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ABSTRACT
The low frequency (0-500 Hz) automotive noise and vibration behavior is influenced by
the rolling dynamics of the tire. Driven by pressing environmental concerns, the automotive
industry has strived to innovate fuel-efficient and quieter powertrain systems over the last decade.
This has eventually led to the prevalence of hybrid and electric vehicles. With the noise masking
effect of the engine orders being absent, the interior structure-borne noise is dominated by the tire
pavement interaction under 500 Hz. This necessitates an accurate estimation of rolling tire
dynamics.
To this date, there is no direct procedure available for modal analysis of rolling tires with
tread patterns under realistic operating conditions. The present start-of-art laser vibrometer based
non-contact measurements are limited to tread vibration measurement of smooth tires only in a lab
environment. This study focuses on devising an innovative strategy to use a wireless Tire Cavity
Accelerometer (TCA) and two optical sensors in a tire on drum setup with cleat excitation to
characterize dynamics of tread vibration in an appreciably easier, time and cost-effective approach.
In this approach, First, the TCA vibration signal in a single test run is clustered into several groups
representing an array of virtual sensor position at different circumferential positions. Then modal
identification has been performed using both parametric and non-parametric operational modal
identification procedures. Furthermore, relevant conclusions are drawn about the observed modal
properties of the tire under rolling including the limitations of the proposed method. The method
proposed here, as is, can be applied to a treaded tire and can also be implemented in an on-road
test setup.

OPERATIONAL MODAL ANALYSIS OF ROLLING TIRE:
A TIRE CAVITY ACCELEROMETER MEDIATED APPROACH
Pradosh Pritam Dash

GENERAL AUDIENCE ABSTRACT
The low frequency(0-500 Hz) interior noise and vibration of an automobile is primarily
influenced by the dynamics of the rolling tire. In recent studies, the laser vibrometer with moving
mirrors for measurement of vibration on the tread of a rotating tire has been used. However, these
are limited to tires without tread pattern. In this study, an innovative experimental way of
performing operational modal analysis using the Tire cavity Accelerometer (TCA) and optical
sensors is presented. The proposed method is simpler in terms of instrumentation and cost and
time-effective. This method, as is, can also be implemented in case of a treaded tire.
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1 Introduction
This chapter conveys the motivation and background for the present work, the research
objectives, and the organization of the thesis.

1.1

Motivation and Background
In the last decades, stricter environmental norms and the demand for cheaper transportation

means have driven the automotive OEMs towards finding improved energy efficiency of internal
combustion engines. Eventually, this quest has led to a surge in demand for electric vehicles (EV)
and hybrid vehicles (HV). These technological leaps have brought greater needs to address
automotive noise issues [Govindswamy et al. (2009)]. These issues can be broadly classified into
two categories depending on the environment they affect such as 1) Vehicle Exterior Noise, and
2) Vehicle Interior Noise. While the former is a significant contributor to environmental noise
pollution, the latter governs the subjective perception of quality and comfort. There are three major
sources of vehicle interior noise: 1) Propulsion noise, 2) Aerodynamic noise, and 3) Tire-pavement
noise. The spectral content of vehicle interior noise lies primarily in the lower frequencies and tire
becomes the dominant source of noise at speeds over 40 kph for passenger cars [Chang et al.
(2010)]. Depending on the noise generation and propagating medium, the vehicle interior noise
due to tire can be further classified as 1) Structure-Borne Noise (SBN), and 2) Air-Borne Noise
(ABN). The SBN persists at frequencies below 500 Hz whereas ABN is observed at higher
frequencies around 500-2000 Hz [Lopez et al. (2007)].
Tire SBN originates from vibration sources like impact excitations to the tread while
moving over a rough road surface. The vibration energy thus created transmits through the
structure (i.e. wheel, spindle, suspension, and body) and contributes to the vehicle interior noise
eventually. To understand tire structure-borne noise (SBN), it is important to dive into how
mechanical vibrations are originated due to tire-road interaction at the contact patch area. There
are two main categories of mechanisms for the generation of mechanical vibration, such as 1)
Impact Based Mechanisms and 2) Adhesion Based mechanisms. Table 1.1 lists the major
mechanisms. The table is adapted from Sandberg et al. (2002). It is important to note that some of
these mechanisms (e.g. adhesion) have not been conclusively demonstrated.
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Table 1.1 Mechanisms Responsible for Generation of Vibration at the Contact Patch of a Rolling Tire.

Tire Vibration Generation Mechanism

Tread Impact: Impact of pattern elements of the tire such as tread
blocks on the pavement. It mostly causes in the radial direction with
minor components in tangential direction excitation of tread/belt.
Impact
Mechanisms

Texture Impact: The impact of the texture of the road surface on tire
tread causes radial vibration with minor components in the tangential
direction of the tread/belt.
Tire Carcass vibration: As the tire rolls, the deformation of the
contact patch (starting with from leading-edge until trailing edge)
induces vibration in the tire carcass/belt.
Tread Stick-Slip: The relative motion of the tread element with

Adhesion
Mechanisms

reference to the pavement causes tangential vibrations.
Tread Stick-Snap: Tread sticks to the road surface and snaps
eventually, giving rise to both radial and tangential vibrations.

1.1.1 Impact Based Mechanisms
Tire carcass vibration can be described as the sudden displacement of the tread element at
the leading edge of contact patch towards the center of rotation of the tire when it interacts with
the road surface. An inverse impact occurs when the tread element comes out of the contact patch
at the trailing edge. This induces a deflection of tire carcass around its circumference with peak
amplitudes of vibration at leading and trailing edges. The vibration attenuates quickly away from
the tire contact patch. This behavior is evident in both patterned-tread and smooth-tread (slick)
tires. For tires with a pattern on the tread, the separate tread elements hammer against the pavement
surface. Since the road surface is relatively hard, the tread elements absorb the impact energy and
undergo deflections. This is termed as “Tread Impact”. An opposite type of excitation occurs
when road asperities impact on the tire tread at the leading edge of the contact patch and leave at
the trailing edge of the contact patch. This is known as “Texture Impact”. Both these impacts
have components along the radial and tangential directions depending on the angle at which a tread
block or a road surface asperity enters the contact zone relative to the road surface.
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1.1.2 Adhesion Based Mechanisms
There are two mechanisms related to adhesion: 1) Stick-slip, and 2) Stick-Snap. In the case
of the former, the intermittent storing and release of potential energy in the tangential tread plane
of contact patch give rise to stick-slip behavior. The induced vibration can also have a radial
component if the road surface is not absolutely flat. The second mechanism occurs when adhesive
bonds are formed and broken subsequently between the road and the rubber as the tread element
comes into the contact patch and leaves. The induced vibration is both radial and tangential. As of
now, there is no experimental evidence of these two adhesion mechanisms and they are still in the
realms of hypothesis.
1.1.3 Transmission of Tire-Pavement Vibration
The transmission of road impact excitations to the spindle depends on the dynamic
behavior of the rolling tire. In other words, the rolling dynamics of a tire play a crucial role in
transmitting the vibration energy from tire pavement interactions which result in vehicle interior
noise eventually through structure-borne paths. The excitation sources at the tire-road interface
give rise to the following three types of waves: 1) Bending 2) Longitudinal, and 3) Shear (only at
very high frequencies) [Sandberg et al. (2002)]. These structural waves, traveling in opposite
directions around tire circumference, interfere constructively/destructively at certain frequencies
and give rise to modal behavior. At higher frequencies(>500 Hz), due to significant damping of
tire rubber, the structural waves decay before interference can occur. Thus, it is very difficult to
observe modal behavior above 500 Hz [Pinnington et al. (2002)]. At higher frequencies, most of
the vibration is concentrated close to the contact patch area. The faster propagating longitudinal
and shear waves contribute to the radiated sound field at 600 Hz and above [Yum et al. (2007)].
The noise radiated by these vibrations is focused in the range 500-3000 Hz [Pinnington (2006)]
and is termed as tire structure-borne exterior noise. These exterior structures borne noise contribute
to vehicle interior noise primarily through airborne paths. The horn-shaped region between tire
and road amplifies the radiated noise. [Graf et al. (2002)]. On the other hand, the flexural modes
which propagate around the circumference below 500 Hz have relatively lower group speed. Thus,
they are not efficient sound radiators. However, they result in tire vibrations which are transmitted
to the vehicle interior through structure-borne paths (Wheel-Spindle-Suspension-Body) and
contribute to the structure-borne noise inside the vehicle below 500 Hz. Apart from the structural
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resonances below 500 Hz, the acoustic cavity resonance significantly affects the vehicle interior
noise in the 200-250 Hz frequency range [Sakata et al. (1990)].

In summary, the transmission of road impact excitations to the spindle depends on the
dynamics of the rolling tire. Under 500 Hz the tire exhibits modal behavior. Thus, the rolling
dynamics of a tire play a crucial role in transmitting the vibration energy from tire pavement
interactions which result in vehicle interior noise eventually through the structure-borne paths.

1.2

Literature Review
To understand how the tire-road interactions affect the low frequency (0-500 Hz) interior

Structure Borne Noise (SBN) in automobiles, it is important to know the transmitted force at the
wheel spindle from the excitations at the contact patch. Thus, the dynamics of the tire need to be
understood. This involves identifying natural frequencies of the structural and acoustic resonances
of rolling tires and corresponding modal parameters such as damping ratios and mode shapes. In
the following sections, a brief review of the modal analysis of both stationary and rolling tires is
presented. Subsequently, a review of methods for Operational Modal Analysis (OMA) is also
presented.
1.2.1 Modal Testing of Stationary Tires
Traditionally, Experimental Modal Analysis (EMA) is used to extract the modal properties
of a non-rolling tire. Since the tire is stationary, it is feasible to measure the excitation force applied
at a given point on the tire. Typically, the shaker is attached to the tread center though the stinger
and provides a burst random or burst chirp excitation. The response at different locations on the
tire and wheel are then measured to evaluate the Frequency Response Functions (FRFs).

Bolton et al. (1998) carried out an experimental modal analysis of a stationary unloaded
tire to determine the response of tire due to point excitation. Their experimental setup is shown in
Figure 1.1. A laser vibrometer was used to measure the radial vibration velocities on the tread
band due to the excitation by a mini shaker at the tread center of a horizontally suspended tire. The
propagation characteristics of different wave types involved in the tire radial response were
computed following a circumferential wave number decomposition. The curving trajectories in the
plots of frequency-wavenumber decomposition (also known as dispersion plots) reveal the
4

presence of circumferentially propagating flexural waves (Figure 1.2). The cut-on frequencies for
these waves depend on inflation pressure. It was observed that the first flexural wave cuts on with
n = 1 circumferential mode whereas subsequent waves cut on with higher order of circumferential

modes. Since n = 1 circumferential mode can deliver a net force to the wheel spindle, the first
propagational wave is concluded to be the only potential contributor to interior Structure Borne
Noise (SBN).

Figure 1.1 Experimental Setup for Vibration Measurement of Tire Bolton et al. (1998).

Figure 1.2 Dispersion Plot of Tire Carcass Vibration Bolton et al. (1998).

Bernhard (2000) used a test setup similar to that shown in Figure 1.1 to measure vibration
on a treadless tire over a 2-dimensional grid at an interval of 2 cm. This facilitated observing
vibration modes in both circumferential and transverse directions. At a lower frequency (109 Hz),
both directions exhibited modal behavior. At a higher frequency (653 Hz) modes were not
observed in the circumferential direction, although they still existed in the transverse direction. At
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a very high frequency (1231 Hz) the vibration behavior was local to the point of excitation without
any modal behavior.

In order to better categorize the mode shapes of radial tires a naming convention has been
proposed Wheeler et al. (2005) and is followed widely. Since the belt/tread package is similar in
shape to a thin-walled cylinder, there are two fundamental types of bending motions: Firstly, along
the circumference and secondly along the cross-section or the axial direction. Thus, a notation

(c, m) is adapted where ' c ' indicates the number of sinusoidal waves along the circumference.
(Figure 1.3a) and ' m ' represents the number of sinusoidal waves in the axial direction (Figure
1.3b).

(a)

(b)
Figure 1.3 Indices Notation for Mode Shape Characterization a) Circumferential Index b) Cross-sectional (Axial)
Index.

Yam et al. (2000) conducted experimental modal testing of a stationary tire. The tire was
suspended vertically and was excited using a shaker along with radial and tangential directions.
The responses were measured by accelerometers in radial, lateral and tangential directions as
shown in Figure 1.4b. Three-dimension mode shape and modal parameters were thus extracted
from these measurements. In the case of radial excitation, it was found that all the modes except
one are affected by the tire structure and coupling of air cells in different directions. Their
frequencies increases with inflation pressure. The outlier circumferential mode of sixth-order at
6

258.19 Hz was independent of change in inflation pressure and was only affected by the intrinsic
structure of the tire. Similar modes were observed in case of tangential excitation; however, the
shaker input was much less in tangential direction yielding lower signal to noise ratio in the
responses and a subsequent inferior modal identification.

Figure 1.4 a) Modal Testing Setup b) Arrangement of accelerometers by Yam et al. (2000).

