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Online Monitoring Of Brake Capability For Heavy Vehicles

Ramprasad Soundhararajan
Prajwal Devegowdana Koppal Chandrashekar
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract
The recent advancement in heavy vehicle brakes involves development of a novel fast-
acting electronic brake system. This brake system comprises a slip controller that
aids in reducing the stopping distances and tracks longitudinal wheel slip demands
accurately during extreme braking manoeuvres. The slip controller and pressure
controller relies on the knowledge of the ‘brake gain’ to calculate the desired brake
pressures. The brake gain is defined as a relation between applied brake pressure
and received brake torque. Currently the brake gain is assumed to be known and a
constant, which is far from true.

In this master thesis an algorithm to measure and estimate the brake gain on-line
has been developed and evaluated. The developed estimator captures the variation
of the brake gain with brake fade and actuator geometry. A temperature model is
developed to estimate disc temperature based on the total braking energy at each
braking event. The predicted brake disc temperature is used to estimate the disc-
pad interface friction coefficient. Further this information is used to monitor the
brake capability. The developed estimator shows that the estimations converge to
the reference.

Keywords: Temperature estimation, Brake friction coefficient estimation, Brake
gain, Slip controller.
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1
Introduction

1.1 Project Background
Heavy vehicles (such as trucks and buses) operate an electronically controlled, pneu-
matically actuated braking system. This type of system is commonly known as an
electronic brake system (EBS). Recent work by Cambridge University, Haldex Brake
Products, Volvo Trucks, and Chalmers University has resulted in the development
of a novel fast-acting EBS that enables stopping distances to be reduced by up to
17% in low friction conditions.

1.2 Problem motivating the project
A slip controller has been developed utilizing the control bandwidth of the FABVs
that is able to accurately track longitudinal wheel slip demands during extreme
braking manoeuvres. The slip controller relies on the knowledge of the ‘brake gain’
(ratio between brake torque and brake pressure) to calculate the desired brake pres-
sures. In the current slip controller implementation, calibration braking tests must
be used to calculate fixed brake gain values offline, prior to ‘turning on’ the slip
controller. An on-line brake gain estimation algorithm is needed so that this cali-
bration can be carried out automatically during normal driving. Brake temperature
and pad wear should be taken into account to correctly capture the effects of brake
fade and actuator geometry changes respectively. The estimated brake gain can
also be combined with measurements of the available pneumatic supply pressure to
calculate the total available ‘brake capability’ for a given wheel –this capability in-
formation can be used by advanced driver assistance (ADAS) functions to estimate
the maximum deceleration that can be achieved by the vehicle.

1.3 Objective
The project objectives are:

• Brake gain and brake capability estimators are to be developed in Simulink
using Volvo Trucks’ existing vehicle dynamics simulation environment (VTM)

• The developed functions is designed for being hosted by each individual wheel
brake module, which has a certain and limited signal interface to the vehicle.

• The estimation routines will be tuned using real test data.

1



1. Introduction

1.4 Deliverables
• Simulation model of disc-braked heavy vehicle (based on Volvo’s VTM tool-

box) suitable for the development of brake gain and brake capability estimation
routines.

• Simulink-based brake temperature and brake gain estimation routines.
• C-code based brake gain and brake capability estimation functions, for imple-

mentation in an embedded micro-controller (Autocode generation will be used
to generate C-code from Simulink models).

1.5 Limitations
The truck used in this thesis project is the Volvo 8x4 FMX Tridem with tag axle.
The development of the brake gain estimator is limited to ventilated disc and pad of
this truck. The estimator can be adapted to other trucks by tuning various constants
based on real test data. The estimator is based on thermal modelling approach to
predict the brake gain and no other methods will be investigated. The friction model
does not consider variation in friction due to normal load. The models have also
been developed by using test data from straight line braking. Also, influences of
external environment such as changing weather conditions has not been studied.
Due to limited availability of test vehicle, online calibration was not performed.

1.6 Approach
Although, the brake gain depends on various parameters [12]. The scope of this
thesis is limited to temperature, wear and vehicle speed. A thermal model based
estimator is developed in Simulink/Matlab with the help of test results from winter
tests. The estimator will capture the temperature through this thermal model. The
effects of temperature and sliding velocity on coefficient of friction is predicted using
a mathematical model fitted to real test data. The brake gain will then be combined
with the available supply pressure to determine the maximum brake capability for
the wheel. The estimator is further extended to predict the feasible duration of
braking before brake fading occurs. The final algorithms will be implemented in the
FABVs’micro-processor (using Autocode generation) and tested on-vehicle.
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2
Literature Review

Heavy goods vehicles(HGV) are vehicles with gross combination weight above 3500kg.
HGV’s have been major cause for road fatalities. One major cause of this is poorer
braking performance compared to passenger cars. This is due to lower friction associ-
ated with truck tires (which are harder and are designed for longer life) and decreased
efficiency of brake design themselves [1]. Through technological advancements the
number of fatalities in accidents involving HGVs fell by nearly 50% between 2006
and 2015, the percentage of fatalities in accidents involving HGVs did not decrease
considerably [2]. Study by Volvo Trucks Accident Research Team(VRT) showed
that frontal collision with cars contributes upto 55% of all the accidents involving
HGV’s [3]. High speeds and differences in mass and geometry between the vehicles
lead to high deformation of the car resulting in higher fatalities of car occupants.

Braking can be defined as the process of reducing a vehicle to a lower speed or
bringing it to, and keeping it at a complete stop. To achieve this, friction brakes
have been long used dating back to 19th century. Friction brakes do so by converting
the kinetic energy of the vehicle into heat energy through friction. Other braking
systems such as engine braking and retarders exist but are beyond the scope of this
thesis [5]. A measure of braking performance is the braking distance i.e the distance
travelled during the braking event. During harsh braking events, the braking per-
formance can be severely affected by wheel lockups. A wheel lock up occurs when
the applied braking force is much higher than the maximum available, given by the
equation 2.1. Many strategies have been implemented to avoid wheel lock ups and
improve braking performance which will be discussed in the following section.

Fxmax = µFz (2.1)

Where Fxmax, µ, Fz are maximum available braking force, coefficient of friction
between road and tyre and normal force acting on the wheel respectively.

