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HEAVY VEHICLE BRAKING SYSTEM AND METHOD
FIELD OF THE INVENTION

[0001] The present disclosure relates to a heavy vehicle braking system, a controller, a
kit of parts, controller readable instructions and methods of detecting wear, measuring
temperature of a braking element and determining a braking condition of a heavy vehicle
brake assembly.

BACKGROUND OF THE INVENTION

[0002] Itis known to provide a heavy vehicle brake assembly which includes a braking
component and a braking element including friction material having an engaging face, the
braking element being configured to be actuated in a braking operation so that the
engaging face of the friction material engages a braking surface of the braking component
to slow a heavy vehicle.

[0003] There are various methods for detecting wear in such a heavy vehicle brake
assembly. Such systems are an important safety feature because they help ensure that
braking elements and/or braking surfaces are replaced before they become too worn to
provide effective stopping power. This can help prevent accidents and increase the overall
safety of the vehicle. Additionally, by detecting wear early, such systems can help reduce
maintenance costs by allowing braking elements and/or braking surfaces to be replaced
before they cause damage to other parts of the brake system.

[0004] In some brakes, a constant wear sensor (CWS) is provided. Known CWS systems
measure an internal component of the brake to estimate total friction wear. For example,
in a disc brake, a CWS will measure the total rotations of the adjuster mechanism to
estimate total frictional wear, which is made up of the wear of the inboard brake pad, the
outboard brake pad and the brake rotor.

[0005] It would be desirable, however, to provide live measurements of the wear of
individual braking elements and braking surfaces as this could help diagnose issues with
the brake such as differential wear.

[0006] Itis also known that a temperature of the braking element and braking component
will increase when they are engaged with each other in a braking operation (e.g., in a
“dynamic” braking operation where there is relative movement between the braking
element and braking component). Therefore, it may be desirable to detect a temperature
of the braking element and/or braking component, in order to determine a braking
condition of the heavy vehicle brake assembly.
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[0007] Itis an aim of the present invention to address one or more of the disadvantages
associated with the prior art.

SUMMARY OF THE INVENTION

[0008] Aspects and embodiments of the invention provide a method of measuring the
thickness of a braking component in a heavy vehicle brake assembly, a method of
determining a braking condition of a heavy vehicle brake assembly, a method of measuring
a temperature of a braking element in a heavy vehicle brake assembly, a heavy vehicle
braking system, a disc brake, a drum brake, and a controller as claimed in the appended
claims.

[0009] An aspect of the disclosure provides a method of measuring the thickness of a
braking component in a heavy vehicle brake assembly of the kind comprising a braking
element including friction material having an engaging face, the braking element being
configured to be actuated in a braking operation so that the engaging face of the friction
material engages a braking surface of the braking component to slow a heavy vehicle. The
method comprises:

a) providing an ultrasonic device comprising an ultrasonic emitter, the ultrasonic
device being movable between a disengaged state, in which the ultrasonic device is not in
contact with the braking surface, and an engaged state, in which the ultrasonic device is
in contact with the braking surface;

b) determining when the ultrasonic device is in the engaged state;

¢) when it is determined that the ultrasonic device is in the engaged state, emitting
high-frequency sound waves through the braking component with the ultrasonic emitter
and detecting the high-frequency sound waves with an ultrasonic sensor;

d) measuring a time delay between emitting and detecting the high-frequency
sound waves; and

e) calculating a thickness of the braking component based on the time delay.

[0010] It will be understood that a braking component (e.g., a rotor of a disc brake) will
typically wear at a different rate than the friction material of the braking element (e.g., a
brake pad), and so the braking element and braking component may require replacing at
different times. This makes it difficult to reliably determine when the braking component
is worn using a known CWS system, which only estimates overall wear and not wear of
individual braking elements or braking components. Therefore, having such a method
which can directly measure a thickness of the braking component provides an advantage
over known wear detection systems, in that it allows thickness of the braking component
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to be determined independently of other parts of the brake assembly (e.g. the braking

elements).

[0011] It will be understood that when the ultrasonic device is in the engaged state, a
running clearance between the braking surface and the ultrasonic device is zero. In other
words, there is no void or air gap between the ultrasonic device and the braking surface.

[0012] Conversely, it will be understood that when the ultrasonic device is in the
disengaged state, a running clearance between the braking surface and the ultrasonic
device is greater than zero. In other words, there is a void or air gap between the ultrasonic
device and the braking surface.

[0013] Optionally, the braking surface and the ultrasonic device comprise complementary
engagement faces configured to contact each other. Optionally, the complementary
engagement faces are planar surfaces. Optionally, the complementary engagement faces
are curved surfaces. Optionally, the complementary engagement faces are complementary
convex and concave surfaces (e.g., a convex surface of the ultrasonic device for engaging
a complementary concave surface of the braking surface). It will be understood that when
the ultrasonic device is in the disengaged state, the ultrasonic device and the braking
surface are separated from each other by a void or air gap between the complementary
engagement faces. Conversely, when the ultrasonic device is in the engaged state, there
is no void or air gap between the complementary engagement faces.

[0014] Optionally, the ultrasonic emitter and/or ultrasonic sensor is fixed relative to the
braking element. Optionally, the ultrasonic emitter and/or ultrasonic sensor is rigidly fixed
relative to the braking element.

[0015] In this way, the ultrasonic emitter and/or ultrasonic sensor may be moved towards
the braking surface during a braking operation, which facilitates measurement of the
braking component thickness.

[0016] Optionally, the ultrasonic emitter and/or ultrasonic sensor is fixed to the braking

element.

[0017] Optionally, the ultrasonic device comprises the ultrasonic sensor. In such
embodiments, it will be understood that the high-frequency sound waves emitted by the
ultrasonic emitter will be reflected by a transition between different densities (e.g., at a
transition between a far side of the braking component opposite to the braking surface
and an air gap or opposing braking element). The time delay between emitting and then
receiving the reflected sound waves may be used to calculate the thickness.

[0018] Optionally, the ultrasonic device comprises a housing for the ultrasonic emitter.
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[0019] Optionally, the ultrasonic device comprises a spacing member which spaces the
ultrasonic emitter from the braking surface when the ultrasonic device is in the engaged
state.

[0020] Optionally, the spacing member comprises part of a housing for the ultrasonic

emitter and/or a sacrificial member.

[0021] Optionally, the spacing member is configured to directly contact the braking
surface when the ultrasonic device is in the engaged state. In other words, the spacing
member defines an engagement face configured to engage a complementary engagement
face of the braking surface when the ultrasonic device is in the engaged state.

[0022] Optionally, the ultrasonic device comprising the ultrasonic emitter is a first
ultrasonic device located on a first side of the braking component, and the ultrasonic
sensor is part of a second ultrasonic device which is located on a second side of the braking
component opposite to the first side, the braking component comprising first and second
braking surfaces on the first and second sides respectively, the second ultrasonic device
being movable between a disengaged state, in which the second ultrasonic device is not
in contact with the second braking surface, and an engaged state, in which the second
ultrasonic device is in contact with the second braking surface, and wherein step b)
comprises determining when both the first and second ultrasonic devices are in the
engaged state.

[0023] In this way, the first and second ultrasonic devices may be used in a “throw and
catch” configuration in which the high-frequency sound waves are transmitted directly
from the ultrasonic emitter of the first ultrasonic device to the ultrasonic sensor of the
second ultrasonic device (i.e. rather than being reflected back to an ultrasonic sensor

proximal to the ultrasonic emitter).

[0024] Optionally, each of the first and second ultrasonic devices includes both an
ultrasonic emitter and an ultrasonic sensor. In this way, the first and second ultrasonic
devices can also be used independently of each other (e.g. for measuring wear of the
braking elements, as disclosed in European patent application EP23179290.4).

[0025] Optionally, the brake assembly is of the kind comprising first and second braking
elements each including friction material having an engaging face, the first and second
braking elements being configured to be actuated in a braking operation so that the
engaging faces engage the respective first and second braking surfaces to slow a heavy
vehicle, and wherein the first ultrasonic device is fixed relative to the first braking element
and the second ultrasonic device is fixed relative to the second braking element.
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[0026] In this way, the first and second ultrasonic devices may be moved towards the
respective braking surfaces during a braking operation, which facilitates measurement of
the braking component thickness.

[0027] Optionally, the first ultrasonic device is rigidly fixed relative to the first braking
element and the second ultrasonic device is rigidly fixed relative to the second braking

element.

[0028] Optionally, the first ultrasonic device is fixed to the first braking element and the
second ultrasonic device is fixed to the second braking element.

[0029] Optionally, step b) comprises determining that the engaging face of the friction
material of the or each braking element is in contact with the respective braking surface.

[0030] When the ultrasonic emitter and/or ultrasonic sensor is fixed relative to a braking
element, determining that the engaging face of the friction material of the or each braking
element is in contact with the respective braking surface (i.e. determining when a braking
operation is being carried out) may offer a simple means of determining that the or each
ultrasonic device is in the engaged state.

[0031] Optionally, step b) comprises sending an instruction to a brake control system to
actuate the or each braking element to engage the respective braking surface. Sending an
instruction to actuate the or each braking element provides a simple means of determining
that the engaging face of the friction material of the or each braking element is in contact
with the respective braking surface (i.e. determining that a braking operation is being
carried out).

[0032] Optionally, the brake control system comprises a decoupled brake system. A
decoupled brake system provides a means to actuate the or each braking element as
instructed.

[0033] Optionally, the instruction is sent to the brake control system at start-up of the
heavy vehicle. It will be understood that brakes are typically applied at start-up of a heavy
vehicle, and so there would be no detrimental effects of instructing a brake to be applied
momentarily at start-up while the thickness measurement is taken (e.g. in comparison to
instructing brakes to be applied during driving conditions, which could be a safety risk).

[0034] Optionally, step b) comprises receiving a signal from a brake pedal sensor and/or
a brake control system. Receiving a signal from a brake pedal sensor and/or a brake
control system provides a reliable means of determing that the engaging face of the friction
material of the or each braking element is in contact with the respective braking surface.
For example, the controller may be an ECU associated with a decoupled braking system.
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[0035] Optionally, step b) comprises measuring pressure in a hydraulic or pneumatic
brake line coupled to an actuator for actuating the or each brake element. It will be
understood that in hydraulic/pneumatic brake systems, pressure is increased in a hydraulic
or pneumatic brake line when a braking operation is performed, in comparison to when no
braking operation is performed. Therefore, measuring pressure in such a brake line
provides a reliable means of determining that the engaging face of the friction material of
the or each braking element is in contact with the respective braking surface.

[0036] Optionally, step b) comprises identifying a change in the high-frequency sound
waves detected by the ultrasonic sensor. It will be understood that the output of the
ultrasonic sensor will differ when the engaging face of the friction material of the or each
braking element is in contact with the braking surface compared to not being in contact
with the braking surface. Therefore, when the engaging face of the or each braking
element changes from not being in contact to being in contact with the braking surface
(e.g., as a consequence of a braking operation being performed), there will be a sudden
change in the output of the ultrasonic sensor. Such a sudden change may be used to
determine that the engaging face of the friction material of the or each braking element is
in contact with the respective braking surface.

[0037] Optionally, step b) comprises measuring current in an electric circuit coupled to
an electric actuator for actuating the or each brake element. It will be understood that in
electric brake systems, current in the associated electrical circuit will change when a
braking operation is performed. Therefore, measuring current in such an electric circuit
provides a reliable means of determining that the engaging face of the friction material of
the or each braking element is in contact with the respective braking surface.

[0038] Optionally, the method further comprises: f) determining a wear condition of the
braking component based on a change in the thickness of the braking component over
time. Such a step f), which uses the thickness calculated in step e) allows wear of the
braking component to be determined independently of wear of other parts of the brake
assembly (e.g. the braking elements).

[0039] Optionally, step f) comprises comparing the braking component thickness
calculated at step e) with a reference thickness stored in a memory, wherein the reference
thickness comprises an initial braking component thickness and/or one or more previously-
calculated braking component thicknesses. Such a comparison to a reference thickness
stored in memory allows change in thickness over time to be determined, which thus gives
an indication of the wear condition of the braking component.
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[0040] Optionally, the method further comprises audibly and/or visibly indicating the
wear condition determined at step f). Audibly and/or visibly indicating the wear condition
(e.g., via an indicator located within the cabin of a heavy vehicle) allows a driver or
maintenance technician to understand the wear condition of the braking component and
take appropriate action when required.

[0041] Optionally, the method further comprises recording the wear condition determined
at step f) in a memory. Recording the wear condition in a memory allows wear trends to

be tracked over time.

[0042] Optionally, the method further comprises sending the wear condition determined
at step f) to a wear monitoring system. Sending (e.g., transmitting) the wear condition to
a wear monitoring system allows appropriate action to be taken by users of the wear
monitoring system. For example, where a company runs a fleet of heavy vehicles, the
wear conditions of each braking component on each vehicle may be transmitted to a
central wear monitoring system which allows the company to schedule maintenance of

particular vehicles (i.e., replacement of worn braking components) when required.

[0043] Optionally, the method further comprises: g) determining a wear condition of the
braking component based on a difference between the calculated thickness of the braking
component in comparison to the calculated thickness of another braking component of the

same vehicle.

[0044] Optionally, step g) comprises determining that the braking component is
prematurely wearing when the calculated thickness of the braking component is lower
than the calculated thickness of another braking component of the same vehicle by more
than a threshold value.

[0045] Optionally, the method further comprises: audibly and/or visibly indicating the
wear condition determined at step g); and/or recording the wear condition determined at
step g) in a memory; and/or sending the wear condition determined at step g) to a wear

monitoring system.

[0046] Optionally, the method further comprises audibly and/or visibly indicating the
braking component thickness calculated at step e). Audibly and/or visibly indicating the
braking component thickness (e.g., via an indicator located within the cabin of a heavy
vehicle) allows a driver or maintenance technician to understand the thickness of the
braking component and take appropriate action when required.

[0047] Optionally, the method further comprises recording the braking component
thickness calculated at step e) in a memory. Recording the braking component thickness
in @ memory allows thickness changes to be tracked over time.
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[0048] Optionally, the method further comprises sending the braking compnent thickness
calculated at step e) to a thickness monitoring system. Sending (e.g., transmitting) the
braking component thickness to a thickness monitoring system allows appropriate action
to be taken by users of the thickness monitoring system. For example, where a company
runs a fleet of heavy vehicles, the thickness of each braking component on each vehicle
may be transmitted to a central thickness monitoring system which allows the company
to schedule maintenance of particular vehicles (i.e., replacement of braking components
which have become too thin) when required.

[0049] Optionally, the method further comprises determining a temperature of the brake
assembly and using the determined temperature of the brake assembly to calibrate the
calculation of step e). It will be understood that ultrasonic sensor readings may vary with
temperature. Therefore, by determining temperature and using this to calibrate the
calculation of step e) an accurate measurement of the thickness of the braking component
can be obtained.

[0050] Optionally, the temperature of the brake assembly may be determined using a
temperature sensor and/or by monitoring operating conditions of the brake assembly
(e.g., to estimate a temperature based on duration of braking operations).