Saemann et al. (2003) conducted a modal analysis of non-rolling tire under normal spindle
load. The tire was fixed on a rigid block and clamped by a stiff bracket producing a contact patch
deformation. The equivalent spindle load was 450 kg and the internal pressure was 3.0 Bar. The
tire was excited by a shaker with random noise and the responses were measured in the radial
direction to identify the Eigen properties. The circumferential mode shapes indicated the presence
of dominant antinodes at low frequencies concerning the contact patch deformation. These
antinodes can play a crucial role in sound radiation at low frequencies due to amplification by horn
effect [Klein (2000)]. At higher frequencies, the mode shapes show a more distributed pattern of
antinodes around the tread band.
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Figure 1.5 Setup for Experimental Modal Analysis Saemann et al. (2003).

Kindt et al. (2006) improved the existing static tire modal testing procedure by applying
multiple uncorrelated inputs via shaker to have better excitation energy along the tangential and
axial direction. This facilitates the separation of repeated roots or closely spaced modes. The setup
is similar to the one used by Saemann et al. (2003). The responses were measured using triaxial
accelerometers on the tire cross-section. The experimental set up is shown in Figure 1.6

Figure 1.6 Test Setup used by Kindt et al. (2006) for Modal Analysis of Static ( Top Left and Right: Loaded and
Unloaded Tire, Bottom Left: Multiple Shaker Input, Bottom Right: Measurement Location on the Cross-section)
Figure adapted from Rocca et al. (2011).
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In this setup, the number of measurement locations needed to characterize a particular
circumferential mode increases with the increase in the order of the mode to have sufficient spatial
resolution. To avoid mass loading on the other hand, only a few set accelerometers can be roved
over the tire to cover all the measurement locations. Thus, this becomes a time-intensive process.
To overcome this problem, Rocca et al. (2011) performed non-contact measurements on both
sidewall and tread surface. The setup as shown in Figure 1.7 is quite similar to the one used by
Bolton et al. (1998) except for the fact that surface vibration was also measured with spindle
loading.

Figure 1.7 Experimental Setup for Modal Analysis Rocca et al. (2011).

The circumferential mode shapes of an unloaded tire are axisymmetric. Hence, the
attachment point for shaker excitation is not important. However, in the case of a loaded tire, the
symmetry is lost and excitation must be applied at a point that excites all the modes. Another
interesting phenomenon occurs because of loading: splitting of repeated roots of the underlying
eigenvalue problem into two single roots. Figure 1.8 describes this graphically. Extra labels are
appended to the original naming convention by Wheeler et al. (2005) to represent them. The
second-order circumferential mode (2,a) splits into two modes. One of them has a nodal line at the
middle of the contact patch is named as (2,a) 0 and the other one has an antinode at the middle of
the contact patch is denoted by (2 ,a) extr. Because of this effect, a higher number of modes are
observed. Figure 1.9 frequency response functions at the point of excitation for the loaded and
unloaded case of a stationary tire. For the unloaded tire the individual peaks corresponding to
resonances are clearly visible, whereas in case of a loaded tire the peaks are less distinguishable.
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Figure 1.8 Splitting of a Second Order Circumferential Mode Due to Spindle Loading Kindt et al. (2006).

Figure 1.9 Measured FRF at the point of Excitation for the Loaded and Unloaded Tire Kindt et al. (2009).

1.2.2 Modal Testing of Rolling Tires
Modal properties of a rolling tire are distinct from the non-rolling case. A clear
understanding of how rotation affects the flexural propagating modes has been the focus of recent
efforts in vibration measurements of rolling tires. The rotation of the tire makes the direct
measurement of vibration significantly involved. Burroughs et al. (2003) used an accelerometer
embedded on the tire tread liner to measure tire vibration in radial, tangential and axial directions.
Although it provides reliable results there are two disadvantages. First, it is prone to failure under
the high stresses coming due to the deformation at the tire contact patch. Second, the mounting of
the accelerometer alters the tire belt structure. Holtschulze et al. (2004) used an optical deformation
sensor which measured the tire displacement in radial, axial, and tangential directions. The
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disadvantage of this sensor is that it measures the vibration of the tread inner liner, not the outer
surface which contributes to structure-borne noise. Also, the attachment of sensor system affects
the dynamics of the tire. Thus, in order to overcome inherent limitations of the direct measurement
systems, contactless indirect methods were also adapted.
Klos et al. (2002) measured the vibration of a tire in rolling condition up to a frequency
1400 Hz using a stationary laser vibrometer. The excitation was provided by a rough surface with
transverse wooden slats (Figure 1.11a) and a triangular cleat metal cleat (Figure 1.11b). A
magnetic sensor was used as an encoder to synchronize the phase of sequential measurements from
the laser vibrometer. Figure 1.10 shows the test setup. This set up was operated at three speeds
(10,20 and 24 m/s) under a spindle load of 1735 N. It was observed that the rotation induces an
asymmetry in the dispersion relations (frequency-wave number plots). The slope of the plots which
represent the wave speed is different in the positive and negative wave numbers. Thus, the waves
traveling with the rotation of the tire have different speed than the waves traveling opposite to the
tire rotation.

Figure 1.10 Test Setup by Klos et al. (2002) for Rolling Vibration Testing.
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Figure 1.11 Excitation System for Rolling Tire Vibration Testing Klos et al. (2002).

Saemann et al. (2003) measured sound fields with an array of 176 microphones distributed
around five sides (Figure 1.12) under a spindle load of 450 kg for both rolling and non-rolling
conditions. An Inverse Boundary Element (IBEM) procedure was then followed to compute the
acceleration flux at different surface nodes over the tire. The acceleration flux at a particular
frequency is equal to the forced vibration at that frequency. Thus, at an eigenfrequency, the forced
vibration resembles the mode shape. Figure 1.13 shows the forced vibration in the radial direction
for two eigenfrequencies 108 Hz and 129 Hz.

Figure 1.12 Experimental Setup for Sound Field Measurement of Rolling Tire [Saemann et al. (2003)].
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(a)

(b)

Figure 1.13 Forced Vibration of a Tire Rolling at 40 kph for Frequency a) 108 Hz b)129 Hz.

Tsujiuchi et al. (2005) measured sidewall and tread vibration of a tire rolling on a rough
drum using Laser Doppler Vibrometer (LDV). The Operational Deflection Shape (ODS) were
computed from cross-spectrum measurements between the response points and a reference point
for the sidewall and the tread. A single point LDV was used as a reference and a scanning LDV
measured the response points (Figure 1.14a). A high precision plane mirror shifted sequentially to
irradiate the LDV perpendicularly to measure the radial tread vibration around the circumference
near the contact patch (Figure 1.14b). The test was conducted at 50 kph with a vertical spindle load
of 4500 N. The vibration of the leading edge was observed to be 6.8 dB to 9 dB greater than that
of the trailing edge. Furthermore, the belt structure was seen to affect the vibration behavior at the
trailing edge. The direction of input excitation direction was from radial at the leading edge to
circumferential at the trailing edge due to rubber hardening.

(a)

(b)

Figure 1.14 Experimental Setup for Measuring a) Sidewall B) Tread Vibration of Rolling Tire

Kindt et al. (2009) measured the vibration of the sidewall and tread of a smooth-rolling
tire. The experimental set up used two identical tires rigidly clamped on their respective wheel
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hubs and rotate relative to each other due to a radial preload. One of the tires which was driven by
a motor had a cleat strapped onto itself to excite the second tire. The response was sequentially
measured using a stationary laser vibrometer over different points. The measurement grid of two
circumferential rings for tread and one for the sidewall with an angular resolution of 100 was used
for sequential measurement. The laser beam from the LDV was directed perpendicularly on the
tire tread surface using a plane mirror. The mirror was sequentially placed at different locations to
direct the laser beam to different radial positions.

a)

b)

Figure 1.15 a) Tire on tire setup for Rolling Tire Vibration Measurement with Cleat Excitation, b) Scanning
Vibrometer for Sequential Vibration Measurement on Tread Using Plane Mirrors Kindt et al. (2011).

A multi-axis wheel hub dynamometer as shown in Figure 1.16a measured the three spindle
forces and three spindle moments. The maximum vertical spindle force Figure 1.16b during a
cleat impact was used as a time reference to synchronize the sequential vibration measurements
on the sidewall and the tread to perform Operational Modal Analysis (OMA). Specifically, the
computed cross spectra between laser measurement and the vertical spindle force were processed
in the Operational PolyMax method by Peeters et al. (2004) to extract modal parameters.
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(a)

(b)
Figure 1.16 a) Wheel hub Dynamometer with Encoder b) Measured Vertical Spindle ForceKindt et al. (2011).

Rocca et al. (2011) improved upon the test setup by Kindt et al. (2009) by mounting the
tire on a drum excited by a cleat assembled onto the drum surface. Figure 1.16a shows the
experimental setup. The surface vibration on the sidewall and the tread were measured sequentially
using stationary LDV as in Kindt et al. (2009). The measurement grid points are displayed in
Figure 1.16 b. It was observed that the resonance frequencies for (n,0) modes drop by 10% as
compared to non-rolling counterparts at the onset of rolling due to the softening effect induced by
cyclic deformation of the rolling tire. However, a further rise in rolling speed didn’t result in similar
trends. Also, a rise of 1.7 Bar to 2.7 Bar in Inflation pressure induced a positive shift in structural
resonance frequencies. Increased static spindle load also corresponded to a slight increase in
structural resonance frequencies. A slight decrease in acoustic resonance frequencies is also
oberved as the tire temperature varies from 250 C to 550 C.
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(a)

(b)

Figure 1.17 a) Experimental Setup for Rolling Tire Vibration Measurement on a Drum using Cleat Excitations b)
Measurement Grid followed for Sidewall and Tread surface Vibration.

1.2.3 Overview of Operational Modal Analysis (OMA)
In case of a rolling tire excited by a cleat, it is difficult to measure the input excitation
unlike the modal testing of static tire where a shaker or hammer provides a known excitation at a
chosen point. Thus, modal analysis is performed using the output responses only. This is known
as Operational Modal Analysis (OMA) since the modal analysis is implemented in the operating
conditions. Therefore, it has the advantage of capturing the dynamic behavior under the realistic
condition and provides clear insights about the effect of rotation on structural and acoustic
resonances and how they in turn influence the in-cabin Structure Borne Noise (SBN). Most OMA
techniques are derived from system identification procedures and rely on an underlying stochastic
framework [Rainieri et al. (2014)]. In this section, a brief overview of available for operational
modal analysis will be laid out in order to choose an appropriate method(s) for OMA of the rolling
tire.
The development of operational modal analysis was initiated by Sandia laboratories in
1986 for modal analysis of Vertical Axis Wind Turbine (VAWT). It was an effort to replace the
time-consuming artificial excitation by step relaxation method with the natural wind excitation
[Carne et al. (2010)]. Subsequently, the Natural Excitation Technique (NExT) was developed by
James et al. (1993). In this scheme, the cross-correlation of output measurements is computed.
Under the assumption of random and stationary inputs excitation, these cross-correlation functions
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can be shown as a sum of exponentially decaying sinusoids. These sinusoids are known as NExT
Impulse Response Functions (NExT-IRF) and must possess the modal parameters of the
underlying system. Thus, a suitable system identification procedure can be implemented to
estimate a numerical model and extract modal parameters. The system identification can be
accomplished either in the time domain or in the frequency domain. Ibrahim Time Domain method
(ITD)[Ibrahim (2002)], least squares complex exponential method (LSCE) [Brown et al. (1979)],
and eigenvalue realization algorithm (ERA) [Juang et al. (1985)] are considered as standard
techniques in the time-domain identification.

Alternatively, the cross-correlation or autocorrelations of the output measurements can be
taken in the frequency domain by applying a Discrete Fourier Transform (DFT). The modal
identification can be carried out following Frequency Domain Decompositions (FDD) of these
output auto-spectra or cross spectra [Brincker et al. (2001)]. This is an extension of the classical
frequency-domain peak picking method and is non-parametric. It entails computing the singular
value decomposition of the spectral matrix to estimate a set of Single Degree of Freedom (SDOF)
auto spectra corresponding to each representing an individual mode. This process gives good
results in case of mode-multiplicity or closely spaced modes. Also, it provides a subjective feeling
of the data simultaneously.

Another noteworthy frequency domain parametric algorithm was introduced by
[Guillaume et al. (2003)] is a poly-reference version of the standard Least Squares Complex
Frequency (LSCF) or PolyMax. It takes the modal participation factor into account while plotting
stabilization diagrams along with poles and damping ratios. The key advantage of this method is
the identification of closely spaced modes. Also, it is a numerically efficient implementation
because of its frequency domain formulation based on a discrete-time model [Peeters et al. (2004)].

A more robust time domain modal analysis for natural inputs is a minimal realization of
the stochastic system known as stochastic subspace identification (SSI) by Van Overschee et al.
(1996). The SSI algorithms are considered strong and efficient for modal identification of
structures under stochastic (white noise) excitations. Peeters et al. (2000) showed that the
stochastic system realization algorithms can be applied to the covariance of outputs with unknown
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inputs (known as covariance-based SSI or SSI-Cov). A new implementation of the method known
as data-driven stochastic subspace identification(SSI-Data) was also proposed. In this scheme of
SSI, the row space of the future output gets projected into row space of references to provide a
replacement for output covariances. Furthermore, instead of choosing all the past output, only a
few selected responses are taken by introducing the idea of reference sensors to reduces the size
of the projection matrix considerably and thus achieve a computationally lighter implementation.
This is known as reference-based stochastic subspace identification (SSI-Ref).

