape, rim
shape and the vehicle speed. A second way in wiliehdisc spreads heat to the
environment is by means of radiation. Radiatiogii®en by the Stefan-Boltzmann law
as [11]:

Qrad zgwbmsljrs Eq 2.9

This radiation is spread to the other parts ofttfake system and into the surroundings.
Next to the emitted radiation, the disc also reegisome radiation from the pad, caliper
and backplate.

2.5. Pad Temperature

2.5.1. Heat Input during Braking

Next, the distribution of the heat over the contaa between disc and pad during
braking is investigated. An exact temperature ithgtron of the sliding contact surface
involves a very complicated process and is depdratemany factors.

On microscopic level, so-called hot-spots occuB],[19]. This is due to the actual
contact interface that is restricted to a few sraedhs at any particular time. These areas
are distributed over the nominal contact area. ouhis limited contact interface, very
high temperatures arise at these contact pointsakked hot-spots arise. However, due
to the small sizes, the amount of heat generateddt particular hot-spot is rather low,
despite the high temperatures that are reachedefbine, this heat does not penetrate
deep into the material. At a small distance awamfrthe surface already a very
homogeneous temperature distribution is preseni [AB

On a macroscopic level, the contact areas at #eehd interface move back and forth.

This is influenced by wear and thermal expansidrerinal expansion tends to decrease
the contact area, which increases wear, whichrimteends to increase the contact area.
The interaction between both effects influences dhelution of the contact pressure

distribution.

For modeling purposes, two distinct approximate ef®@re suggested: uniform wear
and uniform pressure [14], [7]. For new pads, thdoum pressure model would give
the closest approximation. The pressure betweepdteand the disc is the same over
the complete surface. When looking at the heatibligton over the pad surface, two
distinct increases in temperature could be noted omacro scale. Firstly, the relative
sliding velocity between the disc and pad incredsescreasing distance with respect
to the wheel center. Due to this velocity differenthe pad surface temperature on the
outer radius is higher than on the inner radiugesineat generation is related to the

11



sliding velocity. Secondly, the brake disc surfaemperature is lower than the pad
surface temperature at the initiation of the brgkifhe pad only covers a small angle of
the contact 'ring' from the disc. On the leadingeedf the pad, relatively cool disc area
comes into contact with the pad area. This piect@fdisc ring heats up considerably
during the sliding contact with the brake pad aeaches its maximum at the trailing
edge of the pad. The rest of the revolution the tis time again to cool down before
entering the leading edge of the pad contact agHmerefore, the second distinct
increase in temperature can be noted between dldtg edge and the trailing edge of
the pad. These two temperature increases give petamare field as is illustrated in

Figure 2.5 below.

sliding direction

0.7 T 1,241 a8l 173 &7, 11
4z (- ] Ak, T &840 .57

Figure 2.5: lllustration of pad surface temperatudield during braking [15]

After the course of time, the high temperaturenatupper side and trailing edge of the
pad speeds up the pad wear in these regions. iitrieaised wear reduces the contact
pressure in this region. This reduced contact press turn decreases heat generation
and thus wear until the pressure is distributeduoh way over the pad that the pad
wear or heat generation is more or less constaat the complete pad surface. The
uniform wear model becomes the most valid. Sincstnod the time, the pads have
already worn in the logical choice would be to make of the constant wear model in
which a constant heat input is given to the coneppetd. However, during discussions
with VCC engineers it came forward that during hpgessure braking, the outer radius
of the pad tends to get warmer than the inner gaditis is due to the limited caliper
stiffness. During low pressure braking, the heatrttiution is more equal. Therefore a
combination between the constant pressure andamingear model is expected to give
the most accurate result. In the constant wear mdde heat flux into the model is a
constant. In the constant pressure model, the fheainto the model varies in radial
direction withl/r [7].

12



In longitudinal direction (from the pad leading edtp the pad trailing edge) it is
assumed that the pressure is evenly distributer. i$ha reasonable assumption due to
the Hammerhead design of the VCC brake pads [SeMbiraking, the frictional force
at the pad surface generates a moment, sinceit¢herfrforce is not applied in the pad’s
center of mass. This moment would tend the leaddygg of the pad to be pushed more
firmly against the disc than the trailing edge,uaithg uneven pad wear in longitudinal
direction. In conventional pad design this momeaised the pressure in the leading
edge to be roughly 1/3larger than the average pressure. However, thdi-Tenes
Hammerhead design (see Figure 2.6 below), counsettsis moment by pulling the pad
to keep it into position instead of pushing. Thiglipg force generates a counteracting
moment around the pad backside. Therefore, in mogads, the pressure gradient in
longitudinal direction is much smaller. The pressat the leading edge of the pad is
roughly 1.033 times the average pressure. Thicteffartly counters the larger wear at
the pad trailing edge which has been discussedeabov

whenw.ate.de

Figure 2.6: Brake pad Hammerhead

2.5.2. Pad Heat Exchange after Braking

The major heat source for the brake pad after kebeaent is radiation from the disc.
The amount of radiation absorbed by the pad froendikc is given by [11]:

Qabs pad =a padl:F ij[{g rad disc Eq 210

This corresponds to the fraction of the radiatidntiee disc that is intercepted and
absorbed by the pad. If the disc would radiate tgemeously, the view factor, or the
fraction of radiation emitted by the brake discttlisadirected towards the pad, would
correspond to the solid angle that the pad fromfasa area covers of the sphere
surrounding the disc.

Since the distance between disc and pad is nelgligiball, and under the assumption
of homogeneous radiation from the disc, the viewtdiacan be approximated as the
ratio of the pad front surface area and the tatal surface area:

F. :& Eq. 2.11

1]
'Agdisc‘ total
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A first means of heat loss for the pad is convectih is a complicated process to
accurately model the convective cooling of the clateppad since this is dependent on
vehicle speed, ambient temperature etc. Next 8 tmnvective cooling of the pad does
not occur homogeneously but varies with locationtlos pad outer surface. Therefore
an average convective coefficient for the pad igdusThis dynamic convective
coefficient can be related to vehicle speed acogrth [16]:

h = constV Eq. 2.12

In this equationn is generally 0.5 for laminar and 0.8 for turbuldildws [16].
Therefore, the average dynamic convective coefftcghould only be determined for
one speed. According to Equation 2.12 above, thisbe expanded to other speeds as
well with limited deviation.

However, for automobiles, the aerodynamics are numeplicated than this. The

cooling airflow around the brake system varies ifiggntly for different speeds.

Optimal speeds exist for a specific vehicle, inabha proper airflow is present around
the brake system. This can give a cooling coefiitceg a specific speed that is higher
than at the surrounding speeds. The opposite anaalcur: specific speeds at which
the cooling airflow around the brakes is worse ttrenspeeds around it. This makes the
situation in reality significantly more complicatdtan the assumption of Equation 2.12.

A second means of heat dissipation for the padmsigction. The heat coming into the

pad during and after braking enters through thefpad surface. This heat is conducted
through the pad material towards the pad backpldie. heat spreads within the back
plate and is in turn conducted to the caliper tghouhe so-called 'Hammerheads'
through which the pad is connected to the calipgrart of the heat is conducted to the
brake piston through the shim, which is attachethébackside of the backplate. The
importance of the backplate and shim cannot be nestimated. The backplate of the

brake pad has a high conductivity in order to spribe heat as effectively as possible.
The shim is composed of multiple layers of rubbet metal [17]. The function of these

layers is to isolate the piston — and thus the éorflkid — as effectively as possible.

Therefore, the backplate should be modeled asdttbrmal resistance and a heat sink.
A final means of heat dissipation for the pad tiaton into the surroundings.
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2.6. Pad Wear

Once the heat enters the pad surface due to fritiiaking or disc thermal radiation,
this heat is spread through the pad material. lffitee heat is conducted into the pad
material towards the backplate. Secondly heatdgatad outwards and thirdly heat is
spread into the air through convection. The heat ificonducted to the backplate is of
significant importance, since it is this heat teaentually will reach the brake fluid.
Before modeling the heat flux through the pad,thé thickness should be estimated. In
order to do so, inclusion of a pad wear modelvestigated.

Examples of pad wear estimation models can be faufti3], [18] and [19]. In [18] a
law of wear is determined by means of empiricaladdthis wear model requires a
significant amount of tuning. In [13] Archard's laafwear is discussed which is given

by:

z= K\Near DpcontactEVslid( Eq 2 13

where:
* zisthe wear rate
* K, Is the wear coefficient for which several modelse
Poonact 1S the contact pressure

V,iee IS the sliding velocity

In [19] the pad wear properties are investigated different initial velocities and
temperatures. It can be seen that for differenti«iaf braking, the pad wear is quite
consistent. Only when the temperature goes aboGeddgrees Celsius, the pad-wear
increases significantly. This can be seen in Figurebelow.
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Figure 2.7: Pad material wear for different temptenaes [19]
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Figure 2.7 above shows test results of average vpa@k against temperature for
different initial velocities. When looking at norin@perating temperatures (<323 it

can be concluded that the pad wear is relatedet¢otial energy absorbed by the brakes.
The initial velocity of the braking does not chartge pad wear against energy absorbed
relation. In Table 2.1 the ratios between the thndégal velocities for pad wear and
kinetic energy absorbance are shown. It can be thetrthese are almost identical for
each pair of initial velocitiesTherefore, the pad wear per unit energy absorbedea
considered only a function of contact pressuretangperature.