2.1 Braking Strategies
Antilock Braking System (ABS) is one of the most widely used brake control strate-
gies. ABS has been made mandatory for all trucks manufactured on or after March
1, 1997 [6]. ABS prevents the wheels from locking by maintaining a vehicle state
called longitudinal slip above a certain value typically below 15% or 20% using
friction brakes as actuators [8]. Slip (λ) can be defined as:

3



2. Literature Review

λ = vx −Rrω

vx
(2.2)

Where Rr,ω and vx are the rolling radius, wheel angular velocity and longitudinal
velocity respectively. The variation of friction for different slips (here called the slip
slope curve) and functioning of ABS is shown in figure 2.1.

Figure 2.1: Variation of friction coefficient with slip slope curve to the left and
ABS control sequence to the right [7]

The slip slope curve can be split into two regions: stable and unstable. The stable
region occurs to the left of the peak (point 2) in the slip slope curve where an increase
in slip corresponds to an increase in available friction. Conversely, the region to the
right of the peak is defined the unstable region. During the brake application, the
wheel speed decreases continuously causing an increase in slip represented by point
1 in the figure 2.1. Beyond the peak (point 2), due to reduced available friction,
the wheel speed decreases sharply (point 3) indicating possible wheel lock up. Once
ABS predicts such a wheel lock up, it release the brake pressure momentarily such
that the wheel speed increases again. As a result, the slip decreases resulting in
higher available friction. This process is known as ABS cycling.

Although ABS provides a solution that avoids wheel lock up, the ABS cycling causes
the wheel slip to vary over a long range as can be seen in figure 2.1. As a result,
the maximum available friction and hence, braking force is not completely utilized
throughout resulting in lower braking performance.

Alternative solution such as the ’wheel slip control’ have been developed to address
this issue. The slip controller maintains the wheel slip at a desired value of slip-slope
curve by controlling the applied brake torque. The peak value depends on the tyre-
force characteristics. Studies have shown that the wheel slip control outperforms
ABS by 17% in terms of braking distances [12]. A detailed explanation of the wheel
slip control is taken up in section 2.8.

4
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2.2 Volvo Brake System
Unlike in cars where hydraulic pressure is used for control and actuation of friction
brake systems, compressed air is used in trucks for actuation. Air brake systems
tolerate leakage and provide ease of implementation. The device that converts the
compressed air pressure to mechanical force is called the brake actuators. Disc brake
and drum brakes are most commonly used in heavy vehicles. Disc brakes have
better performance, easier to maintain and have better heat dissipation properties
compared to drum brakes [46]. Hence, disc will be the focus in this thesis. In
combination with the brake chambers, they form the brake system at the wheel
end. A conventional air brake system is depicted in figure 2.2. The brake pressure
pushes the push rod against the lever creating mechanical advantage. The lever then
applies a force on the bridge. The design of the lever adds further to the mechanical
advantage. This force is then applied both on the inner and outer brake pads. The
friction material of the pads grips the disc giving rise to the desired retardation by
converting the kinetic energy of the vehicle to heat energy.

Figure 2.2: Cut away view of an air disc brake [4]

Earlier pneumatic brake systems have slow responses due to pressure development
through long pipe lengths in brake chambers. These delays have been drastically
reduced through use of electronic communication. Today the Volvo trucks are
equipped with Knorr Bremse Electronic Braking System. The electronic actua-
tion helps in faster brake responses which in turn reduces braking distances. Other
benefits of the EBS include increased braking comfort, improved brake wear and
easier maintenance [9].
Figure 2.3 shows the schematic representation of the EBS-5.

5
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Figure 2.3: A schematic representation of the EBS-5 [10]

As the name suggests, the EBS converts the brake demand/pedal position from the
driver to an electronic signal. This signal is then relayed to the main ECU which
determines the amount of brake pressure to be applied to achieve the desired vehicle
deceleration, while preventing wheel lock (using a low level ABS controller). EBS
have been shown to reduce stopping distances by 10% relative to a conventional
HGV brake system where purely pneumatic signals are used [11].

Various research and development have been done on actuators and valves to improve
braking further. These research focus on replacing the pneumatic brake actuators
with electrical components. Haldex Brake Products Ltd have produced a proto-
type actuator for HGV’s and along with wheel slip controller have shown upto 24%
reduction in stopping distances [13]. Researchers at Cambridge Vehicle Dynamics
Consortium (CVDC) have developed a bi-stable high speed pneumatic valve for use
in brake actuator. It consists of a cantilevered steel flexure between two permanent
magnets as shown in figure 3.2. The flexure alternates between the two states which
can be controlled by electrical pulses with a switching speed of 3ms.

6
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Figure 2.4: Cross section view of the bi-stable valve [12]

2.3 Brake Gain
As seen in the previous section, the brake torque is related to brake pressure. The
relationship between brake torque (TB) and pressure in the brake chamber (Pc) for
disc brakes can be defined as:

TB = 2AcqcµbrrbrPc (2.3)

Where:
• Pc: Pressure in the brake chamber
• Ac: Effective force-area of the chamber diaphragm
• µbr: Coefficient of friction between brake disc and pads
• rbr: Effective radius of the brake pads on the disc
• qc: Lever ratio in the caliper

The term 2Acqcµbrrbr is defined as the ’brake gain’(G) [12]. The return spring force
is small and hence neglected.

In [12], [13], previous studies of slip control braking performance brake gain was
a predefined constant and same for all the wheels i.e the difference in braking be-
haviour of different axles is neglected. The approximate value of the brake gain (G)
was determined using a rolling road dynamometer which allows us to measure the
braking force on individual axles for a given brake pressure. A linear fit between
chamber pressure (Pc) and braking force (Fx) gives the average brake gain used in
[13].

