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Abstract. The friction vibration signal corresponding to different fault types of brakes is
significantly different, thus a hydraulic disc brake fault diagnosis and judgment scheme based on
vibration signal detection was proposed and validated in the paper. According to the composition
and electric control principle of hydraulic brake, the vibration signal detection and brake pressure
control strategies were established. The key hardware and isolation circuit of the detection system
were designed, which can effectively improve the stability and anti-interference ability in the
process of vibration data acquisition and transmission with SPI and CAN bus communication
scheme. In order to eliminate noise interference in friction vibration signal and improve the
accuracy of fault diagnosis with advantage, wavelet threshold denoising method was applied to
brake disc vibration signal processing. The denoised signal can be obtained by inverting the
selected wavelet coefficients to separate the useful components of the signal from the invalid
noise. For the research on the correlation between fault types and vibration signal characteristics,
a friction vibration test bench for hydraulic braking system was built to obtain and process the
output signal from vibration sensor. The frequency spectrum response laws of vibration signals
were compared and analyzed when the brake disc was normal and had surface defects, including
microcracks, excessive wear and fatigue peeling. The external parameters such as brake pressure
and spindle speed were keeping constant, thus eliminating the influence of working factors on
vibration characteristics. In order to study the influence of brake pressure failure on friction
vibration, the variation law of vibration signal is compared and analyzed under the condition of
hydraulic valve leakage and pressure maintaining failure. The results show that the friction
vibration signal can be used as an effective basis for judging the surface defects and brake pressure
faults of brake discs. Under the condition of wavelet threshold denoising, accurate and effective
vibration parameters can be obtained, which is of great significance to the safety and reliability of
the braking system.
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1. Introduction

At present, the brake system fault detection [1] is still mainly based on regular maintenance,
which is not conducive to finding the cause of the fault, nor can it monitor whether the working
status of the brake and hydraulic system is within the normal working range [2]. Therefore, the
real-time fault diagnosis [3] of hydraulic braking system is a necessary requirement for the
development of vehicle intelligence. The research shows that in the process of braking, if the brake
pressure from different wheel cylinders is uneven, one of the most direct manifestations is the
increase of brake vibration and noise [4]. When the braking force interacts with the inertial force
of the vehicle itself, excessive or small local load will cause abnormal vibration of friction pairs
due to mutual impact, which belongs to uneven braking [5, 6]. The time-domain and frequency-
domain characteristics of vibration signals are obviously different from the balanced steady state
braking. Vibration analysis is widely used in fault identification and diagnosis [7-10]. The
components in the vibration signal (such as frequency, amplitude, etc.) can be used as the key
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indicators to judge whether the brake pressure matches the stationary state of the vehicle. In
addition, when the brake has undetectable faults, such as surface microcracks, excessive wear,
fatigue peeling and other problems, the vibration signal can also show the characteristic change
law. The detection and judgment of vibration signal can effectively diagnose the fault of the brake
system, avoid the brake failure problem, and improve the safety of vehicle driving. Therefore, the
detection and analysis of vibration signal can realize two functions in hydraulic brake, including
pressure distribution control and fault diagnosis. Generally speaking, most vibration sensors are
cheap and reliable, so they are widely used in vibration detection engineering. In this paper, an
innovative scheme based on vibration signal detection is proposed to achieve the fault diagnosis
of the brake itself and the hydraulic circuit. The research and application can not only improve the
safety and stability of the braking process, but also accurately determine the fault type, which is
convenient for equipment repair and maintenance.