Initial Velocities Ratio of pad wear Ratio of kimet energy
absorbed (v*)

40km/h/ 33km/h 1,47 1,46

60 km/h/ 40km/h 2,25 2,27

60 km/h/ 33km/h 3,3 3,3

Table 2.1: Ratio of pad wear and kinetic energyoabed between different brake
initiation velocities

2.7. Fluid/Caliper Temperature

2.7.1. Fluid Heat I nput

The fluid receives heat from the pad backplate ugho the piston by means of
conduction. This travels deeper into the fluid hcmed is spread towards the
surrounding caliper by means of conduction/coneecti

2.7.2. Caliper Heat Flow

The final part of the brake system, the calipets as a heat reservoir that helps the rest
of the brake system to get rid of their excess.hEa caliper receives heat from the pad
backplate and the fluid through conduction/conwettNext to this, the caliper receives
heat from the disc through radiation. The heapread throughout the caliper by means
of conduction and spread into the surrounding wimieans of convection and radiation.
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3. Preliminary Test Data Investigation

3.1. Wind Tunnel Testing

In order to get an initial understanding of how Heat distributes throughout the brake
system and towards the brake fluid, an empiricastigation is performed on a vehicle
that is scheduled for wind tunnel testing. In thiad tunnel experiment the SimAlp test
is performed. On this vehicle, thermal couplesaitached at different locations of the
caliper, at the front- and backside of the brake g@ad within the brake fluid. For each
of these locations, the temperature evolution otmere during the wind tunnel
experiment is investigated in order to get a clearerview of how the brake fluid
temperature is influenced by the different brak&ey components.

In Figure 3.1 below, the temperatures of the d#ifébrake system components during
the wind tunnel experiment are shown.

/ \//—\ ' Fluid
20 P Lo 250 —— Caliper bBehind Piston
X Caliper under Piston
/ —Caliper above Piston
——Pad Front

Y WAVAY/SSN

- / / //( \\ - ——FPad Back
WL L .
=

a0 I/ &0
o Q
Time t[s]

10,11 pEd dwal

Temp. Fluid/ Cal T[?C]
]
“-..,_‘_\_\_h
8

Figure 3.1: Initial Wind Tunnel Investigation

A very important and remarkable observation in test data is the brake caliper
temperature. It can clearly be seen that the aatipmind the piston has almost the same
temperature as the fluid. The part of the calipat is located behind the piston has a
slightly lower temperature. The heat goes through gad into the brake piston and
subsequently into the fluid. As the fluid temperatuncreases, this heat is spread
towards the surrounding caliper. Due to the highdeictivity of the caliper material
and the very large contact area between the fluitthe caliper, the caliper temperature
immediately follows the fluid temperature and spiethe heat into the environment by
means of convection with the surrounding air ardiatéon. This process also happens
in the opposite way. It can be seen that somegbdite caliper heats up slightly earlier
than the fluid. Part of the heat goes from the Ipackside directly to the caliper which
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distributes the heat towards the fluid. This obagon allows modeling of the fluid and
the surrounding caliper as if it were one piecee Do the combination of different
materials, complex geometry etc it is difficultdetermine accurate values for and

C, of this 'object’. Next to this, the exact heat euye of this 'object’ is difficult to

determine since some of the heat will travel deagerthe hydraulic system. Therefore,
the fluid and surrounding caliper are modeled errgiily and tuned to match the test
data.

3.2. SimAlp Testing |

Besides the Wind tunnel Experiment some old and 8amAlp tests are investigated.
In Figure 3.2 below, the test data of an old Sim#dgt are shown. With this specific
vehicle setup, the SimAlp test has been repeatecth&s. For one of these runs, the
temperature measurements are displayed belows Ibéan observed that the other runs
show very similar behaviour as the example showFigare 3.2.

SimAlp Run 6
600 . ! ‘ ‘
: — LF disc
""""""" RF disc
: : — LF disc2
BOO el R ] RF disc2 ||
S 1 LF pad
RF pad
LF fluid
RF fluid

400

200

100

1 | 1 1 | 1
0 500 1000 1500 2000 2500 3000 3500 4000
Time t [s]

Figure 3.2: Old SimAlp Test Data

Investigation of old SimAlp data immediately reweshla consistent discrepancy
between the left and the right front wheel. Forheatthe tests the left front disc heats
up much faster than the right front disc. In thel eh the braking phase however, the
temperature difference between left and right deswe significantly. A proper
explanation for this has not been found.
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A second observation is that two different thermauples in the disc give rather

homogeneous results even though there is sometidevidhe difference between the

measured disc temperatures at two locations temdsetat most 20 degrees. Both
measurements tend to follow the same shape, wiidicates a rather homogenous
heating up of the disc in circumferential directi@s was expected. The heat soaking
behaviour of the disc seems to be slightly inflleshdy the location of the thermal

coupling. This is due to the fact the vehicle ansling still. Therefore, there is some
variation in the amount of fresh air that reachiffemnt parts of the disc. For example,

if the thermal couple would be exactly at the lamabof the pad, the cooling would go

slower as when the couple would be located neargtbend where more fresh air

reaches the disc. Generally they tend to followheather though with temperature

variations in the order of only 20 degrees.

Since the heat flow between the disc and the pamhglthe heat soaking phase is of
interest, the temperature evolution of the disthatpad location is of interest. Another

SimAlp experiment is scheduled, during which 3 rame performed with the same

vehicle and brake system. During one of the heakiag phases it is assured that the
thermal couple in the disc is facing the pad. Dgiame other run, the thermal couple is
as far away as possible from the pad. This allowsstigating the largest temperature
difference that occurs in the disc during the hsestking phase and indicates to what
extend the lumped mass postulation is justifieds BimAlp investigation is discussed

in Section 3.3.

A third observation is the cooling behaviour of tfisc and pad. During braking, the
disc temperature increases more than the pad tatoperresulting in a slightly higher

disc temperature at the end of the braking phaseveMer, during the heat soaking
phase, the disc cools down considerably faster ti@pad. The total amount of thermal
energy stored in the pad is negligible comparethéodisc. Next to this, the pad only
covers a small portion of the disc, while the disgers the complete pad front surface.
Due to these two facts it is a reasonable assumgigt the disc is not influenced by the
pad. The pad on the other hand, is dependent orditetemperature, since heat
exchange between disc and pad is an importanim@aatoutput for the pad.

A forth, and very important observation is that thrake fluid at the left front wheel
tends to reach a higher maximum temperature ardstenreach its peak later in time
than the brake fluid at the right front wheel. Timdicates that more energy is absorbed
at the left front wheel. According to [5], the hgditic response of the brake system is
not instantaneous. It is dependent on many facli&esthe vacuum booster, the brake
fluid viscosity etc. A wheel that is connectedtte primary circuit, tends to be actuated
faster than a wheel which is connected to the s#rgrcircuit. However, to avoid the
difficulty of having to incorporate hydraulic lag the secondary circuit, it is decided to
only model the brake corner that is connected ¢optfimary circuit. It should be taken
into consideration that this is not necessarilywlaemest brake corner and can be either
the left or right front wheel, dependent on theigkehtype.
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3.3. SimAlp Testing Il

At a later stage, a second SimAlp test was plandsd.has been made of the occasion
to investigate the influence of the location of thermal couple in the disc on soaking
behaviour. Three runs are performed. For the LedfinFwheel, the location of the
thermal couple during the heat soaking at stamdstioted down for each run. Next to
this, it is ensured that during one of the runs,ttitermal couple is located exactly at the
pad location. The result of these 3 runs is shawhigure 3.3a and Figure 3.3b below
for the Front Left and for the Front Right wheel.

LF caorner

Temperature T [°C]

] 1 i 1
a 500 1000 1500 2000 2500
Time t [=]

Figure 3.3a: SimAlp experiment with different laoas of thermal couple during
soaking (LF corner)
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Figure 3.3b: SimAlp experiment with different laoas of thermal couple during
soaking (RF corner)

It is noted that the temperature evolution is nattansistent for each of the runs. The
disc cools down slightly slower at the pad locatias has been expected. A more
striking observation for this test is however, tthee RF wheel now consistently reaches
higher temperatures than the LF wheel. This is ootresponding to previous
observations. However, the shape of the temperattokitions in the LF and RF corner
respectively are consistent with previous SimAkige
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4.Brake System Temperature Model

4.1. General Description

The Brake System Temperature Model or BSTM is eckan Matlab/Simulink. The
different parts of the brake system like disc, padliper and fluid are modeled
separately. In between each part, their respetibat exchange processes are added.
Since only the part of the brake system in proyioitthe wheel is of interest, no brake
booster or pedal model is included. The input tog todel is the primary circuit
pressure, which is the pressure in the hydrautaudiafter the brake booster. This setup
allows replacing/upgrading individual parts of B8TM later on. In Figure 4.1 below,
a flowchart of the BSTM is shown. The parts withime dotted lines form the
Temperature Estimation Model, or TEM that estimabestemperature of different parts
of the brake system. This flowchart shows the dsifié subsystems of the BSTM and in
which direction the information flows between thgsa&ts. The dark arrows show
interaction with the surroundings. The input confiesn the vehicle CAN-bus. The
output comes from the HMI and can either be passi\ative intervention.

, CAN-bus |
:> Heat Generation Model
1T

Heat Distribution Model

L 1y
> Disc Model |——{ Pad Model K

U
Fluid/Calliper Model

-
N

TEM HMI 4:>

Figure 4.1: BSTM Flow Chart
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4.2 Heat Generation

4.2.1. Heat Generation Modeling Options

In Section 2.2, the heat generation process dumialging has been described. The next
step is to make use of this knowledge in orderstor&ate the amount of heat generated
in a vehicle. In order to estimate the amount cdthdissipated by the brakes, two
distinct approaches are possible.

The first option is a Feed Forward Heat generatimalel. In this model, Equation 2.2b

is integrated over time to estimate the amountezt lyenerated by the brake system.
For this model the brake torque and the wheeliootat speed need to be known. The
wheel rotational speed is readily available onubbkicle CAN-bus. For estimating the

brake torque, the hydraulic pressure in the Princa&nguit is used. From this pressure,
the brake torque is estimated by means of the bsgkéem parameters. This Feed
Forward can give a very good estimation of the érdtque during normal operation

conditions. One important limitation of this Feednkard model is modeling the exact

dynamics of the pad-disc contact surface. The Feedard Model assumes a constant
friction coefficient and effective radius. Howevéngse parameters are in fact variable
in between different brake applications and evethiwione single brake application.

The exact behavior of these parameters is vericdiffto predict.