1.3

Thesis Objectives
From the literature review presented here, it becomes clear that identification of the

circumferential bending modes of a rolling tire is crucial for structure borne noise characterization.
Although there has been significant improvement in the dynamic testing of rolling tire using laser
doppler vibrometer based non-contact measurement techniques, these methods are limited to
smooth tires only. Tires with tread patterns are not amenable to this due to rough tread surface
which leads to speckle formation [Bell et al. (2000)]. Since majority of the tires used in passenger
cars and trucks have a patterned tread and a treaded tire is structurally different from a smooth tire,
there is a need for a direct dynamic testing procedure applicable to treaded tires. Also, the bulky
laser vibrometer based equipment is not suitable for on-road vibration measurement. This
motivates the following research objectives:
1. Devise a dynamic testing procedure for rolling tires under realistic operating conditions

applicable to tires with patterned tread.
2. Perform dynamic testing in a simplistic test set up (a single accelerometer and optical

sensors) with the flexibility to be implemented in an on-road test.
3. Develop necessary signal processing techniques for modal identification of rolling
circumferential modes.

1.4

Thesis Organization
The thesis arranged into six chapters. In Chapter 1, the background and motivation behind

the present study are described. The problem of automotive interior structure-borne noise due to
tire pavement interaction is introduced. It also provides a literature review on modal testing of
static as well as rolling tires. Along with the test setup and measurement procedure details, a
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summary of major results and conclusion is mentioned. Lastly, a brief overview of available
Operational Modal Analysis (OMA) algorithms is provided. Chapter 2 details the theoretical
background behind the OMA algorithms used in this study to identify the rolling modes of tires.
In chapter 3, the experiments conducted to measure the tread vibration using cleat excitation is
described. Illustrative results from the experiments are shown to draw meaningful insights. Also,
the Tire Cavity Accelerometer (TCA) data is analyzed in greater detail to understand the tread
vibration behavior. In chapter 4, two key signal processing techniques are described and
demonstrated using the TCA vibration signal and the optical signals. Chapter 5 presents the
operational modal analysis incorporating an innovative strategy that performs the modal analysis
of a rolling tire using only one accelerometer and two optical sensors. This chapter also provides
a relevant discussion on identified modal parameters and some limitations in the method
prescribed. Chapter 6 provides concluding thoughts and a summary of the research contributions
along with scopes of future work.
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2 Operational Modal Analysis Methods
Different operational modal analysis methods used in Chapter 5 for the identification of
the modal properties of rolling tires are presented in this chapter. First, the theoretical background
for Natural Excitation Technique (NExT) is discussed followed by Frequency Domain
Decomposition (FDD) and lastly, Covariance based Stochastic Subspace Identification (SSI-Cov).
The FDD and SSI-Cov are used in modal identification of rolling tire. It is important to observe
that both these methods use cross-correlation of output responses or equivalent expression in order
to perform modal identification.

2.1

Natural Excitation Technique (NExT)
In a broader sense, Natural Excitation Technique (NExT) is the predecessor to all the

operational modal analysis in use today [Carne et al. (2010)]. The mathematical underpinnings
therein are thus important to understand to draw a parallel between experimental and operational
modal analysis algorithms. The most important step in NExT is to select a function that can be
estimated from the output responses only which is related to the modal properties. The crosscorrelations between the output responses were shown to be a summation of decaying sinusoids
which correspond to the natural frequencies and damping ratios. In other words, they are
equivalent to the impulse response functions in the case of a conventional experimental modal
analysis. A brief mathematical rationale is provided in the following to relate the cross-correlation
functions with the impulse response functions. This is adapted from James et al. (1995). Here, to
avoid complexities, it is assumed that the input is white noise without any harmonic behavior and
modes are real. Let’s consider a linear time-invariant system whose Equations of motion can be
expressed in the standard second-order differential matrix form:

[ M ]{x(t )} + [C ]{x(t )} + [ K ]{x(t )} = { f (t )}
Here

[ M ] =Mass matrix
[C ] =Damping matrix
[ M ] =Stiffness matrix

{ f } = Input excitation Vector
{x} = Displacement Vector
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(2.1)

Following modal expansion, the displacement vector, {x} from Equation (2.1) can be rewritten
as:
n

{x(t )} = [ ]{q(t )} =  [r ]{qr (t )}
r =1

(2.2)

Here [ ] is the modal matrix and q (t ) is the modal coordinate vector, r which is the shape vector
for rth mode and qr (t ) is corresponding modal co-ordinate. Next, an orthogonal decomposition is
performed by left-multiplying Equation (2.1) by [ ] which results in diagonal matrices of
T

[ M ],[C ] ,and [ K ] . The scalar version of the Equation can be expressed in modal coordinates as:
q r (t ) + 2 r (t )nr q r (t ) + nr 2 q r (t ) =

1
{r }T { f (t )}
r
m

(2.3)

 r represent the natural frequency, modal mass, and modal damping ratio for the

r
Here, n , m r and

rth mode. For zero initial condition the solution to Equation (2.3) can be expressed as the following
convolution integral:

q r (t ) =

1
m  (1 − ( r ) 2 )1/2
r

r
n



t

−

{r }T { f ( )}e( − n (t − )) sin(nr (t −  ))d
r

r

(2.4)

r

Now replacing q (t ) in Equation (2.2) we can obtain the displacement {x(t )} in physical
coordinates for t  0 :
n

{x(t )} =  [r ] 
r =1

1
m  (1 − ( r ) 2 )1/2
r



r
n

t

−

To shorten the expression let’s assume g r (t ) =

{r }T { f ( )}e( − n (t − )) sin(nr (t −  )) d
r

r

(2.5)

1
( − r nr t )
e
sin(nr t ) , for t  0 then
r r
r 2 1/2
m n (1 − ( ) )

Equation 2.5 becomes:
n

{x(t )} =  [r ]   {r }T { f ( )}g r (t −  ))d
t

−

r =1

(2.6)

Now for a single input force at the kth degree of freedom (DOF) f k ( ) the response at ith DOF
becomes
n

{xik (t )} =  irkr   f k ( ) g r (t −  )d
t

−

r =1
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(2.7)

Here

ir is the component of rth mode shape corresponding to ith DOF. If the input force can be

modeled as an impulse or a Dirac Delta function with zero-time shift, above Equation collapses
to
n

xik (t ) =  irkr g r (t )
r =1

e( − n t ) sin(nr t )
=  irkr r r
m n (1 −  r 2 )1/2
r =1
r

n

r

(2.8)

This is the response at ith DOF due to unit impulse excitation at kth DOF or the Impulse Response
Function (IRF). Now, the cross-correlation function of two responses needs to be derived into a
form equivalent to Equation (2.8) i.e. sum of decaying sinusoids. The cross-correlation between
the responses at DOF i and j because of an input force at kth DOF as a function of time lag T can
be expressed as

ijk (T ) = E ( xik (t + T ) x jk (t ))

(2.9)

Using Equation (2.8) ijk (T ) can be further expanded as
n

n

ijk (T ) =  irkr jsks 

t



t +T

− −

r =1 s =1

g r (t + T −  )g s (t −  ) E[ f k ( ) f k ( )]d d

(2.10)

Here E[ f k ( ) f k ( )] is the autocorrelation function of f and can be defined as the following

E[ f k ( ) f k ( )] =  k  (t −  )

(2.11)



 (t ) the Dirac delta function and  k =  f 2k ( )d . Using Equation (2.11) , (2.10) reduces to
−
n

n

ijk (T ) =   kirkr jsks 

t +T

−

r =1 s =1

g r (t + T −  ) g s (t −  )d

(2.12)

Changing the variable of integration by assuming  = t −  , Equation (2.12) becomes
n

n



ijk (T ) =   kirkr jsks  g r ( + T ) g s ( )d
0

r =1 s =1

Now expanding
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(2.13)

g r ( + T ) =

1

e( − n (  +T )) sin(dr ( + T ))
r

m
r

r
d

r

e − n  sin(dr  )
cos( T )
m rdr
r

=e

− r nr T

r

r
d

e − n  cos(dr  )
sin( T )
m rdr
r

+e

− r nr T

r

r
d

(2.14)

Here, dr = nr (1 −  r 2 )1/2 . Similar expression holds for g s ( ) .Using Equation (2.14), (2.13) can
be expressed as
n

ijk (T ) =  [ Pijk e − nT cos(dr T ) + Qijk e − nT sin(drT )]

(2.15)

 sin(dr  ) 
 Pijk  n  kirkr jsks  ( − rnr − sns ) 
sin(ds  ) 
  =  r r s s  0 e
 d
r
Qijk  s =1 m d m d
cos(d  ) 

(2.16)

r

r

r

r

r =1

Where

It can be observed that Pijk and Qijk depend only on the modal parameters and are independent of
the time lag T between responses at DOF i and j. Therefore, Equation (2.15) clearly shows that
the cross-correlation function ijk (T ) can be expressed as a sum of decaying sinusoids, which is
thus equivalent to the Impulse Response Function (IRF) from Equation (2.8).

2.2

Frequency Domain Decomposition (FDD)
Frequency Domain Decomposition (FDD), introduced by Brincker et al. (2001), is an

improvement over classical Basic Frequency Domain (BFD) technique in that the singular value
decomposition of output spectra enables identification of closely spaced modes. The theoretical
background of FDD adapted from Brincker et al. (2000) and Rainieri et al. (2014) is provided in
the following. The correlation matrix of the output response, Ryy at a given time lag  is expressed
as
Ryy ( ) = E ( y (t +  ) y (t )T )

(2.17)

Now, following modal expansion similar to Equation (2.2)

y (t ) = [ ]{q(t )}

(2.18)

Here [ ] is the modal matrix and q (t ) is the modal coordinate vector. Using Equation (2.18) in
Equation (2.17)
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Rpp ( ) = [ ]Rqq ( )[ ]T

(2.19)

As per Bendat et al. (2011), taking Fourier transform on either side in Equation (2.19) the power
spectra density of output responses Gyy ( j ) for r inputs and m outputs can be expressed as
{Gyy ( j )}mm = {H ( j )}mr {Gxx ( j )}rr H ( j )T rm

(2.20)

Here, Gxx ( j ) is the PSD of the input and H ( j ) is the frequency response function. ‘—’ and is
the complex conjugate and ‘T’ representing the transpose operator . The Frequency Response
Function (FRF) matrix can further be shown in terms of poles and residues as for n modes as:
n

H ( j ) = 
k =1

Rk
Rk
+
j − k j − k

(2.21)

Here, k and Rk are the poles and modal residue for the kth mode. As observed in Equation (2.11),
input autocorrelation at zero-time lag is constant for white excitation, thus the corresponding
power spectra is also constant i.e. Gxx ( j ) = c . Thus Equation (2.20) becomes,
 Rk
 Rs
Rk 
Rs 
H ( j ) =  
+
+
 C  

j − k 
k =1 s =1  j − k
 j − s j − s 
n

n

H

(2.22)

The above expression can be reduced to a simple pole-residue form
n
 Ak

Ak
Bk
Bk
Gyy ( j ) =  
+
+
+

j − k − j − k − j − k 
k =1  j − k

(2.23)

Here the kth residue matrix of Gyy ( j ) and is given by
 n
RsT
RsT 
Ak = Rk C  
+

 s =1 −k − s −k − s 

(2.24)

This is a Hermitian matrix. The contribution from the kth mode is

Rk CRk T
Ak =
−2 Re(k )

(2.25)

Here Re(k ) indicates the real part of the pole which is damping ratio times the natural frequency.
Thus, in case of light damping, the Ak residue is proportional to the mode shape vector i.e.
Ak  Rk CRk = k  k T C (k  k T )T = ( k T C k )kk T = d kkk T

(2.26)

This is the key result of FDD. If at a particular frequency a few numbers of modes denoted by

sub( ) are dominant, then

Gyy ( j ) in (2.23) can be expressed as
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Gyy ( j ) =

 d kkk T (d kkk T ) 
+
 

j − k 
ksub ( )  j − k

(2.23)

Thus, the decomposition of output spectra shows that at a certain frequency  it can assume the
standard pole-residue form obtained from an FRF matrix. Consequently, modal parameters can be
extracted from the singular value decomposition of G yy at a certain frequency  .