In reality, however, the assumption that the brake gain remains constant throughout
the lifespan of the brake is not true. Various factors such as temperature, wear or
oil/dirt on the pad affects the brake gain. Also, the instantaneous change in friction
due to instantaneous temperature of disc and rotor, as well as their sliding velocity
affect the brake gain during the braking event. It is found that brake gain can vary
up to ±50% during its usage [14]. Miller [12] has shown that brake gain appears

7
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in the main slip control equation and hence, variation in brake gain affects the
performance of the slip controller.
Although immense studies and research have been done to develop new braking
technology, there is lack of studies and research for online brake gain estimation. In
[12], an algorithm is presented to estimate brake gain using recursive least squares
on brake force, determined from pulse braking on each wheel. Acceptable results
were obtained, however,the estimator was not consistent through multiple runs.
In [14], recursive least squares method with bounded-forgetting factor is used to es-
timate the brake gain in real time however the details of the estimator were skipped.
In [15], the brake gain is estimated according to the mapped performance test values
of parameters; speed, pad temperature and brake pressure. Since the map was
created for a specific truck based on actual tests,the maps are not production feasible.
The authors considered temperature of brake pads which are quite different from the
actual disc-pad interface temperature. The results presented were not consistent.

2.4 Thermodynamics
During braking, kinetic and potential energy of the vehicle is converted into heat
energy due to sliding contact friction of brake disc and pad. This influences wear
and frictional characteristics in brake systems and the rate of heat generation is
equal to the frictional power [17]. The frictional heat at the disc and pads contact
induces high temperature and when the temperature exceeds the critical value, it
results in undesirable effects such as brake fade, premature wear, bearing failure,
thermal cracks, thermal elasticity and instability [18].
The fraction of generated heat during braking duration absorbed by disc can be
calculated [17],

σ = ξdSd
ξdSd + ξpSp

(2.4)

Where ξd, ξp&Sd, Sp are the thermal effusivity and frictional contact surfaces of disc
and pad respectively. Thermal effusivity is defined as:

ξ =
√
kρC (2.5)

where k, ρ & C are the thermal conductivity, density and thermal capacity respec-
tively. The temperature increase due to heat is given by

cpmdisc
dT

dt
= (Q̇in − Q̇out) (2.6)

m,cp,Qin,Qout are the mass of the disc/pad, specific heat of the disk/pad and the
rate of heat generation and heat dissipation respectively.

cp is temperature dependent. A linear relationship between material specific heat
and temperature can be derived through a linear regression fit to the brake cooling
data [17]. [31] presented a table of cp for gray iron determined from experimental
data, for a range of 25 to 700 degree Celsius.

8
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Figure 2.5: Temperature dependent heat capacity for gray iron [31]

[20] derived a linear function for cp(T ) using the above data samples as

cp(T ) = 0.0005T + 0.46 (2.7)

Figure 2.6: Brake rotor gray iron specific heat capacity versus temperature [20]

9
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2.4.1 Heat generation

Q̇in is the heat generation rate at the brake pad-disc interface, during braking. Q̇in

is modelled using the following relation [17]:
Q̇in = TBω (2.8)

where TB, ω are the braking torque and wheel speed respectively.

A heat partition coefficient (σ) is multiplied with the above equation while modelling
heat generation for disc and (1 − σ) for pad. The major source of heat flux to the
disc is from the conduction of friction heat generated during braking and the major
heat source to the brake pad is the radiation from the disc. The amount of radiation
absorbed by the pad from the disc is Q̇rad,pad multiplied by a view factor [36].

2.4.2 Heat dissipation
The frictional heat is conducted into the hub, pad and rest of the heat is stored
within the disc rotor. The cooling happens exponentially through the phenomena of
radiation and convection. At low temperatures, cooling from convection has major
contribution compared to the radiation [30].

2.4.2.1 Convection Heat Transfer

The convective heat transfer is modelled using newtons law of cooling,
Q̇conv = hAs(T − Tamb) (2.9)

The active convective heat surface area As is hard to determine because of the com-
plex geometry of the disc. The convective heat transfer coefficient h varies according
to the location, vehicle velocity and other factors. The uncertainty in modeling the
temperature using the convective heat transfer coefficient h may be as big as 10-30%
and is adjusted according to test data [19]. Although various methods can be used
to obtain approximate convective heat transfer coefficient such as used in [18] and
[22], due to availability of appropriate data the following method was used in this
thesis.

The product of h and As could be parametrized together to simplify the modeling
further [20],

− hAs
mcp

(T − Tamb) = dT

dt
(2.10)

assuming constant cp the solution to the above differential equation,
T (t) − Tamb = e−bt(T − Tamb) (2.11)

b = hAs
mcp

(2.12)

Where b is the cooling coefficient and depends linearly on vehicle velocity [32].
In [20], a linear function is setup between the cooling coefficient of the disc and the
vehicle velocity.
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2.4.2.2 Radiation Heat Transfer

The radiation heat transfer is significant at high temperatures and in low temper-
atures nearly 5% of dissipation occurs due to radiation [30]. It is modelled from
Stefan-Boltzman equation, which predicts a substantial increase of radiative heat
dissipation at elevated temperatures:

Q̇rad = εσAs(T 4 − T 4
amb) (2.13)

where, As, ε and σ are the area affected by radiation, the emissivity and the Stefan-
Boltzmann constant respectively. The difficult part of radiation heat transfer mod-
elling and analysis relates to the value of emissivity. The material, the condition of
the surface and its temperature all influence the value of emissivity. Equation 2.13
is rewritten:

Q̇rad = hradAs(T − Tamb) (2.14)

Where hrad, the radiative heat transfer coefficient is defined as [32]:

hrad = εσ(T 2 + T 2
amb)(T + Tamb) (2.15)

The variation of hrad with temperature for ε average value of 0.55 is as shown in
Figure 2.7 [33].

Figure 2.7: Radiative Heat Transfer Coefficient hrad increase with surface
temperature for emissivity 0.55 [33]

The heat transfer due to convection and radiation are added together giving Q̇out.

Q̇out = Q̇conv + Q̇rad (2.16)

Equation 2.6 is then integrated to determine the temperature.
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2.5 Wear
The contact between the disc and the brake pad´s polymer matrix generate wear
particles.The wear and frictional behavior of these material pairs is complex, and
is characterized by non-steady state high-temperature and high-pressure processes.
Wear is usually characterized with wear rate. Wear rate is one of the important
parameters characterizing the performance of friction material. Excessive wear rate
results in premature failure of friction material [23]. The wear of friction material
depends on factors such as braking pressure, sliding velocity and temperature [24].
The contact pressure of brake disc-pad is a time dependent function of interaction
between thermal expansion and wear, where the thermal expansion tends to localize
the contact, and wear increases the contact area [27]. In [26], the pad wear proper-
ties are investigated for different initial velocities and temperatures. Higher initial
braking velocities results in higher temperatures. Pad wear varies linearly with the
work done by a brake upto a certain brake temperature and increases rapidly for
brake temperatures greater than approximately 320 degrees celsius resulting in ta-
pered pad wear [23] [28].