The second option is to run a vehicle dynamics modeeal time parallel with the
actual vehicle. From this vehicle dynamics modeldmount of kinetic/potential energy
dissipated by the brakes is determined. Since thakeb transfer the vehicle
Kinetic/potential energy into heat, the amount okrgy dissipated by the brakes
corresponds to the amount of heat generated dbraidgng. This is done by comparing
the measured vehicle deceleration with the dedaerghat the vehicle would have if
the brakes were not applied, based on the vehenanpeters and external conditions
like: vehicle mass, rolling resistance, drag, in&rfriction, slope, vehicle speed and
vehicle deceleration. One major concern in thisreagh is that many vehicle
parameters cannot be known very accurately:

* Rolling resistance is influenced by the road swefacd tire pressure

* Vehicle mass is influenced by the amount of fuekgengers and luggage

* Vehicle drag is dependent on many factors:

o Open window

Trailer
Bicycle carrier
Rooftop-box

O O 0O
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Next to these vehicle parameters, the gradiertiefdad needs to be known. This is not
available on the vehicle CAN-bus. Without knowleddehe slope it is not possible to
estimate the amount of potential energy absorbedhbybrakes during an Alpine
descent.

4.2.2. Feed Forward Heat Generation Model

Time integration of Equation 2.2b gives the totaloaint of heat that is generated in one
specific brake corner. On the vehicle CAN-bus dgfiar brake pressure and the wheel
rotational velocity are available. Since all theke parameters are known, the brake
torgue in one brake corner can be estimated frasrattcording to:

Tbrake = 2 |:pfluid |:]ApistonEhpistonijl frin,:'r ef Eq 41

A very accurate Simulink model of the brake systienavailable within VCC. This
model incorporates effects like hydraulic lag, pati efficiency, brake fluid hose
expansion and brake distribution between front aedr axle, which are not
incorporated in the simplified formula above. THere, the VCC model will be
modified for estimating the amount of energy diasgol by the brakes. CAN-bus signals
of the wheel speed and primary circuit presspggy, as are used as input. The outputs
are the brake torque and the amount of energy laéddor each brake corner.

According to [6] the friction coefficient is tem@gure dependent with a peak around
400 degrees. According to [13] the friction coeéit decreases linearly with time.
However, in reality the friction coefficient is dempdent on many other parameters as
well, as will be investigated more thoroughly later. In [20] a method for using a
dynamic friction coefficient is proposed. This istrincorporated in the VCC brake
model though.

4.2.2.1. Verification Testing

An accurate estimation of the amount of heat geeéray the brake system is of crucial
importance for the BSTM. If the input of the esttina model already shows significant
deviation from reality, an acceptable estimationhef brake system temperature will be
impossible. Therefore, the Feed Forward Heat Génar®odel is verified by means of
in-vehicle testing. The testing is performed at tB¢ADA test-track in Barcelona,
Spain.

A series of brake events is performed. During timgking, the CAN signals for the
wheel speed and primary circuit pressure are recbréihese signals are used as input
into a Simulink model that determines the Brakeuer from the primary pressure and
determines the amount of heat generated by iniagr&quation 2.2b over time. Next
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to this, additional measurement sensors are usactctoately measure the vehicle speed
and deceleration. Additionally, a pressure sersanstalled at each of the four wheels.
These are used to verify the reliability of thensilg on the vehicle CAN-bus.

4.2.2.2. Initial CAN-signal Investigation

As a first step, the quality of the CAN signaldnsestigated. The brake pressure from
the external individual wheel pressure measurersensors and the primary pressure
signal that is available on the CAN-bus are compéwe several of the test cases which
are described below. For one of the tests, thispesison is shown in Figure 4.2 below.
It can be seen that the CAN signal for primary pues corresponds very accurately to
the wheel pressure for one of the hydraulic ciscuor the secondary circuit there is
some difference. This effect has also been notilteohg other vehicle tests. Sometimes
the secondary circuit receives more pressure, sometless. It has been decided to
focus the BSTM on the wheel that receives the sprassure as the primary pressure
for the sake of simplicity. It should be noticednever that this is not necessarily the
brake corner that will reach the highest tempeedtur
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Figure 4.2: Pressure signal quality investigatiam §tep brake input

Secondly, the same procedure is repeated for tloeityesignals. Velocity on the CAN-
bus and the velocity as measured by an externald&Rige are recorded. On the CAN-
bus, two velocity estimations are available: onseldaon the wheel rotational speeds,
the other based on integration of the accelerom#tes observed that both the CAN-
signals and the GPS device give a very similarltesu
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Thirdly, the individual wheel speeds are comparethé vehicle speed. Again it is seen
that all the signals contain little noise and shasy little deviation with respect to the
expected values.

Fourthly, the vehicle acceleration signal is iniggged. The vehicle acceleration is

measured by means of an external sensor. On the-lLAN2 signals are available for

the vehicle acceleration: The output from an acoebeter and a signal with a lower

resolution that is based on the derivative of tineel speed signal. It is observed that a
small offset is present between the different dggn@his is probably due to a small

calibration error in the accelerometers and shbalthken into account. However, when
braking, this offset is negligible. Besides thisafinoffset the acceleration signals are
deemed reliable. The different acceleration sigfatsone of the tests are shown in

Figure 4.3 below.
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Figure 4.3: Acceleration CAN signal quality investiion

4.2.2.3. Performance of Feed Forward Heat GeneratioModel

Once it is determined that the CAN signals candbied upon, the actual verification of
the Feed Forward Heat Generation Model can beatadi For verifying the Feed
Forward heat generation model, the following testes is performed:

For each run the vehicle is accelerated to abo@ekb@®h and starts coasting down in

neutral gear. This is to avoid interference from plower train. Since the exact vehicle
mass is measured at the start of the test andethiele’'s aerodynamic parameters are
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known, the theoretical vehicle deceleration dueditag, internal friction and rolling
resistance can be matched very accurately to thesumements. This allows writing
down a very exact formula for the drag forces &snation of velocity. The drag forces
can be written as:

=1, o+

drag — E

Ov+ nidgd f Eq. 4.2

fric
The work done by the drag forces can subsequeatlyrliten as:

Wog = || Py CVCHE Eq. 4.3

drag

The rolling resistance and internal friction coefnt are tuned in order to exactly
match the model to the experimental coasting doemmabior for the specific vehicle
and underground. In Figure 4.4 the measured amutdhieal velocity against time is
shown. It was found that the theory matches theexyntal data very accurately for a
rolling resistance coefficient;, of 0.014 and an internal friction coefficie@;c, of 4
N/m/s.
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Figure 4.4: Coasting down in neutral gear: theonydaexperiment
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During the subsequent runs, the driver coasts dinrvehicle from above 100 km/h.

As soon as the vehicle speed drops below 100 kiméhdriver applies the brakes. This
procedure is repeated for different levels of canstbraking, as well as for linearly

increasing braking and highly transient brake mil$gom the recorded CAN-signals

the amount of energy absorbed by the brakes imat&d by means of the Feed Forward
Heat Generation Model

Since the braking happens in a very controlled ragrthe amount of energy absorbed
by the brakes can be determined theoretically dis Wee work done by the drag forces
can be determined accurately by combining Equati@rand Equation 4.3 above.

Vvdrag:_[(%lzcdwljp‘f[v-l_ CfricDV'l_ rm@rfjljmc Eq44

During each run the total kinetic energy of theigkhis reduced to zero. According to
the first law of Thermodynamics, the amount of wddne is equal to the change in
kinetic energy.

Vvtot =AEkin = V\érag + V\érake Eq 4.5

Since the drag force for each speed is known, theuat of work done by the drag
forces can easily be determined by looking at #feale velocity profile over time and
inserting this into Equation 4.4. During each tést total amount of work done is equal
to the sum of the work done by the drag forcesthedvork done by the brakes. Since
the initial and final velocities for each run ahe tsame, the total loss of kinetic energy
is the same for each run and is given by:

AE,, = % [G7

init + JN Ij")l Eq 46

nit

When inserting the velocity profile into Equatio dor the first run, it is seen that the
work done by the drag forces corresponds to thalrkinetic energy of the vehicle, as
expected.

For the test vehicle, the total amount of work dbgehe drag forces to coast down the
vehicle from 100 km/h to 0 km/h is 846430 J as wWaked by means of Equation 4.4.
The initial kinetic energy of the vehicle at 100 /knthis is found to be 846701 J
according to Equation 4.6.

In which:

m = 2194 kg
J,, = 3.0809 kg.rfirad for the complete chassis (all 4 wheels)

29



Since both numbers lie very close to each otheh anly a 0.03 % difference, it can be
seen that the drag work has reduced the vehictgikianergy to zero.

According to Equation 4.5, the total work done bardescribed as the sum of the work
done by the drag force and the work done by th&ebfarce. This corresponds to the
total change in kinetic energy of the vehicle. 8itlee vehicle comes to a full stop at the
end of each test, the change in kinetic energyesponds to the initial kinetic energy.
In the resulting Figures below, this is represeriigdhe green dotted line. Ideally, the
total work done by the brake system as estimate&fd®d Forward Model should be
equal to this at the end of each maneuver.

The next step is to determine the heat generatitsaf the brake system. This is done
by the Feed Forward Model which uses the CAN siifiat wheel speed and brake
pressure. The rate of heat generation is determyecheans of Eq. 2.2b. Integration
over time of this gives the total amount of heaheyated in one brake corner.
Additionally, the external sensors are used tordete the rate of heat generation. At
each point in time, the vehicle deceleration duedtag/friction/rolling resistance is

determined by rewriting Equation 4.2 and insertthg instantaneous velocity. This
deceleration is deduced from the measured vehmteldration in order to obtain the
deceleration due to braking. By multiplying thiscdkeration with the vehicle mass, the
brake force is obtained. This is the Feed-Back H&ateration Model which will be

discussed later on. Only this time the acceleratigmal is taken from an external

sensor which is calibrated better than the in-ehaccelerometer. By multiplying this

with the vehicle speed, the heat generation ratthe@forake system is obtained. The
time-integration of this gives the again total heanerated by the brake system.