2.3

Covariance Based Stochastic Subspace Identification (SSI-Cov)
Covariance Based Stochastic Subspace Identification or SSI-Cov is a stochastic realization

problem; or, in other words, estimating a stochastic state-space system by fitting the available data
which is the output correlations in case of OMA. The classical system identification algorithms
are prone to numerical ill-conditioning, require overlapping parametrizations, and are not feasible
when the realization is not minimal. However, Subspace Identification doesn’t suffer from these
shortfalls. It refers to identifying a full state-space model where the order of the system is the only
parameter [Van Overschee et al. (1996)]. In the following, the theoretical background behind the
stochastic subspace identification is touched upon briefly. A first-order continuous-time statespace model is formed from the second-order differential Equation from Equation (2.1) as
x(t ) = Ac x(t ) + B cu (t )

(2.24)

y (t ) = C c x(t ) + D cu (t )

Where

 x(t )  c  0
x(t ) = 
 , A =  − M −1 K
 x(t ) 


I  c  0 
, B =
−1 
− M −1C 
−M 

Here, x(t ) represents the states, y (t ) demotes the output, and uk 

m

is the input

Ac , B c , C c , D c are the continuous-time system matrices. 0 and I represent zero and identity
matrices. Equation (2.24) can be discretized to suit an experimental setting as

xk +1 = AxK + Buk

(2.25)

yk = Cxk + Duk
Here, xk 

n

represents the state vector x(t ) the discretized at a sampling time t such that

t = k t and the length of N samples in total; yk 

input. A 

nn

,B

nm

,C 

nr

,D

r m

r

is the discretized output, and uk 

m

is the

are the discrete system matrices. In real life,
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experimental models have noises that are not measurable. Thus, adding noise to Equation (2.25)
leads to a stochastic system.

xk +1 = AxK + Buk

(2.26)

yk = Cxk + Duk + ek

Both noise ek and input uk are modeled as random white noises. This is valid in the absence of
any specific frequency characteristics such as a harmonic excitation. Now substituting wk = Buk
and vk = Duk + ek , Equation (2.26) becomes

xk +1 = AxK + wk

(2.27)

yk = Cxk + vk

Here wk and vk are to as process and measurement white noises respectively and are assumed
to be zero mean stationary ergodic components which satisfies the following relationship

  wk   wk +l T   Q S 
=
E  
 (l )
  vk   vk +l    S T R  1


0, for l  0
where 1 (l ) = 
1, for l = 0
Here 1 (l ) is the Dirac delta function. Q 
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,S 
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(2.28)

are the covariance matrices.

The SSI method finds A and C matrices by estimating the underlying subspace H known as Hankel
matrix or Toeplitz matrix which satisfies the following property
 C 
 CA 


H = OC =  CA2  C




CAn −1 



(2.29)

Here O and C are the observability and controllability matrices. The observability matrix has the
state-space system matrices A and C embedded in it. Modal parameters can be computed from A
and C matrices. The characteristic Equation for the state-space model is

( A − i I ) xi = 0

i = Cxi
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( 2.30)

Here i is the ith eigenvalue and xi is the corresponding eigenvector. i is the ith mode shape.
Continuous-time modal parameters such as eigenvalue i , eigenfrequency f i , and damping ratio

i are obtained as follows:
i =


ln( i )
Re(i )
, f i = i , i =
T
2
i

( 2.31)

Various approaches for SSI differ in how the subspace matrix H is identified. In a covariancebased approach (SSI-Cov), H is built from the correlations of output measurements. The output
covariance matrix can be formulated as

 yy = E ( yk  yk −i  )
T

Here E () is the expectance operator, and  yy 
r outputs yk as a function of arbitrary time lag

r r

(2.32)

because it represents the covariance between

 . Often only a few reference channels from the

output ( y ref ) are chosen to compute the covariance to ensure reduced the size of the covariance
matrix and hence a computationally light implementation. The reference measurements are
carefully chosen at points where all the modes are present. Thus, Equation (2.32) becomes
 yy = E ( yk   ykref−i  )
T

(2.33)

ref

Here  yyref 

r l

is the covariance matrix between r outputs and l reference channels for time lag

i. Furthermore, the covariance between input states and the output can be defined as
i
G ref =  xy
= E ( xk +1   ykref  )
ref
T

Here G ref =  yyref 

nl

(2.34)

is the covariance matrix between n states and l reference channels for

time lag i. The covariance matrices for different time lags  = 1, 2,..., 2i − 1 . are gathered into the
following block Hankel matrix
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G ref  = OC

(2.35)

. For the estimation of a system of order N, it is required that li  N . The next

step is to obtain estimates of the observability matrix Oˆ and controllability matrix Cˆ from the
block Hankel matrix. Here ( ̂ ) indicates that the variable is estimated. From Equations
(2.27),(2.28),(2.33) and (2.34) it can be shown that

 xy = CA −1G ref

(2.34)

ref

Now using Equation (2.34) and doing singular value decomposition (SVD) of the block Hankel
matrix H .

H = OC = U1 U 0   1
0

ˆ
O = U1 11/2
ˆ
T
C = 1/2
1 V1

0  V1 
 0  V0 

(2.35)

( 2.36)

Here, 1 represents the matrix containing the singular values at which the decomposition is
truncated. In essence, the number of diagonal elements 1 is equal to the model order. Thus, it is
assumed that the singular values beyond the model order  0 are close to zero and thus negligible.
From the truncated singular values and left singular vectors observability and controllability
matrices are estimated. The state-space system matrix A and the output matrix C are obtained from
the following

ˆ
A = (O ) −1 O
ˆ
C = O1:1

( 2.37)

Where Oˆ  and Oˆ  are the estimated observability matrix ( Oˆ )with bottom and top r-block row
removed respectively. Here, r is the number of measured outputs. The output matrix C is obtained
from the first r block row Oˆ . These estimates of the state-space matrix are one of the infinite
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possible realizations. However, the eigenvalues for the system are always unique. The modal
parameters of the system are estimated using Equation (2.29-31).

 C 
 CA 
 CA 
 CA2 




ˆ
ˆ
ˆ
O  =  CA2  , O  =  CA3  , O1:1 = [C ]








CAi − 2 
CAi −1 
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( 2.38)

3 Experiments
In this chapter, the details about the experiments carried out for operational modal analysis
of rolling tire is described. Since these tests involve cleat excitations of a rolling tire, they are
called as ‘Cleat Tests’. First, the experimental set up is explained. Second, the test condition and
data acquisition procedures are elaborated. Finally, a few illustrative results from one cleat test are
shown to draw meaningful conclusions for further processing.

3.1

Test Tire
A slick radial tire of size 195/65R15 has been used for the cleat test. Due to the absence of

a tread pattern, vibration because of tread impacts is not observed in testing. This aids in the modal
analysis by reducing the complexity of the problem. The geometric properties of the tire are
mentioned in Table 3.1. Also, a graphical visualization of the same is shown in Figure 3.1. An
unloaded tire pressure of 220.63 kPa (32 Psi) is maintained throughout the test duration.
Table 3.1 Geometric Parameters for Tire Size192/65R15. 1
Parameter
Diameter, mm
Width, mm
Sidewall, mm
Circumference, mm
Rev/km

Value
630
192
124
1984
505

Figure 3.1 Geometry Visualization of Tire Size 192/65R152

12 (source: https://tiresize.com/calculator/ )
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3.2

Test Setup

3.2.1 Rolling Resistance Rig
TMSI’s Tire Rolling Resistance (RR) Test System3 at the Center for Tire Research
(CenTiRe) at Virginia Tech has been used to perform testing for Operational Modal Analysis
(OMA) (Figure 3.2 ). As the name of the test setup suggests, it is used for measuring rolling
resistance of tire by force, torque, or coast down method up to a speed of 250 kph. It comprises of
a roadwheel drum of diameter 1700 mm and width 508 mm with a surface coating of P120 grit
sandpaper. It is equipped with an additional loading mechanism as shown in Figure 3.3 to apply
a spindle load on the tire at a desired slip angle. However, the slip angle is kept at zero degrees for
all the cleat tests for simplicity. The detailed technical specifications of the RR system are included
in Appendix B.

Figure 3.2 Rolling Resistance Rig at Center for Tire Research (CenTiRe), Virginia Tech

Figure 3.3 Loading Mechanism on Rolling Resistance Rig to Apply Normal Load on Wheel Spindle

3 http://www.tmsi-usa.com/products/tire-rolling-resistance-test-system/
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An understanding of the reference axes of the test set up is essential to interpret the
measured data during the cleat test. A right-handed axes system is defined following the SAE J670
tire axis System as shown in Figure 3.6a&b. The direction of wheel travel is termed as X
(Longitudinal). During testing, the cleat impacts the tire radially. Negative of this direction is
termed as Z (Vertical). Following a right-hand rule, the direction Y (Lateral) is defined
perpendicular to both X and Z.

(a)

(b)
Figure 3.4 a) Axes Reference System for Cleat Test Setup b) SAE J670 Tire Axis System (Image Adapted from
Filippini et al. (2005) )
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3.2.2 Excitation System
In order to excite the tire a rubber padded metal cleat assembly was used. A schematic of
the cleat assembly is shown in Figure 3.5. The cleat is a steel rod of a circular cross-section. It has
a rubber (60A Neoprene) padding underneath which damps the excitation during testing to serve
as a protective layer for the drum surface. Two different designs of cleat assembly were used in
the testing based on the thickness of rubber padding and the diameter of the steel cleat. The details
are listed in Figure 3.5. Cleats are press fitted into the 3D printed brackets which are bolted onto
the roller surface as indicated in Figure 3.6.

Figure 3.5 Design Schematic of Cleat Assembly and necessary Dimensions.

Figure 3.6 Assembled Rubber Padded Metal Cleat.
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3.2.3 Tire Cavity Accelerometer
A) Description of Tread Vibration Measurement System
Tire Cavity Accelerometer (TCA) is a remote-controlled and radio linked tread vibration
measurement system. Figure 3.7 shows a schematic of this system. It can be further divided into
two units: 1) Transmission Unit and 2) Reception Unit. The transmission unit consists of all the
modules which go inside the tire: accelerometer, battery, and transmitter. The accelerometer is
mounted on the inner liner of tire tread. The transmitter and the battery modules are wrapped
around the wheel using high-tension tie cables. The entire transmission unit rotates with the tire
during testing. The accelerometer is powered by the Li-ion battery. The vibration signal measured
by the accelerometer is sent to the transmitter module which amplifies the signal and sends it over
radiofrequency. The reception unit consists of an antenna, base-station, and data acquisition(DAQ)
module. The transmitted signal is received by an antenna connected to a base station. A data
acquisition system is connected to the base station to register the received signals. To avoid
confusion, all future mention of the Tire Cavity Accelerometer (TCA) here will refer to the
accelerometer only.

Figure 3.7 Schematic of Tread Vibration Measurement System.

Figure 3.8 Tread Vibration Measuring System a) TCA Modules on Wheel, b)TCA Transmitter and Battery, c)
Cavity Accelerometer at Tread Center d) Receiver Antenna.
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B) Accelerometer Mounting Procedure
Since the accelerometer must remain fixed to the tread inner liner when the tire rotates
during testing a special mounting strategy is followed. A hole is drilled on the tread liner in which
a metal insert is placed with a tight fit. Additionally, epoxy glue is applied at the interface to further
increase the strength of the mount. This metal insert has inner threads into which the TCA is
attached. The mounting procedure is evasive and alters the tread liner. However, the changes are
believed to be insignificant to change the dynamics of the tire.

Figure 3.9 a) Schematic of TCA Mounting Procedure b) TCA mounted on actual Tire

3.2.4 Optical Sensors
There are two optical sensors to serve as optical encoders for the drum and the tire
revolution. These are non-polarized retro-reflective type photoelectric sensors4 (Figure 3.10a)quite
prevalent in industrial automation. A LED emits non-polarized light (incident beam) which when
bounces back from a retro-reflective surface is sensed by a photo-transistor a change in output
voltage is observed. This is demonstrated in Figure 3.10b. This behavior was utilized to detect a
voltage change once per revolution of the drum and the tire.

Figure 3.10 a)Illustration and b) Working Principle of Photoelectric Sensor (SM312VMHS)

4

Banner Engineering Model: SM312LVMHS
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The fixture used to mount these sensors is shown in Figure 3.11a. The sensors were placed
at about 1m from the tire sidewall. The fixture was so arranged that both the sensors were in-line
and were at the height middle of the contact patch. Reflective tapes are applied on the drum and
on the tire as shown in Figure 3.11b. The reflective tape on the drum corresponds to the
circumferential position where the cleat assembly is attached. On the other hand, the reflective
tape on the tire sidewall corresponds to the circumferential position where the TCA is mounted.

(a)

(b)

Figure 3.11 a) Photoelectric Sensor(SM312VMHS), b)Sensors with Fixtures for the Drum and the Tire

Therefore, for the drum, changes in voltages with the passage of the reflective tape indicate
the cleat being in the midpoint of the contact patch. Similarly, for the tire, it indicates the TCA
passing through the midpoint of the contact patch. The detailed technical specifications of the
optical sensor are provided in Appendix B.
3.2.5 Wheel Hub Accelerometer
A tri-axial accelerometer5 measures the vibration at the wheel hub in radial ( X ) and
lateral direction (Y ) . The vertical direction ( Z ) is not captured due to limitations on the no. of
channels in the data acquisition system. It was observed that the cleat impact produces minimal
vibration in the vertical direction ( Z ) . Thus, this direction can be safely ignored. Here

( X  − Y  − Z ) represent the local measurement axes of the accelerometer. The radial direction

( X ) of the accelerometer sees cleat impacts in every drum revolution. If the measured peaks of
vibration don’t correlate with optical signal for the drum, it indicates horizontal misalignment of
the optical sensor fixture. Although the cleat excites the tire primarily in radial direction there is a
5PCB

Electronics Model 356A44
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significant component of vibration observed in the lateral direction. This is because for low
frequencies(< 500 Hz) the sidewall vibration depends on the tread dynamic behavior (Kindt et al.
(2009)). Thus, the lateral direction (Y ) of the wheel hub accelerometer provides an indirect
measurement of this behavior.