[29] studied the effect of wear on friction coefficient for different pad composition.
The results as shown in Figure 2.8 indicates that for a given particular pad com-
position the friction coefficient µ stabilizes to an average value. Hence the friction
coefficient remains unchanged with wear.

Figure 2.8: Different brake pad composition, (a) Wear vs time (b) Coefficient of
friction v/s time [29].
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Figure 2.9: Haldex Disc Brake [45].

Most of the modern trucks are equipped with pad wear signals and pad wear com-
pensator mechanism. Pad wear signal provides the prevailing thickness of pad in
percentage. So pad wear modelling was excluded. Pad wear mechanism measures
the clearance between the pad & disc and in case of excess hub rotation (67) actu-
ates a synchronized bevel gear drive for the twin adjustment screws incorporated in
the push bar (41), which then restore the correct clearance between the pads and
disc [45]. Hence the effect of wear on brake gain is neglected.
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2.6 Lever ratio
The heat generated while braking at the disc-pad interface is conducted through the
back-plate to the braking mechanism. This results in higher temperature affecting
the efficiency and performance of the mechanism. Apart from friction coefficient,
the brake gain depends on lever ratio qc (from Eq.2.3). From the Figure 4.15, the
external and internal radii of the lever (44) is eccentric to force the lever to move
axially, resulting in a mechanical advantage. The lever ratio is defined as the ratio
of lever length to the eccentricity. With the stroke the lever rotates making an angle
thereby changing the ratio. Lever ratio qc is considered to be constant value 10. But
from the brake dynamometer test data, it is observed that at high temperature the
stroke is longer for identical brake torque output resulting in the varying lever ratio
[44]. This led to close investigation on the effect of varying lever ratio on brake gain.

2.7 Thermal Modelling Approaches
The four different modeling approaches for the thermal analyses of disc brakes [30]:

• A lumped parameter (zero-dimensional) model predicts transient bulk disc
temperatures.

• A one-dimensional model provides peak surface as well as bulk temperatures.
• A two-dimensional steady-state model of the entire brake system predicts

plateau temperatures during a multistop driving schedule.
• A three-dimensional complex transient model to obtain detailed local disc

temperature distributions for any stopping sequence.
1D models are typically used to determine peak operating temperature of the disc,
required for the disc design. [30] applied the Finite difference Method and Finite
Element Method to 2D and 3D modeling, but due to long computation time they
cannot be used for real time estimation.

2.8 Volvo Transportation Model(VTM)
Volvo Transportation Model is a simulink based toolbox used at Volvo GTT for
vehicle dynamics related simulation and development. For this thesis, a 8X4 (8
wheels, 4 driven) truck is used to study the braking performance. In our case, the
4th axle also called the tag axle is lifted. The VTM architecture used in this thesis
is shown in the figure 2.10.
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Figure 2.10: VTM architecture

VTM is made up of three major components:
• Driver Model: The driver input such as steering angle, reference vehicle speed,

brake torque, etc., is modelled. In this thesis, 80kmph is chosen to be the
reference vehicle speed.

• Actuator and Control Block: Individual local brake controller and valve plants
are defined for individual wheel inside this block. A schematic representation
of the individual brake controller and valve plant combination is shown in
figure 2.11.

• Vehicle Dynamics: The truck is modelled as three masses (Chassis front, Chas-
sis rear & cab) with pacejka tire model including 28 parameters. Each axle is
also modelled as a separate mass.

A detailed explanation of VTM can be found in [16]. For the convenience of
the reader, however, the actuators and control block is discussed briefly here. A
schematic representation of the actuators and control block is as shown below:

Figure 2.11: Schematic representation of the Actuators and Control Block [16]

The Sliding mode controller plays a pivotal part of the slip control braking. For the
controller, a first order sliding surface is defined as:
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ss = λ− λref (2.17)

Where λ and λref are the actual slip and reference slip.

The sliding mode controller determines the pressure which will then be used by
pressure controller. The brake pressure can be given by:

PSMC = RrrbF̂x − (1 − λ)axJω
KBGRr

− ks
ss

ss + δ
− Φsss (2.18)

where Rr, KBG, ks, δs and Φs are the wheel rolling radius, brake gain and tune-able
controller gains

The pressure controller then uses the demanded pressure from the sliding mode
controller and converts it to Pulse Width Modulation (PWM) Mark Space Ratio
demand using a proportional controller. The Mark Space Ratio is given by:

RMS = kpress(Pdem − Pc) (2.19)

The valve and brake chamber plant consists of valve states model, pnuematic valve
model, brake chamber and actuator. The valve states model converts the PWM
signal mark space ratio determines inlet and outlet valve states where zero corre-
sponds to fully open and one corresponds to fully closed positions of the valves.
The flow through the valve is modelled using one-dimensional fluid flow theory. The
pneumatic valve model determines the mass flow rates which is then directly fed
into the brake chamber model. The air within the brake chamber is modelled as a
polytropic gas of the form PV α = constant. The brake chamber pressure is then
given by:

αinṁin − αoutṁin = VcṖc
RTc

+ αcPcV̇c
RTc

(2.20)

where ṁ, Vc, R, Tc, α are the mass flow rate (subscripts ’in’ and ’out’ represents the
inlet and outlet valve respectively), the chamber volume, specific gas constant for
air, brake chamber temperature, ratio of specific heats respectively. The actuator
then converts the determined chamber pressure to braking torque given by:

TB = KBGPc (2.21)

A detailed explanation for the valve and brake chamber plant can be found in [13].