In Figures 4.5 and 4.6 below, the resulting heakegaion rate and total heat generated
by the brake system are shown as determined bifdgbd-Forward and the Feed-Back
Heat Generation Model. Additionally, the total hganerated is shown as determined
by the change in kinetic energy. This is shownskvreral of the tests. It can be seen that
all results lie very close to each other, especfalt steady state braking situations. The
total heat generated lies very close to the totalt lyenerated as calculated from the
vehicle kinetic energy. However, for transient limgk the Feed-Forward Model
appears to slightly overestimate the total heaegerd. However, further investigation
reveals that this is probably due to the tire, saspn and chassis elastic deformation.
When applying the brakes, the vehicle does notldeate instantaneously. During the
initiation period, the brake energy is used to dualastic deformation in the tires and
chassis. Only when the tire and chassis have detbsufficiently, the friction forces
between tire and road start decelerating the vehidierefore, the Feed Forward Model
appears to overestimate the heat generated faigranbraking. However, in fact the
Feed-Back Model and the change in kinetic energletestimate the heat generated for
transient braking.
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Figure 4.5: Heat generation for Feed Forward anceBeBack Model (Constant
pressure braking)
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Figure 4.6: Heat generation for Feed Forward anceBeBack Model (Transient
braking)

31



4.2.3. Friction Coefficient I nvestigation

One important limitation of the Feed Forward Hean€&ration Model is the friction
coefficient. The friction coefficient is in realitgependent on many variables. In the
Feed Forward Model a constant friction coefficisnassumed. In the following section
it is investigated more thoroughly how the frictiopefficient varies in reality.

4.2.3.1. Brake Pad Friction Behaviour

By means of old AMS tests it can be observed that ftiction coefficient is not
constant throughout one brake application. Basedthen pad type, the friction
coefficient can be progressive, degressive or emtstn Figure 4.7 below, an example
of an old AMS test is shown, clearly showing thel paogressivity for the front pad,
and pad degressivity for the rear pad at high teatpees.
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Figure 4.7: Friction coefficient during AMS test

Next, the influence of this pad progressivity oa ffreed Forward Model is investigated
by looking deeper into the IDIADA test data. In &ig 4.8 below, a constant pressure
braking during the IDIADA testing mentioned aboweplotted. The blue line is the
brake force, as estimated from the brake pressueei-eed Forward Model. The green
line shows the brake force estimation, based owvehécle deceleration, the Feed-Back
Model. In this clearly the progressivity of the keapad can be seen. Throughout the
constant pressure brake application, the actuaielfiace increases linearly. This is due
to an increase in friction coefficient throughdue torake application.
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Figure 4.8: Brake force for constant pressure bngkaccording to Feed Forward and
Feed-Back Model

From Figure 4.8 above it can clearly be seen thatftiction coefficient increases
throughout the brake application for the specifad pvhich has been used during the
test. The brake force estimation based on the lehieceleration (Feed-Back Model)
shows an increase over time, while the brake fasgmation based on the brake
pressure (Feed Forward Model) and with the assomptf a constant friction
coefficient is constant.

4.2.3.2. Temperature Dependency

In Figure 4.7 above, not only the variation of tioa coefficient within one brake
application is shown. It can also clearly be sd®t the friction coefficient changes
with brake initiation temperature. How and to whattend the average friction
coefficient varies with temperature is dependenthentype of pad.

4.2.3.3. Brake History Dependency

The variation in friction coefficient is also invegted for the SimAlp testing

performed at the Hallered test track. Since the iesrun at constant speed the
acceleration is roughly zero. Therefore, the bridkee during a SimAlp test can be
calculated as:

F..=F —F Eq. 4.7

rake — ' push resis
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In Figure 4.9 below, the ratio between brake pmessand brake force is shown
throughout 3 different SimAlp tests which have beenformed without replacing the
pads in between each test. It can be seen thalhdonew pads, the friction coefficient
drops significantly at high temperature since #guired pressure to maintain a specific
brake force increases from 400 Pa/N to 600 Pa/Ntheosecond run with the same pad
pair the friction coefficient decreases alreadysleBor the final run, the friction
coefficient stays more or less constant. This bemdicates the dependency of the
friction coefficient on pad history.
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Figure 4.9: Influence of brake history on frictiocnefficient

During another SimAlp test, two runs have beengreréd with the same pad type. One
of the runs has been performed with a completely pad and one run has been
performed with a pad that has been worn 50 %. kg been established by milling
away half of the pad material. The primary pressubeake force ratio for both SimAlp
runs is shown below. It can clearly be seen thattlie half worn pad, the friction
coefficient drops at high temperatures while they m@ad has a much more constant
friction coefficient. This indicates that the pprbperties are not constant throughout
the complete pad life. It can also be seen thatvibie pad was not bedded in properly.
This can be seen in the beginning where a decri@afgetion coefficient occurred.
After a while however, the friction coefficient @eers and settles at the same value as
the new pad. At high temperatures the friction ficeiht of the worn pad decreases
again.
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Figure 4.10: Investigation of friction coefficiefar new and half worn pad

From all the Figures above it is noticed that tla griction coefficient is highly
variable, with a dependency on amongst others:

* Temperature

e Clamp Force

« Pad history

» Sliding velocity

Therefore, it is very difficult to obtain a theacetl friction coefficient model that
captures all this. This forms an important limibati for the Feed Forward Heat
Generation Model and clearly indicates the needafdfeed-Back Heat Generation
Model. This is investigated in the next section.

4.2.4. Feed-Back Heat Generation Moded

The Feed-Back Heat Generation Model based on theleedeceleration is shown in
the previous section to give accurate results #alided conditions are present. The heat
generation model based on vehicle decelerationsieekhow following parameters:

* Road gradient

e Vehicle mass
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* Vehicle drag properties
* Power train torque
* Vehicle deceleration

Of these parameters, an estimation of the power toaque is available on the vehicle
CAN-bus. The vehicle deceleration is measured thyredth a deceleration sensor and
is available on the CAN-bus. The slope, vehicle snasd vehicle drag properties
however, are unknown:
* The slope is not measured directly
» The vehicle mass and drag properties are depead®origst others on:
o Passengers and luggage in vehicle
o Trailer
o Rooftop box

On the vehicle CAN-bus, the vehicle deceleratiordétermined by a deceleration
sensor and by taking the derivative of the wheekdp The slope could theoretically be
deduced from the difference between these two dogpto:

ac
B:Sin‘l(ﬂj Eqg. 4.8
g
In which:
aC(\Slope: aCQNheelsensor_ aCCsens Eq 49

In current production cars, the vehicle decelerasignal often shows an offset. When
this happens, it becomes more difficult to giveeasonable estimate of the slope and
consequently the model becomes unusable for estigntite heat generation during an
Alpine descent. Solving this problem this lies al#sthe scope of this project.
Therefore the Feed-Back Heat Generation Model ieldped for flat road only. In
order to make this model usable for an Alpine des&ttuation, the road gradient
should be known.

The vehicle mass and drag properties are unknowwedls since these are highly
dependent on the number of occupants and exteevala$ attached to the vehicle, like
rooftop boxes or trailers.

The development of an estimation model for thegamaters lies outside the scope of
this project. Therefore, in order to verify the pibdity of using a Feed-Back Heat

Generation Model, it is assumed that both the Vehitass and vehicle drag properties
are known. This is achieved by weighting the vesha test initiation. The vehicle drag

properties are taken from available vehicle datd aa external device that would

corrupt these parameters is attached to the vehicle

The FB Heat generation model estimates the heatdiog to:
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QFB = Fbrakelj/ Eq 410

In which the brake forcek

? brake

is estimated according to:

I:brake = mQFB = I:brakelzacc.i_ TpowenrainQFl
=F,..R,-F

brake w drag

Eq. 4.11

The fraction of this brake force that is attributedone specific brake corner is derived
from the brake system geometry.

4.3. Disc — Pad Heat Distribution

For the heat distribution model, it is decided taken use of an imperfect contact
assumption. The theoretical value twhas been determined by means of Equation 2.3.
This orepresents the fraction of the heat generated glusinbrake event that is
absorbed by the disc. The remaining part is absidolge¢he pad.

Equation 2.3 gives for the material properties @ available for the brake system
used, a fraction of 98,85% that goes to the fluid eonsequently a fraction of 1,15% of
the heat that goes into the pad. These numbersligtaly different from the rough
estimation of 93% of heat that goes into the discoeding to [7]. Therefore, it is
decided to make use of a correction factor by whichgma (fraction of the total heat
that is absorbed by the pad) is multiplied. Thisr@ction factor is used to match the
BSTM to test data.

4.4. Disc Temperature

As mentioned in Section 2.4, the disc is modeled lasnped mass in which the thermal
capacity is temperature dependent. The heat ingtot this lumped mass model is
described according to Equation 2.6. The heat ¢udpuhis lumped mass model is
composed of convection and radiation. It is decietinplement this by making use of
so calledSfunctions. The temperature drop of a lumped mdwgsco can according to
Newton's law of cooling be described as [5]:

amb — =S Eq. 4.12

In which S is the cooling coefficient. The cooling of the keadisc is assumed
independent on the state of the brake pad. This $smplify the model and is justified
by the fact that the disc absorbs almost 100 timeee energy than the pad. The disc
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cools down due to convection, radiation and condactWhile driving, convection is
by far the dominant mode of heat loss. Theref@@iation is assumed negligibly small.

From experimental testing, ti&value can be determined easily for different speed
This is done by heating up the brake disc and sjues#ly driving at constant speed
while continuously measuring the disc temperatbkree measurements, evenly spread
in time are taken and for each velocity, the vdloe S is calculated be means of
Equation 4.12 above for each combination of thesge&surement points. The average
from these 10 estimations for S is chosen. Thixgs® is repeated for standstill, 18
km/h, 36 km/h, 50 km/h, 70 km/h, 90 km/h and 15Qtknin each time step the value
for S is taken from a lookup table. With this valtree decrease in temperature is
determined. The eventual increase in brake dispeeature due to braking is added to
this. Integration gives the complete temperatuddilprof the brake disc. In Figure 4.11
and 4.12 below the disc temperature evolution whiieing at a specific speed is
shown as well as the match8eaturve according to Newton's law of cooling. It daa
seen that theory and experiment follow each otley ¢losely. It is found that the
cooling coefficient is roughly linearly relatedyehicle speed.
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Figure 4.11: S-function and measurement while angisit constant velocity
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Figure 4.12: S-function and measurement while angisit constant velocity

As can be seen in Figure 4.11 and 4.12 above, iexpets have shown that the disc
follows this natural logarithmic curve very closel@nly for heat soaking while
standing still, a larger deviation was observedisTib due to the fact, that, while
standing still, there is no more forced convectiamly free convection. Therefore, the
role of radiation in the cooling process is no lengegligible. At standstill it is found
that only taking 40 % of the convective cooling aadling the radiation out of the disc,
according to Equation 2.9, to this gives a goodnede for the disc temperature
evolution. From 18 km/h onwards, only the S-curgecbnsidered. The transition
between both models is achieved by adding a smipatisition from 0 to 18 km/h in
which the convective cooling is increased from 4@2400% and the radiative cooling
is reduced from 100 % to 0%.