(a)

(b)

Figure 3.12 a) Triaxial Accelerometer on Wheel hub, b) Measurement Axes of the Accelerometer

3.2.6 Laser Vibrometer
A scanning vibrometer form Polytech (PSV-400) is also used in some of the initial tests.
The vibrometer is kept stationary and points at one point on the sidewall of the tire and measures
out of plane vibration mobilities due to cleat excitations. Here these measurements serve as an
additional optical signal for the drum. Since cleat impacts occur every revolution of the drum, the
vibration velocity signature, therefore, can be processed to generate once per revolution optical
signal for the drum.

(a)

(b)

Figure 3.13 Polytech PSV-400 Scanning Vibrometer, b) Stationary Laser Point on the Tire Sidewall
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3.3

Operating Conditions for Cleat Test
Two cleat tests were conducted on the rolling resistance rig. The first cleat test spanned for

two days and was aimed at solving issues pertaining to test setup and instrumentation. The larger
cleat (Design 1) is used in this test. On day 1, The setup was run at three drum speeds (10,20 and
30kph) and under two-spindle normal loads(1334 and 3558 N). On day 2 of the first test, test
iterations were conducted with the same speed and loading condition as day 1. Additionally, the
cleat test was conducted without the cleat assembly attached to the drum. Only the rough drum
surface (P120 grit sandpaper) provided minimal excitation to the tread. The purpose there was to
record a baseline measurement. The tire pressure without any spindle load was measured to be
220.63 kPa

(32 Psi). All the measurements were recorded simultaneously using the data

acquisition system accompanied by the polytech laser vibrometer. The running length of each
measurement is 128s and the data was sampled at 2048 Hz. The details of the iterations in the first
cleat test are shown in Table 3.2.
Table 3.2 Test Iterations of First Cleat Test.

Test Day

Day 1

Day 2

Iteration

Spindle Load
[N]

Speed
[kph]

1
2
3
4
5
6
1
2
3
4
5
6
7
8
9
10
11
12

1334
1334
1334
3558
3558
3558
1334
1334
1334
3558
3558
3558
1334
1334
1334
3558
3558
3558

10
20
30
10
20
30
10
20
30
10
20
30
10
20
30
10
20
30
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Excitation

Tire Temperature
[0C]
Sidewall
Tread

Cleat
(Design 1)

Cleat
(Design 1)

Rough Drum
(P120grit
Sandpaper)

Not
Available

Not
Available

Based on the learnings from the first cleat test, as second cleat test was performed. A
smaller cleat (Design 2) was implemented in this test. Sufficient time was allowed in between test
runs to bring the tire temperature to 26-270C for consistency in measurement. Unloaded tire
pressure was maintained at 220.63 kPa (32 Psi) In this test, data sets with a length of 300s were
measured with a sampling rate of 4096 Hz on a 6-channel DAQ. The details of the test iterations
are listed in Table 3.3.
Table 3.3 Test Iterations of the second Cleat Test.

Iteration
1
2
3
4
5
6

3.4

Spindle Load
[N]
1334
1334
1334
3558
3558
3558

Speed
[kph]
10
20
30
10
20
30

Excitation

Cleat
(Design 2)

Tire Temperature7 [0C]
Sidewall
Tread
26
26
26
26
26
27
26
27
27
27
27
27

Illustrative Results
In this section, various results acquired from the cleat tests are illustrated. These include

measurements from the optical sensors, the Tire Cavity Accelerometer (TCA), and the wheel hub
accelerometer and the laser vibrometer.
3.4.1 Optical Signals
During the cleat test, each time the reflective tape passes through the stationary optical
beam from the photoelectric (optical) sensor, a change in voltage in the measured optical signal is
observed. The optical signals for the drum and the tire from the cleat test at drum speed 30 kph
and spindle load 1334 N are shown in Figure 3.14. A change in the optical signal of the drum
indicates a cleat passing through the middle of the contact patch. Similarly, a negative voltage
spike in the optical signal of the tire indicates the TCA going through the middle of the contact
patch. This way precise time reference of cleat impact and TCA moving through the contact patch
can be obtained. Since both the signals are sampled simultaneously, these two optical signals can
be further used to accurately obtain the location of the TCA when a cleat impact occurs. This
process is the key to performing modal analysis only using a single accelerometer.
7

Temperature measured at the start of each test iteration
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Figure 3.14 Optical Signals for the Drum and the Tire for Cleat Test at Drum Speed 30 kph, Spindle Load 1334 N

3.4.2 Wheel Hub Vibration Signal
The vibration signal from the accelerometer on the wheel hub for radial and lateral direction
is shown for both radial(X’) and lateral(Y’) directions in Figure 3.15. A peak in acceleration is
observed corresponding to every cleat impact indicated by the drum optical signal. A relatively
higher-level vibration is observed in the lateral direction as compared to the radial direction. One
possible reason could be the constraint applied on the wheel hub due to the spindle load in the
radial direction

Figure 3.15 Wheel Hub Vibration in Local Co-ordinate System, a) Lateral Direction (X') b) Radial Direction (Y')
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3.4.3 TCA Vibration Signal
The Tire Cavity Accelerometer (TCA) as a tread vibration measurement system is
relatively new to the industry and academia. Ishihama et al. (2017) have used the TCA to study
the effect of driving force and road surface roughness on tire tread vibration. Apart from this, there
is no other study reported in the open literature. In this section, the TCA vibration signal is
analyzed to draw several insights about tread vibration. First, the TCA vibration from an on-road
test data is analyzed. The test data is provided by Bay Systems Ltd. Since an on-road testing on a
uniform pavement provides an excitation similar to that obtained in case of a tire being run over
the drum without a cleat, it is discussed first. Thereafter, an illustrative result from the first cleat
test is analyzed to explain tread vibration under cleat excitation.
(A)

TCA Vibration Signal from On-Road Testing (Courtesy: Bay Systems Ltd.)
The on-road test was conducted by the TCA manufacturer (Bay System Ltd.) on a Mazda

BT50 pickup truck fitted with summer tires of size 235/65R17. The tire with the TCA was mounted
on the rear axle. The Vehicle was run over a lightly used tar-macadam road. The details about the
test are shown in Table 3.4.
Table 3.4 Details of the TCA On-Road Test (from Bay Systems Ltd.)

Vehicle

Mazda BT50

Tire

235/65R17

Axle

Rear (Right)

Driving condition

80 kph

Length of recording

14 seconds

Pavement

Tar-macadam road(Lightly Used)

A 4 seconds time window of the entire data was taken for analyzing the results. Magnifying
a small segment of this data shows the vibration measured by the TCA as it goes through the
contact patch. Two distinct peaks appear in one tire revolution which corresponds to the event of
the TCA going in and out of the contact patch. In other words, they correspond to the Leading
Edge (LE) and the Trailing Edge (TE) of the tire contact patch.
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(a)

(b)

Figure 3.16 (a) Tread Vibration measured using TCA, b) A Zoomed Section Showing One Revolution of Tire

A power spectrum of the above test data has been computed and the results are plotted in
Figure 3.12. The TCA vibration levels drop significantly after 1500 Hz. The frequency range(01500 Hz) is further divided into three segments for ease of analysis such as : I) Low frequency
region(0-115 Hz), II) Mid Frequency Region(115-500 Hz) and III) High Frequency Region(5001500 Hz). There are some unique behaviors observed in each of the frequency regions.

Figure 3.17 Power Spectrum of TCA Vibration from On-Road Testing
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(I) Low Frequency Region(0-115 Hz):
The low-frequency region is dominated by the vibration due to deformation in the contact
patch area. The low passed TCA signal with 115 Hz corner frequency shows a reverse ‘N’ shaped
envelope periodic with the revolution of the tire (Figure 3.12). This upper bound for the lowfrequency region (115 Hz) is the inverse of the time interval between the leading edge and the
trailing edge of the tire which is about 0.0087s.

(a)

(b)

Figure 3.18 a) TCA Vibration in the Low-Frequency Region (0-115 Hz), b) Visualization of low frequency
vibration Behavior.

Figure 3.19 Power Spectrum of TCA Vibration with 1 Hz Frequency Resolution

Computing the power spectrum with a frequency resolution (1Hz ) reveals peaks
corresponding to wheel order at the interval of about 7.8 Hz which corresponds to the wheel
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revolution frequency of the given tire for the driving speed (80 kph). Furthermore, amplitude
modulation is also observed with dip corresponding to 115 Hz. All these strongly suggest the lowfrequency region of tire vibration is dominated by periodic vibration coming from the deformation
in the contact patch area.
(II) Mid- Frequency Region (115-500 Hz)
The unique behavior in this frequency range is that the vibration remains throughout the
tire rotation. This suggests a response dominated by modal behavior. This behavior can be better
visualized by wrapping the response of one tire revolution around a tire. This is indicated by a
representative mode shape of a circumferential mode in Figure 3.20b. The upper range of this
region is set at 500 Hz which is the observed limit of modal behavior is of rolling tires. Also, the
presence of periodic vibration vibrations is observed until about 250 Hz.

(a)

(b)

Figure 3.20 a) TCA Vibration in Mid-Frequency Region (115-500 Hz), b) Visualization of circumferential Modal
Behavior below 500 Hz

(III)

High-Frequency Region (500-1500 Hz)

Above 500 Hz the tire belt structure has higher damping. Hence, the vibration response
quickly attenuates as one moves away from the contact patch. This is displayed in Figure 3.21a. It
can be seen that the 500-1500Hz band-pass filtered signal is present only at around the leading
edge and the trailing. Therefore, this frequency range cannot contribute to the modal behavior as
seen below 500 Hz. Figure 3.21b shows a representative behavior in this frequency region.
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(a)

(b)

Figure 3.21 a) TCA Vibration in The High-frequency Region, b) Visualization of High-Frequency Vibration at
Contact Patch

In an effort to further understand the vibration behavior at the contact patch, the data from
each tire revolution has been split into two components corresponding to leading and trailing edge.
The power spectrum for all the leading edges and the trailing edges are computed separately. It
was observed that LE vibration is the same as the TE vibration in the range 0-400 Hz. However,
above 400 Hz LE vibration is approximately 7 dB higher than that of the TE. This behavior was
observed until 1200 Hz. Thus, the vibration at the two edges of the contact patch is symmetric
until 400 Hz and LE vibrates more than trailing edge beyond 400 Hz. This correlates with the
measured Tire Pavement Interaction Noise (TPIN) using OBSI (Sterling et al. 2019) where the
SPL at the leading edge is more than that at trailing edge until 1100 Hz.

(a)
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(b)
Figure 3.22 TCA Vibration from Leading Segment and Trailing Segment a) Time Signal b) Power Spectrum

(B)

TCA Vibration Signal from Cleat Test
In this section, the TCA vibration under cleat excitation will be discussed. The cleat is

attached to the drum and excites the tire once in every drum revolution. Because of the spindle
load, there is a running deflection at the contact patch between the drum and the tire during the
cleat test. Thus, vibration behavior similar to on-road testing is expected apart from response due
to the cleat impact. Figure 3.23 illustrates these two types of excitation during a cleat test.

Figure 3.23 Schematic of Cleat Test Setup Showing Sources of Excitation in TCA Vibration
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(a)

(b)

Figure 3.24 a) TCA Vibration from Cleat Testing at Drum Speed: 30 kph/ Spindle Load: 300 lbf, b) Zoomed view of
a small-time window showing TCA vibration due to running deformation at the contact patch

Figure 3.25 Time Window of TCA Vibration Showing Acceleration Due to Cleat Impact

A raw TCA signal is shown in Figure 3.9 (a) for the cleat test under drum speed 30 kph
and spindle load 1334 N from the first cleat test. Once per revolution (OPR) signals for the drum
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and the tire are also indicated. Here each once per revolution signal for the tire (red line)
corresponds to the TCA passing through the trailing edge of the contact patch. The drum once per
revolution(OPR) signal (black line) indicates the cleat passing through the middle of the contact
patch in every drum revolution. Similar to the test data from the on-road testing a reverse ‘N’
shaped waveform is observed each time the TCA goes through the contact patch.