[0051] Optionally, the method further comprises determining whether a temperature of
the brake assembly is within a predetermined temperature range, wherein step ¢) is only
performed when it is determined that the temperature of the brake assembly is within the
predetermined temperature range. It will be understood that ultrasonic sensor readings
may vary with temperature. Therefore, by determining whether a temperature of the brake
assembly is within a predetermined temperature range (e.g., a temperature range for
which the calculation of step e) has been calibrated), and only performing step ¢) in this
temperature range, an accurate measurement of the thickness of the braking component
can be obtained.

[0052] Optionally, determining whether the temperature of the brake assembly is within
the predetermined temperature range comprises determining when a predetermined
amount of time since the last braking operation has elapsed. It will be understood that the
temperature of the braking assembly increases during a braking operation due to frictional
forces, and that this temperature will gradually then reduce towards atmospheric
temperature after the braking operation has finished. Therefore, determining when a
predetermined amount of time since the last braking operation has elapsed provides a
means of determining whether the temperature is in the predetermined range (e.g. a
range close to the range of typical atmospheric conditions).
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[0053] Optionally, determining whether the temperature of the brake assembly is within
the predetermined temperature range comprises determining when the heavy vehicle has
been started up after a period of shut down. When the heavy vehicle has been started up
after a period of shut down, the temperature of the brake assembly will be close to
atmospheric conditions. Further, it will be understood that there will be relatively low
fluctuations in temperature between different start-up events due to different atmospheric
conditions, in comparison to temperatures reached during prolonged braking operations.
Therefore, determining a start up of the heavy vehicle provides an alternative means of
determining whether the temperature is within the predetermined range.

[0054] Optionally, determining whether the temperature of the brake assembly is within
the predetermined temperature range comprises measuring or inferring the temperature
of the brake assembly using a temperature sensor. Using a temperature sensor provides
a measured temperature, which can then easily be used to determine whether the
temperature of the brake assembly is within the predetermined range.

[0055] A further aspect of the teachings provides a method of determining a braking
condition of a heavy vehicle brake assembly of the kind comprising a braking element
including friction material having an engaging face, the braking element being configured
to be actuated in a braking operation so that the engaging face of the friction material
engages a braking surface of the braking component to slow a heavy vehicle, the method
comprising:

a) providing an ultrasonic device comprising an ultrasonic emitter, the ultrasonic
device being movable between a disengaged state, in which the ultrasonic device is not in
contact with the braking surface, and an engaged state, in which the ultrasonic device is
in contact with the braking surface;

b) emitting high-frequency sound waves through the braking component with the
ultrasonic emitter and detecting the high-frequency sound waves with an ultrasonic
sensor;

¢) determining a braking condition of the heavy vehicle brake assembly by
identifying a change in the high-frequency sound waves detected by the ultrasonic sensor.

[0056] Optionally, the ultrasonic device is fixed relative to the braking element, and step
¢) comprises determining when the braking element is in contact with the braking surface
of the braking component by identifying an increase in the amplitude of the high-frequency
sound waves detected by the ultrasonic sensor.

[0057] Optionally, the method further comprises a step of determining that the braking
element is dragging when it is determined at step c) that the braking element is in contact
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with the braking surface, and that the heavy vehicle brake assembly is not performing a
braking operation.

[0058] A further aspect of the teachings provides a heavy vehicle braking system
comprising:

a heavy vehicle brake assembly comprising a braking component and a braking
element including friction material having an engaging face, the braking element being
configured to be actuated in a braking operation so that the engaging face of the friction
material engages a braking surface of the braking component to slow a heavy vehicle;

an ultrasonic device comprising an ultrasonic emitter, the ultrasonic device being
movable between a disengaged state, in which the ultrasonic device is not in contact with
the braking surface, and an engaged state, in which the ultrasonic device is in contact with
the braking surface;

an ultrasonic sensor; and

a controller configured to:

a) instruct the ultrasonic emitter to emit high-frequency sound waves
through the braking component to be detected by the ultrasonic sensor, and receive

a signal from the ultrasonic sensor indicative of the detected high-frequency sound

waves; and

b) determine a braking condition of the heavy vehicle brake assembly by
identifying a change in the high-frequency sound waves detected by the ultrasonic sensor.

[0059] Optionally, the ultrasonic device is fixed relative to the braking element, and
wherein the controller is configured at step b) to determine when the braking element is
in contact with the braking surface of the braking component by identifying an increase in
the amplitude of the high-frequency sound waves detected by the ultrasonic sensor.

[0060] Optionally, the controller is configured to determine that the braking element is
dragging when it is determined at step b) that the braking element is in contact with the
braking surface, and that the heavy vehicle brake assembly is not performing a braking
operation.

[0061] A further aspect of the teachings provides a controller for a heavy vehicle brake
system. The controller is configured to:

a) instruct an ultrasonic emitter to emit high-frequency sound waves through a
braking component of a heavy vehicle brake assembly to be detected by an
ultrasonic sensor, and receive a signal from said ultrasonic sensor indicative of the

detected high-frequency sound waves; and

10



WO 2024/256672 PCT/EP2024/066633

b) determine a braking condition of said heavy vehicle brake assembly by
identifying a change in the high-frequency sound waves detected by said ultrasonic

Sensor.

[0062] Optionally, the controller is configured at step b) to determine when said braking
element is in contact with a braking surface of a braking component of said heavy vehicle
brake assembly by identifying an increase in the amplitude of the high-frequency sound
waves detected by said ultrasonic sensor.

[0063] Optionally, the controller is configured to determine that said braking element is
dragging when it is determined at step b) that said braking element is in contact with said
braking surface, and that said heavy vehicle brake assembly is not performing a braking
operation.

[0064] A further aspect of the teachings provides a heavy vehicle braking system
comprising:

a heavy vehicle brake assembly comprising a braking component and a braking
element including friction material having an engaging face, the braking element being
configured to be actuated in a braking operation so that the engaging face of the friction
material engages a braking surface of the braking component to slow a heavy vehicle;

an ultrasonic device comprising an ultrasonic emitter, the ultrasonic device being
movable between a disengaged state, in which the ultrasonic device is not in contact with
the braking surface, and an engaged state, in which the ultrasonic device is in contact with
the braking surface;

an ultrasonic sensor; and

a controller configured to:

a) determine when the ultrasonic device is in the engaged state;

b) when it is determined that the ultrasonic device is in the engaged state,
instruct the ultrasonic emitter to emit high-frequency sound waves
through the braking component to be detected by the ultrasonic sensor,
and receive a signal from the ultrasonic sensor indicative of the detected
high-frequency sound waves;

¢) measure a time delay between emitting and detecting the high-
frequency sound waves; and

d) calculate a thickness of the braking component based on the time delay.

[0065] Such a heavy vehicle braking system provides the benefits of the method outlined
above.

11
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[0066] Optionally, the controller is further configured to: e) determine a wear condition
of the braking component based on a change in the thickness of the braking component
over time. In other words, the controller automatically determines a wear condition (e.g.
“worn and needs replacing soon”, or “partially worn but does not need replacing”), without
anybody having to directly monitor the braking component thickness. Alternatively, the
controller may only calculate thickness and the wear condition may be determined
manually (e.g. by a maintenance technician) based on the calculated thickness. Optionally,
the controller is configured at step e) to compare the braking component thickness
calculated at step d) with a reference thickness stored in a memory, wherein the reference
thickness comprises an initial braking component thickness and/or one or more previously-
calculated braking component thicknesses. Optionally, the heavy vehicle braking system

comprises the memory.

[0067] Optionally, the ultrasonic emitter and/or ultrasonic sensor is fixed relative to the
braking element. In this way, the ultrasonic emitter and/or ultrasonic sensor may be
moved towards the braking surface during a braking operation, which facilitates
measurement of the braking component thickness.

[0068] Optionally, the ultrasonic emitter and/or ultrasonic sensor is fixed to the braking

element.

[0069] Optionally, the ultrasonic device comprises the ultrasonic sensor. In such
embodiments, it will be understood that the high-frequency sound waves emitted by the
ultrasonic emitter will be reflected by a transition between different densities (e.g. at a
transition between a far side of the braking component opposite to the braking surface
and an air gap or opposing braking element). The time delay between emitting and then
receiving the reflected sound waves may be used by the controller to calculate the
thickness.

[0070] Optionally, the ultrasonic device comprises a housing for the ultrasonic emitter.

[0071] Optionally, the ultrasonic device comprises a spacing member which spaces the
ultrasonic emitter from the braking surface when the ultrasonic device is in the engaged
state.

[0072] Optionally, the spacing member comprises part of a housing for the ultrasonic

emitter and/or a sacrificial member.

[0073] Optionally, the spacing member is configured to directly contact the braking
surface when the ultrasonic device is in the engaged state. In other words, the spacing
member defines an engagement face configured to engage a complementary engagement
face of the braking surface when the ultrasonic device is in the engaged state.

12
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[0074] Optionally, the ultrasonic device comprising the ultrasonic emitter is a first
ultrasonic device located on a first side of the braking component and the ultrasonic sensor
is part of a second ultrasonic device which is located on a second side of the braking
component opposite to the first side, the braking component comprising first and second
braking surfaces on the first and second sides respectively, the second ultrasonic device
being movable between a disengaged state, in which the second ultrasonic device is not
in contact with the second braking surface, and an engaged state, in which the second
ultrasonic device is in contact with the second braking surface, and wherein the controller
is configured at step a) to determine when both the first and second ultrasonic devices are
in the engaged state.

[0075] In this way, the first and second ultrasonic devices may be used in a “throw and
catch” configuration in which the high-frequency sound waves are transmitted directly
from the ultrasonic emitter of the first ultrasonic device to the ultrasonic sensor of the
second ultrasonic device (i.e. rather than being reflected back to a ultrasonic sensor

proximal to the ultrasonic emitter).

[0076] Optionally, each of the first and second ultrasonic devices includes both an
ultrasonic emitter and an ultrasonic sensor. In this way, the controller can also use the
first and second ultrasonic devices independently of each other (e.g. for measuring wear
of the braking elements, as disclosed in European patent application EP23179290.4).

[0077] Optionally, the heavy vehicle brake assembly comprises first and second braking
elements each including friction material having an engaging face, the first and second
braking elements being configured to be actuated in a braking operation so that the
engaging faces engage the respective first and second braking surfaces to slow a heavy
vehicle, and wherein the first ultrasonic device is fixed relative to the first braking element
and the second ultrasonic device is fixed relative to the second braking element.

[0078] In this way, the first and second ultrasonic devices may be moved towards the
respective braking surfaces during a braking operation, which facilitates measurement of
the braking component thickness.

[0079] Optionally, the first ultrasonic device is fixed to the first braking element and the
second ultrasonic device is fixed to the second braking element.

[0080] Optionally, the controller is configured at step a) to determine that the engaging
face of the friction material of the or each braking element is in contact with the respective
braking surface.

[0081] Optionally, the controller is configured at step a) to send an instruction to a brake
control system to actuate the or each braking element to engage the respective braking
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surface. Optionally, the brake control system comprises a decoupled brake system.
Optionally, the controller is configured to send the instruction to the brake control system
at start-up of the heavy vehicle.

[0082] Optionally, the controller is configured at step a) to receive a signal from a brake
pedal sensor and/or a brake control system.

[0083] Optionally, the controller is configured at step a) to measure pressure in a
hydraulic or pneumatic brake line coupled to the or each brake element. Optionally, the
controller is configured to measure the pressure with a pressure sensor. Optionally, the
heavy vehicle braking system comprises the pressure sensor. Optionally, the pressure
sensor is part of an external system (e.g. a decoupled brake system).

[0084] Optionally, the controller is configured at step a) to identify a change in the high-
frequency sound waves detected by the ultrasonic sensor.

[0085] Optionally, the controller is configured at step a) to measure current in an electric
circuit coupled to an electric actuator for actuating the or each brake element .

[0086] Optionally, the controller is mounted on the heavy vehicle brake assembly. In this
way, the heavy vehicle braking system may be provided as a single unit.

[0087] Optionally, the the controller is configured to determine a temperature of the
brake assembly and to use the determined temperature of the brake assembly to calibrate
the calculation of step d).

[0088] Optionally, the controller is configured to determine a temperature of the brake
assembly based on a signal received from a temperature sensor, and/or by monitoring
operating conditions of the brake assembly (e.g., based on signals of a brake control
system or other brakeing operation sensors). Optionally, the heavy vehicle braking system

comprises the temperature sensor.

[0089] Optionally, the controller is configured to determine whether a temperature of the
brake assembly is within a predetermined temperature range, and to only perform step b)
when it is determined that the temperature of the brake assembly is within the

predetermined temperature range.

[0090] Optionally, the controller is configured to determine whether the temperature of
the brake assembly is within the predetermined temperature range by determining when
a predetermined amount of time since the last braking operation has elapsed.

[0091] Optionally, the controller is configured to determine whether the temperature of
the brake assembly is within the predetermined temperature range by determining when
the heavy vehicle has been started up after a period of shut down.
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[0092] Optionally, the controller is configured to determine whether the temperature of
the brake assembly is within the predetermined temperature range by measuring or
inferring the temperature of the brake assembly based on a signal from a temperature
sensor. Optionally, the temperature sensor is part of the heavy vehicle braking system.

[0093] Optionally, the controller is configured to send a signal to an audible and/or visible
indicator, the signal corresponding to the braking component thickness calculated at step
d) and/or the wear condition determined at step e). Optionally, the heavy vehicle braking
system comprises the audible and/or visible indicator. Optionally, the indicator is part of

an external system.

[0094] Optionally, the controller is configured to record in a memory the braking
component thickness calculated at step d) and/or the wear condition determined at step
e). Optionally, the heavy vehicle braking system comprises the memory. Optionally, the
memory is part of an external system.

[0095] Optionally, the controller is configured to send a signal to a wear monitoring
system, the signal corresponding to the braking component thickness calculated at step
d) and/or the wear condition determined at step e). Optionally, the heavy vehicle braking
system comprises the wear monitoring system. Optionally, the wear monitoring system is
part of an external system. Optionally, the signal is sent to the wear monitoring system
via a transmitter (e.g. a wireless transmitter). Optionally, the heavy vehicle braking
system comprises the transmitter.

[0096] A further aspect of the teachings provides a disc brake comprising a heavy vehicle
braking system as disclosed herein, wherein the braking surface is a rotor rotationally
fixed relative to a vehicle wheel and the or each braking element is a brake pad having
friction material, optionally wherein the brake pad has a backplate and the friction material
is fixed to the backplate.

[0097] A further aspect of the teachings provides a controller for a heavy vehicle brake
system. The controller is configured to:

a) determine when an ultrasonic device of said heavy vehicle brake system is in an
engaged state in which the ultrasonic device is in contact with a braking surface of a
braking component of said heavy vehicle brake system;

b) when it is determined that said ultrasonic device is in the engaged state, instruct
an ultrasonic emitter of said ultrasonic device to emit high-frequency sound waves
through said braking component to be detected by an ultrasonic sensor of said heavy
vehicle brake system, and receive a signal from said ultrasonic sensor indicative of the
detected high-frequency sound waves;
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¢) measure a time delay between emitting and detecting the high-frequency sound

waves; and
d) calculate a thickness of said braking component based on the time delay.