4.5. Pad Temperature

4.5.1. Pad Front Surface Temperature

In Section 2.5 above the different possible tempeeadistributions on the pad surface
have been discussed. A very promising model fot hgaut into the pad would be a
combination of constant pressure and constant wealel. For low pressure braking,
constant wear is used, for emergency braking cohptassure. For the first model, the
heat input is constant over the entire pad surfBoethe second model, the heat input
increases linearly in radial direction. As will l@xplained below, it is decided to
develop the constant wear model. According to thestant wear model, the heat input
into the pad per unit area is given by:
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o Apiston |:F)fluid Ij/slide

q
A\)ad, front

Eq. 4.13

4.5.2. Heat Flow Through Pad

The pad material acts as a buffer zone betweerhdéla¢ generation zone (disc-pad
interface) and the brake fluid. Therefore, it igortant to capture the heat flow towards
the brake fluid through the pad well. For this ora# is decided to make use of a Finite
Difference Model (FDM) for the pad.

In Section 3.1, a wind tunnel experiment is perfedmin which the temperature

distribution at different locations of the brakes®m is investigated. During this
experiment it came forward that the temperaturehef caliper above and below the
fluid is exactly the same. Even though the outdrus of the pad may be warmer than
the inner radius, the heat tends to spread momd\yete@vards the back of the pad. In the
back plate the temperature difference at differawlii is diminished. Therefore, it is

decided to develop the constant wear model. Thishardly influence the accuracy of

the model but allows to make a 1-D model for thd pestead of a 2-D or even 3-D
model. This will reduce the calculation effort betmodel.

A Finite Difference Model is set up by means of tBeergy Balance Method, as
explained by [11]. In Figure 4.13 below a schemd#piction of the 1-D pad FDM is
shown. The pad is divided into slabs. The total benof slabs is fixed. The thickness
of each slab however, is variable. This allows easglementation of the pad wear
model. As the pad wears off, each slab becomesédhin
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Figure 4.13: Pad Finite Difference Model
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The Energy Balance Equation (EB) of each slab dfrpaterial can be written as:
ple, i, 5= Q.- Q, Eq. 4.14

The EB for the inner slabs (slabout of m., slabs) can be written as:

ple, [Azlh,, B@ =
(m-1)—-T(m

kEIhpadEILET A +

i, mO=T(m _

Az
(qconv, upper+ q cony Iowe) mz

Eq. 4.15

The EB for the front slab (the first slab) can béten as:

p e, (AzCh,, Lil) =

K1 1(2)A—T(1)+ 64, Ty - Eq. 4.16
VA

(qcon\,’ upper+ q cony Iowe) mz

The EB for the rear slab can be written as:

pLE, Dzl E T(dr;%aX) =

K Thy ﬂDT(m“ax_lA)z_ T(Mha) _ Eq. 4.17

qout |:hpad - ( qconv upper+ q conv Iow;(m Z

The heat input into the front slaf), consists of two parts:

- Heat transfer from/to the disc (Radiation inrbdirections)
- Heat input due to brakindi(- o) @, )

The convective heat losses on the upper and loudaice are assumed zero and heat
output at the pad backside through the pad badk pito the fluid/caliper assembly is
modeled as conduction through a thermal resistance:

- Tpad, back ™ | fluid Eq. 4.18

qout—> fluid
Rherm
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Some heat that reaches the pad back plate doésawel to the fluid but instead travels
directly to the caliper through the hammerheadss Tieat flow is dependent on the
temperature difference between the back plate lamdaliper and is therefore limited by
the capacity of the caliper to lose heat. This fleat is modeled as heat flow out of the
pad backside by means of convection. This is gbsen

C.Iout—>conv: hdynl:vl:ﬁ Tpad back T an—)) Eq 419

This way all the additional heat losses are modakdn evenly distributed convective
heat loss through the pad backside. This assumg@éeiates from reality but it has been
found that doing so gives good correspondence nvéhsurements.

4.6. Pad Wear

In Section 2.6 a more detailed investigation of padr has been described. Since the
amount of testing and verification that is requifedthis model is not within the scope
of this document, a different approach has beed.udge developed pad wear model is
based on the assumption that following informait®available, as is expected to be on
future VCC-models:

» Signal is given when new pads are being installed
» Signal is given when the pad has worn one millimete
» Signal when there is only 2 millimeter of pad mitiieft

These signals are used in a fuzzy logic algorittmestimate the remaining pad
thickness. In Section 2.6 it has been observedftratormal operating temperatures,
the pad wear per unit energy absorbed is indepémdespeed. It is only influenced by
brake pressure and transient behavior. A driver vapplies the brakes more
aggressively will have more wear than a driver vahvays smoothly increases the
brake pressure to its steady state level. Theanfie of brake pressure in pad wear is
easy to model even though it would require a siggit amount of testing and
verification. Incorporating the influence of thegagssiveness of the brake application
would be more difficult. Therefore, a driver depentipad wear model is implemented.
In this it is assumed that the driver has a coasidrive style throughout the pads life.

This algorithm checks the amount of energy absoryedhe pad during the first
millimeter of pad wear. As long as the pad wedess than 1 mm, the pad is assumed
to be new. Once the pad wear indicator crossessémsor that indicates that one
millimeter of pad material has worn off, the amowfitenergy absorbed by the pad
during the first mm of pad wear is stored. The p@&ar per amount of energy absorbed
is simply the same throughout the rest of the gaddccording to:
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B Eq. 4.20

Z ad = Zpad new E
abs@1mm

p

This model uses the assumption that the pad weargdthe first mm is representative

for the rest of the pad. As limitation it is implented that the estimated remaining pad
thickness cannot be smaller than the pad thickaeise second wear indicator. Once
the second pad wear indicator is triggered, thethmitness is set equal to this. Again
the total amount of energy absorbed by the padggdd. Now the pad thickness is
calculated as:

(Zpad, new Zpad ind Zpad inﬁ)
L
E.bs@ indtz ~ Eavse ina Eq. 4.21

Zpad = Zpad, in

(Eabs ~Eue indz)

4.7. Fluid/Caliper Temperature

As has been discovered during the Wind tunnel exyet the fluid and surrounding
caliper can be modeled as one piece. It is dediedodel this as a lumped mass with
an empirical value fan[C . This allows easy empirical matching of the fluid

temperature evolution with respect to the measunésneThe thermal resistance of the
back plate, the thermal capacity of the fluid/catigm[C,) and the heat losses of this

object are important tunable parameters in the BSTM

4.8. Heat Flow in BSTM

In Figure 4.1 above an overview of the BSTM cansben. In this model, there are
several parameters which can be tuned in order datchmthe BSTM to reality. An
overview of these parameters is given in Table 4.1.

Parameter Unit
Disc Mass Correction Factor -
Heat Partition Correction Factor -
Emissive coefficients of Disc and Pad -
Pad backplate Thermal Resistance m* K /W
Dynamic Convective Coefficient, Pad -
Static Convective Coefficient Fluid -
Fluid/Caliper Thermal Capacity J/K
Dynamic Convective Coefficient, Fluid -

Table 4.1: BSTM Tunable Parameters
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5. Matching of Temperature Model to Measurements

The BSTM model shown above is matched to the measemts. This is done in
multiple phases. In following section the sequeinc&hich this matching is performed
is described. In each step, a specific part ofrtfuglel is ‘isolated’ from the rest by
making use of forced boundary conditions and mat¢behe measurements. Once each
part is matched to reality, these parts are condbamel verified.

5.1. Heat Soaking Matching Process

Firstly, the static heat soaking is matched. Tiidane for the vehicle at standstill. This
eliminates the influence of dynamic convection.

5.1.1. Brake Disc

Since the total energy of the pad is negligible parad to the disc, the influence of the
pad on the disc temperature is neglected. Therefoeestemperature evolution of the
disc during heat soaking is determined by meankeoS-functions explained in Section
2.4,

5.1.2. Brake Pad

The temperature distribution over the pad matetidhe end of the braking situation is
used as an initial condition. The measured braldel lemperature and the measured
disc temperature during the soaking process atistiinare used as forced boundary
conditions. The goal is to match the pad tempeseaéwolution during soaking of the
BSTM to the measurements. This is done by tuniedhémt input and heat output of the
pad material during the heat soaking phase.

Stage 1: Pad front surface temperature

Firstly, the pad heat input at the front is matchidte measured pad back temperature is
used as a forced boundary condition as well asligeetemperature. In reality, the heat
flow from disc to pad is complex process of radiatand conduction. By means of
iteration it is found that modeling the heat floetWween disc and pad as radiation only
gives a good match between the model and the neasuats. By setting the disc
temperature as forced boundary condition it is r@skthat the correct heat input into the
pad is given once the emission coefficients aredurt should be taken into account
that it is not exactly known where the thermal desfare located in the pad. Therefore,
this matching is done rather roughly. The tempeeagvolution of the model should
follow the same shape as the measurements. A effsdl is acceptable.
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The heat flow between disc and pad consists ofpavts: radiation from the disc to the
pad and radiation out of the pad. Since the pa#l-bamperature evolution is used as
forced boundary condition, the amount of heat leg¥he pad front surface by means of
conduction throughout the pad material is correavall. The emissivity of the pad and
the emissivity of the disc are tuned iterativelytiuthe pad front surface temperature
evolution matches the measurements.