Furthermore, the drum OPR marks the beginning of vibration due to a cleat impact which
gets damped out eventually. It is important to observe that the TCA is moving with the tire while
it measures the vibration from the cleat impact. Figure 3.25 illustrates this phenomenon. For
example, the cleat impact starts at T1 = 4.25s and decays significantly at T2 = 4.35s , During this
time the TCA covers approximately a quarter of tire revolution (  900 ) along the circumference
of the tire. This observation is important to understand the results from the modal analysis in
chapter 5.
3.4.4 Laser Vibrometer Signal
The laser vibrometer is fixed in space and points at a certain location on the sidewall as the
tire rotates. Figure 3.26 shows an example of a signal measured by the stationary laser. The signal
is here shown without multiplying the sensitivity of Laser Vibrometer to and serves as only an
optical encoder signal in this study. The TCA signal is also plotted as a reference. It can be
observed that a spike in the response obtained on the sidewall whenever a response to cleat
excitation observed in the TCA signal. It follows that the laser doesn’t measure any significant
surface vibration velocity due to the contact patch deformation in every revolution of the tire.
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Figure 3.26 Laser Vibrometer Signal for Cleat Test under Drum Speed 30 kph and Spindle Load 1334 N

3.5

Observations on Contact Patch Deformation Induced Vibration
It is known that the radial deformations in a tire tread are induced by the sudden

displacement from the “rest position” when it interacts with the road surface [Sandberg et al.
(2002)]. The rest position here refers to the part of the tire which is away from the contact patch
and is thus undeformed. The rotating tire is pushed in at the leading edge as it enters the contact
patch area. It comes out of the contact patch at the trailing edge. Impact like events occurs both at
the leading and trailing edges during this process. This behavior is common to both treaded and
treadles tires and is termed as “running deflection” of a rotating tire. during which the tire
experiences major forces at the leading and trailing edges. A zoomed section of the tread vibration
from the TCA going over the contact patch reveals this behavior in Figure 3.16. It can be observed
that the two distinct peaks of the acceleration corresponding to the leading and trailing edges are
opposite in sign. This indicates the impacts at the leading edge are inverse of the impact at the
trailing edge. As observed in the low and mid-frequency region of TCA vibration, this momentary
deformation of a rotating tire induces both a forced and a free response in the radial direction.
Molisani et al. (2003) have modeled the running deflection of the tire as the summation of a static
and a dynamic component.
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Figure 3.27 Static and Dynamic Component of Running Deflection (Molisani et al. 2003)

The static deformation induces a forced response or the order induced vibration which is
dominated in the low-frequency region. The range of frequency is limited by the reciprocal of the
magnitude of time duration between the leading and trailing edges. Thus, it follows that as the tire
rotates with higher velocities the forced response will be observed at higher frequencies. The freeresponse, on the other hand, is the dynamic component of the total running deflection. This is
observed in the mid-frequency range(130-500 Hz) of the TCA, and the response therein is likely
to be dominated by the resonance response. The frequency ranges for the free-response thus
remains fixed irrespective of the rotational speed of the tire. Although the order induced response
is dominant in the lower frequency region, it’s also observed in the middle-frequency region to a
lesser extent. Furthermore, with increasing rotational speed the range of frequencies for order
induced vibration also increases. Thus, there exists a potential overlap of frequencies between the
order induced response and the resonance response. To effectively describe the dynamic behavior
of the rolling tire the order induced component needs to be separated from the total tread vibration.
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4 Major Signal Processing Techniques
In this chapter, two key signal processing techniques will be introduced which are later
used in Operational Modal Analysis (OMA). First, the optical signals will be processed for
clustering i.e. segmenting the entire cleat test data for a specific test run into individual drum
revolutions and regrouping them based on the position of the TCA. Secondly, an order trackingbased scheme to remove the periodic component of vibration due to running defection at the
contact patch will be introduced.

4.1

Optical Signal processing

4.1.1 Estimation of the Frequency of Revolution
As discussed in 3.2.4, the optical sensor for the drum and the tire register a change in
voltage once in every revolution when the optical beam reflects from the reflective tape on the
drum and the tire. The corresponding time stamps provide once per revolution (OPR) signals. The
OPR signals are further processed to compute the frequency of revolution for the drum and the
tire. Figure 4.1a shows the once per revolution signal corresponding to the voltage change in the
optical signals for cleat test under a drum speed of 30 kph and spindle load of 1334 N.
Corresponding frequencies of revolution are shown in Figure 4.1b.

(a)

(b)

Figure 4.1 a) Optical Signal for the Drum and the Tire, b) Frequency of Revolution for the Drum and the Tire

There is a fluctuation in the estimated frequency of revolution initially. This represents the
unsteady operating speed of the drum during the start of the cleat test. Average frequencies of
revolution for the drum (Drum ) and the tire ( Tire ) are 1.55 Hz and 4.25 Hz respectively for this
operating condition.
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4.1.2 Estimation of Deformed Tire Diameter
A schematic of the cleat test setup is shown in Figure 4.2. It can be assumed that there is
no relative movement between the tire and the drum during the cleat test. This is true because of
the following two reasons. First, there the normal load applied to the wheel hub of the tire causes
deformation at the contact patch. Second, the surface of the drum is coated with P120 grit
sandpaper which prevents slipping. The only exception to this assumption is a momentary loss of
contact when the cleat passed through the contact patch. Ignoring this phenomenon, the tire can be
assumed to have the same linear speed as the drum at their interface.

Figure 4.2 Schematic of Cleat Test Setup.

The liner speed

(V ) can be expressed as

DDeformed Tire
D
  Tire = Drum  Drum
( 4.1)
2
2
It follows that the ratio of the frequency of revolution ( ) of the tire to the drum is inverse of the
V=

ratio of their diameters ( D )

Tire 4.25 Hz
=
= 2.74
DDeformed Tire  Drum 1.55 Hz
 DDeformed Tire = DDrum / 2.74 = 0.620 m



DDrum

=
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( 4.2)
( 4.3)

The undeformed tire diameter for a tire of size 195/65R15 is 0.635 m. Thus, there is about a 3.4 %
reduction in diameter because of a spindle load of 1334 N.
4.1.3 Estimation of TCA Position
It can be observed from section 4.1.2, that the ratio of the diameter of the drum to the
deformed tire ( DDrum / DDeformed Tire ) is 2.74 (not an integer). It follows that the ratio of their
circumference is also not an integer. This implies each time the cleat excites the tire, the Tire
Cavity Accelerometer (TCA) will be in different angular positions relative to the cleat. Using the
two Once Per Revolution (OPR) signals from the tire and the drum, this relative position termed
as TCA angular advance ( TCA ) can be estimated.
K
K
K-1
TCA
=(tOPR
Drum − tOPR Tire )  Tire  360

K
Here, TCA

( 4.4)

= TCA angular advance(in degrees) during kth cleat impact

K
= Time corresponding to kth OPR signal of the drum
tOPR
Drum

K
K-1
= Time corresponding to the OPR signal of the tire just before tOPR
tOPR
Drum
Tire

K
A naming convention has been applied to the computed TCA angular advances (TCA
) to
K
calculate TCA angular positions (TCA
) . The midpoint of the contact patch is considered the origin

of the angular coordinate system( TCA = 00 ). The angular increment along the rotation of the tire
(i.e. counter-clockwise) is considered positive and it spans from 00 to +1800 . Similarly, an angular
increment opposite to the tire rotation (i.e. clockwise) is considered negative. It spans from 00 to

−1800 . It is obvious that TCA = +1800 and TCA = −1800 refer to the same point on the tire. The
naming convention is summarized in the following and indicated graphically in Figure 4.3(a).
 K
K
TCA
=  TCA

 360 − TCA
K

K
if TCA
<1800
K
if TCA
>1800
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( 4.5)

(a)

(b)

Figure 4.3 a) Convention Used for Estimating TCA Position During Cleat Impact, b) Estimated TCA Positions
During Cleat Impact

4.1.4 Clustering of TCA Positions
Following the procedure laid out in the previous section, TCA angular positions have been
estimated for cleat test under a drum speed of 30 kph and spindle load of 1334 N. Figure 4.3b
shows TCA angular positions (TCA ) for the first 7 cleat impacts are superimposed on the Once Per
Revolution (OPR) signals for the drum. It’s worth noting that during successive cleat impacts the
TCA positions follow a seemingly random fashion. In order to have a better visualization of the
distribution of the TCA positions during all the cleat impacts for this test data (drum speed 30 kph
and spindle load 1334 N.), each of the TCA positions is indicated by a radial line on the tire in
Figure 4.3. The angle covered by the normal to the contact patch and each radial line corresponds
to the TCA position it represents. There are 465 such TCA positions in total. Their distribution
appears nearly uniform. The circumference of the tire is then divided into 36 sectors each
subtending an angle 100 at the center which is also called the angular resolution. The centroid of
sector 1 is in the midpoint of the contact patch and the subsequent centroids are at increasing
angular positions at the step of a 100. Each TCA position is then assigned to one of the sectors
based on their proximity to the sector centroid. The group of TCA positions assigned to a particular
sector is termed as a cluster. Resultantly, there are 36 such clusters in this case. They are listed in
Table 4.1. For example, there are 13 TCA positions in cluster no. 15. It means that during the 13
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cleat impacts the TCA has assumed angular position between 1350 and 1450 (1350  TCA  1450 )
whose centroid is close to 1400 .

Figure 4.4 Distribution of TCA Positions During Cleat Impacts for 30 kph/ 1334 N

Table 4.1 Estimated TCA Positions During Cleat Impacts for 30 kph/ 1334 N

Cluster
#

Impacts

Position
(Degree)

Cluster
#

Impacts

Position
(Degree)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

8
12
13
14
12
12
15
13
14
12
14
12
12
14
13
12
13
15

0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170

19
36
35
34
33
32
31
30
29
28
27
26
25
24
23
22
21
20

12
14
11
16
13
12
13
13
11
14
13
12
14
13
15
12
11
15

180
-10
-20
-30
-40
-50
-60
-70
-80
-90
-100
-110
-120
-130
-140
-150
-160
-170
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4.2

Order Tracking

4.2.1 Separation of Periodic Component of Tread Vibration
In section 3.5, the tread vibration from the TCA is observed to contain a component of
vibration due to a periodic static deformation of the contact patch, and a non-periodic component
where the resonance response is likely to occur. In this section, a methodology for separating the
periodic vibration will be laid out. This is derived from the works of Feng et al. (2017) where a
similar process has been described for the separation of tread-pattern noise of a rolling tire from
the total noise measured by the OBSI system. First, the process has been described in detail for
completeness. Then the method has been demonstrated using a simulated case. The test data used
here to demonstrate the separation methodology is provided by the TCA manufacturer Bay
Systems Ltd.
4.2.2 Separation Methodology
The separation methodology is described with the help of a flow chart in Figure 4.5. The
time signal is first resampled to have equal no of points in each revolution This ensures constant
phase increment regardless of actual time increment. In order to avoid aliasing of components from
higher-frequencies a low pass filter is applied before resampling. The no of points in each
revolution is chosen to be equal to the minimum no of points in all the revolutions. This ensures
no up sampling of the data. Then a Discrete Fourier Transform (DFT) transforms the time domain
signal to order domain where the signal is averaged over all the revolutions coherently. The
averaged Fourier complex values will only contain signals which are present in each tire rotation.
Thereafter, an inverse DFT generates the time history which is periodic. The non-periodic signal
is then computed by subtracting the periodic time signal from the total time signal.
To demonstrate the process described here, the TCA vibration signal from On-road testing
provided by Bay Systems Ltd. has been used. The data has been collected at a steady speed of 80
kph with a tire of 235/65R17 configuration. To separate the periodic component an optical signal
is needed which is not readily available for this test data. However, the unique time waveform of
the TCA as it goes through the contact patch can be taken advantage of to simulate a once per
revolution signal. The time signal is sampled at 25.6 kHz and spans for 14 seconds.
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Figure 4.5 Process Flowchart for Order Tracking Procedure for Periodic Tread Vibration Separation

4.2.3 Simulation of Optical Signal
The TCA measures two impacts corresponding to the leading edge and the trailing edge of
the contact patch. This gives rise to the reverse ‘N’ shaped time waveform which repeats itself in
every tire revolution. A once per revolution signal with respect to the tire can be created by picking
the peaks corresponding to either the leading edge or the trailing edge. The time duration between
the leading edge and the trailing edge (T ) is approximate 0.0087s . This is indicated in Figure
4.6a. The raw signal is passed through a lowpass filter of corner frequency 200 Hz in order to filter
out the low-frequency content corresponding to the reverse ‘N’ shaped waveform for accurate
detection of peaks Figure 4.6b. Thereafter, peaks corresponding to the trailing edges are picked
out which serves as once per revolution signal.
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(a)

(b)

Figure 4.6 TCA Vibration Signal from On-road Testing by Bay Systems a) In Raw form, b )Low Pass (0-200 Hz)
Filtered

4.2.4 Signal Separation
The order tracking procedure described in section 4.2.2 is applied to the TCA tread
vibration data with respect to the simulated once per revolution signals. The time signal spans for
14 seconds and has 106 tire revolutions. The time signal with once per revolution signals has been
shown in Figure 4.7a.TCA vibration corresponding to each revolution of the tire has been
resampled to have 1800 sample points and then taken into order domain by applying discrete
Fourier transform. Upon synchronous averaging of complex Fourier transform values the periodic
tread vibration is obtained which is in turn transformed into the time domain using inverse Fourier
transform. The periodic tread vibration is shown in Figure 4.7b. The non-periodic vibration is
obtained by subtracting it from the total tread vibration Figure 4.7c.
The periodic tread vibration assumes the shape of the reverse ‘N’ which was also observed
in the low-frequency region of TCA vibration as discussed in section 3.5.2. Thus, it affirms the
previous observation that the low-frequency vibrations of the tread are dominated by periodic
components. In order to have better clarity on the frequency domain behavior, the power spectrum
for total, periodic and non-periodic components of tread vibration are computed using a frequency
resolution of 10 Hz and shown in Figure 4.8.
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Figure 4.7 Demonstration of Separation of Periodic Tread Vibration Using Order Tracking: a) Total Tread
Vibration, b) Periodic Tread Vibration c) Non-Periodic Tread Vibration.