[0098] Optionally, the controller is further configured to: e) determine a wear condition
of said braking component based on a change in the thickness of said braking component
over time. In other words, the controller automatically determines a wear condition (e.g.
“worn and needs replacing soon”, or “partially worn but does not need replacing”), without
anybody having to directly monitor the braking component thickness. Alternatively, the
controller may only calculate thickness and the wear condition may be determined
manually (e.g. by a maintenance technician) based on the calculated thickness. Optionally,
the controller is configured at step e) to compare the braking component thickness
calculated at step d) with a reference thickness stored in a memory, wherein the reference
thickness comprises an initial braking component thickness and/or one or more previously-
calculated braking component thicknesses.

[0099] Optionally, the controller is configured at step a) to determine when both a first
ultrasonic device located on a first side of said braking component and a second ultrasonic
device located on a second side of said braking component are both in an engaged state
in which the ultrasonic device is in contact with a respective braking surface of said braking

component.

[0100] In this way, the controller may be used in applications where the first and second
ultrasonic devices are used in a “throw and catch” configuration in which the high-
frequency sound waves are transmitted directly from the ultrasonic emitter of the first
ultrasonic device to the ultrasonic sensor of the second ultrasonic device (i.e. rather than
being reflected back to a ultrasonic sensor proximal to the ultrasonic emitter).

[0101] Optionally, the controller is configured at step a) to determine that an engaging
face of friction material of said braking element is in contact with a respective braking
surface of said braking component.

[0102] Optionally, the controller is configured at step a) to send an instruction to a brake
control system to actuate said braking element to engage the respective braking surface.
Optionally, the brake control system comprises a decoupled brake system. Optionally, the
controller is configured to send the instruction to the brake control system at start-up of
the heavy vehicle.

[0103] Optionally, the controller is configured at step a) to receive a signal from a brake
pedal sensor and/or a brake control system.
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[0104] Optionally, the controller is configured at step a) to measure pressure in a
hydraulic or pneumatic brake line coupled to said brake element. Optionally, the controller
is configured to measure the pressure with a pressure sensor. Optionally, the heavy vehicle
braking system comprises the pressure sensor. Optionally, the pressure sensor is part of
an external system (e.g. a decoupled brake system).

[0105] Optionally, the controller is configured at step a) to identify a change in the high-
frequency sound waves detected by the ultrasonic sensor.

[0106] Optionally, the controller is configured at step a) to measure current in an electric
circuit coupled to an electric actuator for actuating the or each brake element.

[0107] Optionally, the controller is mounted on a heavy vehicle brake assembly. In this
way, the heavy vehicle braking system may be provided as a single unit.

[0108] Optionally, the controller is configured to determine a temperature of said brake
assembly and to use the determined temperature of said brake assembly to calibrate the
calculation of step d).

[0109] Optionally, the controller is configured to determine a temperature of said brake
assembly based on a signal received from a temperature sensor, and/or by monitoring
operating conditions of said brake assembly (e.g., based on signals of a brake control
system or other braking operation sensors).

[0110] Optionally, the controller is configured to determine whether a temperature of
said brake assembly is within a predetermined temperature range, and to only perform
step b) when it is determined that the temperature of said brake assembly is within the

predetermined temperature range.

[0111] Optionally, the controller is configured to determine whether the temperature of
said brake assembly is within the predetermined temperature range by determining when
a predetermined amount of time since the last braking operation has elapsed.

[0112] Optionally, the controller is configured to determine whether the temperature of
said brake assembly is within the predetermined temperature range by determining when
the heavy vehicle has been started up after a period of shut down.

[0113] Optionally, the controller is configured to determine whether the temperature of
said brake assembly is within the predetermined temperature range by measuring or
inferring the temperature of said brake assembly based on a signal from a temperature

Sensor.
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[0114] Optionally, the controller is configured to send a signal to an audible and/or visible
indicator, the signal corresponding to the braking component thickness calculated at step
d) and/or the wear condition determined at step e).

[0115] Optionally, the controller is configured to record in a memory the braking
component thickness calculated at step d) and/or the wear condition determined at step
e).

[0116] Optionally, the controller is configured to send a signal to a wear monitoring
system, the signal corresponding to the braking component thickness calculated at step
d) and/or the wear condition determined at step e).

[0117] A further aspect of the present disclosure provides a kit of parts comprising: a

controller as disclosed herein; an ultrasonic emitter; and an ultrasonic sensor.

[0118] A further aspect of the present disclosure provides controller readable instructions
which, when executed by a controller, are arranged to perform a method as disclosed

herein.

[0119] A further aspect of the present disclosure provides a method of measuring a
temperature of a braking element in a heavy vehicle brake assembly. The method
comprises: a) emitting high-frequency sound waves through the braking element with an
ultrasonic emitter and detecting the high-frequency sound waves with an ultrasonic
sensor; b) measuring a time delay between emitting and detecting the high-frequency
sound waves; and c¢) calculating a temperature of the braking element based on the time
delay and a distance travelled by the high-frequency sound waves between the ultrasonic

sensor and the ultrasonic emitter.

[0120] Itis known that the speed at which sound waves travel through a medium varies
with the temperature of the medium. In other words, the time taken for sound waves to
travel a given distance through a medium varies with the temperature of the medium.
Therefore, when high-frequency sound waves are emitted through a braking element
(e.g., a brake pad or a rotor in a disc brake) and when distance travelled and time delay
between emitting and detecting (e.g., time of flight) are known, the temperature of the
braking element can be calculated. This may be beneficial for determining a braking
condition of a heavy vehicle brake assembly and/or for calibrating thickness measurement

calculations.

[0121] In addition, in heavy vehicle brake systems which include an ultrasonic
emitter/sensor for other reasons (e.g., for thickness measurement), such a method allows
temperature to be calculated without the need for additional sensors (e.g., thermocouples
embedded in the braking element).
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[0122] Optionally, step ¢) comprises: cl) dividing the distance travelled by the high-
frequency sound waves by the time delay to calculate a speed of the high-frequency sound
waves through the braking element; and c2) determining a temperature of the braking
element based on the speed of the high-frequency sound waves through the braking

element.

[0123] Optionally, step c2) comprises inputting the calculated speed of the high-
frequency sound waves into a mathematical function which defines a relationship between

speed of sound and temperature for the braking element.

[0124] Optionally, the mathematical function is determined from experimental data
comprising speed of sound measurements taken through the material of the braking

element at multiple known temperatures.

[0125] Using such experimental data provides a simple means of determining a suitable
mathematical function without having to empirically derive the function based on
properties of the material of the braking element (which may not be known).

[0126] Optionally, the mathematical function is determined from the experimental data
using curve fitting techniques.

[0127] Using curve fitting techniques may reduce the number of experimental data points
required to define the mathematical function.

[0128] Optionally, the mathematical function is determined from the experimental data

using regression or interpolation.

[0129] Optionally, the distance travelled by the high-frequency sound waves is based on
a thickness of the braking element, wherein the thickness of the braking element is
determined by a wear sensor assembly; optionally, wherein the wear sensor assembly

comprises the ultrasonic emitter and ultrasonic sensor.

[0130] In this context, the term “thickness” will be understood to mean the depth of
material which forms the braking element. In other words, where the braking element has
an engaging surface which engages a corresponding brake surface on a different brake
component, the “thickness” is a dimension of the braking element in a direction transverse
to the engaging surface. For example, in a disc brake assembly, the braking element may
be a brake pad or a rotor and the “thickness” is a dimension of the braking element in an
axial direction of the disc brake (i.e., in a direction parallel to the rotational axis of the
rotor). In a drum brake assembly, the braking element may be a brake shoe or a drum
and the “thickness” is a dimension of the braking element in a radial direction of the drum
brake (i.e., in a radial direction with respect to a rotational axis of the drum).
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[0131] The thickness of the braking element being determined by a wear sensor assembly
may facilitate accurate measurement of the temperature of the braking element over time

as the braking element becomes worn.

[0132] Optionally, the braking element comprises a support surface supporting friction
material having an engaging face, the braking element being configured to be actuated in
a braking operation so that the engaging face engages a braking surface to slow a heavy
vehicle; optionally, wherein the braking element is a brake pad of a disc brake or a brake
shoe of a drum brake.

[0133] It will be understood that the temperature of such a braking element increases
when the braking element is actuated in a braking operation to slow a heavy vehicle.
Therefore, it may be particularly beneficial to measure temperature of such a braking
element (e.g., to indicate a braking condition of the brake assembly).

[0134] Optionally, the method further comprises measuring the temperature of a braking
component comprising a braking surface configured to be engaged by the braking element
to slow a heavy vehicle; optionally, wherein the braking component is a rotor of a disc
brake or a drum of a drum brake.

[0135] It will be understood that the temperature of such a braking component increases
when a braking element engages the braking surface to slow a heavy vehicle. Therefore,
it may be particularly beneficial to measure temperature of such a braking component
(e.g., to indicate a braking condition of the brake assembly).

[0136] In some embodiments, the braking component may be the braking element
referred to above. In other words, in some embodiments the temperature of a rotor or
drum may be measured using the methods outlined above, without also measuring a

temperature of a corresponding brake pad or brake shoe.

[0137] A further aspect of the present disclosure provides a method of determining a
braking condition of a heavy vehicle brake assembly, the method comprising: measuring
a temperature of a braking element of the heavy vehicle brake assembly using a method
as disclosed herein; and determining a braking condition from the measured temperature.

[0138] Such a method may be useful for identifying faulty braking conditions, such as
dragging brake pads or brake shoes. Such a method may also be useful for providing the
determined braking condition to a braking system (e.g., to modulate actuation of the brake
assembly).

[0139] Optionally, the braking element comprises a support surface supporting friction
material having an engaging face, the braking element being configured to be actuated in
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a braking operation so that the engaging face engages a braking surface of the heavy
vehicle brake assembly to slow a heavy vehicle, wherein the method comprises
determining that the engaging face is engaged with the braking surface to decelerate or
limit acceleration of the heavy vehicle when the measured temperature is rising.

[0140] Such a method may be useful for identifying faulty braking conditions, such as
dragging brake pads or brake shoes. Such a method may also be useful for providing the
determined braking condition to a braking system (e.g., to modulate actuation of the brake
assembly).

[0141] Optionally, the method comprises: measuring a temperature of a first braking
element using a method as disclosed herein and measuring a temperature of a second
braking element using a method as disclosed herein; and determining that one of the first
and second braking elements is dragging when the temperature of the first braking
element is different to the temperature of the second braking element; optionally, when a
difference between the temperatures of the first and second braking elements is above a
threshold temperature difference.

[0142] Such a method may be useful for identifying dragging brake pads or brake shoes.

[0143] A further aspect of the present disclosure provides a heavy vehicle brake system.
The heavy vehicle brake system comprises a heavy vehicle brake assembly comprising a
braking component and a braking element including friction material having an engaging
face, the braking element being configured to be actuated in a braking operation so that
the engaging face of the friction material engages a braking surface of the braking
component to slow a heavy vehicle. The heavy vehicle brake system also comprises an
ultrasonic emitter, an ultrasonic sensor, and a controller. The controller is configured to:
a) instruct the ultrasonic emitter to emit high-frequency sound waves through the braking
element and/or braking component to be detected by the ultrasonic sensor, and receive a
signal from the ultrasonic sensor indicative of the detected high-frequency sound waves;
b) measure a time delay between emitting and detecting the high-frequency sound waves;
and ¢) calculate a temperature of the braking element and/or braking component based
on the time delay and a distance travelled by the high-frequency sound waves between

the ultrasonic emitter and the ultrasonic sensor.

[0144] Optionally, the controller is configured at step ¢) to: cl) divide the distance
travelled by the high-frequency sound waves by the time delay to calculate a speed of the
high-frequency sound waves through the braking element and/or braking component; and
c2) determine a temperature of the braking element and/or braking component based on
the speed of the high-frequency sound waves through the braking element and/or braking
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component; optionally, by inputting the calculated speed of the high-frequency sound
waves into a mathematical function which defines a relationship between speed of sound
and temperature for the braking element and/or braking component; optionally, wherein
the mathematical function is determined from experimental data comprising speed of
sound measurements taken through the material of the braking element and/or braking
component at multiple known temperatures; optionally, wherein the mathematical
function is determined from the experimental data using curve fitting techniques;
optionally, wherein the mathematical function is determined from the experimental data

using regression or interpolation.

[0145] Optionally, the ultrasonic emitter and ultrasonic sensor are both positioned on an
opposite side of the friction material of the braking element to the engaging face, such
that high-frequency sound waves emitted by the ultrasonic emitter are reflected at the
engaged face and then detected by the ultrasonic sensor; or wherein the ultrasonic emitter
and ultrasonic sensor are positioned on opposite sides of the braking component to each
other, such that the high-frequency sound waves emitted by the ultrasonic emitter pass
through the braking component to the ultrasonic sensor.

[0146] Optionally, the controller is further configured to: d) determine a braking condition
of the heavy vehicle brake assembly based on the temperature calculated at step ¢).

[0147] Such a system may be useful for identifying faulty braking conditions, such as
dragging brake pads or brake shoes. Such a system may also be useful for providing the
determined braking condition to a braking control system (e.g., to modulate actuation of
the brake assembly).

[0148] Optionally, the controller is configured at step d) to determine that the engaging
face of the braking element is engaged with the braking surface of the braking component
to decelerate or limit acceleration of the heavy vehicle when the temperature calculated
at step ¢) is rising.

[0149] Such a system may be useful for identifying faulty braking conditions, such as
dragging brake pads or brake shoes. Such a system may also be useful for providing the
determined braking condition to a braking control system (e.g., to modulate actuation of
the brake assembly).

[0150] Optionally, the controller is configured at step d) to: measure a temperature of
a first braking element of the heavy vehicle brake assembly and measure a temperature
of a second braking element of the heavy vehicle brake assembly; and determine that one
of the first and second braking elements is dragging when the temperature of the first
braking element is different to the temperature of the second braking element; optionally,
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when a difference between the temperatures of the first and second braking elements is
above a threshold temperature difference.

[0151] A further aspect of the present disclosure provides a disc brake comprising a
heavy vehicle brake system as disclosed herein, wherein the braking component is a rotor
rotationally fixed relative to a vehicle wheel and the or each braking element is a brake
pad having friction material, optionally wherein the brake pad has a backplate and the
friction material is fixed to the backplate.

[0152] Such a disc brake benefits from the advantages of the heavy vehicle brake system
outlined above.

[0153] A further aspect of the present disclosure provides a drum brake comprising a
heavy vehicle brake system as disclosed herein, wherein the braking component is a rotor
rotationally fixed relative to a vehicle wheel and the or each braking element is a brake
pad having friction material, optionally wherein the brake pad has a backplate and the
friction material is fixed to the backplate.

[0154] Such a drum brake benefits from the advantages of the heavy vehicle brake
system outlined above.

[0155] A further aspect of the present disclosure provides a controller for a vehicle brake
system. The controller is configured to: a) instruct an ultrasonic emitter to emit high-
frequency sound waves through a braking element and/or braking component of said
heavy vehicle brake system to be detected by an ultrasonic sensor, and receive a signal
from said ultrasonic sensor indicative of the detected high-frequency sound waves; b)
measure a time delay between emitting and detecting the high-frequency sound waves;
and c¢) calculate a temperature of said braking element and/or braking component based
on the time delay and a distance travelled by the high-frequency sound waves between

the ultrasonic emitter and the ultrasonic sensor.