Stage 2: Pad back surface temperature evolution

Once the temperature evolution of the pad frontureed during the heat soaking at
standstill, the temperature evolution of the padkb@ to be tuned. This is done by
setting the fluid temperature evolution and the fradt temperature evolution as a
forced boundary condition. The pad back temperatewelution at standstill is

dependent on the thermal resistance between thebaekside and the fluid. This
resistance is tuned until the pad backside temperadvolution of the model matches
the measurements.

5.1.3. Brake Fluid

In the previous step, the measured fluid tempegatuolution has been used as a forced
boundary condition in order to tune the heat ingod output of the pad during heat
soaking phase. The next step is to match the fengperature evolution. This time the
measured pad backside temperature evolution is asedforced boundary condition.
The fluid initial temperature is set at the valubiah occurred at the end of the heat
generation phase.

Stage 1: Static convection

The heat input from the pad into the fluid is kngwimce both the pad back temperature
and fluid temperatures are measured and the cdmduotsistance between both

instances has been determined. Therefore, the st@atvection can be determined by
looking at the time at which the fluid reachespigmk temperature. At this point in time,

the heat flow from the pad to the fluid is equalthe fluid heat loss due to static

convection (since dT/dt = O at this point in tim&he static convection is given by:

Qconv, stat = hDA[@ Tfluid - T aml) Eq 51

Since the geometry of the fluid assembly is versnglicated, h[A is replaced by an
empirical factorH. From the measurement data, the time at whicHldinek reaches its
maximum and the corresponding fluid temperaturgesd. At this point the total
incoming heat equals the outgoing heat. The incgrhemat is determined by looking at
the respective temperatures of the pad backsidehentiuid at this time as well as the
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thermal resistance between both, which has alrémdy determined previously. By
inserting these data into Equation 5.1 above, th@csconvective coefficient H is
determined.

Using this static convective coefficient ensureattthe BSTM fluid temperature
evolution reaches its maximum at the same poititrie as the measured values.

Stage 2: Matching of m[C,

Once the static convective coefficient is deterdjnm[C, of the fluid assembly is

tuned. Tuning this will change the height of thelB&fluid temperature evolution. This

is simply a matter of iterating until the fluid tperature curve of the BSTM follows the
measured values during heat soaking at stand-gtiter these steps, the soaking
behavior of the brake system has been completabdtduring the soaking at standstill.

5.2. Heat Generation Matching Process

Once the heat soaking behavior of the brake systasmbeen determined, the heat
generation behavior can be matched. Just like duhia heat soaking phase, each part
of the brake system is isolated by making use ofefd boundary conditions. This
allows determining the correct heat flow into and of each part. The brake phase has
been split up into two different 'sub-phases’: Narwperating temperatures and high
operating temperatures.

5.2.1. Normal Operating Temperatures

Stage 1: Pad Front Temperature Evolution

In order to match the pad front temperature evofytthe measured disc temperature
evolution and the measured pad back temperaturkiteno are used as a ‘forced’
boundary condition. Subsequently the heat partitoefficient is optimized until the
slope of the pad front temperature evolution isstame as the measurements.

Stage 2: Disc Temperature Evolution

Once the heat partition coefficient has been tuttesl exact heat input into the disc is
known. Now it is a matter of tuning the mass of tiec lumped mass model until the
slope of the disc temperature evolution follows tmeasurements. No boundary
conditions are needed here, since the disc temyperavolution is independent of other
components of the brake system. It should be takeraccount that this tuning is done
for a new disc. After the course of time, the dislt wear off, reducing its mass. This
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will alter the behavior of the disc and calls foetheed to implement a disc wear model.
This has not been done within the timeframe of pinggect.

Stage 3: Pad back temperature evolution

Next, the heat flow out of the pad is tuned. Theasueed pad front temperature
evolution and the fluid temperature evolution asedias a forced boundary condition.
The dynamic convection coefficient is tuned urtig imodel matches the measured pad
backside temperature evolution. After this tunitfte dynamic convection has been
tuned for 36 km/h. In the current model a linedatren between dynamic convection
and speed is assumed. This might induce some é&toarever, during testing, it seemed
that this error is negligible.

Stage 4: Fluid temperature evolution

The final tuning that is required for normal opéargttemperatures is matching the fluid
temperature evolution. Since the fluid heat inpat autput have been matched
completely for static conditions, the only facteftlto match is the dynamic convective
coefficient out of the fluid. In order to do soetpad backside temperature evolution is
used as a forced boundary condition. The fluid dymaconvective coefficient is tuned
until the fluid temperature evolution matches theasurements.

After this step, the model has been completely hettdo the measurements for normal
operating temperatures!

5.2.2. High Operating Temperatures

For high operating temperatures, the situation meso significantly more complex.
Firstly, friction coefficient of the pad may altat high temperatures, changing the total
heat input. Secondly, and more importantly, the emailt properties change at high
temperatures. For both the pad and the disc, #rentd capacity and conductivity are
temperature dependent. This significantly compéisahe problem. To limit the amount
of tunable variables, but at the same time obtaasonable accuracy, it is decided to
only alter the material thermal capacity.

Stage 1: Pad temperature evolution at high temperates

Matching the pad model to the measurements at tegiperature is difficult. The

specific heat capacity and the thermal conductigityhe pad material are likely to be
temperature dependent. However, these curves adenown. In Figure 5.1 below, an
example of thermal capacity and conductivity fobrake pad material is shown [6].
These curves are for AP Racing brake pads howeeefor normal passenger vehicle
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brake pads. Therefore it is likely that these carwdl deviate significantly for other
brake pads.
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Figure 5.1: Specific Heat and Thermal Conductifily AP racing brake pads [1]

Since it is hardly possible to come up with a propstimation of these curves for

normal brake pads, it is decided to approach tlyisdalucing the amount of heat

entering the pad. At a temperature of 400 degtessassumed that 40% of the energy
'dissolves’. By doing so, the pad temperature éeoiuat high temperatures also

matches the measurements within a reasonable rartheut the need of incorporating

the temperature dependency of the pad materiakeptiep. It is clear that this approach
is not very accurate and more research in thiessrable. However, for estimating the
amount of heat travelling to the fluid, this giveeseasonable approximation.

At this point, the BSTM is matched completely toas@rements, based on a SimAlp
experiment. In Figure 5.2 below the BSTM model fbest Vehicle 1 is shown
compared to the measurements after the matchingegsahat has been based on this
specific SimAlp run.
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6. Verification

6.1. Heat Generation Model Verification

6.1.1. Feed Forward Heat Generation Model Accuracy

In Section 4.2 above, the Feed Forward Heat GearrModel was found to be very
accurate. However, some offset from test data watgced. Therefore, during the
SimAlp test, the total brake force estimation ¢ ffeed Forward Model was compared
to the push force between both vehicles. SinceSthéAlp occurred at a constant speed
of 36 km/h, the drag and rolling resistance at sipged could easily be subtracted from
this push force in order to obtain the brake fotteame forward that the brake system
model overestimates the total brake force with hiyig5%, compared to the push force
between both vehicles. This indicates that the labi® brake system data are not
sufficiently accurate. Again, this clearly showsetimeed for a Feed-Back Heat
Generation Model.

6.1.2. Feed Forward/Feed-Back Heat Generation Model Comparison

On Test Vehicle 2, the FF and FB Heat generatiodahare run simultaneously over
longer vehicle runs. In Figure 6.1, the total antaafrheat generated for both models is
shown. Since there is also a brake Torque sigraaladle directly on the vehicle CAN-
bus, this is also taken along in the testing.
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Figure 6.1: Test Vehicle 2: Integrated heat inpuéotime for 3 different models
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It is noticed that the brake torque signal avadabh the vehicle CAN-bus is very

inaccurate and is not possible to use. The esomdtased on this signal significantly
underestimates the brake generated heat. Secdndlgaen that the FB model gives a
lower estimation compared to the FF model. This eggected since the FB model
does not take into account the portion of the bratkergy that is spread into the tires,
suspension and chassis. Both models show largéasimithough. From this it can be

concluded that the power train torque signal tsaavailable on the CAN-bus and is
necessary to make a Feed-Back model possibleiablesl This shows the potential that
the Feed-Back model has.

For each measurement, during which the vehiclebrasing (p,;,> 0), the ratio of the
FB and FF model is plotted. This is shown in Figbuz

L
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Figure 6.2: Estimated Brake Torque Ratio for Feenfard and Feed-Back Model

It is observed that the ratio is rather constamer dvne, in the order of 1.25. Part of this
difference can be explained by the heat absorptioeformation of the suspension,
chassis and tire as well as frictional heat germrain the tire. However, friction
coefficient in the Feed Forward Heat Generation 8ogkems to be overestimated,
since the 25% difference is too large to be explhihy absorption effects. Therefore,
the actual brake torque will have the shape of Fleed Forward Model, but its
magnitude will be closer to the Feed-Back Modelis hoticed that later in time, when
high temperatures are reached, there is a sligigt idr the ratio. This indicates a small
decrease in friction coefficient at high temperasur
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A second way this is investigated is by lookinghet ratio of total heat generated in the
Feed Forward and Feed-Back model. It can be sexrthis value settles at a ratio of
roughly 1.2, which lies very close to the valueaittd above. These effects clearly
illustrate the need for a combination of both H8aheration Models. The FB model is

inherently less accurate for a single brake apgtinahan the FF model. On the other
hand, in special conditions like snow, rain, dandag@rake pads or extreme

temperatures, the FB model will automatically tékese effects into account while the
FF model would give a significant offset with resp® the correct result. Therefore, an
ideal heat generation model would combine both rnsomteorder to consistently have

an accurate brake torque estimation. Before thipassible, the FB model needs
additional development in order to know the sloghicle mass and vehicle resistance
properties at all times. This was not possibldinithe timeframe of this project.
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Figure 6.3: Ratio of Generated Heat Estimate foe#&orward and Feed-Back Model

6.2. Temperature Model Verification

The BSTM has been matched to the SimAlp measurenparformed at the Hallered
test-track. This matching process has been perfbifiorea vehicle equipped with new
brake pads. Afterwards, this model is verifiedoldwing tests:

* SimAlp test with half worn pads, which has beerfqrened with Test Vehicle 1.
* Wind tunnel tests which have been performed witst Mehicle 1.
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Later on, the BSTM is implemented into a differgahicle, Test Vehicle 2, by means
of a dSPACE system. This is done in a differenticteitype with an almost identical
brake system as the previously used vehicle. Thidone to verify what amount of
tuning is needed to expand the model to other leemmdels. The new vehicle was
equipped with identically the same brake disc, $igihtly different design of pads and
caliper. Next to this, since it concerned a différgehicle type, the wheel hub and
consequently the airflow around the brake systes different.