As can be seen, the brake gain plays important role in the sliding mode controller
and the valve plant. As already mentioned, an online estimation is vital. In thesis,
a simulink based model in VTM will be developed to determine the brake gain in
real time. The methodology adopted will be discussed in further chapters.
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2.9 Vehicle Motion Management Architecture
Heavy Vehicle Motion Management (HVMM) Architecture [38] is a reference ar-
chitecture that supports customer specific functional requirements (FR) and non-
functional requirements (NFR) for several domains on architectural level. HVMM
includes components with the logic to perform main cases such as Mission planning,
execution, and tracking (PET) for the respective time horizons [38]. According to
the architecture, HVMM sends requests to and gets information from the wheel
brake actuators. The information from HVMM is then sent out to higher layer
functions that serves as a lumped collection of all functions that control the vehicle
on a higher abstraction level [39]. A reference HVVM architecture at Volvo GTT is
as shown below:

Figure 2.12: Heavy Vehicle Motion Management Architecture [38]

2.10 Brake Fade
Brake fade is one of the most common phenomenon resulting in poor braking. Brake
fade can be defined as the loss of braking force/friction between the brake discs and
pads. This is majorly due to excessive heat in the disc/pad system. Based on the
cause, brake fade can be further divided into three categories:

• Mu Fade
As the temperature increases the friction drops as the resistance of asperities
to deform decreases. This will be discussed in depth in section 2.10.1

• Gas Fade
Higher temperature in the disc/pad system causes deterioration of resin of
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brake pad. The gases are trapped between the interface causing a decrease in
frictional force.

• Water Fade
In humid environment, water might get trapped in the interface causing re-
duced friction. Water fade is significant at higher speeds and low brake force
which can be attributed to hydrodynamic effects of water films.

2.10.1 Mu(µ) Fade
The coefficient of friction between the disc and pad depends upon sliding speed,
temperature and pressure where sliding speed is given by:

sliding speed = rbr
Rr

νx (2.22)

Coefficient of friction(COF) with temperature varies as shown below:

Figure 2.13: Variation of Coefficient of friction with Temperature [40]

Initially the coefficient of friction increases due to viscoelastic properties at elevated
temperatures [41]. After this initial phase, the friction reaches a peak and then
decreases as temperature increases. The decrease in friction coefficient can be at-
tributed to thermal decomposition of the resin material of brake pad [42].

The coefficient of friction decreases with increase in sliding speed, see 4.3.2. This is
due to lesser time available for asperities to come in contact and deform resulting
in lower actual contact area.
As pressure increases, a large number of asperities come in contact with the disc
increasing the contact area. This results in increase of the coefficient of friction with
increase in pressure [43].
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Methodology

3.1 Sensitivity Analysis
As shown in the section 2.8, the local brake controller uses the brake gain to de-
termine the pressure demand. The valve and brake chamber plant uses pressure
demand information along with the brake gain to determine the brake torque to be
applied. To study the effect of brake gain change on the slip controller, a sensitivity
analysis was performed. The brake gain varies up to 50% [12]. Hence, the extremes
considered for the study are +50% and -50% of the predefined brake gain value.

The sensitivity analysis was performed in two stages:

• Sensitivity analysis 1: The brake gain included in the ’brake chamber plant’
and the ’local brake controller’ are varied equally.

• Sensitivity analysis 2: The brake gain of the local brake controller was varied
but the valve and brake chamber plant gain was set to predefined value.

The analysis was realized in simulink and the following test matrices was adopted.

Table 3.1: Test matrix for Sensitivity Analysis 1

Test No. Brake Gains
Local Brake Controller Valve and Brake Chamber Plant

1 Predefined value Predefined value
2 50% less than predefined value 50% less than predefined value
3 50% more than predefined value 50% more than predefined value

Table 3.2: Test Matrix for Sensitivity Analysis 2

Test No. Brake Gains
Local Brake Controller Valve and Brake Chamber Plant

1 50% less than predefined value Predefined value
2 50% more than predefined value Predefined value
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3.2 Thermal Modelling of Brake System
Lumped parameter model is the most commonly used method to estimate disc tem-
perature for continuous braking. The assumption made in lumped parameter model
is that conduction of heat energy within the brake disc is higher than convection of
heat energy from the disc to air flow. This assumption is validated using a dimen-
sionless Biot number Bi [20]. A lumped parameter model of a disc is valid only if
Bi < 0.1.

Bi = hr0

K
(3.1)

Where, h, K, r0 are convective heat transfer coefficient, conductive heat transfer
coefficient and disc radius respectively.

The validation of our model was checked using h & K values from previous tem-
perature estimation for drum brake [35] and the biot number was less than 0.1. An
overview of Simulink model structure is as shown in the figure below:

Figure 3.1: Thermal model

The heat generation is modelled using Eq.2.8. The inputs torque (or pressure) and
velocity (wheel speed) are from VTM. In the heat dissipation model, the convection
heat transfer is modelled using Eq.2.9. The heat generation and dissipation model
is integrated according to Eq.2.6 to calculate the temperature.
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3.2.1 Convective Heat Transfer Coefficient
The convective heat transfer h and active convective surface As are determined
by parametreizing as 2.12. The convective heat transfer coefficient varies linearly
with temperature and velocity. [34] derived an explicit relation between cooling
coefficient, temperature and vehicle velocity using the test data:

b = b0 + b1T + b2νx (3.2)

where b0, b1 & b2 are constants that is determined from the test data.

3.2.1.1 Test Data

We know that the cooling coefficient depends on both temperature and velocity.
In order to understand the cumulative effect of both, Volvo internal test data that
includes different speed intervals and brake loads/Temperature was utilized. The
tests involved driving the truck to a certain velocity range and braked intermit-
tently to reach a specific temperature range. The combination of different speed
and temperature intervals achieved is shown in the test matrix (Table 3.3). Once
the required temperature was achieved, the truck was brought to a standstill (ν=0)
and was allowed to cool down to ambient temperature. Since, ν becomes zero, these
tests allow us determine the constants b0 and b1 using regression analysis.

Table 3.3: Test Matrix used to determine the cooling coefficient

Speed (km/h)
Temperature (deg C) 0-30 40-60 60-80

0-200 X X X
250-350 X
350-500 X

The temperature was measured using sliding disc temperature sensors. In the case
of 0-200 deg C tests, the velocity of the truck was maintained constant velocity for
about an hour before coming to stand still. Again, for this range of data, regression
analysis along with the known values of b0 and b1 was used to determine b2.

