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ABSTRACT

Brake squeal is a friction induced instability leading to limit cycle vibrations associated to a mode cou-
pling. To analyze in detail this non-linear time varying phenomenon, a test campaign of a full brake
system has been performed on an industrial test bench.

The first objective of this campaign is to extract squeal features. Squealing conditions where the disk
velocity is imposed, and the brake pressure slowly evolves are chosen. To extract squeal features from
measurements, a Harmonic Balance Vector (HBV) signal model based on the squeal signal characteristics
is proposed. HBV signal model parameters are identified using a demodulation technique, providing slow
time evolution of squeal fundamental frequency, fundamental shape and harmonic shapes. The model
relevance is confirmed by analyzing the difference between the measured and the identified signals.

The second objective is to evaluate the relationship between squeal and operating parameters. The pres-
sure evolution during the measurement leads to a strong evolution of the squeal. The analysis of the
identified HBV signal highlights shape evolution with frequencies. At some fixed pressures, intermittent
squeal occurs. The growth/decay rate is computed from the HBV signal and an experimental root locus
is shown.

System modes also contain lots of information about the system dynamics. The last objective is to
perform Experimental Modal Analysis in braking conditions. For several fixed pressures, the system is
excited using a shaker. Two strategies are analyzed: excitation with sine-chirps and with pseudo-random
signal.

Keywords: Harmonic Balance Vector (HBV) signal model; non-linear time varying system, Harmonics,
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1. INTRODUCTION

Brake squeal is a friction induced instability leading to limit cycle vibrations associated to a mode cou-
pling [1]]. This phenomenon has been analyzed experimentally [2-4]], highlighting the complex behavior
of this limit cycle. Top of Figure [T] shows a squeal spectrogram (accelerometer measurement) where
pressure is slowly increased. On the left, the wide spectrogram higlights the main features: the funda-
mental squealing frequency slowly increases with brake pressure and higher harmonics are present. On
the right, a zoom on a 5s time band shows a repeating pattern every 1.3s, which corresponds to a wheel
revolution.
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Figure 1: Squeal features: spectrograms (top) and time scales (bottom)

Despite a clear separation of time scales shown in the bottom of Figure|[T] the spectrogram time-frequency
compromise is here quite challenging: a narrow time sliding window (0.15s Hanning) is required to
catch the evolution within the wheel revolution, leading to a poor frequency resolution (6.7 Hz). This
motivated the introduction of the Harmonic Balanced Vector signal model, presented in Section [2] to
properly extract squeal features from measurements.

The HBV signal model estimation is used in Section [3] to analyze the evolution of squeal features with
brake pressure: frequency, shape and transitions between low and high vibration amplitude.

To extract information about the dynamics of the system apart from squealing, a shaker is used to add a
controled excitation. Section ] explores two strategies to build pressure dependant transfers.

The measurements used in this paper come from a test campaign of a full brake system performed on an
industrial test bench in partnership with Hitachi Astemo France. The measurements used in this paper in-
clude vibration sensors (1 microphone and 17 accelerometers), 1 environment parameter (pad pressure)
and 1 actuator (a shaker equipped with collocated force/acceleration sensor). The complete test cam-
paign also contained 3D-SLDV and additional operating parameters (torque, temperature, disk/bracket
distance, wheel speed,...) that will be analyzed in other publications.

2. HARMONIC BALANCED VECTOR SIGNAL MODEL : DEFINITION AND APPLICA-
TION TO SQUEAL

The first objective is to build a signal model that captures the squeal features. From the Short Time
Fourier Transform shown on top of Figure[] the following signal characteristics are listed:

» Single fundamental frequency w



* Superior harmonic frequencies hw due to non-linearities
* Harmonic shapes {q, } N, (N sensors sharing the same harmonic frequencies)

» Slow time varying of frequency and shapes

The HBV signal model is inpired by the well-known analytic signal [15] which is a scalar complex signal
of the form a(t) = a; (¢)e® = a1 (t)e’ ) *( where the real part corresponds to the measured signal.
The HBV signal model integrates the notion of shape (frequency common to all sensors) and harmonic
frequencies, and makes explicit the slow time variation of frequency and shapes, leading to

{QHBV (w(tslow)a Qh(tslow))} = Zhey Re ({Qh(tslow)} eih@(t))
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The terminology has been chosen to emphasize the link with the Harmonic Balances Methods used in
simulation to search periodic solutions of non-linear systems [6l (7], in particular for brake systems to
find squeal limit cycle frequency and harmonic shapes.