[0156] Optionally, the controller is configured at step ¢) to: cl) divide the distance
travelled by the high-frequency sound waves by the time delay to calculate a speed of the
high-frequency sound waves through said braking element and/or braking component;
and c2) determine a temperature of said braking element and/or braking component based
on the speed of the high-frequency sound waves through said braking element and/or
braking component; optionally, by inputting the calculated speed of the high-frequency
sound waves into a mathematical function which defines a relationship between speed of
sound and temperature for said braking element and/or braking component; optionally,
wherein the mathematical function is determined from experimental data comprising

speed of sound measurements taken through the material of said braking element and/or
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braking component at multiple known temperatures; optionally, wherein the mathematical
function is determined from the experimental data using curve fitting techniques;
optionally, wherein the mathematical function is determined from the experimental data

using regression or interpolation.

[0157] Optionally, the controller is further configured to: d) determine a braking condition
of said heavy vehicle brake assembly based on the temperature calculated at step c¢).

[0158] Such a controller may be useful for identifying faulty braking conditions, such as
dragging brake pads or brake shoes. Such a controller may also be useful for providing
the determined braking condition to a braking control system (e.g., to modulate actuation
of the brake assembly).

[0159] Optionally, the controller is configured at step d) to determine that an engaging
face of said braking element is engaged with a braking surface of said braking component
to decelerate or limit acceleration of said heavy vehicle when the temperature calculated
at step ¢) is rising.

[0160] Such a controller may be useful for identifying faulty braking conditions, such as
dragging brake pads or brake shoes. Such a controller may also be useful for providing
the determined braking condition to a braking control system (e.g., to modulate actuation
of the brake assembly).

[0161] Optionally, the controller is configured at step d) to: measure a temperature of
a first braking element of said heavy vehicle brake assembly and measure a temperature
of a second braking element of said heavy vehicle brake assembly; and determine that
one of said first and second braking elements is dragging when the temperature of said
first braking element is different to the temperature of said second braking element;
optionally, when a difference between the temperatures of said first and second braking
elements is above a threshold temperature difference.

[0162] A further aspect of the present disclosure provides a kit of parts comprising: a
controller as disclosed herein; an ultrasonic emitter; and an ultrasonic sensor. The
controller, ultrasonic emitter and ultrasonic sensor may be housed in a single ultrasonic
sensor assembly. Alternatively, the controller may be located remote from the ultrasonic
emitter and ultrasonic sensor. For example, the controller may be part of the vehicle
control system.

[0163] A further aspect of the present disclosure provides controller readable instructions
which, when executed by a controller, are arranged to perform a method as disclosed

herein.
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[0164] Within the scope of this application, it is expressly intended that the various
aspects, embodiments, examples and alternatives set out in the preceding paragraphs, in
the claims and/or in the following description and drawings, and in particular the individual
features thereof, may be taken independently or in any combination. That is, all
embodiments and/or features of any embodiment can be combined in any way and/or
combination, unless such features are incompatible. The applicant reserves the right to
change any originally filed claim or file any new claim accordingly, including the right to
amend any originally filed claim to depend from and/or incorporate any feature of any
other claim although not originally claimed in that manner.

BRIEF DESCRIPTION OF THE DRAWINGS

[0165] Embodiments of the invention will now be described with reference to the

accompanying drawings, in which:
[0166] Figure 1 is a perspective view of a heavy vehicle disc brake;

[0167] Figure 2 is a heavy vehicle braking system including a controller and the heavy
vehicle disc brake of Figure 1 shown in cross-section along plane 3-3;

[0168] Figure 3 is a schematic diagram of the controller of Figure 2;

[0169] Figure 4 is an enlarged view of a brake pad and rotor of the heavy vehicle disc
brake of Figures 1 and 2;

[0170] Figure 5A is a perspective view of an ultrasonic device of the heavy vehicle braking
system of Figure 2;

[0171] Figure 5B is a cross-sectional view of the ultrasonic device of Figure 5A through
the plane 5B-5B;

[0172] Figure 6 is a cross-sectional view of a heavy vehicle drum brake;

[0173] Figure 7 is a block diagram of a method of detecting wear in a heavy vehicle brake
assembly;

[0174] Figure 8 is a block diagram of a method of determining a brake condition of a
heavy vehicle brake assembly;

[0175] Figure 9 is a block diagram of a method of measuring temperature of a braking
element in a heavy vehicle brake assembly;

[0176] Figure 10 is a block diagram of a method of determining a brake condition of a
heavy vehicle brake assembly;
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[0177] Figure 11 is a block diagram of a further method of determining a brake condition
of a heavy vehicle brake assembly;

[0178] Figure 12 is a graph of time-of-flight measurements of high-frequency sound
waves passing through a brake pad, taken at different temperatures; and

[0179] Figure 13 is a graph of an example mathematical function for determining
temperature of a brake element from a calculated speed of sound value.

DETAILED DESCRIPTION OF EMBODIMENT(S)

[0180] Figures 1 and 2 show a heavy vehicle brake assembly which, in this embodiment,
is a disc brake 2. The function of such a disc brake 2 is well known so will not be described
in detail but, briefly, a brake carrier locates braking elements 6, 8 to face first and second
braking surfaces 11A, 11B of a braking component. In this case, the braking component
is a rotor 10 that is rotationally fixed to a vehicle wheel, the first and second braking
surfaces 11A, 11B are opposite sides of the rotor 10, and the braking elements are an
inboard brake pad 6 and an outboard brake pad 8. An actuating arrangement 4 engages
the inboard brake pad 6 to urge it towards the rotor 10. A reaction force slides a caliper
relative to the brake carrier in order to urge the outboard brake pad 8 towards the rotor
10. The inboard brake pad 6 and the outboard brake pad 8 each include a backplate 12
defining a support surface that that locates and supports friction material 14. The friction
material 14 has an engaging face 16 that is arranged to face the rotor 10 such that during
a braking operation, when the inboard brake pad 6 and outboard brake pad 8 are moved
towards the rotor 10, the engaging faces 16 of the inboard brake pad 6 and the outboard
brake pad 8 engage the opposite braking surfaces 11A, 11B of the rotor 10 to slow the
vehicle.

[0181] Over time, the friction material 14 of each of the inboard brake pad 6 and the
outboard brake pad 8 will wear. Similarly, the rotor 10 will also wear over time. In other
words, a thickness of the rotor 10 (e.g., as measured in a direction parallel to an axis of
rotation R of the rotor 10) will be reduced over time. However, the rotor 10 will not wear
at the same rate as the friction material 14, and so it would be beneficial to know exactly
when the rotor 10 should be replaced (e.g., when the thickness of the rotor 10 is below a
threshold thickness).

[0182] In the embodiment of Figure 2, the heavy vehicle disc brake 2 is part of a heavy
vehicle braking system 100 which can be used to measure the thickness of the rotor 10,
as well as to measure a temperature of the brake pads 6, 8 and/or rotor 10, as will be
described in more detail below. The heavy vehicle braking system 100 also includes a first
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ultrasonic device 102A having an ultrasonic emitter 104 located on a first side of the rotor
10. The first ultrasonic device 102A is movable between a disengaged state (as illustrated
in Figure 2), in which the ultrasonic device 102A is not in contact with the first braking
surface 11A of the rotor 10, and an engaged state (not shown), in which the ultrasonic
device 102 is in contact with the first braking surface 11A of the rotor 10.

[0183] It will be understood that when the first ultrasonic device 102A is in the engaged
state, a running clearance G (best illustrated in Figure 4) between the first braking surface
11A and the first ultrasonic device 102A is zero. In other words, there is no void or air gap
between the first ultrasonic device 102A and the first braking surface 11A. Conversely, it
will be understood that when the first ultrasonic device 102A is in the disengaged state,
the running clearance G between the first braking surface 11A and the first ultrasonic
device 102A is greater than zero, as illustrated in Figure 4. In other words, there is a void
or air gap between the first ultrasonic device 102A and the first braking surface 11A. For
example, the running clearance/air gap G between the first ultrasonic device 102A and the
first braking surface 11A may define a distance of greater than 0.5 mm (e.g., greater than
1mm, e.g., greater than 2mm, e.g., greater than 4mm, e.g. greater than 6mm, e.qg.,
greater than 8mm, e.g., greater than 10mm, e.g., greater than 15mm, e.g. greater than
20mm), when the first ultrasonic device 102A is in the disengaged state.

[0184] As bestillustrated in Figure 4, the first braking surface 11A and the first ultrasonic
device 102A define complementary engagement faces 19 configured to contact each other.
In the illustrated disc brake embodiment, the complementary engagement faces 19 are
planar surfaces. In other embodiments, for example drum brake embodiments, the
complementary engagement faces 19 are curved surfaces (e.g., a convex surface of the
first ultrasonic device 102A for engaging a complementary concave surface of the first
braking surface 11A). It will be understood that when the first ultrasonic device 102A is in
the disengaged state (as illustrated in Figures 2 and 4), the first ultrasonic device 102A
and the first braking surface 11A are separated from each other by a void or air gap
between the complementary engagement faces 19. Conversely, when the first ultrasonic
device 102A is in the engaged state, there is no void or air gap between the
complementary engagement faces 19 (i.e., the complementary engagement faces 19 are
in abutment with each other).

[0185] As illustrated in Figure 2, the heavy vehicle braking system 100 also has an
ultrasonic sensor 106 which, in the illustrated embodiment is part of a second ultrasonic
device 102B which is located on a second side of the rotor 10 opposite to the first side.
The second ultrasonic device 102B is movable between a disengaged state (as illustrated
in Figure 2), in which the second ultrasonic device 102B is not in contact with the second
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braking surface 11B of the rotor 10, and an engaged state (not shown), in which the
second ultrasonic device 102B is in contact with the second braking surface 11B of the
rotor 10. Similar to the running clearance G annotated on Figure 4, the running
clearance/air gap G between the second ultrasonic device 102B and the second braking
surface 11B will be greater than zero when the second ultrasonic device 102B is in the
disengaged state, and zero when the second ultrasonic device 102B is in the engaged
state. For example, the running clearance/air gap G between the second ultrasonic device
102B and the second braking surface 11B may define a distance of greater than 0.5 mm
(e.g., greater than 1mm, e.g., greater than 2Zmm, e.g., greater than 4mm, e.g. greater
than 6mm, e.g., greater than 8mm, e.g., greater than 10mm, e.g., greater than 15mm,
e.g. greater than 20mm), when the second ultrasonic device 102B is in the disengaged
state.

[0186] The first and second ultrasonic devices 102A, 102B are arranged so that the
ultrasonic sensor 106 of the second ultrasonic device 102B is positioned in a path of high-
frequency sound waves emitted by the ultrasonic emitter 104 of the first ultrasonic device
102A (e.g., by virtue of the first and second ultrasonic devices 102A, 102B being opposite
each other and coaxially aligned). In this way, the first and second ultrasonic devices
102A, 102B may be used in a “throw and catch” configuration in which high-frequency
sound waves transmitted from the ultrasonic emitter 104 of the first ultrasonic device
102A are transmitted directly to the ultrasonic sensor 106 of the second ultrasonic device
102B.

[0187] In alternative embodiments, the first ultrasonic device 102A has the ultrasonic
emitter 104 and the ultrasonic sensor 106. In such embodiments, it will be understood
that the high-frequency sound waves emitted by the ultrasonic emitter 104 will be
reflected by a transition between different densities (e.g., at a transition between a far
side of the rotor 10 opposite to the first ultrasonic device 102A and an air gap or the
opposing brake pad 8. The reflected high-frequency sound waves may then be detected
by the ultrasonic sensor 106 of the first ultrasonic device. It will be understood that in
such embodiments, the second ultrasonic device 102B may be omitted. Such an
alternative configuration may be used, for example, in a heavy vehicle drum brake in
which the braking component is a drum rotationally fixed relative to a vehicle wheel, the
braking surface is an inner surface of the drum, and the braking element is a brake shoe
having brake linings of friction material. In such embodiments, it will be understood that
the drum is only engaged by brake shoes on one side, and so having a single ultrasonic
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device 102A which is configured to emit and sense reflected high-frequency sound waves
from one side of the drum is particularly beneficial.

[0188] In some embodiments, each of the first and second ultrasonic devices 102A, 102B
includes both an ultrasonic emitter 104 and an ultrasonic sensor 106. In this way, the first
and second ultrasonic devices 102A, 102B can also be used independently of each other
(e.g., for measuring wear of the braking elements 6, 8, as disclosed in European patent
application EP23179290.4 which is incorporated herein by reference).

[0189] The heavy vehicle braking system 100 also has a controller 108. In some
embodiments, the controller 108 is mounted to the heavy vehicle disc brake 2, so that the
heavy vehicle braking system 100 can be provided as a single unit. For example, the
controller 108 may be mounted to the brake carrier or any other suitable surface of the
disc brake 2. In other embodiments, the controller 108 is part of a main vehicle control
unit (e.g., a centralised control unit which controls other functions of the brake assembly
and/or vehicle).

[0190] In some embodiments, the controller 108 is configured to determine when the
ultrasonic devices 102A, 102B are in the engaged state. In other words, the controller 108
is configured to determine when there is no air gap or void between the ultrasonic emitter
104 of the first ultrasonic device 102A and the ultrasonic sensor 106 of the second
ultrasonic device 102B, which is important for obtaining an accurate reading because high-
frequency sound waves do not travel reliably through an air gap/void.

[0191] When it is determined that the ultrasonic devices 102A, 102B are in the engaged
state, the controller 108 is configured to instruct the ultrasonic emitter 104 of the first
ultrasonic device 102A to emit high-frequency sound waves through the rotor 10 to be
detected by the ultrasonic sensor 106 of the second ultrasonic device 102B, and to receive
a signal from the ultrasonic sensor 106 indicative of the detected high-frequency sound
waves. It will be understood that in embodiments where the first ultrasonic device 102A
includes the ultrasonic sensor 106 as well as the ultrasonic emitter 104 (e.g., in
embodiments where the second ultrasonic device 102B is omitted), the controller 108 will
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only be configured to determine when the first ultrasonic device 102A is in the engaged
state before instructing the ultrasonic emitter 104 to emit high-frequency sound waves.

[0192] In some embodiments, the controller 108 is configured to measure a time delay
between emitting and detecting the high-frequency sound waves, and to calculate a
thickness of the rotor 10 based on the time delay. The thickness of the rotor 10 may be
calculated using an algorithm that is based upon known formulas. For example, the
thickness calculation may be proportional to the velocity of the high-frequency sound
waves multiplied by the measured time delay. Other factors may be accounted for by the
algorithm, such as the distance between the ultrasonic emitter 104 and the engagement
face 19 of the first ultrasonic device 102A, and the distance between the ultrasonic sensor
106 and the engagement face 19 of the second ultrasonic device 102B.

[0193] In some embodiments, the controller 108 is configured to determine a
temperature of the disc brake 2 (e.g., a temperature of the brake carrier, brake pads 6,
8, rotor 10 and/or any other part of the disc brake 2), and to use the determined
temperature to calibrate the thickness calculation. It will be understood that the output of
the ultrasonic sensor 106 may vary with temperature, and so by using the determined
temperature to calibrate the thickness calculation, an accurate measurement of the
thickness of the rotor 10 can be obtained.