3.2.2 Validation of Temperature estimation
The temperature estimation from the model was validated through a data set gath-
ered from a truck which drove in and around London. The data set contained the
brake pressure, velocity of the truck and brake disc temperature. The pressure and
velocity was used as the input to the temperature estimator. A constant brake gain
was assumed to simplify the validation. The simulation was performed for 40000
seconds and the predicted temperature was compared with the actual temperature.
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3.3 Friction Estimation
As mentioned in section 2.5, the friction coefficient depends on various factors.
Temperature and sliding velocity majorly contribute to the coefficient of friction.
A direct measurement of coefficient of friction is not possible, however, if braking
torque, applied pressure and mechanical design characteristics of the brake chamber
is available, the coefficient of friction can be easily calculated using equation 2.3.
Hence, in this case a dynamo-meter test was considered suitable.

3.3.1 Test Cycle
Out of available data sets from the dynamometer tests, temperature sensitivity test
and speed sensitivity test were considered in our analysis.

In the temperature sensitivity tests, the brake disc is initially heated to various
temperatures. Pressure range of 1-10 bar is applied for different initial vehicle speed
and the brake torque is measured.

In the velocity sensitivity tests, the brake disc is initially heated to 100 deg C.
Pressure range of 1-10 bar is applied for different initial vehicle speed and the brake
torque is measured. The test matrix for two tests are as below:

Table 3.4: Temperature Sensitivity Test Matrix

Speed (km/h)
Temperature (deg C) 40 60 80 100

100 X X X X
200 X X X X
300 X X X X
400 X X X X
500 X X X X
600 X X X X

Table 3.5: Speed Sensitivity Test Matrix

Speed (km/h)
Temperature (deg C) 40 60 80 100 120

100 X X X X X

3.3.2 Regression Analysis for Friction estimation
Matlab’s inbuilt tool cftool was used for regression analysis. The sensitivity tests
enabled to create mathematical model for temperature and velocity dependency.
The models were then combined together to form a mathematical model for friction
estimation.
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3.4 Lever ratio estimation
As mentioned in the section 2.6, the stroke changes with chamber temperature and
pressure. Though the stroke can measured using displacement sensors, not all the
trucks can be equipped with it. So stroke is estimated using a mathematical model
derived from available temperature sensitivity wear test data.

During the wear tests, the brakes are heated to desired temperature and brake pres-
sure of 0−2.5 bars is applied and the corresponding stroke length, temperatures and
brake torques are measured. This test cycle is repeated for initial brake temperature
range of 100 − 500◦C.

Using Matlab´s tool cftool for regression analysis a mathematical model is derived to
estimate the stroke corresponding to the pressure applied and the brake temperature.
The stroke values are used to determine the instantaneous lever length and hence
the lever ratio is calculated. The block diagram of the Simulink model is as shown
below:

Figure 3.2: Lever ratio model
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3.5 Brake Gain Estimation Routine
Using the estimated temperature, coefficient of friction and lever ratio in the follow-
ing implemented simulink model, the brake gain can be estimated.

Figure 3.3: Block diagram representing the simulink model implementation

3.6 Brake Capability Estimator
Similar to batteries, brake disc can be considered as energy reservoirs. As braking
event occurs, the brake discs heat up and the energy reservoir begins to become
’full’. The braking time available before the reservoir becomes ’full’ can be termed
as braking capability. This information can then be used by higher layers of VMM
architecture for predicting brake fade and hence better speed profile planning.

From section 3.3, it was found that the coefficient of friction drops rapidly after 600
deg C. Hence for brake capability estimation, 600 deg C was considered the upper
limit. Rewriting equation 2.6 and rearranging, we get:

t = cpmdisc
600 − T

(Q̇in − Q̇out)
(3.3)

3.7 VTM Integration
The simulink based estimators was then integrated with the existing Volvo Trans-
portation Model (VTM). The simulation test case adopted for the truck model was
to brake with a initial velocity of 80 km/h with simulation time of 20 seconds. The
simulation consisted of various braking and acceleration intervals. The major in-
terest through this test was to study the performance of the developed estimators
when integrated into the VTM environment.
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Results

4.1 Sensitivity Analysis

4.1.1 Sensitivity Analysis 1
To study the overall effect of change in brake gain on the existing wheel slip controller
sensitivity analysis-1 was performed. The behaviour of the wheel slip controller with
default brake gain is as below:

(a) Plot of estimated vs actual
braking force

(b) Plot of νx and Rrω

Figure 4.1: Performance of the wheel slip controller with predefined brake gain

From the above graph, it can be observed that the prediction of braking force by
brake controller is within tolerance. The behaviour of wheel slip controller with the
modified brake gain values is as shown below:
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(a) Plot of estimated vs actual
braking force

(b) Plot of νx and Rrω

Figure 4.2: Performance of the wheel slip controller with 50% decrease in brake
gain

(a) Plot of estimated vs actual
braking force

(b) Plot of νx and Rrω

Figure 4.3: Performance of the wheel slip controller with 50% increased brake
gain

From the above graphs, it was observed that the braking force estimator works as
expected in both the cases. However, as the brake gain increases, there is lot of
disturbances present in the slip achieved. This is most likely due to the brake gain
values selected for the slip controller during the sensitivity analysis being too high.
On the contrary, the slip controller performed better when the gain was lowered.

4.1.2 Sensitivity Analysis 2
To study the effect of different brake gain values in the brake controller and the
valve plant on the performance of wheel slip controller sensitivity analysis-2 was
performed. The behaviour of wheel slip controller with different brake gain values
in the brake controller and valve plant is as shown below:
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(a) Plot of estimated vs actual
braking force

(b) Plot of νx and Rrω

Figure 4.4: Performance of the wheel slip controller with 50% decrease in brake
gain of the brake controller

(a) Plot of estimated vs actual
braking force

(b) Plot of νx and Rrω

Figure 4.5: Performance of the wheel slip controller with 50% increased brake
gain of the brake controller

From the graphs above, it is observed that in both cases the estimated braking force
is not equal to the actual braking force. The estimated Fx is used to determine the
coefficient of friction between tyre and the road and the error in estimation would
clearly corrupt the friction estimation. It is also noted that the estimated and actual
braking forces are much lower compared to figure 4.1b. When the brake gain is
decreased by 50%, the brake controller determines lower pressure demand since the
controller predicts a lower available braking force. This results in a lower braking
torque and the braking distance increased by 5 meters. The same explanation
holds true for when the brake gain is increased. The wheel slip also showed large
disturbances in both the cases as can be seen in figure 4.4b and 4.5b.
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4.2 Temperature Model

4.2.1 Convective Heat Transfer
As mentioned in the section 3.2.1.1 using the available vehicle test data, the re-
gression analysis of the cooling curves is performed to determine the values of b0, b1
and b2 for the test matrix 3.3. The results from the regression analysis for different
initial temperature are as shown in the figures below and curve fitted to determine
b0 & b1 values.