2. Design of electronic control scheme for hydraulic brake system
2.1. Composition of braking system

In order to realize the detection and feedback control of the vibration signal synchronously,
the electronic control system of the hydraulic brake is designed as shown in Fig. 1.
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Fig. 1. Electronic control structure of hydraulic braking

In the drive module, the drive motor is used to push the brake master cylinder or other energy
supply devices (such as high-pressure accumulator, hydraulic pump, etc.), which is mainly used
to provide the pressure source required in the system to meet the functional requirements of the
brake system for rapid active braking control. The pressure regulating module is composed of
normally open/normally closed solenoid valve, one-way valve and corresponding hydraulic
circuit. It controls the solenoid valve and other actuating elements to realize the regulation of
braking force of each wheel. On the one hand, in order to meet the requirements of the braking
system for the braking force control accuracy, the linear proportional solenoid valve can be used
in the pressure regulating device to achieve the accurate control of the braking force of each wheel
by controlling the linear solenoid valve, or the multi-channel multiplexing time-sharing pressure
regulating method can be used to achieve the accurate control of the braking force of each wheel
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by precisely controlling the medium pressure source of the driving device and cooperating with
the action of the solenoid valve. On the other hand, in order to meet the requirements of the vehicle
braking energy recovery function, the control of the isolation solenoid valve can be used in the
pressure regulating device to achieve partial or complete decoupling between the brake pedal and
the brake pressure.

2.2. Electronic control process of brake pressure

When the brake disc operates under different working conditions, it will produce different
degrees of vibration. The frequency, amplitude and other characteristics of its vibration signal are
the key indicators to determine the braking state. The acquisition of these vibration signals mainly
depends on the brake pressure and acceleration sensors. Because the brake will be interfered by a
large number of external vibrations in the working process, the data directly collected from the
equipment are often mixed with strong redundant noise, which will seriously affect the judgment
of braking stability, and cannot be used directly. Therefore, it is necessary to preprocess the
collected vibration signal to reduce the interference of noise on the effective components of the
signal and reconstruct a new feature data set. The stationary state feature of the vehicle in the
braking process is to extract the time-domain and frequency-domain statistical features from the
vibration signal, and extract the feature set of the vibration signal by using the energy value,
spectral kurtosis, amplitude and other indicators. It is the key to improve the detection accuracy
to extract the feature values comprehensively and accurately.

vibration signal
detection

l |

‘ analysis of pressure [
increase pressure - reduce pressure normal
pressure imbalance

pressure holding
feedback feedback solenoid valve closed

| open boost solenoid valve ‘ ‘opeu reducing solenoid valve |
time sharing control of wheel working mode of parallel
cylinder pressure pressure regulation

I

Fig. 2. Electric control principle of brake pressure

In the vehicle’s electronic braking mode, each hydraulic cylinder is connected to two brake
wheel cylinders through two solenoid valves. The control unit calculates the target pressure of
each wheel cylinder according to the pressure of the manual brake cylinder and the vibration
sensor as shown in Fig. 2. The layout structure of the hydraulic braking circuit can be adjusted by
cooperating with the action of the solenoid valve in the hydraulic regulating unit. Then, the motor
torque will be automatically adjusted, and the piston of the hydraulic cylinder will be pushed. At
the same time, the solenoid valves corresponding to each brake circuit are opened synchronously,
so that the brake fluid flows into the brake wheel cylinder from the hydraulic cylinder, realizing
the pressure increase or pressure reduction control of each wheel cylinder. The brake in the braking
system can realize independent pressure control, so different braking effects can be obtained
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through different control schemes. According to the principle of the electro-hydraulic braking
system designed in this paper, the pressure in the cavity of at least one hydraulic cylinder must be
kept greater than the target pressure under the condition of parallel control, so as to obtain the
instantaneous supercharging effect. In addition, the pressure in the cavity of the hydraulic cylinder
needs to be greater than the minimum target pressure value to obtain effective braking pressure.