[0194] The controller 108 may be configured to determine a temperature of the disc
brake 2 based on a signal received from a temperature sensor 124 (e.g., a temperature
sensor 124 which is part of the heavy vehicle braking system 100). Alternatively, the
controller 108 is configured to determine a temperature of the disc brake 2 by monitoring
operating conditions of the disc brake 2. For example, a temperature may be estimated
based on a duration of braking operations using the principle that temperature will increase
during a deceleration of the heavy vehicle using the disc brake 2. The controller 108 may
monitor operating conditions of the disc brake using signals received from a brake control
system 110 or other braking operation sensors. Alternatively, the controller 108 may be
configured to determine a temperature of the disc brake 2 using the ultrasonic emitter
104 and sensor 106, as described in more detail below.

[0195] In some embodiments, the controller 108 is configured to determine whether a
temperature of the disc brake 2 is within a predetermined temperature range, and to only
instruct the ultrasonic emitter 104 to emit high-frequency sound waves through the rotor
10 to be detected by the ultrasonic sensor 106 when it is determined that the temperature
of the disc brake 2 is within the predetermined temperature range. It will be understood
that the output from the ultrasonic sensor 106 may vary with temperature. Therefore, by
determining whether a temperature of the disc brake 2 is within a predetermined
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temperature range (e.g., a temperature range for which the rotor thickness calculation
has been calibrated), and only emitting/detecting/calculating thickness in this temperature
range, an accurate measurement of the thickness of the rotor 10 can be obtained.

[0196] The controller 108 may be configured to determine whether a temperature of the
disc brake 2 is within the predetermined temperature range by: determining when a
predetermined amount of time since the last braking operation has elapsed; determining
when the heavy vehicle has been started up after a period of shut down; and/or measuring
or inferring the temperature of the disc brake 2 based on a signal from a temperature
sensor 124 (e.g., a temperature sensor 124 which is part of the heavy vehicle braking
system 100).

[0197] The controller 108 may be configured to record the calculated thickness of the
rotor 10 in a memory 116 (e.g., a memory 116 which is part of the heavy vehicle braking
system 100, or part of an external system). This allows thickness trends to be tracked
over time. The memory 116 may store controller readable instructions which, when
executed by the controller 108, are arranged to perform one or more of the controller
steps described herein.

[0198] The controller 108 may be configured to send a signal corresponding to the
calculated thickness of the rotor 10 to an audible and/or visible indicator 118 (e.g., an
audible and/or visible indicator 118 which is part of the heavy vehicle braking system 100,
or part of an external system). In some embodiments, the indicator 118 may be a warning
light and/or alarm on a dashboard of a heavy vehicle. In some embodiments, the indicator
118 may be a warning light and/or alarm on an external surface of a body of a heavy
vehicle. Such an indicator 118 allows a driver or maintenance technician to understand
the thickness of the rotor 10 and take appropriate action when required.

[0199] The controller 108 may be configured to send a signal corresponding to the
calculated thickness of the rotor 10 to a monitoring system 120 (e.g., a thickness and/or
wear monitoring system). The monitoring system 120 may be part of the heavy vehicle
braking system 100 or at least part of an external system. For example, the monitoring
system 120 may be a centralised system for monitoring the thickness of each rotor 10 on
each vehicle of a fleet of heavy vehicles. The signal may be sent to the monitoring system
120 via a transmitter 122 (e.g., a wireless transmitter).
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[0200] In some embodiments, the controller 108 is further configured to determine a
wear condition of the rotor 10 based on a change in the thickness of the rotor 10 over
time. In other words, the controller 108 automatically determines a wear condition (e.g.,
“worn and needs replacing soon”, or “partially worn but does not need replacing yet”),
without a user having to manually monitor the thickness of the rotor 10. In such
embodiments, the controller 108 may determine that the rotor 10 is worn and needs
replacing when the calculated thickness of the rotor 10 is below a threshold thickness.

[0201] In some embodiments, the controller 108 is configured to determine a wear
condition of the rotor 10 by comparing the calculated thickness of the rotor 10 with a
reference thickness stored in a memory 116. The memory 116 may be part of the heavy
vehicle braking system 100, or part of a separate system (e.g., an independent thickness
monitoring system). The reference thickness may be an initial rotor thickness and/or one
or more previously-calculated rotor thicknesses. For example, when a difference between
the calculated thickness and the reference thickness exceeds a threshold delta value, it
may be determined that the rotor 10 is worn and needs replacing.

[0202] In some embodiments, the controller 108 is configured to determine a wear
condition of the rotor 10 based on a difference between the calculated thickness of the
rotor 10 in comparison to the calculated thickness of another rotor of the same vehicle.
For example, the controller 108 may determine that the rotor 10 is prematurely
wearing/worn when the calculated thickness of the rotor is lower than the calculated
thickness of another rotor of the same vehicle by more than a threshold value.

[0203] The controller 108 may be configured to record the determined wear condition of
the rotor 10 in a memory 116 (e.g., a memory 116 which is part of the heavy vehicle
braking system 100, or part of an external system). This allows wear trends to be tracked

over time.

[0204] The controller 108 may be configured to send a signal corresponding to the
determined wear condition of the rotor 10 to an audible and/or visible indicator 118 (e.qg.,
an audible and/or visible indicator 118 which is part of the heavy vehicle braking system
100, or part of an external system). In some embodiments, the indicator 118 may be a
warning light and/or alarm on a dashboard of a heavy vehicle. In some embodiments, the
indicator 118 may be a warning light and/or alarm on an external surface of a body of a
heavy vehicle. Such an indicator 118 allows a driver or maintenance technician to
understand the wear condition of the rotor 10 and take appropriate action when required.
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[0205] The controller 108 may be configured to send a signal corresponding the
determined wear condition of the rotor 10 to a monitoring system 120 (e.g., a wear
monitoring system). The monitoring system 120 may be part of the heavy vehicle braking
system 100 or at least part of an external system. For example, the monitoring system
120 may be a centralised system for monitoring the wear conditions of each rotor 10 on
each vehicle of a fleet of heavy vehicles. The signal may be sent to the monitoring system
120 via a transmitter 122 (e.g., a wireless transmitter).

[0206] In other embodiments, the controller 108 is not configured to determine a wear
condition of the rotor 10. Instead, the wear condition may be determined manually or by
an external system (e.g., an external monitoring system 120) based on the calculated
thickness of the rotor 10.

[0207] In the illustrated embodiment, the first and second ultrasonic devices 102A, 102B
(and the corresponding ultrasonic emitter 104 and sensor 106) are fixed (e.g., rigidly
fixed) relative to the respective brake pads 6, 8. In this way, the first and second ultrasonic
devices 102A, 102B may be moved towards the respective braking surfaces 11A, 11B
during a braking operation, which facilitates measurement of the thickness of the rotor
10.

[0208] In the illustrated embodiment, the first and second ultrasonic devices 102A, 102B
(and the corresponding ultrasonic emitter 104 and sensor 106) are fixed directly to the
respective brake pads 6, 8 by being located in a central region spaced apart from
circumferential and radial edges of the brake pad 6, 8. In this embodiment, this central
region comprises a recess 18 that extends through the friction material 14. In this
embodiment, the recess 18 extends through the entire depth of the friction material in the
axial direction, i.e. parallel to a central axis about which the rotor 10 rotates. In this
embodiment, the recess 18 is of a circular cross-section to correspond to a cylindrical
ultrasonic device 102A, 102B, but it could have any suitable cross-sectional shape. The
recess 18 has been used in previous brake pads to locate a known pad wear warning
indicator device, so the ultrasonic devices 102A, 102B could be retrofitted to existing brake
pads 6, 8 in this location.

[0209] It will be understood that in embodiments where the first and second ultrasonic
devices 102A, 102B are fixed relative to the respective brake pads 6, 8, the controller 108
may determine that the ultrasonic devices 102A, 102B are in the engaged state by
determining that the engaging faces 16 of the friction material 14 of the brake pads 6, 8
are in contact with the respective braking surfaces 11A, 11B of the rotor 10.
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[0210] In some embodiments, the controller 108 may determine that the engaging faces
16 of the friction material 14 of the brake pads 6, 8 are in contact with the respective
braking surfaces 11A, 11B of the rotor 10 by sending an instruction to a brake control
system 110 (e.g., a decoupled brake system) to actuate the brake pads 6, 8 to engage
the braking surfaces 11A, 11B. For example, the controller 108 may send the instruction
to the brake control system 110 at start-up of the heavy vehicle (when brakes are typically

applied anyway).

[0211] In some embodiments, the controller 108 may determine that the engaging faces
16 of the friction material 14 of the brake pads 6, 8 are in contact with the respective
braking surfaces 11A, 11B of the rotor 10 by receiving a signal from a brake pedal sensor
112 and/or a decoupled brake system 110.

[0212] In some embodiments, the controller 108 may determine that the engaging faces
16 of the friction material 14 of the brake pads 6, 8 are in contact with the respective
braking surfaces 11A, 11B of the rotor 10 by measuring pressure in a hydraulic or
pneumatic brake line coupled to the actuating arrangement 4 (e.g., using a pressure
sensor 114 which is part of the heavy vehicle braking system 100 or part of an external
system, such as the decoupled brake system 110).

[0213] In some embodiments, the controller 108 may determine that the engaging faces
16 of the friction material 14 of the brake pads 6, 8 are in contact with the respective
braking surfaces 11A, 11B of the rotor 10 by identifying a change in the high-frequency
sound waves detected by the ultrasonic sensor 106. For example, a sudden change in the
detected high-frequency sound waves may occur when the first and second ultrasonic
devices 102A, 102B are moved to the engaged state to close a void/air gap between the
braking surfaces 11A, 11B and the first and second ultrasonic devices 102A, 102B.

[0214] In some embodiments, the controller 108 may determine that the engaging faces
16 of the friction material 14 of the brake pads 6, 8 are in contact with the respective
braking surfaces 11A, 11B of the rotor 10 by measuring current in an electric circuit
coupled to the actuating arrangement 4 (e.g. using any suitable current detecting sensor
or arrangement 115).

[0215] It will be appreciated that the controller 108 may determine that the engaging
faces 16 of the friction material 14 of the brake pads 6, 8 are in contact with the respective
braking surfaces 11A, 11B of the rotor 10 using more than one of the methods outlined
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above (e.g., at least two independent methods to avoid “false positives” if a single sensor
is faulty).

[0216] In some embodiments, the ultrasonic devices 102A, 102B and components
thereof are not fixed relative to the brake pads 6, 8. The ultrasonic devices 102A, 102B
could be provided in any suitable location, as long as they can be moved between the
engaged and disengaged states. For example, the first and/or second ultrasonic device
102A, 102B may be part of a mobile probe that is used to manually measure the thickness
of the rotor 10 by placing the probe in contact with the rotor 10 to put the respective
ultrasonic device(s) 102A, 102B in the engaged state. It will be understood that in such
embodiments, the controller 108 may not be configured to determine when the first and/or
second ultrasonic device 102A, 102B is in the engaged state before instructing the
ultrasonic emitter 104 emit high-frequency sound waves through the rotor 10. Instead,
the operator of the probe may determine the engaged state manually (e.g., by sight or
haptic feedback) and then actuate a user input (e.g., a button) to start the thickness
calculation. The controller 108 may then be configured, on receipt of a signal from the
user input, to carry out the same steps of: instructing the ultrasonic emitter 104 to emit
high-frequency sound waves through the rotor 10; receiving a signal from the ultrasonic
sensor 106 indicative of the detected high-frequency sound waves; measuring a time delay
between emitting and detecting the high-frequency sound waves; and calculating a
thickness of the rotor 10 based on the time delay.

[0217] It will be understood that, when the actuating arrangement 4 is activated so that
the friction material 14 of the brake pads 6, 8 engages the braking surfaces 11A, 11B of
the rotor 10 to slow the vehicle, frictional forces between the friction material 14 and
braking surfaces 11A, 11B will cause an increase in temperature of the brake pads 6, 8
and the rotor 10. It will also be understood that if temperature changes in the brake pads
6, 8 and/or the rotor 10 can be measured, it may be possible to determine a state of the
disc brake 2 (e.g., a dragging brake pad). It may also be useful to determine a temperature
of the brake pads 6, 8 and/or rotor 10 for other purposes (e.g., calibrating ultrasonic
thickness measurements using the methods/apparatuses described herein and disclosed
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in European patent applications EP23179290.4 and EP23188733.2, which are incorporated
herein by reference).

[0218] As described above, in the illustrated embodiment the first ultrasonic device 102A
is fixed to the inboard brake pad 6, and has a co-located ultrasonic emitter 104 and
ultrasonic sensor 106, which are arranged so that high-frequency sound waves emitted by
the ultrasonic emitter 104 travel through the inboard brake pad 6 before being reflected
back (e.g., at the engaging face 16 of the inboard brake pad 6) to be detected by the
ultrasonic sensor 106.

[0219] In some embodiments, the controller 108 is configured to instruct the ultrasonic
emitter 104 of the first ultrasonic device 102A to emit high-frequency sound waves through
the inboard brake pad 6, and to receive a signal from the ultrasonic sensor 106 of the first
ultrasonic device 102A indicative of the detected high-frequency sound waves (i.e., the
reflected high-frequency sound waves).

[0220] The controller 108 may be configured to measure a time delay between emitting
and detecting the high-frequency sound waves.

[0221] The controller 108 may also be configured to calculate a temperature of the
inboard brake pad 6 based on the time delay and a distance travelled by the high-
frequency sound waves between the ultrasonic emitter 104 and the ultrasonic sensor 106
(i.e., twice the distance between the engaging face 16 of the brake pad 6 and the co-
located ultrasonic emitter 104 and ultrasonic sensor 106).

[0222] In some embodiments, the controller 108 is configured to divide the distance
travelled by the high-frequency sound waves by the time delay to calculate a speed of the
high-frequency sound waves through the inboard brake pad 6. In other words, the
controller 108 is configured to implement the following formula, where v_s is the speed of
the high-frequency sound waves, d is the distance travelled by the high-frequency sound
waves and At is the time delay between emitting and detecting the high-frequency sound

waves:

Vs = d/At
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[0223] The controller 108 may then be configured to determine a temperature of the
inboard brake pad 6 based on the speed of the high-frequency sound waves through the
inboard brake pad 6. For example, the controller 108 may be configured to input the
calculated speed of the high-frequency sound waves into a mathematical function which
defines a relationship between speed of sound and temperature for the inboard brake pad
6. In other words, the controller 108 is configured to implement the following formula,
where T is the temperature of the inboard brake pad 6 and f() is the mathematical

function:
T = f(vs)

[0224] The mathematical function may be determined from experimental data comprising
speed of sound measurements taken through the material of the inboard brake pad 6 at
multiple known temperatures. For example, the mathematical function may be determined
from the experimental data using curve fitting techniques, such as regression or
interpolation. Such techniques are known and so will not be discussed in detail.

[0225] In a similar configuration to the inboard brake pad 6, the outboard brake pad 8
has the second ultrasonic device 102B. The second ultrasonic device 102B has a co-located
ultrasonic emitter 104 and ultrasonic sensor 106, which are positioned so that high-
frequency sound waves emitted by the ultrasonic emitter 104 of the second ultrasonic
device 102B travel through the outboard brake pad 8 before being reflected back (e.g., at
the engaging face 16 of the outboard brake pad 8) to be detected by the ultrasonic sensor
106 of the second ultrasonic device 102B.