6.2.1. Worn Pad verification

In Figure 6.4 below, a comparison is shown for mAp test between the measured
values and the BSTM-estimation when Test Vehiclgas equipped with a half worn
pad. This is to verify whether the BSTM works thgbout the entire pad life. As has
been investigated in Section 4.2, the friction Goeint of the worn pad is lower than
the friction coefficient of a 'normal’ pad at sopaints, due to insufficient bedding in.
Therefore, a Simulation is run in which the hegtiinis estimated by means of the push
force between both vehicles. Since the SimAlp rsatia constant speed of 36 km/h the
total resistance force at 36 km/h is subtractethftiois push-force. This resistance force
is estimated from the aerodynamic drag and roltegjstance of the vehicle. By using
this brake force as an input in the BSTM for bdta tun with new pads as with worn
pads, it can be verified if the tuned model wottktighout the complete pad life. As
has been mentioned earlier, the push-force is 2b%érl than the Feed-Forward model.
Therefore, this is used as input for the BSTM iadtof the Feed Forward Heat
Generation Model. In Figure 6.4 below, the BSTMttisauned for a new pad is shown
against the measurements for a vehicle with hathvpads.
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Figure 6.4: Half Worn Pads - SimAlp
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It is noticed that the disc temperature of the nhadi&ally follows the measurements.
At high temperatures however, the BSTM significanthverestimates the disc
temperature. A proper explanation has not beenddonthis. When looking at Figure
5.2 however, it can be seen that the same thingredor the experiment with the new
pad. At a temperature of 300 degrees Celsius thpdgmture increase is ‘cut off’ very
suddenly. This is not captured by the model prgpsihce the reason for this is not
fully understood. Consequently, the BSTM overestasdhe fluid temperature.

During the heat generation phase, the pad backetatye seems rather accurate.
However, during the soaking phase it becomes thedithe pad back temperature drops
too fast. The thermal resistance at the pad bapkap to be too low. It is clear that the
pad model needs more investigation since not fdtef are completely understood.

6.2.2. Wind tunnd Verification

The BSTM model that is tuned by means of the testlts at Hallered is subsequently
used to simulate the wind tunnel experiment. Tiselteof this is shown in Figure 6.5
below.
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Figure 6.5: Wind tunnel experiment

The soaking behavior of the pad, and consequehiy disc in the wind tunnel
experiment is different from BSTM (which has beendd according to the Hallered
measurements). A possible explanation for thikeésdifferent rims that have been used
in both experiments. For more closed rims, the antbiemperature around the brake
system increases. This will alter the soaking beinasf the brake system. Since the
vehicle in the wind tunnel experiment had more opers, the cooling during heat
soaking is more efficient and consequently thedftemperature was lower.
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6.2.3. Expansion to new Vehicle

The next phase in the verification process is edpanthe BSTM to a new vehicle
model with an almost identical brake system. Stheebrake system is almost identical,
ideally, the BSTM should be rather accurate withay significant additional tuning.
In Figure 6.6 below, the measured and estimatekelsgstem temperatures are shown
for Test Vehicle 2 without any additional tuning. &ll the previous tests, the brake
torque was available from external sensors: thémodsduring the SimAlp and the
driven steel belt during the Wind tunnel experiméniring both experiments this was
taken as input into the BSTM. For Test Vehicle Z tReed Forward model
overestimated the heat generation. From Figurét 6vas seen that this is also the case
for Test Vehicle 2. Therefore, the Feed-Back Heanédation Model is used as an input
for the BSTM. Since in the experimental setup tbkicle mass and drag properties are
known this is justified. In Figure 6.6 below thesuét of this can be seen, before any
modification has been made to the BSTM to matth fest Vehicle 2.
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Figure 6.6: Test Vehicle 2 equipped with BSTM hkefdatching

It can be observed that the Feed-Back Heat GeoerMMiodel seems to give a very
good result. The disc temperature and pad fronpéeature give a very close match to
the measurements, especially during the heat gemerphase. This is as expected,
since the used disc is identical to the one usebiesh Vehicle 1.

During the Soaking phase, the pad front temperaititkte BSTM seems to drop faster
than the measurements. Also the fluid temperateeeases significantly slower. This

can be explained due to fact that a slightly défgrpad is used in Test Vehicle 1.

Consequently, it is possible that the pad backglatea different layout. Therefore, the
amount of heat dissipated from the backplate tocHiger directly as well as the heat
travelling to the fluid can be significantly diffamt. Therefore, Test vehicle 2 needs to
re-tune the heat flux out of the pad and the fhetavior in order to match Test Vehicle
1.
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It is found that in order to get a proper matchwaein the measurements and the BSTM
for Test Vehicle 2, following parameters need taliered compared to Test Vehicle 1:
» Pad backplate resistance should be increased ardi/ttamic convection of the
pad should be decreased:
» Static and Dynamic convective coefficient of fladliper combination should
be altered slightly
¢ mCC, of caliper/fluid combination should be decreased.

The convective coefficient of the fluid can be epéd by the different airflow for the
new vehicle, due to the fact that a different rmused. The increased thermal resistance
of the backplate and the decreasedC, of the fluid/caliper combination is due to

different backplate design. The thermal resistabeéwveen the pad and fluid is
improved. At the same time, the fraction of thethbat is guided directly to the caliper
through the hammerheads has increased. In Figurddéow, the measurement and
BSTM are compared for Test Vehicle 2 after theséntymodifications.
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Figure 6.7: Test Vehicle 2 equipped with BSTM dffetching

6.2.4. Long Run Verification

Once the BSTM has been tuned for the new vehiclleng duration vehicle test is

performed in order to verify the performance of B8TM over longer vehicle drives.

More specifically it is verified whether the BSTMa#gs drifting a away from the

measurements after a longer drive. The result efltmg duration drive is shown in

Figure 6.8 below. The input to the BSTM is the F8adk Heat Generation Model. The
test run lasts more than two hours in which intem&raking, heat soaking and normal
driving phases are repeated multiple times. Durihg test run extremely high

temperature fluctuations occur.
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Figure 6.8: Long duration verification drive.

During the long run verification test, the Feed-Bateat Generation Model was used. It
was found that, when the vehicle mass and drageptiep are known, as well as the
road gradient, this model works surprisingly acteirét can be seen from the pad front
surface temperature evolution that the model fadlolve measurements very accurately,
even after the complete test run. This clearly shtive accurate of the Feed-Back Heat
Generation Model and also indicates that the eogliyi tuned heat partition coefficient
works very accurate. The temperature evolutionhef pad backside shows a slightly
larger difference between simulation and measuré&néhis is due to the insufficiently
modeled pad backplate. If a better model of the lpakplate would be implemented,
this would increase the accuracy. Subsequentlg, eéhior in the estimated heat flux
through the pad backplate induces an error in lilnd femperature estimate as well.
Currently the maximum error in fluid temperaturdiraation is 30 degrees. This is
exactly at the boundary of the objective, as watedtin Section 1.3.
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7. Human-Machine Interface for Future Implementation

One important concern in the development of newrtetogy is finding how this can be
used to our benefit. Being able to estimate thkeéftwid temperature is one thing. Now
the main question is: How is it possible to benffim this knowledge? In following
Sections several concepts are proposed and asetftion between those concepts is
performed.

7.1. Possible Concepts

Several approaches on how to use this informationbake fluid temperature are
possible. For each of these possible approachdewinf questions should be
investigated:

* Q1 Does the system at all times increase vehidétysa
* Q2 Does the system increase customer satisfadtioumt she vehicle?

* Q3 Does the system improve customer perceptiomefoverall quality of the
vehicle?

¢ Q4 Is implementation of the system technically iigla@®
* Q5 Is implementation of the system economicallgitela?

The BSTM informs about the current state of a Vehigvhenever the brake fluid is
overheated and vaporization becomes a feasiblehidgs action is required. After
reflection and discussion with colleagues, a lispossible actions has been come up
with, grouped according to their respective nature.

Active intervention Passive intervention
. . .| P1 Warnin light for temperature
Al Active cooling system of brake fluid . "~ . . g g P
indication
P2 Warning sound for temperatyre

A2 Reduction in available engine torque . .
Indication

P3 During descent: Use gear sh
indicator to enhance engine braking
A4 During descent: Change automatic

gearbox setting to enhance engjne

braking
A5 Use valves to isolate front whee]s:
only braking on rear wheels
A6 Automatic brake assist in Emergency
Situation

ft

A3 Change in brake pedal feeling

Table 7.1: HMI Concepts

Each proposed concept is matched to the questmlisated above. If one or more of
the questions are answered with 'no’, the conseagiscarded.
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Table 7.2: HMI Concepts Evaluation Matrix

It can be seen that active HMI concepts Al and A2discarded. All the passive HMI
concepts are kept. These concepts are investigategl deeply.

Firstly, it is investigated WHEN overheating of theake fluid may occur. Clearly, a
first condition is a large energy input into theake system. It is seen that this heat
slowly travels towards the brake fluid. When driyim significant amount heat is
dissipated into the environment due to forced cotiwr. Even with very large energy
inputs, this keeps the brake fluid temperature iBagmtly lower due to the large
cooling rate. Only when the vehicle is standindg} aind forced convection no longer
occurs, the heat travels towards the brake fluithouit being dissipated at a sufficient
rate. Therefore, brake fluid overheating will veayely occur during a ride itself. Only
when the vehicle has been standing still for same the brake fluid is likely to reach
critical temperatures.