2.3. Hardware design of the detection unit

According to the electric control structure of the hydraulic brake, the whole control system can
be modularized, including general control module, monitoring module, equalization module [11],
acquisition module, communication module, etc. These modules work together to realize the
functions of data acquisition, transmission, feedback, protection and display of vibration and
pressure signals. The pressure sensor of strain type structure is used to detect the change of
hydraulic braking force [12]. When the pressure increases, the length of the diaphragm and the
piezoresistive measuring bridge connected to it changes. When the length changes, there are forces
on the piezoelectric bridge element in the measuring bridge, which change the charge distribution
in the piezoelectric element. When the charge distribution changes, the electrical characteristics
of piezoelectric bridge elements will change. The electrical signal is proportional to the pressure
and transmitted to the control unit as the amplified sensor signal. The core component of the brake
pressure sensor is a piezoelectric element on which the brake fluid pressure acts. The other is the
sensor electronics. If the brake fluid pressure acts on the piezoelectric element, the charge
distribution on the element will change. If there is no pressure, the charge distribution is uniform.
This voltage is amplified by the electronic device and then transmitted to the control unit as a
signal. Therefore, the voltage is a direct reflection of the brake pressure. The three-axis vibration
sensor [13] is selected for monitoring the vibration signal. When it works, it does not directly
convert the original mechanical quantity to electrical quantity, but takes the original mechanical
quantity to be measured as the input quantity of the vibration sensor, and then receives it by the
mechanical receiving part to form another mechanical quantity suitable for transformation, and
finally converts it into electrical quantity by the mechanical transformation part. Therefore, the
working performance of the sensor is determined by the working performance of the mechanical
receiving part and mechanical transformation part. The signal processing mode of the acquisition
module is one of the key factors to determine the detection accuracy of the control system. From
the structure point of view, the detection process of the acquisition module is mainly the signal
acquisition and analog-to-digital conversion of Hall current element. Hall current element flows
through the power signal line, and the induced voltage signal needs to be amplified before being
transmitted to the controller. The controller can directly calculate the collected current value. In
order to improve the stability of vibration signal in detection and transmission, digital signal
isolation module is added, and its wiring structure is shown in Fig. 3. With the signal isolation
module, it can not only protect the bus line, but also effectively avoid the mutual interference of
signals between different modules and circuit faults.

Communication module is the key module to realize vibration signal transmission, which can
ensure the real-time of the measured data. The system adopts two communication modes, namely
SPI communication and CAN bus communication [14, 15]. The application scope of these two
communication methods is different. SPI communication is used for the transmission of various
sensor signals. Its signal source is LTC6803-3 acquisition chip. CAN bus communication is
mainly used to connect the main control module and the data display terminal. It can also be used
to connect the debugging equipment during debugging to facilitate signal reading. The power
terminals of SPI communication and CAN bus communication are set independently, and the
interference is effectively reduced through the non common grounding isolation method. In terms
of communication, the control core adopts PCA82C250 series chips. The chip can be directly
connected with the physical bus, so it can effectively determine the working position and working
state of the bus. The isolation circuit of CAN bus communication in the system is shown in Fig. 4,
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which can achieve good common mode signal suppression effect. In addition, the protection
function is also very important. The high-speed optocoupler selected for the control module is
6N137 series, with strong anti-interference capability.
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Fig. 3. The wiring circuit of digital signal isolation module
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Fig. 4. The isolation circuit of CAN bus communication
3. Decomposition and extraction of vibration signals
3.1. Signal preprocessing principle based on wavelet threshold denoising

During braking, it is inevitable to be interfered by a large amount of external mechanical
vibration, which leads to a large amount of noise in the collected friction vibration signal, making
the signal show strong nonlinear and non-stationary characteristics. In some cases, if the signal is
directly analyzed without considering the influence of noise, the extracted fault features may be
annihilated by noise, which seriously affects the subsequent diagnosis accuracy. Therefore,
reducing the influence of noise on the original vibration signal, optimizing the signal-to-noise
ratio, and improving the quality of signal feature extraction are of great significance for brake fault
analysis. The principle of wavelet threshold denoising method [16] is simple and the denoising
effect is excellent, which can be used in the vibration signal processing of brake disc. To denoise
the noisy signal is essentially to separate the relevant data of the signal as shown in Fig. 5. Because
the distribution characteristics of noise energy in the wavelet domain of noisy signals are different,
the useful characteristic components and invalid noise components in the signals can be
decomposed into a series of different wavelet coefficients through wavelet trade noising’s form.
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Then, these coefficients are thresholded to select the wavelet coefficients that can further
characterize the signal characteristics. Finally, the denoised signal is obtained by inverting the
selected wavelet coefficients. According to the basic principle of wavelet threshold, the useful
components and invalid noises of the signal are scattered in different parts of the wavelet domain.
Based on this, the wavelet threshold denoising method can be summarized into the following three
steps:

(1) According to different signal characteristics, the signal is decomposed by wavelet, and the
wavelet coefficients of the decomposed signal in each layer are calculated;

(2) Through threshold processing, the wavelet coefficients that can further characterize the
signal characteristics are selected;

(3) The wavelet coefficients are inversely transformed and reconstructed to obtain the noise
reduction signal.