[0226] The controller 108 may be configured to calculate a temperature of the outboard
brake pad 8 in a similar manner to the calculation of the temperature of the inboard brake
pad 6 described above. For example, the controller 108 may be configured to instruct the
ultrasonic emitter 104 of the second ultrasonic device 102B to emit high-frequency sound
waves, and to receive a signal from the ultrasonic sensor 106 of the second ultrasonic
device 102B indicative of the detected high-frequency sound waves. The controller 108
may then calculate a temperature of the outboard brake pad 8 based on the time delay
between emitting/detecting the high-frequency sound waves and a distance travelled by
the high-frequency sound waves (i.e., twice the distance between the co-located ultrasonic
emitter 104 and sensor 106 of the second ultrasonic device 102B and the engaging face
16 of the outboard brake pad 8).
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[0227] The illustrated configuration of first and second ultrasonic devices 102A, 102B
positioned on opposing sides of the rotor 10 also allows high-frequency sound waves
emitted by the ultrasonic emitter of one of the ultrasonic devices 102A, 102B to pass
through the rotor 10 and be detected by the ultrasonic sensor 106 of the other ultrasonic
device 102A, 102B (e.g., during a braking operation when the brake pads 6, 8 are engaged
with the rotor 10, so that there is no air gap between the ultrasonic devices 102A, 102B
and the rotor 10).

[0228] Insome embodiments, the controller 108 is configured to calculate a temperature
of the rotor 10 in a similar manner to the calculation of the brake pad temperatures
described above. For example, the controller 108 may be configured to instruct the
ultrasonic emitter 104 of one of the ultrasonic devices 102A, 102B to emit high-frequency
sound waves, and to receive a signal from the ultrasonic sensor 106 of the other of the
ultrasonic devices 102A, 102B indicative of the detected high-frequency sound waves. The
controller 108 may then calculate a temperature of the rotor 10 based on the time delay
between emitting and detecting the high-frequency sound waves, and a distance travelled
by the high-frequency sound waves (i.e., the sum of the distance through each brake pad
6,8 and the rotor 10).

[0229] In some embodiments, the controller 108 may also be configured to determine
when the ultrasonic devices 102A, 102B are engaged with the rotor 10 (e.g., using
techniques outlined in European patent application EP23188733.2, which is incorporated
herein by reference) before calculating the temperature of the rotor 10. For example, the
controller 108 may determine when the ultrasonic devices 102A, 102B are engaged with
the rotor 10 using a method as described above.

[0230] As illustrated in Figure 3, the controller 108 may be configured to record the
calculated temperature of the brake pads 6,8 and/or rotor 10 in a memory 116 (e.g., a
memory 116 which is part of the heavy vehicle brake system 100, or part of an external
system). This allows temperature trends to be tracked over time. The memory 116 may
store controller readable instructions which, when executed by the controller 108, are
arranged to perform one or more of the controller steps described herein.
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[0231] The controller 108 may be configured to send a signal corresponding to the
calculated temperature of the brake pads 6, 8 and/or rotor 10 to an audible and/or visible
indicator 118 (e.g., an audible and/or visible indicator 118 which is part of the heavy
vehicle brake system 100, or part of an external system). In some embodiments, the
indicator 118 may be a warning light and/or alarm on a dashboard of a heavy vehicle.
Such an indicator 118 allows a driver to understand the temperature of the brake pads 6,
8 and/or rotor 10 and take appropriate action when required (e.g., when the brake pads
6,8 and/or rotor 10 are overheating).

[0232] The controller 108 may be configured to send a signal corresponding to the
calculated temperature of the brake pads 6, 8 and/or rotor 10 to a monitoring system 120.
The monitoring system 120 may be part of the heavy vehicle brake system 100 or at least
part of an external system. For example, the monitoring system 120 may be a centralised
system for monitoring the temperature of each brake pad 6, 8 and/or rotor 10 on each
vehicle of a fleet of heavy vehicles. The signal may be sent to the monitoring system 120
via a transmitter 122 (e.g., a wireless transmitter).

[0233] In some embodiments, the controller 108 is further configured to determine a
braking condition of the heavy vehicle disc brake 2 based on the temperature of the brake
pads 6, 8 and/or rotor 10. For example, the controller 108 may be configured to determine
that the engaging faces 16 of the brake pads 6, 8 are engaged with the braking surfaces
11A, 11B of the rotor 10 to slow a heavy vehicle when the temperature of the brake pads
6, 8 and/or rotor 10 is rising. This may be used in a feedback loop for the actuating
arrangement 4, or be sent to an audible/visible indicator 118 to alert a driver when the
brakes are applied.

[0234] In some embodiments, the controller 108 is configured to determine that one of
the inboard and outboard brake pads 6, 8 is dragging (i.e., in unwanted engagement with
the rotor 10) when the temperature of the inboard brake pad 6 is different to the
temperature of the outboard brake pad 8 (e.g., when a difference between the two
temperatures is above a threshold temperature difference). Similarly, the controller 108
may be configured to determine when one of the inboard and outboard brake pads 6, 8 is
not being applied properly during a braking operation (e.g., not engaging the respective
braking surface 11A, 11B, or engaging with a reduced amount of force) when the
temperature of the inboard brake pad 6 is different to the temperature of the outboard
brake pad 8.
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[0235] In other embodiments, the controller 108 is not configured to determine a braking
condition of the heavy vehicle disc brake 2. Instead, the braking condition may be
determined manually or by an external system (e.g., an external monitoring system 120)
based on the calculated temperatures of the brake pads 6, 8 and/or rotor 10.

[0236] It will be understood that, in the illustrated embodiment, the distance travelled
between the ultrasonic emitter(s) 104 and ultrasonic sensor(s) 106 is dependent on a
thickness of the respective brake pad 6, 8 and/or rotor 10. However, the thickness of the
brake pad 6, 8 and/or rotor 10 reduces over time (due to abrasion of the friction material
14 and/or rotor material during braking operations). Therefore, in some embodiments, the
controller 108 is configured to receive a determined thickness of the brake pads 6, 8 and/or
rotor 10 from a wear sensor assembly. The wear sensor assembly may be a continuous
wear sensor (CWS) assembly. Alternatively, the wear sensor assembly may use the
ultrasonic devices 102A, 102B to measure thickness of the respective brake pad 6, 8 (e.g.,
using one or more of the methods outlined in European patent applications EP23179290.4
and EP23188733.2, which are incorporated herein by reference), as described above. In
such embodiments, the controller 108 may perform operations for determining both
temperature and thickness of the respective brake pads 6,8 and/or rotor 10.

[0237] In some embodiments, one of the first or second ultrasonic devices 102A, 102B
is omitted. In such embodiments, the controller 108 may be configured to calculate the
temperature of only one of the brake pads 6, 8.

[0238] In some embodiments, one of the ultrasonic devices 102A, 102B includes an
ultrasonic emitter 104 but no ultrasonic sensor 106, and the other of the ultrasonic devices
102A, 102B includes an ultrasonic sensor 106 but no ultrasonic emitter 104. In such
embodiments, the controller 108 may be configured to calculate the temperature of the
rotor 10 but not the brake pads 6, 8.

[0239] Referring now to Figures 5A and 5B, an ultrasonic device 102 is shown in more
detail. It will be understood that the first and/or second ultrasonic device 102A, 102B may
be constructed in this way. The ultrasonic device 102 of Figures 5A and 5B has a housing
126 for an ultrasonic emitter 104 and/or an ultrasonic sensor 106. The ultrasonic device
102 also has a spacing member 128 which spaces the ultrasonic emitter 104 and the
ultrasonic sensor 106 from the respective braking surface 11A, 11B when the ultrasonic
device 102 is in an engaged state. The spacing member 128 may include part of the
housing 126, and/or a sacrificial member (as will be described in more detail below).

[0240] The ultrasonic emitter 104 is any suitable emitter for producing high-frequency

ultrasonic sound waves, and the ultrasonic sensor 106 is any suitable sensor. Examples of
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suitable ultrasonic emitters and sensors 104, 106 are piezoelectric transducers or electro-
magnetic acoustic transducers (EMAT). In some embodiments, the ultrasonic emitter and
sensor 104, 106 may be provided by the same component (e.g., the same transducer). In
such embodiments, it will be understood that the transducer will emit high-frequency
sound waves, and also detect high-frequency sound waves (e.g., reflections of the emitted
high-frequency sound waves and/or high-frequency sound waves emitted by a different

ultrasonic device).

[0241] The high-frequency sound waves detected by the ultrasonic sensor 106 can be
transmitted by a connecting wire 130, or wirelessly in other embodiments, to a suitable
controller (e.g., the controller 108 described above).

[0242] In the illustrated embodiment, the spacing member 128 is a sacrificial member
which is elongate with a longitudinal axis x-x. In this embodiment, the sacrificial member
128 is fixed to the housing 126 with a suitable adhesive, but in other embodiments the
sacrificial member 128 and the housing 126 could each have corresponding threads and
be screwed to one another. Alternatively, the sacrificial member 128 could have an
interference fit with the housing 126. Further, the ultrasonic emitter and sensor 104, 106
are located within the housing 126 so the sacrificial member 128, housing 126 and
ultrasonic emitter and sensor 104, 106 can all be provided as a single ultrasonic device
102. Typically, the remainder of the housing 126 can be filled with an epoxy resin or similar
to locate the ultrasonic emitter and sensor 104, 106. It will be appreciated that in other
embodiments the components could be all be provided separately, as long as the sacrificial
member 128 is arranged between the ultrasonic emitter and sensor 104, 106 and the
respective braking surface 11A, 11B of the disc brake 2, such that the sound waves from
the ultrasonic emitter 104 pass through the sacrificial member 128 and, optionally, are
reflected back so they can be detected by the ultrasonic sensor 106.

[0243] A couplant 132 may be provided between the ultrasonic emitter and sensor 104,
106 and an end of the sacrificial member 128 so that there is no air gap between the
ultrasonic emitter and sensor 104, 106 and the sacrificial member 128. Thus, the couplant
132 acts as a bridge to help ensure the sound waves travel reliably into the sacrificial
member 128 and the signal is not negatively affected by travelling through air. The
couplant 132 may be a solid disc shape made from any suitable material, or a viscous
liquid, for example a silicon-based or glycol-based gel.

[0244] The sacrificial member 128 is formed of a homogenous material as this helps to
ensure that the sound waves from the ultrasonic emitter 104 pass through the sacrificial
member 128 easily and can be detected without significant interference affecting the
signal. Any suitable material could be used, but ideally the material of the sacrificial
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member 128 should be heat resistant such that it can handle the high temperatures
reached in a brake and have a similar compressibility as the friction material 14 of the
brake pads 6, 8. An example of a suitable material would be a thermoplastic such as
Vespec®.

[0245] At a free end of the sacrificial member 128 is an engaging face 134. The engaging
face 134 is substantially perpendicular to the longitudinal axis x-x. As illustrated in Figures
2 and 4, when installed in a brake, the sacrificial member 128 is arranged with its
longitudinal axis x-x extending in a direction perpendicular to the engaging face 16 of the
friction material 14 of the respective brake pad 6, 8. This helps to ensure that the engaging
face 134 of the sacrificial member 128 member faces the respective braking surface 11A,
11B and is flush with the engaging face 16 of the friction material 14 of the respective
brake pad 6, 8.

[0246] The brake pad 6, 8 and the corresponding sacrificial member 128 are configured
to actuate together during the braking operation so that the engaging face 134 of the
sacrificial member 128 also engages the rotor 10. Therefore, as the friction material 14
wears, the sacrificial member 128 will wear at the same rate. Accordingly, the sound waves
emitted by the ultrasonic emitter 104 through the sacrificial member 128 will reflect back
to the ultrasonic sensor 106 as they contact the engaging face 134 of the sacrificial
member 128, due to the interface between the material of the sacrificial member 128 and
the air surrounding the sacrificial member 128 and/or the rotor 10. The reflected sound
waves are detected by the ultrasonic sensor 106 in order to provide data indicating the
time delay between the transmitting and receiving of the sound waves, which can indicate
the amount of material remaining in the sacrificial member 128. This data can then be
used to determine the wear of the friction material 14, as it will correspond to the wear of
the sacrificial member 128, due to them being flush.

[0247] This calculation of the amount of material remaining in the sacrificial member 128
may be used by the controller 108 described in relation to Figures 2 and 4 above, in order
to calculate the thickness of the rotor 10. For example, the controller 108 may calculate a
total distance between the ultrasonic emitter of the first ultrasonic device 102A and the
ultrasonic sensor 106 of the second ultrasonic device 102B, then substract the length of
material remaining in the sacrificial members 128 of the first and second ultrasonic devices
102A, 102B to determine the thickness of the rotor 10.

[0248] The calculation of the amount of material remaining in the sacrificial member 128
may also be used by the controller 108 described in relation to Figures 2 and 4 above, in
order to calculate the temperature of the respective brake pad 6, 8 and/or the rotor 10.
For example, the controller 108 may use the length of material remaining in the sacrificial
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member 128 to determine the distance travelled by the high-frequency sound waves, and
thus use this distance to calculate the speed of the high-frequency sound waves when

taking a temperature measurement.

[0249] It will be understood that since high-frequency sound waves will be passed
through the sacrificial member 128 rather than the friction material 14 of the respective
brake pad 6, 8, the controller 108 is configured to calculate a temperature of the sacrificial
member 128 rather than a temperature of the friction material 14. However, because the
sacrificial member 128 is embedded in the friction material, the temperature in the
sacrificial member 128 will vary with the temperature of the friction material 14. For
example, if the respective brake pad 6, 8 is dragging, the temperature of the friction
material 14 will rise, which will lead to a corresponding rise in the temperature of the
sacrificial member 128 which can be detected by the controller 108. As the cross-sectional
area of the sacrificial member 128 is low relative to the cross-sectional area of the friction
material 14, even if the material of the sacrificial member 128 has a lower thermal
conductivity than that of the friction material 14, the sacrificial member 128 will still be at
substantially the same temperature as the friction material 14.

[0250] It will be understood that the temperature of the brake pads 6, 8 and/or rotor 10
will vary over a shorter period of time (e.g., during and after braking operations) compared
to variations in the thickness of the brake pads 6, 8 or rotor 10 due to wear. Therefore,
the same ultrasonic emitter 104 and sensor 106 may be used to determine the two related
measurements of thickness and speed of sound (for calculating temperature) by taking
measurements at different times and over different time scales. For example, the thickness
measurements described above (e.g., using the methods and apparatuses outlined in
European patent applications EP23179290.4 and EP23188733.2, which are incorporated
herein by reference) may be carried out once per day after a period of shutdown of the
vehicle, where the ambient temperature and thus the temperature of the brake pads 6, 8
or rotor 10 is known. This may be stored in the memory 116 to be used by the controller
108 for the temperature calculations carried out during active use of the brakes (e.g.,
whilst driving the heavy vehicle).