To estimate this signal model from measurements, the synchronous demodulation technique commonly
used in real time applications [8H10] will be used and adapted to tackle the specific characteristics of the
HBYV signal. Figure [2 shows the three-step algorithm proposed to estimate slow time varying frequency
w(tsiow) and harmonic shapes {qp (tsi0 )} from the measured signal {q(¢)}
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Figure 2: Three-step HBV signal model estimation algorithm

To estimate signal amplitude, synchronous demodulation requires a frequency which is unknown in the
context of squeal measurement. Providing an initial guess of the frequency, a rough estimate of the
fundamental shape is performed (step 1). The frequency being not exact, the resulting shape contains
phase drift which is related to the frequency error, allowing to perform frequency correction (step 2).
Now that the frequency is known with better accurency, a final demodulation allows to perform a finer
estimation of the fundamental and higher harmonic shapes (step 3).

Step 1: Rough estimate of the fundamental shape

Figure [3|left illustrates the synchronous demodulation principle used in this first step. To understand this
effect, let us first consider the simple scenario where a measured signal ¢(¢) is composed of a simple
single harmonic ¢ (¢s,,,) With constant frequency wy of the form

q(t) - Re(Ql (tSZmU)eint) = Re ((Q1c(t) + iQ1s(t))eiWOt)

= qic(t) cos(wot) — q1(¢) sin(wot) (2)



where the dependence on tg,,, is dropped to alleviate notations. The product of the signal ¢(t) with
quadrature signals 2 cos(@gm (t)) and —2 sin(@g, (t)) with the same constant frequency leading to phase

Pdm (t) = wot is

2q(t) cos(wot) = 2(q1c(t) cos(wot) — qus(t) sin(wot)) cos(wot)
= qic(t) — q1s(t) sin(2wot) + qi1.(t) cos(2wot)
—2q(t) sin(wot) = —2(q1c(t) cos(wot) — qus(t) sin(wot)) sin(wot)
= qus(t) — qus(t) cos(2wot) — q1c(t) sin(2wot)

3)

and using a low pass filter allows to eliminate the 2wg frequency component and leads to estimates of
q1c(t) and q15(t) and thus the complex amplitude gy ().
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Figure 3: Synchronous demodulation algorithm (left), stepl parameter tuning on brake squeal spectrogram (right)

In the more general case of a measured signal with a varying frequency w(t)

g(t) = Re(qy (t)e* fo =ity @)

the synchronous demodulation using a phase @g,,(t) = fg Wam (t)dt with wg, (t) # w(t) leads to a
complex amplitude ¢?(¢) containing a phase drift () related to the frequency error dw(t) = w(t) —

wdm(t)

q(t) = Re q1 t 7’.[0 (w(t) wdm(t) dt Zfo "Jdm )dt)
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The phase drift 5(t) is related to the complex amplitude ¢?(t) = ¢9.(t) + i¢?,(t) and the frequency
error ow(t)

5o(0) = tan~ (449 = [0t = [ o) ~ cm@)a ©)
lc
The varying frequency is thus retrived from
_ d —1 (48.(1)
wlt) =wn(®) + g (tan™" (365)) 2
To capture this frequency error, as shown in Figure [3|right, step 1 requires

* an initial guess of the squeal frequency wg,, (t) (here a constant frequency wg,, (t) = wp)

* the low pass filter frequency f4,, to be higher than the frequency error, thus defining a frequency
band where the squeal frequency is seeked



This demodulation being applied to N sensors, the output of step 1, the complex shape {q? (t)} contains
as many frequency errors as sensors.