When wavelet threshold denoising method is used to analyze the data sequence, it is necessary
to remove the noise signal from the collected signal as much as possible and retain the useful
signal, the key of which is the selection of wavelet basis function. When the same type of signal
is processed, different wavelet basis functions have different denoising effects. There is often no
fixed standard for selecting the most suitable wavelet basis function, which is usually considered
from four aspects: tight support, similarity, orthogonality and symmetry. The noisy signal with
high feature matching should be selected. The reasonable setting of decomposition level
determines whether the useful components in the vibration signal can be decomposed into
high-frequency wavelet coefficients, while the noise components can be decomposed into
low-frequency wavelet coefficients. A large number of studies have shown that too few
decomposition layers will lead to little change in the signal-to-noise ratio, which can not achieve
the purpose of noise reduction.

target signal
vibration signal

—» signal wavelet coefficient

e si acquisition decomposition rocessing

signal signal
< le

extraction < reconstruction

Fig. 5. The signal preprocessing principle
3.2. Processing effect of vibration signal

The hard threshold function is used to denoise the signal, and because of the jump point, the
step oscillation will occur at the threshold. The decomposed signal of the soft threshold function
has no jumping point in the reconstruction process, which can make the reconstructed signal
relatively smooth and ensure the overall continuity of the denoised signal [17]. Therefore, soft
threshold function is selected to reduce the noise of brake vibration signal. Daubechies series
(Db4) wavelet basis function and soft threshold function are selected for wavelet threshold
denoising of vibration signals, and the decomposition level [18] is selected as 4 grade. In order to
determine the appropriate threshold, the vibration signal at the drive end is used for testing, and
SNR and RMSE are used as the evaluation indicators of noise reduction effect. The processing
result of the measured vibration signal is shown in Fig. 6. It can be seen that the separation effect
of the interference signal is very obvious. By comparing the waveforms in the original signal graph
and the noise reduction signal graph, it can be seen that the original vibration signal will have
obvious vibration effects due to the presence of noise. After noise reduction, the fault
characteristics of the signal are clearer, the interference of the noise on the signal waveform is
reduced, and the original vibration law of the fault signal waveform is highlighted.
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Fig. 6. Comparison results of signal processing

4. Correlation analysis of vibration signal and braking state

4.1. Fault analysis of single brake

According to the electric control principle of the hydraulic brake system and the diagnosis
process of vibration signal detection, the brake test bench is built as shown in Fig. 7(a). In the
hydraulic circuit, the arrangement of solenoid valve and hydraulic cylinder is consistent with the
electric control system of the vehicle. The hardware structure of the main control unit is shown in
Fig. 7(b), which was photographed by the author in the vibration testing laboratory on November
10, 2022. It can be seen that the pressure sensor is installed in an embedded structure. The vibration
sensor is installed on the outer surface of the brake caliper to collect vibration signals between
friction pairs. Under the conditions of microcrack, excessive wear and fatigue peeling of the brake
disc, the output vibration signal of the sensor is detected, and the sampling frequency is selected
as 300 Hz. The test condition is set to constant brake pressure of 1.5 MPa to eliminate the
interference of pressure load on vibration signal.