[0251] In some embodiments, the controller 108 may be configured to determine a
braking condition of the heavy vehicle brake assembly 2 by identifying a change in the
high-frequency sound waves detected by the ultrasonic sensor 106 of the first and/or
second ultrasonic devices 102A, 102B. For example, the controller 108 may be configured
to determine when one or both of the brake pads 6, 8 is in contact with the corresponding
braking surface 11A, 11B by identifying a change (e.g., increase) in the amplitude of high-
frequency sound waves detected by the respective ultrasonic sensor 106. This may be
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used to determine that a braking operation is being performed (e.g., when both brake
pads 6, 8 are in contact with the corresponding braking surface 11A, 11B). Alternatively,
this may be used to determine a fault with the heavy vehicle brake assembly 2, such as a
dragging brake pad 6, 8 (e.g., when only one brake pad 6, 8 is in contact with the
corresponding braking surface 11A, 11B).

[0252] Figure 6 shows an alternative heavy vehicle brake. In this embodiment, a heavy
vehicle drum brake 202 is shown, with an actuating arrangement 204. In this embodiment,
the braking elements are brake shoes 206 each having friction material 214. The operation
of such a drum brake 202 is known, so will not be described in much detail but, briefly,
during a braking operation the actuating arrangement 204 actuates the brake shoes 206
in a radially-outward direction such that the friction material 214 of each brake shoe
engages a braking surface 211, which is an inner surface of a drum 210 that is rotationally
fixed relative to a vehicle wheel, in order to slow the vehicle. An ultrasonic device 102
(e.g., of the kind illustrated in Figures 5A and 5B) is provided facing the braking surface
211 and is flush with an engaging face 216 of the friction material 214.

[0253] The ultrasonic device 102 may have an ultrasonic emitter and ultrasonic sensor,
and the thickness of the drum 210 may be determined by detecting high-frequency sound
waves which are emitted by the ultrasonic emitter and then reflected by a material
transition at an outer surface 213 of the drum 210 back to the ultrasonic sensor (e.g., by
measuring a time delay and using this to calculate thickness as described in detail above).
Alternatively or additionally, the temperature of the respective brake shoe 206 may be
determined using a similar method to that described above for the disc brake embodiment
of Figures 1 to 4.

[0254] The drum brake 202 may be part of a heavy vehicle brake system including a
controller 108 which is configured in a similar manner to the controller 108 of the heavy
vehicle brake system 100 described above.

[0255] Referring now to Figure 7, a method of measuring thickness of a braking
component (e.g. a rotor 10 or drum 210) in a heavy vehicle brake assembly (e.g., a heavy
vehicle disc brake 2 or heavy vehicle drum brake 202) is illustrated as a flow chart.
Examples of how the method can be implemented in a heavy vehicle braking system 100
having an controller 108 have been detailed in the description above. However, to
summarise, the method comprises the steps outlined below.

[0256] The method comprises providing an ultrasonic device comprising an ultrasonic
emitter, the ultrasonic device being movable between a disengaged state, in which the
ultrasonic device is not in contact with a braking surface of the braking component, and
an engaged state, in which the ultrasonic device is in contact with the braking surface

44



WO 2024/256672 PCT/EP2024/066633

(e.g., providing the ultrasonic device 102 outlined above, a mobile probe comprising an
ultrasonic emitter, or any other suitable ultrasonic device).

[0257] The method further comprises determining when the ultrasonic device is in the
engaged state (e.g., using one of the methods carried out by the controller 108 in the
description above, or via any other suitable means, such as a manual inspection by an
operator).

[0258] The method further comprises, when it is determined that the ultrasonic device is
in the engaged state, emitting high-frequency sound waves through the braking
component with the ultrasonic emitter and detecting the high-frequency sound waves with

an ultrasonic sensor.

[0259] The method further comprises measuring a time delay between emitting and
detecting the high-frequency sound waves and calculating a thickness of the braking
component based on the time delay.

[0260] The method further comprises the optional step (indicated by dashed lines) of
determining a wear condition of the braking component (e.g., based on a change in the
thickness of the braking component over time, and/or comparison with the thickness of
another braking component of the same vehicle).

[0261] The method further comprises the optional steps (indicated by dashed lines) of
determining a temperature of the brake assembly and using the determined temperature
of the brake assembly to calibrate the thickness calculation; and/or determining whether
a temperature of the brake assembly is within a predetermined temperature range and
only emitting/detecting high-frequency sound waves when the temperature of the brake
assembly is within the predetermined temperature range.

[0262] The method further comprises the optional step (indicated by dashed lines) of
indicating the calculated thickness, recording the calculated thickness in a memory and/or
sending the calculated thickness to a thickness monitoring system.

[0263] The method further comprises the optional step (indicated by dashed lines) of
indicating the determined wear condition, recording the determined wear condition in a

memory and/or sending the determined wear condition to a wear monitoring system.

[0264] Referring now to Figure 8, a method of determining a braking condition of a heavy
vehicle brake assembly (e.g., a heavy vehicle disc brake 2 or heavy vehicle drum brake
202) is illustrated as a flow chart. Examples of how the method can be implemented in a
heavy vehicle braking system 100 having an controller 108 have been detailed in the
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description above. However, to summarise, the method comprises the steps outlined
below.

[0265] The method comprises providing an ultrasonic device comprising an ultrasonic
emitter, the ultrasonic device being movable between a disengaged state, in which the
ultrasonic device is not in contact with a braking surface of the braking component, and
an engaged state, in which the ultrasonic device is in contact with the braking surface
(e.g., providing the ultrasonic device 102 outlined above).

[0266] The method further comprises emitting high-frequency sound waves through the
braking component with the ultrasonic emitter and detecting the high-frequency sound

waves with an ultrasonic sensor.

[0267] The method further comprises determining a braking condition of the heavy
vehicle brake assembly by identifying a change in the high-frequency sound waves
detected by the ultrasonic sensor. For example, this may comprise determining when the
braking element is in contact with the braking surface of the braking component by
identifying an increase in the amplitude of the high-frequency sound waves detected by
the ultrasonic sensor. This may be used to determine that the braking element is dragging
when it is determined that the heavy vehicle brake assembly is not performing a braking
operation.

[0268] Referring now to Figure 9, a method of measuring a temperature of a braking
element (e.g., a brake pad 6, 8, rotor 10 or brake shoe 206) in a heavy vehicle brake
assembly (e.g., a heavy vehicle disc brake 2 or heavy vehicle drum brake 202) is illustrated
as a flow chart. Examples of how the method can be implemented in a heavy vehicle brake
system 100 having a controller 108 have been detailed in the description above. However,
to summarise, the method comprises the steps outlined below.

[0269] The method comprises emitting high-frequency sound waves through the braking
element with an ultrasonic emitter and detecting the high-frequency sound waves with an

ultrasonic sensor.

[0270] The method further comprises measuring a time delay between emitting and
detecting the high-frequency sound waves.

[0271] The method further comprises calculating a temperature of the braking element
based on the time delay and a distance travelled by the high-frequency sound waves

between the ultrasonic sensor and the ultrasonic emitter.

[0272] In some embodiments, calculating the temperature of the braking element may
involve dividing the distance travelled by of the high-frequency sound waves by the time
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delay to calculate a speed of the high-frequency sound waves through the braking
element. The method may then involve determining a temperature of the braking element
based on the speed of the high-frequency sound waves through the braking element, for
example, by inputting the calculated speed of the high-frequency sound waves into a
mathematical function which defines a relationship between speed of sound and
temperature for the braking element. The mathematical function may be determined from
experimental data comprising speed of sound measurements taken through the material
of the braking element at multiple known temperatures, e.g., using curve fitting
techniques such as regression or interpolation.

[0273] Insome embodiments, the distance travelled by the high-frequency sound waves
through the braking element is based on a thickness of the braking element, which may
be determined by a wear sensor assembly (e.g., a wear sensor assembly which uses the
ultrasonic emitter and ultrasonic sensor, as disclosed in European patent application
EP23179290.4, which is incorporated herein by reference).

[0274] The method of Figure 9 may be used to determine the temperature of a brake
pad 6, 8 or brake shoe 206, as outlined above with reference to Figures 1 to 6. The method
of Figure 9 may also be used to determine the temperature of a rotor 10 or drum 210.

[0275] Referring now to Figure 10, a method of determining a braking condition of a
heavy vehicle brake assembly (e.g., a heavy vehicle disc brake 2 or heavy vehicle drum
brake 202) is illustrated as a flow chart. Examples of how the method can be implemented
in a heavy vehicle brake system 100 having a controller 108 have been detailed in the
description above. However, to summarise, the method comprises the steps outlined
below.

[0276] The method of Figure 10 involves first determining a temperature of a braking
element of the heavy vehicle brake assembly using the method of Figure 9. The method
of Figure 10 then involves determining a braking condition from the measured

temperature.

[0277] In some embodiments, the braking element is a brake pad 6, 8 or brake shoe
206 and the method involves determining when a dynamic braking operation is being
carried out (i.e., determining that the engaging face is engaged with the braking surface
to decelerate the heavy vehicle) when the measured temperature of the braking pad 6, 8
is rising. In this context, the term “dynamic braking operation” means that although the
braking element (e.g., brake pad 6, 8 or brake shoe 206) is engaged with the brake
component (e.g., rotor 10 or drum 210), there is relative movement therebetween, which

results in frictional forces leading to an increase in temperature. Dynamic braking
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operations may be carried out to decelerate or limit acceleration of a heavy vehicle. This
contrasts with a “static braking operation”, where there is no relative movement between
the braking element and the braking component, and thus no corresponding rise in

temperature.

[0278] In some embodiments, the determination that a dynamic brake operation is
occurring may be used to identify a faulty braking condition (e.g., a dragging brake). For
example, where the temperature of the braking element is rising but the heavy vehicle
brake assembly is not being actuated to apply the brakes, this may be indicative of a
dragging brake.

[0279] Referring now to Figure 11, a further method of determining a braking condition
of a heavy vehicle brake assembly (e.g., a heavy vehicle disc brake 2 or heavy vehicle
drum brake 202) is illustrated as a flow chart. Examples of how the method can be
implemented in a heavy vehicle brake system 100 having a controller 108 have been
detailed in the description above. However, to summarise, the method comprises the steps
outlined below.

[0280] The method of Figure 11 involves determining a temperature of a first braking
element (e.g., an inboard brake pad 6) of the heavy vehicle brake assembly using the
method of Figure 9. The method also involves determining a temperature of a second
braking element (e.g., an outboard brake pad 8) of the heavy vehicle brake assembly
using the method of Figure 9. The method of Figure 11 then involves determining that one
of the first and second braking elements is dragging when the temperature of the first
braking element is different to the temperature of the second braking element (e.g., when
a difference between the temperatures of the first and second braking elements is above
a threshold temperature difference).

[0281] The method of Figure 11 is based on the fact that a dragging brake element will
lead to an increase in temperature due to dynamic brake forces.

[0282] In some embodiments, a method similar to that of Figures 10 or 11 may be used
to determine that a braking element is not being correctly applied. For example, where a
braking element (e.g., a brake pad 6, 8 or brake shoe 206) is stuck in a position
disengaged from the braking component (e.g., rotor 10 or drum 210) or is not engaging
the braking component with sufficient force, this may be determined by identifying a
temperature change which is lower than expected during a braking operation. For
example, where one braking element is not being correctly applied, this may be
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determined by identifying a lower rise in temperature of that braking element compared
to another braking element of the heavy vehicle brake assembly.

[0283] It will be understood that the use of high-frequency sound waves to determine
temperature of a braking element, as outlined in detail above, is based on the principle of
the speed of sound through the braking element varying with the temperature of the
braking element. Figure 12 shows a graph of experimental results which illustrate this
phenomenon. These experimental results were produced using a heavy vehicle disc brake
assembly similar to that illustrated in Figures 1 to 4, by taking measurements of the time
delay between emitting and detecting high-frequency sound waves through a brake pad
6, 8 at different known temperatures, over multiple brake cycles.

[0284] The graph includes a right-hand Y axis which indicates temperatures in degrees
C, and a left-hand Y axis which indicates “time-of-flight” (i.e., time delay between emitting
and detecting the high-frequency sound waves) in ps. The X-axis represents the time and
date at which each temperature and time of flight measurement was taken.

[0285] The temperature measurements were taken using a thermocouple embedded into
the friction material 14 of the brake pad 6, 8, and are shown as crosses. The time-of-flight

measurements are illustrated as a solid line above the temperature crosses.

[0286] As can be seen from Figure 12, there were multiple first measurements M1 taken
at approximately 100 degrees C, multiple second measurements M2 taken at
approximately 170 degrees C, and multiple third measurements M3 taken at
approximately 250 degrees C.

[0287] In order to reach the desired temperatures for taking the time-of-flight
measurements, the brake pad 6, 8 was engaged with the rotor 10 in a dynamic braking
operation to raise the temperature using frictional forces. At the point where the
thermocouple reading reached a sufficient temperature, a time-of-flight measurement was
taken, and then the brake pad 6, 8 was allowed to cool before repeating the process.
Because of this use of dynamic braking to raise the temperature of the brake pad 6, 8, the
friction material 14 of the brake pad 6, 8 was worn during the course of the experiment
(i.e., the thickness of the friction material 14, and of the sacrificial member 128, was
reduced). This led to a corresponding decrease in the time of flight, which can be seen in
the downwardly sloping time of flight values within each set of measurements M1, M2, M3
(over which the temperature was approximately constant).

[0288] It will be understood that if the thickness of the brake pad 6, 8 at the point of
each time-of-flight measurement is known (e.g., using data from a wear monitoring

system), the time-of-flight measurements can be converted to speed of sound
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measurements which would be approximately constant over a constant temperature range
(i.e., within the sets of measurements M1, M2, M3). An average speed of sound
measurement for each temperature could then be used to produce experimental data
points, and then curve fitting techniques could be applied to those data points to define a
mathematical function for calculating temperature from a speed of sound measurement.
For example, Figure 13 shows an example graph of such a mathematical function in which
linear interpolation is used between data points. In this way, when a new speed of sound
measurement is taken at an unknown temperature, the temperature of the brake pad 6,
8 can be inferred by interpolating between the data points (e.g., as shown by the dashed
arrows on Figure 13). Such a mathematical function may be used by the controller 108
described above, and/or in the method of Figure 9.

[0289] Where the word 'or' appears this is to be construed to mean 'and/or' such that
items referred to are not necessarily mutually exclusive and may be used in any

appropriate combination.

[0290] Although the invention has been described above with reference to one or more
preferred embodiments, it will be appreciated that various changes or modifications may
be made without departing from the scope of the invention as defined in the appended

claims.

[0291] It should also be noted that whilst the appended claims set out particular
combinations of features described above, the scope of the present disclosure is not limited
to the particular combinations hereafter claimed, but instead extends to encompass any
combination of features herein disclosed.
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CLAIMS

. A method of measuring a temperature of a braking element in a heavy vehicle brake
assembly, the method comprising:

a) emitting high-frequency sound waves through the braking element with an
ultrasonic emitter and detecting the high-frequency sound waves with an ultrasonic
sensor;

b) measuring a time delay between emitting and detecting the high-frequency
sound waves; and

¢) calculating a temperature of the braking element based on the time delay and
a distance travelled by the high-frequency sound waves between the ultrasonic

sensor and the ultrasonic emitter.