Step 2: Frequency correction from phase drift

To extract a unique frequency, step 2 proposes to apply the frequency correction (7) to the complex gen-
eralized amplitude associated to the first principal real shape of the demodulated signals [q?(t)} Nax Ny
(step 1). To obtain real principal shapes (Ng sensors) associated to complex amplitudes (time evolu-
tion with Np time steps), the real and imaginary parts are reordered sequentially and Singular Value
Decomposition is performed, leading to

0 0 _ T T
[qlc(t) qls(t)]Nsx(QNT) = Zj {“J'}Nsx1 (Uj {vjc Yjs )1><2NT
= Zj {u]} {Q1C7Rj (t) q1s,R; (t)}
Each {u;} principal real shape is associated to a generalized amplitude vector {qic,r, (t) qis,r, (t) } that

is approriately reordered as a complex generalized amplitude {ql, R, (t)} = {(J1c, R; (t)} +1 {ql s.R; (t)}
to obtain the desired decomposition

[q?(t)] Ngx(2N7) = Z {uj}Nsxl {qlij (t)}lxNT ©)

®)

R; indexing is used to indicate the fact that this corresponds to a reduction of the signal dimension.

FigureEI shows in blue the estimation of the instantaneous frequency w(t) obtained from applying equa-
tion (7)) to the first complex generalized amplitude {¢; g, (¢)}. The result is quite noisy because of the
derivation and does not satisfy the slowly varying assumption required in the signal model (I). A low
pass filter with cutoff frequency f; is thus applied leading to the smoother red curve.

W(tsiow) = LPy,, (wdm(t) +4 (tan—l (q?gm) (10)
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Figure 4: Instantaneous frequency correction: without (blue) and with (red) low pass filtering

Step 3: Amplitude estimate of harmonic shapes

Once the instanteneous frequency w(ts;0,, ) is known with better accuracy (step 2), the last step consists in
h demodulations of the measured signal {¢(¢)} with the phases ¢}, (t) = fg hw(tsiow)dt corresponding
to each harmonic. The demodulation low pass filter f,. is lower than fg,, used in step 1, because
the frequency error dw(t) is expected to be small. These demodulations lead to the estimation of the
harmonic shapes {qp (tsiow) }-

The relevance of applying the algorithm to squeal measurements is highlighted by Figure[5] The spec-
trogram of the microphone measurement is shown on the left. The time evolution of the instantaneous
frequency w(tsiow ), With color correponding to the time evolution of the amplitude q; (¢5;0,) is show in
the middle. Finally, the spectrogram of the difference between raw time data and the estimated HBV
signal for this sensors is shown on the right: it remains almost only noise.
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Figure 5: HBV signal model estimation through demodulation : raw measurement spectrogram (left), instanta-
neous frequency estimating through demodulation (middle) and spectrogram of the signal reminder (right)

3. EVOLUTION OF SQUEAL FEATURES WITH BRAKE PRESSURE

The second objective of the paper is to evaluate the relationship between squeal and the brake pressure.
One measurement where the disk velocity is imposed, and the brake pressure slowly evolves is chosen,
with squeal occurring in the [15-10] Bar pressure range. The HBV signal estimation is performed from
the 17 accelerometer measurements and Figure[6|shows how the identified squeal characteristics evolve.
Figure [6]left shows that squeal appears with intermittence at P=15bar. It is rather permanent in the [14-
11] bar pressure range and disappears with intermittence at P=10bar. Figure [| middle highlights that
squeal frequency decreases when pressures deacreases. A periodic pattern every 2.5s in Figure [6]left and
middle is visible, it corresponds to the time of a wheel revolution.
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Figure 6: Squeal amplitude as function of time and pressure (left), squeal freqeuncy as function of time and
amplitude (middle), squeal decay ratio as function of frequency and amplitude (experimental root locus, right)

To analyze in more detail the growing and decaying phase in intermitent squeal, the decay ratio is defined
using an amplitude estimate A (g, ), the principal coordinate @[) or the norm of the HBV vector

d

———(log(A(t 11
w(tsion) dt( 0g(A(tsiow))) an
Note that this would correspond to the damping ratio if A (0, ) Was a modal amplitude of a second order
system. Figure [6] right highlights that amplitude growth (negative decay ratio) comes with a frequency
increase and amplitude decay (positive decay ratio) comes with a frequency decrease.