The following observations were made:
1. The periodic component of tread vibration dominates until 115 Hz and drops in magnitude
steadily afterward.
2. The reciprocal of this threshold frequency (115 Hz) is 0.0087s which is the time duration
between the leading and trailing edge of the contact patch (Section 4.2.4). This corroborates
the assertion that the periodic vibration comes from the running deflection at the contact
patch.
3. After 115 Hz, the magnitude of the non-periodic component is equal to the total vibration.
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Figure 4.8 Power Spectrum of TCA Tread vibration
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5 Operational Modal Analysis
In this chapter, the tread vibration measured using the Tire Cavity Accelerometer (TCA)
during the cleat test is processed to estimate the modal properties of the tire for circumferential
bending modes. First, the raw TCA signals are conditioned using the once per revolution optical
signals for the drum and the tire. Second, frequency domain decomposition and covariance-based
stochastic subspace identification algorithm has been applied to the conditioned TCA signals for
modal identification.

5.1

TCA Signal Conditioning
A number of signal processing techniques are applied to condition the raw TCA data before

operational modal analysis can be performed. The flow chart in Figure 5.1 indicates the steps
involved in signal conditioning.

Figure 5.1 Flowchart Showing Steps for TCA Signal Conditioning

5.1.1 Step 1: Order Tracking (OT) Analysis
Order Tracking (OT) Analysis, as described in section 4.2 is applied to the TCA raw
vibration signal with respect to the tire revolution. Figure 5.2a shows the total TCA vibration along
with once per revolution of the tire. This process separates the periodic vibration due to the running
deflection at the contact patch (Figure 5.2b). The remaining vibration is non-periodic with respect
to the tire revolution and contains the vibration due to cleat impacts and some remnants of highfrequency vibration due to the tire contact patch deformation. (Figure 5.2c).
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Figure 5.2 Demonstration of Order Tracking Analysis to Separate Periodic Tread Vibration

5.1.2 Step 2: Signal Clustering
It is known that the drum and the tire have different diameters and their ratio is not an
integer. Thus, it’s theoretically impossible to have the same TCA position at the start of the drum
revolution where a cleat impact occurs during a test run. As an approximation, the TCA signal
corresponding to different drum revolutions are assigned to a finite number of clusters with a fixed
angular resolution. A coarse angular resolution leaves room for potential misalignment. Therefore,
care must be taken to have a sufficiently high angular resolution. In this particular case, the once
per revolution optical signals from the drum and the tire are utilized to define 36 clusters with an
angular resolution of 100. (as explained in section 4.1.4). The entire recording length of the TCA
signal for this condition (drum speed: 30 kph/ spindle load 1334 N) has 199 cleat impacts. The
radial distribution of different TCA position during these cleat impacts are shown in Figure 5.2.
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Figure 5.3 Distribution of TCA Positions During Cleat Impacts for 30 kph/ 1334 N.

Table 5.1 Estimated Clusters for TCA Positions during Cleat Test at 30 kph/1334 N.

Cluster #

Cleat
Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

4
7
5
5
6
5
6
6
6
6
3
5
7
5
6
5
6
5

TCA
Position
(Degree)
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170

Cluster #

Cleat
Impacts

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

6
7
4
5
5
6
5
6
6
3
9
4
5
6
6
7
4
6

TCA
Position
(Degree)
180
-170
-160
-150
-140
-130
-120
-110
-100
-90
-80
-70
-60
-50
-40
-30
-20
-10

The estimated TCA positions are tabulated in Table 5.1. The TCA non-periodic signal is
then segmented into 198 drum revolutions corresponding to 199 cleat impacts. Furthermore, the
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individual drum revolutions are assigned to different clusters as per the TCA position during the
beginning of the cleat impact. Cluster no. 19 has been shown as an example. The centroidal TCA
position for this cluster is 1800. There are six drum revolutions in this cluster which are shown in
Figure 5.4 and Table 5.2 are lists the TCA positions.

Cleat
Impact #
1
2
3
4
5
6

TCA Position
(Deg.)
-177.39
175.16
-177.39
-177.39
-178.88
-177.39

Table 5.2 Estimated TCA Positions for different Cleat Impacts from Cluster No. 19

It can be observed that each of the TCA signals in this cluster starts with the vibration due
cleat impact indicated by the drum once per revolution signal and spans one drum revolution. The
TCA goes through the contact patch three times in each drum revolution. Although the lowfrequency periodic component has been removed through order tracking analysis, the residual
vibration near the contact patch can still be observed when TCA is at the middle of the contact
patch.

(a)

(b)

Figure 5.4 a) TCA Signals in Cluster no. 19, b) Roller Schematic Showing TCA Positions in Cluster No. 19
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5.1.3 Step 3: Alignment of Cleat Impacts
Furthermore, each time the cleat makes an impact during the testing, the tire loses contact
with the drum roller surface momentarily as the cleat passes through it. This may induce a
momentary slipping. This behavior can cause a misalignment between TCA vibration signals due
to cleat impacts in a given cluster. This adds to the misalignment caused by the approximation of
the TCA position to a finite number of clusters. For example, it can be observed in Figure 5.5 that
the two TCA vibration signals corresponding to cleat impact no. 1 and 3 are not aligned, even
though the estimated TCA position for both of them is TCA = −177.390 .

Figure 5.5 TCA Signal No. 1 & 3 in Cluster No. 19

To remedy this, a reference signal is chosen in a cluster, and a cross-correlation function
has been used to estimate the shift in the time-waveform due to the cleat impact. Artificial delays
are then introduced to align the signals Figure 5.6b shows the TCA signals with aligned cleat
impacts for cluster no. 19. The maximum delay that can be introduced in a given cluster is limited
by the angular resolution of clustering which is 100 in this example. Thus, the artificial delays to
remedy misalignment between two closely spaced TCA positions could introduce additional errors
to the remaining members in a cluster. Thus, it was excluded in subsequent steps. However, in
case of a high number of clusters where a finer angular resolution can be maintained, the alignment
can yield better results. This of course requires a greater length of recording so that a certain
minimum no of drum revolutions can be ensured in each cluster.
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a)

b)

Figure 5.6 TCA Signals from Cluster No. 10 with a) Unaligned Cleat Impacts, b) Aligned Cleat Impacts

5.1.4 Step 4: Resampling and Averaging
The TCA signals in this step are resampled to have an equal number of sample points. Each
TCA signal in a given cluster corresponds to one revolution of the drum. Thus, the resampling to
equal number point ensures a constant phase increment. The time integral of the frequency of
revolution gives the phase of a signal at a given time
k

k =  drum (n)

( 5.1)

n =1

Here, k is the phase of the signal at a kth point in the signal and drum is the frequency of
revolution of the drum. The TCA signal is low pass filtered to prevent aliasing of high-frequency
components. Then, the signal is interpolated linearly into a uniform grid of phase using the
following expression:

kr − k −1
X =
( X − X k −1 ) + X k −1
k − k −1 k
r
k

( 5.2)

Here, X k is the kth point in the signal before interpolation and X kr is the resampled
counterpart. This step is similar to the resampling process in the order tracking analysis in section
4.2 and adapted from Li et al. (2018). The resampled signal has a sampling frequency of 1300
points per revolution.(Original sampling frequency is 4096 Hz)The resampled signals in a given
cluster are then averaged in the time domain. The averaged time signal for cluster number 19 is
shown in Figure 5.7a.
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(a)

(b)

Figure 5.7 TCA Signal from Cluster 19 a)after Resampling and Averaging, b) After applying Exponential
Weighting

5.1.5 Step 5: Exponential Weighting
Figure 5.7a shows the resampled and averaged signal for cluster number 19. In addition to
the vibration due to the cleat impact, residual vibration from the contact patch deformation is
present. Since the individual TCA signals are resampled to have equal phase distribution only with
respect to the drum, the vibration due to contact patch deformation from different TCA signals is
not in phase. Thus, the averaged TCA signal contains contributions from the vibration due to
contact patch deformation which are asynchronously averaged and thus can introduce error.
Therefore, an exponential weighting function is applied to eliminate vibrations other than due to
the cleat impact. The weighting TCA signal is defined as follows:
X kw = e− ( k / N )log(100/ ) X k

( 5.3)

Here X kw is a weighted signal at the Kth sampling point.  is the end factor which governs
the steepness of the weighting function. Here,  = 1 which means the last sampling point in the
weighted TCA signal is reduced to 1% of its original level. The weighted TCA signal is shown in
Figure 5.7.
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5.2

Modal Identification
In this section, the conditioned TCA signal is used to identify the modal properties. The

process flow chart in Figure 5.9 shows all the steps involved. Two parallel processes have been
carried out for modal identification. First, a frequency domain decomposition to generating the
complex mode indicator function (CMIF) for the detection of a circumferential mode. Singular
values corresponding to identified peaks are used to determine modal parameters. Second, a
covariance-based stochastic subspace identification followed by a stabilization diagram for poles
computed for various model orders. The theoretical framework for covariance-based stochastic
subspace identification(SSI-Cov) and Frequency Domain Decomposition(FDD) has been
explained in Section 2.2.

Figure 5.8 Process Flowchart for Modal Identification

5.2.1 Frequency Domain Decomposition (FDD)
The conditioned TCA signal (Y ) is a matrix of with m rows and n columns i.e. [Y ]mn .
Each column vector in this matrix is a TCA time signal corresponding to averaged and weighted
measurements from a given cluster. Since there are 36 clusters in this example, m=36. Each of the
column vectors has a length equal to no. of resampled points per drum revolution. In this example,
n=1300. First, Cross Power Spectral Density matrix Gˆ yy ( j ) has been estimated from the
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conditioned TCA signal (Y ) . Thereafter, a singular value decomposition Gˆ yy ( j ) is performed at
discrete frequencies  = i .

Gˆ yy ( ji ) = U i i ViT

( 5.4)

Here, U i is a unitary matrix with singular vectors of Gˆ yy ( j ) corresponding to  = i as
column vectors, U i = [ui1 , ui 2 ,..., uik ] . i is a matrix with the singular values along its diagonal.
Figure 5.9 shows the first five singular values as a function of frequency. The power spectrum of
the singular values is rolls off after 300 Hz. The peak at a particular frequency indicate
contributions from one or more singular values. Hence, they are also known as Complex Mode
Indicator Functions (CMIF). If there is only one dominant mode present, the estimated mode shape
is equal to the first column vector of U i i.e. ˆ = ui1 . Brincker et al. (2000). It can be observed that
around 50 Hz, there are more than one singular value are present. This indicates presence of closely
spaced modes. Later in the spectrum only the first singular value (SV #1) dominates.

Figure 5.9 Complex Mode Indicator Function Comprising of First Five Singular Values

As an illustration, both the first and second singular values have been taken as to pick the
natural frequency by selecting the peaks in a given frequency window. The singular vector is
interpolated before identification for easier detection of peaks. Figure 5.10 shows the six identified
natural frequencies. Corresponding mode shapes are plotted in Figure 5.11. The relatively high
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damping of tire belt structure hinders in identification of closely spaced peaks. It can be observed
that only a few radial modes who have prominent peaks are identified.

Figure 5.10 Modal Identification through Peak Picking of First Singular Value of PSD Matrix

It’s worthwhile to reiterate that Frequency Domain Decomposition (FDD) is a nonparametric frequency domain modal identification procedure Thus, it relies on a set of userprovided-inputs. Overall, it provides a quick and intuitive feel of the results during testing.
However, it does not provide a way to directly identify the damping ratio. Thus, an equivalent
Single Degree of Freedom (SDOF) is considered corresponding to the bell-shaped spectral
response of width 0.2n , where n is the natural frequency of a given mode. The SDOF system
response is used to generate impulse response function (IRF) following Natural Excitation
Technique (NExT). The damping ratio is then estimated from the logarithmic decrement of the
IRF by fitting a exponential decay function. The steps followed here for damping ratio estimation
are inspired by the Automated Frequency Domain Decomposition (AFDD) by Cheynet et al.
(2017). Table 5.3 lists the natural frequency and damping ratios and the singular values from which
they are identified. The estimated mode shapes are shown in Figure 5.11.
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Table 5.3 Modal Parameters for Modes Identified Using Frequency Domain Decomposition.