. The method of claim 1, wherein step ¢) comprises:

cl) dividing the distance travelled by the high-frequency sound waves by the
time delay to calculate a speed of the high-frequency sound waves through the
braking element; and

c2) determining a temperature of the braking element based on the speed of the
high-frequency sound waves through the braking element.

. The method of claim 2, wherein step c2) comprises inputting the calculated speed of
the high-frequency sound waves into a mathematical function which defines a
relationship between speed of sound and temperature for the braking element.

. The method of claim 3, wherein the mathematical function is determined from
experimental data comprising speed of sound measurements taken through the
material of the braking element at multiple known temperatures; optionally, wherein
the mathematical function is determined from the experimental data using curve
fitting techniques; optionally, wherein the mathematical function is determined from
the experimental data using regression or interpolation.

. The method of any of claims 1 to 4, wherein the distance travelled by the high-
frequency sound waves is based on a thickness of the braking element, wherein the
thickness of the braking element is determined by a wear sensor assembly;
optionally, wherein the wear sensor assembly comprises the ultrasonic emitter and

ultrasonic sensor.
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The method of any of claims 1 to 5, wherein the braking element comprises a
support surface supporting friction material having an engaging face, the braking
element being configured to be actuated in a braking operation so that the engaging
face engages a braking surface to slow a heavy vehicle; optionally, wherein the
braking element is a brake pad of a disc brake or a brake shoe of a drum brake.

The method of claim 6, further comprising measuring the temperature of a braking
component comprising a braking surface configured to be engaged by the braking
element to slow a heavy vehicle; optionally, wherein the braking component is a
rotor of a disc brake or a drum of a drum brake.

A method of determining a braking condition of a heavy vehicle brake assembly, the
method comprising:

measuring a temperature of a braking element of the heavy vehicle brake
assembly using the method of any of claims 1 to 7; and

determining a braking condition from the measured temperature.

The method of claim 8, wherein:

the braking element comprises a support surface supporting friction material
having an engaging face, the braking element being configured to be actuated in a
braking operation so that the engaging face engages a braking surface of the heavy
vehicle brake assembly to slow a heavy vehicle, wherein the method comprises
determining that the engaging face is engaged with the braking surface to decelerate
or limit acceleration of the heavy vehicle when the measured temperature is rising;
and/or

the method comprises: measuring a temperature of a first braking element using
the method of any of claims 1 to 7, measuring a temperature of a second braking
element using the method of any of claims 1 to 7, and determining that one of the
first and second braking elements is dragging when the temperature of the first
braking element is different to the temperature of the second braking element;
optionally, when a difference between the temperatures of the first and second
braking elements is above a threshold temperature difference.

A heavy vehicle brake system comprising:

a heavy vehicle brake assembly comprising a braking component and a braking
element including friction material having an engaging face, the braking element
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being configured to be actuated in a braking operation so that the engaging face of
the friction material engages a braking surface of the braking component to slow a
heavy vehicle;

an ultrasonic emitter;

an ultrasonic sensor; and

a controller configured to:

a) instruct the ultrasonic emitter to emit high-frequency sound waves through
the braking element and/or braking component to be detected by the ultrasonic
sensor, and receive a signal from the ultrasonic sensor indicative of the detected
high-frequency sound waves;

b) measure a time delay between emitting and detecting the high-frequency
sound waves; and

¢) calculate a temperature of the braking element and/or braking component
based on the time delay and a distance travelled by the high-frequency sound

waves between the ultrasonic emitter and the ultrasonic sensor.

. The heavy vehicle brake system of claim 10, wherein the controller is configured at

step ¢) to:

cl) divide the distance travelled by the high-frequency sound waves by the time
delay to calculate a speed of the high-frequency sound waves through the braking
element and/or braking component; and

c2) determine a temperature of the braking element and/or braking component
based on the speed of the high-frequency sound waves through the braking element
and/or braking component; optionally, by inputting the calculated speed of the high-
frequency sound waves into a mathematical function which defines a relationship
between speed of sound and temperature for the braking element and/or braking
component; optionally, wherein the mathematical function is determined from
experimental data comprising speed of sound measurements taken through the
material of the braking element and/or braking component at multiple known
temperatures; optionally, wherein the mathematical function is determined from the
experimental data using curve fitting techniques; optionally, wherein the
mathematical function is determined from the experimental data using regression or

interpolation.
The heavy vehicle brake system of claim 10 or 11, wherein the ultrasonic emitter

and ultrasonic sensor are both positioned on an opposite side of the friction material
of the braking element to the engaging face, such that high-frequency sound waves
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emitted by the ultrasonic emitter are reflected at the engaged face and then detected
by the ultrasonic sensor; or wherein the ultrasonic emitter and ultrasonic sensor are
positioned on opposite sides of the braking component to each other, such that the
high-frequency sound waves emitted by the ultrasonic emitter pass through the
braking component to the ultrasonic sensor.

A disc brake comprising the heavy vehicle brake system of any of claims 10 to 12,
wherein the braking component is a rotor rotationally fixed relative to a vehicle wheel
and the or each braking element is a brake pad having friction material, optionally
wherein the brake pad has a backplate and the friction material is fixed to the
backplate.

A drum brake comprising the heavy vehicle brake system of any of claims 10 to 12,
wherein the braking component is a rotor rotationally fixed relative to a vehicle wheel
and the or each braking element is a brake pad having friction material, optionally
wherein the brake pad has a backplate and the friction material is fixed to the
backplate.

A controller for a heavy vehicle brake system, wherein the controller is configured to:

a) instruct an ultrasonic emitter to emit high-frequency sound waves through a
braking element and/or braking component of said heavy vehicle brake system to be
detected by an ultrasonic sensor, and receive a signal from said ultrasonic sensor
indicative of the detected high-frequency sound waves;

b) measure a time delay between emitting and detecting the high-frequency
sound waves; and

¢) calculate a temperature of said braking element and/or braking component
based on the time delay and a distance travelled by the high-frequency sound waves

between the ultrasonic emitter and the ultrasonic sensor.

A method of measuring thickness of a braking component in a heavy vehicle brake
assembly of the kind comprising a braking element including friction material having
an engaging face, the braking element being configured to be actuated in a braking
operation so that the engaging face of the friction material engages a braking surface
of the braking component to slow a heavy vehicle, the method comprising:

a) providing an ultrasonic device comprising an ultrasonic emitter, the ultrasonic

device being movable between a disengaged state, in which the ultrasonic device is not
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in contact with the braking surface, and an engaged state, in which the ultrasonic device
is in contact with the braking surface;

b) determining when the ultrasonic device is in the engaged state;

¢) when it is determined that the ultrasonic device is in the engaged state, emitting
high-frequency sound waves through the braking component with the ultrasonic emitter
and detecting the high-frequency sound waves with an ultrasonic sensor;

d) measuring a time delay between emitting and detecting the high-frequency
sound waves; and

e) calculating a thickness of the braking component based on the time delay.

17.The method of claim 16, wherein the ultrasonic device comprising the ultrasonic
emitter is a first ultrasonic device located on a first side of the braking component,
and the ultrasonic sensor is part of a second ultrasonic device which is located on a
second side of the braking component opposite to the first side, the braking
component comprising first and second braking surfaces on the first and second sides
respectively, the second ultrasonic device being movable between a disengaged
state, in which the second ultrasonic device is not in contact with the second braking
surface, and an engaged state, in which the second ultrasonic device is in contact
with the second braking surface, and wherein step b) comprises determining when
both the first and second ultrasonic devices are in the engaged state.

18.The method of claim 17, wherein the brake assembly is of the kind comprising first
and second braking elements each including friction material having an engaging
face, the first and second braking elements being configured to be actuated in a
braking operation so that the engaging faces engage the respective first and second
braking surfaces to slow a heavy vehicle, and wherein the first ultrasonic device is
fixed relative to the first braking element and the second ultrasonic device is fixed
relative to the second braking element.

19.The method of any of claims 16 to 18, wherein step b) comprises determining that
the engaging face of the friction material of the or each braking element is in contact
with the respective braking surface.

20.The method of claim 19, wherein step b) comprises sending an instruction to a brake
control system to actuate the or each braking element to engage the respective
braking surface; optionally, wherein the brake control system comprises a decoupled
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brake system; and/or optionally, wherein the instruction is sent to the brake control
system at start-up of the heavy vehicle.

21.The method of claim 19 or 20, wherein step b) comprises:

receiving a signal from a brake pedal sensor and/or a brake control system;
and/or

measuring pressure in a hydraulic or pneumatic brake line coupled to an
actuator for actuating the or each brake element; and/or

identifying a change in the high-frequency sound waves detected by the
ultrasonic sensor; and/or

measuring current in an electric circuit coupled to an electric actuator for

actuating the or each brake element.

22.The method of any of claims 16 to 21, further comprising:

f) determining a wear condition of the braking component based on a change
in the thickness of the braking component over time;
optionally, wherein step f) comprises comparing the braking component
thickness calculated at step e) with a reference thickness stored in a memory, wherein
the reference thickness comprises an initial braking component thickness and/or one
or more previously-calculated braking component thicknesses; and/or
optionally, wherein the method further comprises:
audibly and/or visibly indicating the wear condition determined at step
f); and/or
recording the wear condition determined at step f) in a memory; and/or
sending the wear condition determined at step f) to a wear monitoring
system.

23.The method of any of claims 16 to 22, further comprising:

audibly and/or visibly indicating the braking component thickness calculated at
step e); and/or

recording the braking component thickness calculated at step e) in a memory;
and/or

sending the braking component thickness calculated at step e) to a thickness

monitoring system.
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24.The method of any of claims 16 to 23, further comprising determining a temperature

25.

26.

of the brake assembly and using the determined temperature of the brake assembly
to calibrate the calculation of step e).

The method of any of claims 16 to 23, further comprising determining whether a
temperature of the brake assembly is within a predetermined temperature range,
wherein step c) is only performed when it is determined that the temperature of the
brake assembly is within the predetermined temperature range; optionally, wherein
determining whether the temperature of the brake assembly is within the
predetermined temperature range comprises:

determining when a predetermined amount of time since the last braking
operation has elapsed;

determining when the heavy vehicle has been started up after a period of shut
down; and/or

measuring or inferring the temperature of the brake assembly using a

temperature sensor.

A heavy vehicle braking system comprising:

a heavy vehicle brake assembly comprising a braking component and a braking
element including friction material having an engaging face, the braking element being
configured to be actuated in a braking operation so that the engaging face of the
friction material engages a braking surface of the braking component to slow a heavy
vehicle;

an ultrasonic device comprising an ultrasonic emitter, the ultrasonic device
being movable between a disengaged state, in which the ultrasonic device is not in
contact with the braking surface, and an engaged state, in which the ultrasonic device
is in contact with the braking surface;

an ultrasonic sensor; and

a controller configured to:

e) determine when the ultrasonic device is in the engaged state;

f) when it is determined that the ultrasonic device is in the engaged
state, instruct the ultrasonic emitter to emit high-frequency sound
waves through the braking component to be detected by the
ultrasonic sensor, and receive a signal from the ultrasonic sensor
indicative of the detected high-frequency sound waves;

g) measure a time delay between emitting and detecting the high-
frequency sound waves; and
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h) calculate a thickness of the braking component based on the time
delay.

27.The heavy vehicle braking system of claim 26, wherein the ultrasonic device

28.

29.

30.

31

comprising the ultrasonic emitter is a first ultrasonic device located on a first side of
the braking component and the ultrasonic sensor is part of a second ultrasonic device
which is located on a second side of the braking component opposite to the first side,
the braking component comprising first and second braking surfaces on the first and
second sides respectively, the second ultrasonic device being movable between a
disengaged state, in which the second ultrasonic device is not in contact with the
second braking surface, and an engaged state, in which the second ultrasonic device
is in contact with the second braking surface, and wherein the controller is configured
at step a) to determine when both the first and second ultrasonic devices are in the
engaged state.

The heavy vehicle braking system of claim 27, wherein the heavy vehicle brake
assembly comprises first and second braking elements each including friction
material having an engaging face, the first and second braking elements being
configured to be actuated in a braking operation so that the engaging faces engage
the respective first and second braking surfaces to slow a heavy vehicle, and wherein
the first ultrasonic device is fixed relative to the first braking element and the second
ultrasonic device is fixed relative to the second braking element.

The heavy vehicle braking system of any of claims 26 to 28, wherein the controller is
mounted on the heavy vehicle brake assembly.

A disc brake comprising the heavy vehicle braking system of any of claims 26 to 29,
wherein the braking surface is a rotor rotationally fixed relative to a vehicle wheel
and/or each braking element is a brake pad having friction material, optionally
wherein the brake pad has a backplate and the friction material is fixed to the
backplate.

. A controller for a heavy vehicle brake system, wherein the controller is configured to:

a) instruct an ultrasonic emitter to emit high-frequency sound waves through
a braking component of a heavy vehicle brake assembly to be detected by an
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ultrasonic sensor, and receive a signal from said ultrasonic sensor indicative of the
detected high-frequency sound waves; and

b) determine a braking condition of said heavy vehicle brake assembly by
identifying a change in the high-frequency sound waves detected by said ultrasonic
sensor.

32. A controller for a heavy vehicle brake system, wherein the controller is configured to:

a) determine when an ultrasonic device of said heavy vehicle brake system is in an
engaged state in which the ultrasonic device is in contact with a braking surface of a
braking component of said heavy vehicle brake system;

b) when it is determined that said ultrasonic device is in the engaged state, instruct
an ultrasonic emitter of said ultrasonic device to emit high-frequency sound waves
through said braking component to be detected by an ultrasonic sensor of said heavy
vehicle brake system, and receive a signal from said ultrasonic sensor indicative of
the detected high-frequency sound waves;

¢) measure a time delay between emitting and detecting the high-frequency sound
waves; and

d) calculate a thickness of said braking component based on the time delay.

33.The controller of claim 32, wherein the controller is further configured to: e)

determine a wear condition of said braking component based on a change in the
thickness of said braking component over time.

34.The controller of claim 32 or 33, wherein the controller is configured at step a) to

determine when both a first ultrasonic device located on a first side of said braking
component and a second ultrasonic device located on a second side of said braking
component are both in an engaged state in which the ultrasonic device is in contact
with a respective braking surface of said braking component.

35.The controller of claim 32, 33 or 34, wherein:

the controller is configured to determine a temperature of said brake assembly and
to use the determined temperature of said brake assembly to calibrate the calculation
of step d); optionally, wherein the controller is configured to determine a temperature
of said brake assembly based on a signal received from a temperature sensor, and/or
by monitoring operating conditions of said brake assembly; and/or
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the controller is configured to determine whether a temperature of said brake
assembly is within a predetermined temperature range, and to only perform step b)
when it is determined that the temperature of said brake assembly is within the
predetermined temperature range; optionally, wherein the controller is configured to
determine whether the temperature of said brake assembly is within the
predetermined temperature range by determining when a predetermined amount of
time since the last braking operation has elapsed, and/or by determining when the
heavy vehicle has been started up after a period of shut down, and/or by measuring
or inferring the temperature of said brake assembly based on a signal from a

temperature sensor.

36. A kit of parts comprising: the controller of any of claims 15 or 31 to 35; an ultrasonic

emitter; and an ultrasonic sensor.
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