a) Brake fault diagnosis test bed
Fig. 7. The hardware structure of the main control unit

solenoid valve

pressure sensor

4.1.1. Analysis of normal condition

vibration sensor

signal processing and control unit
b) Structure of signal detection unit

The main vibration in normal brake is friction vibration. In addition, installation errors and
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faults will also cause vibration, even shock vibration, of the brake disc. If the impact vibration is
relatively strong, it will cause resonance, and then produce more intense vibration. These
vibrations are transmitted randomly through different paths in a certain way. The frequency
spectrum curve of vibration signal under constant brake pressure is shown in Fig. 8, which was
photographed by the author in the vibration testing laboratory on November 10, 2022. It can be
seen that the maximum acceleration amplitude is less than 1.5 m/s?, and there are mainly three
significant resonance frequencies in the low frequency range. Due to the higher tolerance level of
the normal brake disc, the vibration curve shows a certain symmetry. When the excitation
frequency exceeds 30 Hz, the vibration effect caused by friction will become less obvious.

a/ms?

051

0 n annin  m Nl AL L
0 20 40 60 80 100
fIHz
a) Brake appearance with normal condition b) Frequency spectrum curve
Fig. 8. The spectrum response results with normal condition

4.1.2. Analysis of microcrack fault

The brake bears significant thermal load during operation, which belongs to periodic load.
When the bending stress exceeds the bending fatigue limit, the brake disc is easy to produce
fatigue cracks, mainly microcracks. The vibration response results of the brake under the condition
of microcrack defects are shown in Fig. 9, which was photographed by the author in the vibration
testing laboratory on November 10, 2022. It can be seen that, compared with the normal situation,
the maximum amplitude of the brake disc with microcrack fault under the same brake pressure
increases, and the number of resonance frequencies within the same frequency band increases.
When the brake disc has microcrack fault, the flatness of the brake disc surface will change
suddenly locally. Therefore, a relatively strong impact signal will be generated with obvious
periodicity, and the maximum amplitude is 2-2.5 m/s%.

microcrack : M

A B - m

20 40 60 80 100
fHz

a) Brake appearance with microcrack condition b) Frequency spectrum curve
Fig. 9. The spectrum response results with microcrack condition
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4.1.3. Analysis of excessive wear fault

The wear of the brake disc includes abrasive wear, corrosion wear and impact wear. Abrasive
wear is a common form of wear, which is generally caused by metal particles, dust and sand
particles entering the surface of friction pairs. After wear, the thickness of the brake disc becomes
thinner and the side clearance becomes larger, which will increase the dynamic load and increase
the vibration and noise. The vibration response results of the brake under the condition of
excessive wear fault are shown in Fig. 10, which was photographed by the author in the vibration
testing laboratory on November 10, 2022. The brake disc is generally worn evenly. Unless it is
subjected to severe impact load, the probability of local severe wear is low. When the brake disc
is worn, the friction vibration frequency and its harmonic vibration components will be more
prominent than normal due to the modulation phenomenon. Although the law of vibration will not
change significantly, the amplitude will increase sharply, and the amplitude will increase with the
increase of wear degree. The wear of the brake disc surface will increase the clearance of the
friction pair, which will lead to the increase of the friction vibration frequency and the amplitude
of each harmonic vibration component. However, the amplitude of the signal fundamental wave
increases slowly, and the amplitude of each harmonic component increases much faster than the
fundamental wave.
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a) Brake appearance with excessive wear condition b) Frequency spectrum curve
Fig. 10. The spectrum response results with excessive wear condition
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a) Brake appearance with fatigue peeling condition b) Frequency spectrum curve

Fig. 11. The spectrum response results with fatigue peeling condition
4.1.4. Analysis of fatigue peeling fault

Fatigue peeling is a common failure type of brake. Different from microcracks, it exists in the
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form of pits. The appearance of fatigue peeling will increase the local contact stress on the surface
of the brake disc, leading to the deterioration of pitting corrosion, and further exacerbating the
noise during friction. The vibration response results of the brake under the condition of fatigue
peeling fault are shown in Fig. 11, which was photographed by the author in the vibration testing
laboratory on November 10, 2022. It can be seen that the maximum amplitude of vibration
response is greater than that of microcrack fault when the brake disc is fatigue peeling fault.
Essentially, fatigue peeling fault is a special kind of wear fault, which will produce amplitude
modulation of friction vibration frequency. Therefore, it belongs to small cycle fault, which also
shows that the wave forms of these two kinds of faults are similar to some extent. However, in
comparison, the side bands of fatigue peeling fault are more concentrated and have fewer orders,
which is easy to distinguish.