{Cor(t)} = —

To analyze the evolution of squeal shape, the HBV signal is decomposed into main real shapes using (9).
Figure [7] left shows that two real shapes are mainly present. Taking the first generalized coordinate
q1,R, (tsiow) as reference, Figure |Z| right shows the amplitude ratio |q1 g, (tsiow)/q1,R, (tsiow)| and the
phase difference tan™'(q1 g, (tsiow)/q1,R, (tsiow)) €volving with pressure instantaneous frequency and
pressure (color). In the permanent squeal time window P=[14-12] Bar (t=[15-40]s), the second shape
amplitude grows with pressure, up to becoming predominant at highest pressure. The phase difference
between the two real shapes is fairly stable around -90°. At low (11-12 bar) and high (15 bar) pressure,
squeal is intermittent which explains the horizontal spread in Figure[7|right. The study of these transition



zones would require a more detailed analysis, as the contributions of the other shapes are no longer
negligible.
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Figure 7: Evolution of main real shape participation to squeal (left) and evolution with frequency and pressure of
the two first generalized coordinates (amplitude ratio and phase difference, right)

4. EXPERIMENTAL MODAL ANALYSIS IN BRAKING CONDITIONS: PRESSURE DEPEN-
DENCE AND LINK WITH SQUEAL

System modes also contain lots of information about the system dynamics. The last objective is to
perform Experimental Modal Analysis in braking conditions. For several fixed pressures, the system is
excited using a shaker. Two strategies are analyzed: excitation with sine-chirps and with pseudo-random
signal. Figure [§] left shows that close the the squeal but in stable condition, a resonance is visibleat
3100Hz with a good coherence. Despite repeatability issues, EMA could be performed to provide mean
frequency, damping and shape. When squeal appears at 9bar, Figure [§] right show an amplitude and
phase dropt in the band [3150-3200] were the squeal lies at this pressure. The coherence is bad in this
frequency band because of the internal force at the pad/disc sliding interface that causes the squeal: EMA

cannot be performed.
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Figure 8: Transfer estimation with sine chirps: repetitions at 7.5 bar, transfers and 1-coherence (left); repetitions
at 9 bar, transfers and 1-coherence (right)

The repeatability isue is probably due to the squeal dependance to the wheel position while the sine-
chirps are not synchronized with the wheel rotation. To see mode evolution during a wheel revolution,
pseudo-random excitation is proposed with multiple sinus frequencies in the band [3000 — 3400] Hz,
each 10Hz apart. This signal is periodic in a 0.1s time window so that transfer estimation is performed
by computing the ratio between sliding Fourier Transform of the output accelerometers and the sliding
Fourier Transform of the input force. Figure 9] shows a the fixed pressures the evolution of the transfer
with time: we see the periodic patterns every 7s which corresponds to wheel revolution period. Slices
in a wheel revolution at fixed pressure P=7.5bar shows the transition between a more damped mode
around 3150Hz and a less damped mode around 3100Hz. At fixed pressure P=9bar, the squeal does not
appear anymore with the pseudo random excitation (non-linear pad/disc sliding contact force is working
differently, which may prevent the instability to occur?): we see in a wheel revolution transitions between
two modes around 3080Hz and 3270Hz and a higher amplitude mode around 3180Hz.
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Figure 9: Transfer estimation with pseudo-random signal: transfer evolution at 7.5 bar and slices in a wheel
revolution (left); transfer evolution at 9 bar and slices in a wheel revolution (right)

A third excitation strategy with a sinusoid whose frequency is controlled to track the mode of interest
should be tested: it would allow to analyze its evolution during the wheel revolution while making the
non-linear pad/disc sliding contact force working in a similar manner than squeal does.

5. CONCLUSION

This paper introduces the HBV signal model to represent squeal characteristics: slow time evolution of
instantaneous frequency w(tsj0,,) and harmonic shapes {q (tsiow)}. A three-step estimation algorithm
is proposed and its relevance is confirmed: when the estimated signal is subtracted from the raw mea-
surement, virtually all that remains is noise. This HBV signal is very helpful to analyze transitions of
squeal features (frequency, harmonic shapes) and resulting indicators (amplitude, decay ratio, main real
shapes) with pressure. Two strategies have been explored to build transfers in operating conditions, us-
ing sine-chirps and pseudo-random signals. Both lead to comparable but different results and further
investigation is required.
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