(a) Regression Analysis for 100-200
deg C & 60-80 Kmph

(b) Regression Analysis for 0-200
deg C & 0-60 Kmph

(c) Regression Analysis for 0-200 deg
C & 60-80 Kmph

(d) b0&b1 fit

Figure 4.6: Regression analysis to determine b0 and b1
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Using the temperature dependent b0 & b1 values, the curve fit for constant tempera-
ture 200◦C and brake velocity 0−30, 40−60 & 60−80s the mean velocity dependent
b2 value is determined. The results of the regression analysis and curve fit for b2 is
as shown below:

(a) Regression Analysis for 0-200 deg
C & 60-80 Kmph

(b) Regression Analysis for 0-200
deg C & 0-60 Kmph

(c) Regression Analysis for 0-200 deg
C & 0-30 Kmph

(d) Mean b2 value for 0-200 deg C &
different velocities

Figure 4.7: Regression analysis to determine b2

The determined cooling co-coefficients constants are tabulated in Appendix A.
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4.2.2 Temperature Validation
To validate the temperature estimation model, test data of a disc braked garbage
truck is used. The test was conducted in London. The performance of the estimator
is as expected and the result is as shown in Figure 4.8. Red line indicating the
estimated temperature and blue line the measured value. The glitches from the
measured values is due to sensor error.

Figure 4.8: Estimated temperature and measured temperature data of a garbage
truck

.
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4.3 Friction Estimation

4.3.1 Variation of friction with temperature
Based on the Volvo dynamometer test data, the coefficient of friction was plotted
for various temperatures as shown below:

Figure 4.9: Plot of COF with respect to temperature for various initial sliding
speeds
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4.3.2 Variation of friction with speed
The COF plotted for various velocities as shown in below based on test data.

Figure 4.10: Plot of COF with respect to sliding speed for various initial
temperature

4.3.3 Combined Friction Model
It can be seen that the COF has a logarithmic decrease with respect to velocity.
However, with temperature, the COF remains constant initially and decreases as
temperature increases further. Iterations of regression analysis showed that a poly-
nomial fit was able to capture the information well in the temperature zone. The
mathematical model capturing the effects of velocity and temperature is as below:

µ(T, v) = (a1T
2 + a2T ) + b1(b2)v (4.1)

where, a1,a2,b1 and b2 are constants, µ,T and v are coefficient of friction, temper-
ature(in deg C) and sliding velocity(in m/s) respectively. The developed friction
model is not intended to use outside 4<v<10 m/s and 100<T<600 deg C.

The fit above mathematical model to the test data and residual/error is as below:
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Figure 4.11: Best fit of mathematical model to the test data

Figure 4.12: Best fit residuals

It can be seen that the generated error is less than 0.4%, hence the model is accept-
able. The values of the constants determined are tabulated in appendix A.

4.4 Effect of Lever ratio
The derived mathematical model from the highest (500◦) Haldex actuator temper-
ature test data is as follows:

SL(T, P ) = a0 + a1T + a2P + a3T
2 + a4PT + a5P

2 (4.2)

Where SL is the stroke length, P is the brake pressure,T is the temperature and
a0, a1, a2, a3, a4, a5 are the coefficients.
The estimation model is verified for different initial braking temperature test data
from Haldex and results of the estimation in as shown in Figure 4.14. The lever
ratio change with temperature, pressure is as shown in Figure 4.15.
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Figure 4.13: Stroke Length vs Time for braking temperature 400◦C

Figure 4.14: Stroke Length vs Time for braking temperature 500◦C

Figure 4.15: Lever ratio change at 500◦C

The brake gain value using the estimated lever ratio is compared with the brake
gain with constant lever ratio ’15.8’ [45] as shown in Figure 4.16. The difference
between the brake gain values are as shown in the Figure 4.17.
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Figure 4.16: The effect of lever ratio on brake gain(fixed)

Figure 4.17: The difference in brake gain values

4.5 Brake Gain Comparison
To study the robustness and to validate the brake gain estimator, the test data
from Haldex dynamometer was used. The temperature range was 100-500 deg C
and velocity range of 40-100 kmph. The test involved heating the brake disc to the
required temperature followed by accelerating the disc to 100kmph. Brakes were
then applied until the disc reached the lower velocity i.e 40 kmph and the cycle was
repeated several times. Temperature, velocities, pressure applied and brake torque
generated by the brakes were measured throughout the test. For initial temperature
of 100 deg C, velocity range of 10-60 kmph was chosen. This provides the ideal
platform to study the estimator robustness. However, the Haldex system differs
from the volvo brake system in terms of the type of disc, the brake pad composition
and caliper mechanism. The following brake gains were compared:

• Actual Brake Gain- The ratio of the torque generated and pressure applied
directly provides the actual brake gain.
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• Constant Brake Gain- The ’assumed’ constant brake gain currently being used
at Volvo.

• Estimated Brake Gain- The temperature and velocity values from the dy-
namometer was fed to the brake gain estimator to determine the brake gain.