4.2. Fault analysis of hydraulic pressure control system

The pressure maintaining and control function of hydraulic braking system is the key factor
affecting braking reliability. During the pressure maintaining process, it can store the oil
compression, pipe expansion and elastic deformation of the machine. In case of pressure
maintaining failure, when the pressure maintaining process is completed, the upper chamber
pressure and stored energy have not been completely released, and the lower chamber pressure of
the oil cylinder increases. In this way, the main valve cores of the unloading valve and the
hydraulic control check valve are simultaneously jacked open, resulting in sudden oil leakage of
the pressure slider in the upper chamber of the oil cylinder. The hydraulic system is subject to
shock, vibration and noise due to large flow and too fast pressure release. When the reversing
valve close to the oil cylinder leaks, the change rule of the brake pressure can be obtained, as
shown in Fig. 12(a). It can be seen that the holding function of brake pressure fails, and obvious
pressure relief problem occurs during the cycle time. The leakage of hydraulic valve depends on
its structure and manufacturing accuracy. Therefore, the cone valve is much better at maintaining
the pressure than the closed spool valve. In addition, the causes of leakage caused by factors
related to manufacturing accuracy must be eliminated one by one, such as the machining accuracy
and assembly accuracy of valve core and valve hole, and the sealing performance of sealing cone.
Under the condition of pressure maintaining fault, the frequency spectrum response of the brake
can be obtained as shown in Fig. 12(b). It can be seen that the pressure maintaining fault will
significantly increase the friction vibration of the brake, and compared with the fault of the brake
disc itself, the number of its characteristic frequencies is more, and it is easier to judge.
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a) Pressure change curve b) Frequency spectrum curve

Fig. 12. Pressure and vibration response curve under pressure maintaining fault condition

After replacing the faulty hydraulic valve, the working pressure of the hydraulic brake is
adjusted and tested, and the pressure control curve is shown in Fig. 13(a). It can be seen that the
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linearity and retention of brake pressure control are significantly improved. At the same time, the
friction vibration response results of the brake can be obtained, as shown in Fig. 13(b). It can be
seen that when the hydraulic valve no longer leaks, the vibration response results are consistent
with Fig. 8. This shows that when there is no fault in the hydraulic system, the influence of pressure
change on vibration is small, so the interference of pressure change on fault detection is avoided.
It also proves the feasibility of this research scheme to a certain extent.
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a) Pressure change curve b) Frequency spectrum curve

Fig. 13. Pressure and vibration response curve under normal pressure change condition
5. Conclusions

With the development of intelligent vehicle technology, the requirements for vehicle braking
stability and safety are getting higher and higher. As an effective fault diagnosis scheme, friction
vibration signal is an important way to realize automatic detection of hydraulic braking system.
In this paper, the vibration response under different fault conditions is tested and analyzed
according to the fault inducement of the electronically controlled hydraulic brake system, and the
following conclusions are drawn:

1) The wavelet threshold denoising method is proposed to preprocess the vibration signal,
which effectively eliminates a large number of external vibration interference and the influence
from complex working environment, and improves the signal to show a strong nonlinear and
non-stationary problem. This method effectively reduces the influence of noise on vibration
signal, improves the signal to noise ratio, helps to extract vibration features, reduces the
interference of noise on signal waveform, and highlights the original vibration law of fault signal
waveform.

2) When the hydraulic circuit works normally, the change of brake pressure will not affect the
effect of vibration signal on fault diagnosis. The leakage fault of the hydraulic circuit is obviously
different from the friction vibration signal caused by the wear problem of the brake disc itself. The
vibration response data of different fault types under various working conditions can be input into
the electronic control system as an effective basis for judging brake faults including micro cracks,
excessive wear, fatigue peeling and other faults of the brake disc.
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