7.2. Concept Discussions

7.2.1. Warning Light or Sound for Temperature Indication (P1 and P2)

Warning the driver is the most obvious HMI concdpthe fluid would reach critical
temperatures while driving such a system wouldrmecaeptable. Since, a warning light
while driving is perceived as a serious vehiclelufai by the driver and would
negatively influence driver perception of the oWegaality of the vehicle. Next to this,
especially with sound, sudden warnings while dgvaould upset the driver creating a
dangerous situation. The risk of vapor lock is gmigsent in very specific cases. It has
been tried to reach very high brake fluid tempegaiuring normal driving, but this
turned out to be very difficult, if not impossiblé. has been found that brake fluid
vaporization only may occur when the vehicle iskpdrfor a while after an extended
period of intensive braking.
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Since critical brake fluid temperatures occur oafter a vehicle standstill, a warning
light or sound would be more acceptable. Whenistathe vehicle, the driver can be
asked through the information display to wait sainge in order to allow the brake
system temperature to decrease. This informs tiverddirectly on the brake system
condition. However, since this does not occur whihving, this will not induce
negative perception of the driver with respectdbicle quality.

Since the BSTM warning would only occur very femés in a vehicle lifespan — if at
all — it is difficult to declare a symbol/relevasbund for this. Therefore, the best
proposal is just a text appearing in the driveoinfation display asking to wait a
certain amount of time before starting the vehiclerder to allow the brake system to
cool down sufficiently.

7.2.2. Gear Shift Indicator (P3)

The gear shift indicator HMI would only work for lmeles with a manual gearbox.
Many of these vehicles already have a gearshificatdr in order to reduce the fuel
consumption. When the BSTM detects excessive bgadtiming an Alpine descent, the
gear shift indicator can ask the driver to shifivdo This will automatically induce
engine braking.

7.2.3. Changein Brake Pedal Feeling (A3)

With brake-by-wire systems becoming the dominargkeérsystem set-up in future

vehicles, it is very simple to modify brake pedagling. This allows a gradual increase
in sponginess of the brake pedal feeling as thkelsrheat up. By allowing this gradual
increase the driver gets continuous feedback ofbitaxe system condition without

having the driver perceiving the brake system tofo@oor quality.

However, critical brake system temperatures usuaitur after soaking periods, when
the vehicle has been standing still. When the drstarts driving and the brake pedal
feeling is spongy from the beginning there is & tisat the driver is unaware of this
since he has no reference of previous brake apipisain mind with sharper pedal
feeling.

One other disadvantage is that the pedal feeling change sooner than would be the
case with a conventional brake system that is @agnhg. This may be interpreted by
the driver as if the brake system would be of ppaality, negatively affecting customer

perception of the brake system quality.
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7.2.4. Change Automatic Gearbox Setting (A4)

Automatic gearboxes can be tuned to have more efmeking while descending. A

possible application of this is to replace genttgke applications in a brake by wire

system by shifting down the gearbox instead whernvtrhicle detects it is descending a
slope. Such a system could be implemented atralsj not just at high brake fluid

temperatures and would thus be able to prevene thiésations completely. However,

such a system requires a complete developmentgsareits own and would be able to
operate completely independent of the BSTM inforamat

7.2.5. Use Valvesto | solate Front Wheels (A5)

Due to hygroscopic effects the brake fluid boilpgnt decreases over time. Since it is
not possible to know the exact conditions underctvhihe brake fluid has been
operating or how old the brake fluid is, the bajlipoint of the brake fluid is unknown.
If the BSTM system is not able to accurately prethe risk of brake fluid boiling, it is
impossible to implement a reliable warning system the driver. The likelihood of
false alarm or missed detection is too high, causire system to decrease customer
satisfaction.

Critical brake fluid temperatures will only occurthe front wheels where most of the
braking was performed. Therefore, an option is, wbetical brake fluid temperatures
are detected, to use the ABS and ESC valves tatestiie front wheels and only brake
on the rear wheels. This approach allows the fin¢els to cool down and is not
negatively influenced by the uncertainty on brakedfboiling temperature since it can
be used to keep the temperature below the ‘wost daoiling point. Next to this, in a

brake-by-wire vehicle, the pedal feeling can besreli when the front wheels are
isolated. A challenge in this concept lies in asguvehicle stability at all times.

7.2.6. Automatic Brake Assist in Emergency Situation (A6)

The BSTM can be made this way that it is able tedesituations in which brake fluid
vaporization is theoretically possible. If such ystem is recognized, the Active
intervention system is set on standby. Otherwiss,switched off completely. During
the time the emergency system is active, it cotistamonitors the vehicle pitch angle
(slope), the primary circuit pressure, the wheeadesls, vehicle deceleration and the
brake pedal travel. The system estimates in resd twhat the wheel speed and vehicle
acceleration should be theoretically to the reéles If a large discrepancy is detected
here (if there is a large brake pressure and thécheenearly decelerates) and/or the
brake pedal acceleration indicates an anxious [rikie system is activated. The exact
control of this system is done by means of fuzaydaand the thresholds are tuned
experimentally.
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Once the system intervenes it either sends maxitmake pressure to the non-locked
circuit. An alternative is that it automatically@ies the hand brake in the severe case
when both circuits are locked or to immediatelylas®e the front wheels, in order to
allow rear wheel hydraulic braking. Applying thenkabrake could cause problems with
respect to vehicle stability. This should be takento account during
development/testing. However, since vapor lockksly to occur at very low vehicle
speed this reduces the stability problem signitigan
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Results and Conclusions

A brake torque estimation model based on the pyirpegssure (Feed Forward)
and a brake torque estimation model based on theclge deceleration
(Feedback) give similar results. This leads toghssibility of combining both
models in order to optimize the brake torque edtonain all circumstances.

The Feed Forward Model needs to know the frictioefficient between the
brake pad and the brake disc. This friction cogdfitis variable and difficult to
predict in reality.

Before the Feed-Back Heat Generation Model cansked,ua proper slope, mass
and resistance estimation model needs to be deactlsipce these quantities are
not measured directly in the vehicle. If these dquas would be known, the
Feed-Back Model gives a sufficiently accurate esten

The lumped mass model for the brake disc givesaaoreable accuracy. It is
important to incorporate the temperature dependehtlye material properties,
since this has a significant influence. From thgcdiemperature evolution at
high temperature it is seen that this is not cobeptecorrect in the model, since
material properties of pure iron are assumed.

The Finite Difference Thermal Model of the brakel pg a good way to model
the heat flux through the pad. Due to the many matars involved and the
large variation in pad material properties, moneesiigation is needed in order
to fully understand the thermal behavior of thekbrpads.

The backplate of the pad is an important paranfetehe heat flux to the fluid.
This backplate and shim is usually composed ofeckifit material layers to
isolate the fluid as much as possible and to gaglmuch heat as possible to the
caliper. Therefore, a large difference in thernesistance of the back plate can
exist between 2 different pad types.

The fluid and surrounding caliper have almost id@htemperatures. Therefore
these both can be modeled as one lumped mass. Byialtly setting the
material properties, this lumped mass can be mdtthhaneasurements. This
allows incorporation of different effects, like tenount of heat that is 'lost' at
the pad backplate without knowing the actual quwuofi these effects.

Due to the high complexity of the thermal processeslved in the brake
system, the BSTM needs tuning for every specifiticle - rim — brake system
combination. The amount of tuning work requiredlimited however and a
rather straight forward process.

The BSTM can easily be upgraded by replacing imldial parts of the model.
This allows the CAE models that are currently undewvelopment to be
implemented into the BSTM
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e The BSTM is less accurate for worn pads, but gikessonable indication.
However, in current vehicle-park it is not known emha brake pad has been
replaced. This is required before the BSTM candmzldor worn pads as well.

* Many effects are not yet fully understood. Nexthis, there is a large variability
in between different runs and a significant degreancertainty. Therefore the
BSTM can give a good indication of the temperatuodsthe different
components, but it is not ensured that the estomasi accurate.

» Several active and passive HMI concepts are irnyastil. In order to select or
create a final concept from this, considerable tamithl investigation is required.
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9. Future Work

The BSTM is still under development and additiowalk is required before (parts of)
the BSTM can be implemented into production vebicl&éherefore improvement,
additional development and final verification isjuéed.

9.1. Heat Generation Model

The Feed forward Model and the Feed-Back Model Ishbe combined and expanded.
The Feed-Forward Model should be tuned for eachcleelspecifically, since it was

observed that inserting the available parameteysitezl in an error of up to 25%. For
the Feed-Back Model, separate models for estimativg vehicle mass, vehicle
resistance properties and road gradient are t@belabed and verified. Finally, thought
should be given on how to combine and expand baitherts:

- Use Feed-Forward Model to tune the Feed-Back Madélvice-versa
- Implement ESP, Spin Control and Traction Contrtto ithe Heat Generation
Model

Integrating the accelerometer signal and compating to the velocity signal can

further improve the accuracy of the Feed-Back H®&anheration Model. It can be

investigated if this can be used to remove thedsttate offset of the accelerometer.
This could create the possibility of using the é@dion signal in order to estimate the
vehicle mass, drag properties and road gradient.

9.2. Temperature Estimation Model

Different parts of the BSTM need additional updgtin
 Brake disc material propertie€() at high temperatures need to be determined.

Find out why the ‘dent’ in the temperature-increaé¢he brake disc occurs at
different temperatures in between different Simggts.

* Include disc wear into the model. A worn disc hassl mass and will
subsequently heat up faster.

+ Brake pad material propertiesk (C ) at high temperatures need to be

determined.

* A pad wear model should be included. It shouldHmught through on how to
tackle this, since the vehicle is not equipped \pdld wear indicators.

« A better understanding of how the heat travelsughothe pad backplate and
shim is needed. During a future SimAlp, an adddichermal sensor should be
added in the pad backplate. Also it can be interggb verify the amount of
heat that is conduction directly to the surroundiogliper through the
hammerheads.
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* A large discrepancy between the left front and trijont wheel temperature
evolution has been noticed. It is not fully undeost why there is such a large
discrepancy.

* For tuning the cooling behavior of the brake disstandstill, it is important to
know the location of the thermal sensor in the .didwerefore, during a future
SimAIp test, it is advised to make sure the therssadsor in the brake disc at
stand still is exactly facing the brake pad.

* Verification during moisture conditions is required

9.3. Human Machine Interface

The HMI proposed concepts are just very roughdhitieas. It is important to first
finish the Heat Generation Model and BSTM. Afterdsran optimal HMI can be
developed completely.
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