The comparison is as below:

(a) Brake gain comparison at 100 deg C

(b) Brake gain comparison at 200
deg C

(c) Brake gain comparison at 300
deg C

(d) Brake gain comparison at 400
deg C

(e) Brake gain comparison at 500
deg C

Figure 4.18: Actual, constant and estimated brake gain comparisons
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4.6 VTM Integration
Temperature, Coefficient of friction and the brake capability were of the most inter-
est when integrated into VTM. The results for front left wheel through this simula-
tion is shown below:

(a) Plot of velocity with time (b) Plot of temperature with time

(c) Plot of coefficeint of friction with
time

(d) Plot of time to fade with time

Figure 4.19: Performance of estimators integrated with VTM
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5.1 Sensitvity Analysis
The sensitivity analysis presents that the variation in the brake gain can severely
affect the performance of the wheel slip controller. Also, as expected, the simulations
showed an increase in braking distance with decrease in brake gain. Section 4.1.1
shows that a decrease in the brake gain affects the performance of the controller
positively whereas a increase in the brake gain affects the performance negatively.
However, a difference (positive or negative) in the brake gain between the local brake
controller and Valve and brake chamber plant affects the performance negatively as
shown in section 4.1.2. This further establishes a clear motivation to estimate brake
gain in real time in order to have a better functioning of brake system controller.

5.2 Thermal Modelling

5.2.1 Cooling coefficient estimation
From the available cooling data, the b0, b1 & b2 values are derived through curve fit
for different cooling temperature and at different brake velocity. The cooling coeffi-
cient estimation model includes both temperature and velocity influence. However
the cooling of the disc depends on a lot of different parameters such as ambient
temperature, wind velocity, aerodynamics of the vehicle, etc. This makes it hard
to derive a model that takes into account the randomness of driving in different
weather conditions.

5.2.2 Temperature Estimation
The temperature estimation model seems to function as expected. The results from
the model is validated against the available truck data and the maximum error in
the estimation is around 20◦C. This error might be due to the simplified cooling
model. The model is setup at different weather condition that results in estimating
a higher temperature and this continues. But at higher temperature (>700 deg
C), the estimation fails to converge with the sudden measured peak. This may de-
pend on the simplified modeling of the bulk temperature as a uniform temperature.
However more test data is desired to validate the estimation model. In the avail-
able truck data, the temperature was measured using two thermo-couples one on
inner and outer disc surface. The temperature estimation is validated against the
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mean temperature value. Since we follow lumped capacitance method, for better
mean temperature value using higher number of thermo-couples for measurement is
desired.

5.3 Friction Estimation
From figure 4.9 and 4.10, it can be seen that as expected the coefficient of friction
decreases with increase in temperature and sliding velocity. The combined effect
of temperature and velocity is also evident. A pattern for the coefficient of fric-
tion decrease was observed in both cases. This enables us to clearly establish a
mathematical model to predict the friction behaviour. The proposed friction model
performs very well in the temperature range (100-600 deg C) and sliding velocity
range (4-11 m/s) with error (<0.4%) as can been seen from figure 4.12. However,
due to lack of test data at low temperature (<100 deg C) or high temperature (>600
deg C), the estimation results have not been validated in these temperature ranges.
Based on various literature studies, the authors expect the mathematical model to
predict accurately well in those ranges as well.

5.4 Lever Ratio Estimation
From the comparison in the section 4.4, the difference in brake gain values using
the lever ratio estimation and constant lever ratio is as shown in the Figure 4.16.
The effect of lever ratio is also validated using the available dynotest data by back
calculating the brake gain from brake torque and chamber pressure with mechanical
efficiency of 95%. The lever ratio model predicts that the effective lever ratio can
reduce the brake gain by up to 5% for brake temperature above 500◦C

5.5 Brake Gain
When the brake gain comparison was performed for the two different brake disc/pad
(Volvo inhouse and Haldex) combination, the estimation predicts accurately for
lower temperature ranges such as 100 and 200 deg C as seen in figure 4.18a and 4.18b.
However, as the temperature increases to 300-500 deg C, the estimation clearly
underestimates as seen in 4.18c, 4.18d and 4.18e. It can be noted that the error
in estimation increases from 4.18c to 4.18e. The reason is that the decrease in the
friction coefficient is much lower than estimated. This shows that the performance
varies for different brake disc/pad combination.

5.6 Brake Capability
Depending on the information demanded by the higher layers in the VMM archi-
tecture, the brake capability estimator can be modified to estimate available energy
or time before brake fade occurs to help in path and velocity planning. In this the-
sis, time to brake fade was considered sufficient at each braking event. The brake
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capability estimator performed as expected when integrated with the temperature
estimator.

5.7 VTM Integration
The estimators performed well when integrated with VTM. The temperature in-
creases as expected during the braking event as can be seen from 4.19b. After the
braking event at 14 seconds, the temperature begins to decrease. Since the cooling
happens for 6 seconds and the velocity of the truck is so low, the decrease is unno-
ticeable. The coefficient increases at the braking event due to phenomenon already
explained in section 2.10.1. The brake capability estimator predicts the brake to
fade at approximately 132 seconds if the brake event continues in similar fashion.
However due to noise, large values creep in during the non-braking phase, causing
the brake fade time to be unrecognizable during the braking phase.
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6
Conclusion

The ’brake gain’ is estimated through the temperature and friction coefficient be-
tween the disc and the pad. The developed temperature and friction models does
justice in predicting the temperature and friction respectively. Although a braking
event is defined as reducing a vehicle speed by converting kinetic energy to heat en-
ergy through friction between brake disc and pad, a complicated set of events occur
at the pad surface. Major reasons include the material composition and structure
of the brake pad. Also, since the asperities formation and development of the brake
pad varies depending on braking history and usage, coefficient of friction differs be-
tween brake pads. In order to completely capture these effects the friction model
requires on-line calibration. The temperature and friction model in this thesis work
are simple and can be easily implemented in a real truck. However, the parameters
in the models needs to be tuned in order to adapt the existing models to other
brake disc/pad combination. The change in lever ratio of the brake mechanism due
to temperature and chamber pressure has negligible effect on brake gain. Hence
lever ratio can be considered to be constant.

The brake capability estimator is dependent on the temperature estimation. Hence
an improved temperature estimator can improve the performance of the brake ca-
pability estimator.
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A
Appendix

A.1 Model Parameters
Values available in the Volvo version of the report

A.2 Cooling Coefficients
Values available in the Volvo version of the report

A.3 Friction model parameters
Values available in the Volvo version of the report

A.4 Lever ratio
Values available in the Volvo version of the report
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