Mode #

1
2
3
4
5
6
7

Natural
Frequency
[Hz]
47.15
55.00
117.86
149.29
162.39
191.20
220.01

Damping
Ratio

Singular
Value

Mode
ID

0.062
0.054
0.056
0.053
0.032
0.037
0.038

2
1
1
1
1
1
1

R1(1)
R1(1)
R2
R3
R4
R5
R6

Figure 5.11 Mode Shapes Corresponding to the Identified Circumferential Modes from FDD

The mode shapes reveal that identified modes are consistent. As the frequency increases,
higher order modes (i.e. modes with a greater number of nodes and anti-nodes appear). For the
sake of convenience, the modes are named as “Rn”. Here R stands for a radial or circumferential
mode and the number n denotes number of nodes/antinodes. Since mode R1 has mode multiplicity
2, they are names as R1 (1) and R1 (2). It can be observed that for higher order radial modes only
one shape is detected, although for a presence of contact patch splits the otherwise axis-symmetric
modes in to two separate modes. An auto-modal assurance criterion (Auto-MAC) is computed
and plotted in Figure 5.12. The low values (  0) of off-diagonal elements indicate distinctly
identified radial modes.
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Figure 5.12 Auto-Modal Assurance Criterion (Auto-MAC) Plot for Modes Identified trhough FDD

5.2.2 Covariance based Stochastic Subspace Identification
In this section a covariance driven Stochastic Subspace Identification algorithm is used
for modal identification the test data set is kept the same (drum speed: 30 kph/ spindle load 300
lb.) as in case of Frequency Domain Decomposition (FDD) in order to compare both the methods.
(A)

Stochastic System Identification
First, an output covariance vectors were computed from the between rows of conditioned

TCA signal matrix (Y ) at only positive time lags. An unbiased estimate of output crosscorrelation as per Bendat et al. (2011) can be defined as a function of time lag  as

ˆ yy =

T
1
Y(1:N − )  Y( :N ) 
N −

(5.5)

Where  y(1:N − )  is obtained by taking the first N −  samples and  y( :N )  is obtained by
eliminating first



samples. In case of a large number of clusters, the second matrix on the rightT

hand side can be replaced by only a few reference output measurements  y(refi:N )  to increase
computational efficiency. Thus (5.5) becomes

ˆ yy =
ref

T
1
Y(1:N − )  Y(ref:N ) 
N −
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(5.5)

A numerical implementation of the cross-correlation function to build the block Hankel
matrix is undertaken for a specific model order m. Two matrices past and future output are formed
by shifting the samples in the output measurement matrix Yk 

r N

by lag

 = 1, 2,..., 2i − 1 . i is

chosen such that ri  m .
 Yi +1 Yi + 2
Y
Yi +3
i+2
Hf = 


Y2i +1 Y2i + 2

Here H f 

r ( s +1)( N − 2 i )

and H p 

Yi + q 
 Yi Yi +1

Y
Yi + q −1 
Yi
i −1
,Hp = 




Y2i + q 
 Y1 Y2
r ( s +1)q

Yi + q −1 
Yi + q − 2 


Yq 

(5.6)

are the future and past output matrices with

q = N − 2i − 1 . The H p can be replaced with the reference sensor data instead of taking all the
output measurements. The subspace matrix or the Hankel block matrix is then defined by
Hˆ cov =

1
[ H f ][ H p ]T
N − 2i − 1

(5.7)

Once the subspace matrix Hˆ cov is identified, the state space system matrices are then estimated as
identified using (2.35-2.37).
(B)

Modal Parameter Identification by Stabilization Diagram
The appropriate setting of model order is a crucial step in modal identification from output

measurement. A crude estimate based on peak values in the singular values of the output spectra
across the frequency region of interest [Brincker et al. (2000)]. Here, a conservative approach is
followed by taking a relatively large model order (r=60) to ensure over-specification. The modes
thus computed include spurious modes along with the real physical modes. In order to separate the
spurious modes, a stabilization diagram is constructed. It consists of tracking estimated modal
parameters with increasing model order r. Since spurious modes are typically scattered and usually
do not give stable estimate of modal parameters, they can be easily separated. The following
criteria for stability followed here can be described as follows: The mode is considered stable as
long as increasing the model order produces an error less than 1% in case of frequency, 5% for
damping and 2% in Modal Assurance Criteria (MAC). Mathematically,
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 fi (r ) − f i (r + 1) 

  0.01
f (r )


 i (r ) − i (r + 1) 

  0.05
i (r )


[1 − MAC (i (r ), i (r + 1))]  0.02

( 5.13)

Here, fi (r ) , i (r ) and i (r ) denotes natural frequency, damping ratio and mode shape for ith mode
evaluated at rth model order and

MAC (i (r ), i (r + 1)) =

i (r ) H i (r + 1)

2

i (r ) H i (r )  i (r + 1) H i (r + 1) 

Figure 5.13 Stabilization Diagram using Modes Computed from SSI-Cov
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( 5.14)

Figure 5.13 indicate the stabilization diagram superimposed on the complex mode indicator
functions. The alignment of poles indicate stability and is plotted with a ‘ο’ where as the scattered
poles are unstable and are indicated by a ‘.’ . It can be observed that for some modes the alignment
starts at a higher model order. This behavior depends on the level of excitation of the modes
[Rainieri et al. (2014)]. A total of 11 circumferential modes were identified. The natural frequency
and damping ratios for these modes along with the model order at which they are picked is listed
in Table 5.3. Furthermore, the mode shapes for the 11 circumferential modes are shown in Figure
5.11. The two deflection shapes in each of the modes indicate the extremities of deflection with a
phase difference of 1800.
Table 5.4 Modal Properties Obtained from Stabilization Diagram

Mode #
1
2
3
4
5
6
7
8
9
10
11

Nat.
Frequency
[Hz]
43.8
52.48
62.59
107.26
119.08
129.33
144.93
164.58
191.63
215.72
238.04

Damping
Ratio
0.061
0.066
0.033
0.036
0.041
0.027
0.026
0.028
0.031
0.027
0.029
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Order
16
16
16
24
24
24
24
24
24
24
37

Mode ID

R1(1)
R1(2)
R1(3)
R2(1)
R2(2)
R3(1)
R3(2)
R4
R5
R6
R7

Figure 5.14 Mode Shapes of Circumferential Rolling Modes

Figure 5.15 Auto Modal Assurance Criterion (MAC)
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5.3

Postprocessing of Modal Results from SSI-Cov& Discussion

5.3.1 Comparison of Modal Results (FDD and SSI-Cov )
A comparison of modal parameters obtained from FDD and SSI-Cov is presented in the
following. Since in the former method only 7 modes were identified, modes with similar natural
frequency and resembling mode shape were considered from SSI-Cov to perform a meaningful
comparison. It can be observed that the natural frequency estimations are within 5% difference
except for the first mode. The damping estimates for FDD, on the other hand, are significantly
higher (except mode no. 2) than those estimated by SSI-Cov. Figure 5.16 shows the cross-modal
assurance criterion (Cross-MAC) between mode shapes estimates from the two OMA methods
(FDD and SSI-Cov).
Table 5.5 Comparison of Modal Results from FDD and SSI-Cov.

Mode #
1
2
3
4
5
6
7

Natural Frequency [Hz]
FDD
SSI-Cov
% Diff
47.15
43.8
7.10
55
52.48
4.58
117.86
119.08
-1.04
149.29
144.93
2.92
162.39
164.58
-1.35
191.2
191.63
-0.22
220.01
215.72
1.95

FDD
0.062
0.054
0.056
0.053
0.032
0.037
0.038

Damping Ratio
SSI-Cov
% Diff
0.061
1.61
0.066
-22.22
0.041
26.79
0.026
50.94
0.028
12.50
0.031
16.22
0.027
28.95

Figure 5.16 Cross-MAC between Mode Shapes from FDD and SSI-Cov
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In case of FDD, the bandwidth of spectral response around the mode and number of
samples are used to estimate the damping ratio. Also, due to higher damping involved in the
structure, closely spaced modes are difficult to estimate in FDD. SSI-Cov doesn’t suffer from this
limitation and thus has a higher number of identified modes. Since FDD relies peak picking to find
a resonance frequency, a high frequency resolution aids in the estimation process. The maximum
frequency resolution of the spectrum in this study is only 1.5 Hz. This is due to the which is limited
by the time period of one drum revolution which is the length of recording for each cluster
measurement. This plays a major role in overestimation of natural frequency and damping in case
of FDD. Thus, for the nature of testing involved in this study SSI-Cov emerges as a better method.
Still, FDD provides a subjective feel of the data and serves as a preliminary analysis method.
5.3.2 Complex Mode Shape
Figure 5.14 shows that the estimated mode shapes exhibit a complex nature. This is evident
from the fact that the observed two extremities of the shape animations appear spatially shifted. In
other words, the point of maxima (anti-nodes) and minima (nodes) of the deflection shape for a
mode is not fixed. It follows that all 36 Degrees of Freedom (DOF) are not vibrating in (or out of)
phase simultaneously.
There are a number of possible reasons behind complex modal behavior in the case of
rolling tires which are reported in the literature. A few of them are the inherent non-linearity due
to centrifugal softening (Payne effect), changes in the dynamic behavior of filled rubber under
cyclic loading due to rolling condition (Mullin’s effect), presence of gyroscopic forces and
nonproportional damping [Rocca et al. (2011)]. However, there are a few other factors that can
spuriously induce complex behavior when none is present such as experimental noise (low signal
to noise ratio) and closely spaced modes [Imregun et al. (1995)]. Here, the OMA algorithm (SSICov) is formulated to display complex eigenvalues and vectors. Thus, it’s necessary to verify
whether the complex behavior actually represents the underlying structural dynamics.

An estimate of complexity provides a basis for judging whether the complex modes
actually represent the structure. This is due to the fact that the complexity displayed due to
experimental factors are typically moderate [Rainieri et al. (2014)]. The degree of complexity can
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be estimated qualitatively by A) Complexity (Nyquist) Plot and quantitatively by B) Modal Phase
Collinearity
(A)

Complexity Plot
In this, the real part and imaginary part of the mode shape are plotted on two separate

cartesian axes. This provides a qualitative estimate of complexity and serves as a visual inspection
tool for the degree of complexity. In the case of a normal mode, the imaginary part of the mode
shape vector is zero, thus it lies on the real plane. A deviation from this behavior indicates
complexity. Figure 5.13 a) shows the mode shape for the resonance at 215.72 Hz. The complexity
plot of normalized mode shape vector in Figure 5.13 b) appears as scattered as a circle which
indicates a certain degree of complexity. To quantify this, Modal Phase Collinearity (MPC) is
further computed.

Figure 5.17 a) Mode Shape Animation b) Complexity Plot of Mode at 215.72 Hz

(B)

Modal Phase Collinearity (MPC)
Modal Phase Collinearity (MPC) by Pappa et al. (1993) offers a way to quantify the spatial

consistency of mode shapes. In the case of a normal mode, the structural vibration exhibits a
monophasic behavior, i.e. all the DOFs are either in-phase or out of phase. In this case, the
variance-covariance matrix of the real and imaginary part of the mode shape has only one nonzero eigenvalue. A deviation from mono-phasic behavior leads to two non-zero eigenvalues whose
magnitude tends to equal to each other with increasing complexity. variance-covariance matrices
of the real and imaginary part of a mode shape i of ith mode are defined as
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S xx = (i R ) i R
T

S yy = (i Im ) i Im
T

(5.14)

S xy = (i R ) i Im
T

Where 1 and 2 are eigenvalues of the variance-covariance matrix and is defined as

1 = S xx +
2 = S xx −
Here  =

S yy − S xx
2S xy

S xx (2(  2 + 1) sin 2  − 1)



(5.15)

S xx (2(  + 1) sin 2  − 1)
2



, = tan −1 (  + sgn( S xy )  2 − 1) , and sgn(.) denotes signum function.

Furthermore, MPC is mathematically defined as the following:


1
MPC =  2  (
− 0.5) 
 1 + 2


2

(5.16)

Table 5.6 Mode Table with Modal Phase Collinearity (MPC)

Mode #
1
2
3
4
5
6
7
8
9
10
11

Nat.
Frequency
[Hz]
43.80
52.48
62.59
107.26
119.08
129.33
144.93
164.58
191.63
215.72
238.04

Damping Ratio

MPC

0.061
0.066
0.033
0.036
0.041
0.027
0.026
0.028
0.031
0.027
0.029

0.31
0.20
0.31
0.76
0.17
0.54
0.29
0.66
0.30
0.35
0.49

The MPC varies from 0 for a real mode to 1for a complex mode. The MPC for the mode
shape at 215.72 Hz (shown in 5.3.1 (A) ) is 0.352 which indicates a high degree of complexity.
MPC for all the 11 modes identified in section 5.2.3 is listed in Table 5.4. It can be observed that
most of the identified modes display a high degree of complexity. This behavior is observed at
lower frequencies where the signal to noise ratio is appreciably high and modal density is
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low(Refer to Figure5.9). This suggests the reason for complex modal behavior is inherent in the
dynamics of the structure.

5.3.3 Limitations of Proposed OMA method in Mode Shape Estimation
The cleat test setup here consists of a tire under normal spindle load being excited by a
cleat once per revolution of the drum. The nature of testing introduces a few limitations which
need to be understood in order to interpret the results from modal identification effectively.
(A)

Non-white Excitation
The cleat test setup here consists of a tire under normal spindle load being excited by a

cleat once per revolution of the drum. The cleat impact is assumed to be Impulse excitation and
can be defined as:

 Fˆ for t=
F (t −  ) = 

 0 for t  

(5.17)

For a single-degree of freedom system, the response due to impulse excitation is

x(t ) =

Fˆ −nt
e
sin d t
md

(5.18)

Here d = n 1 −  2 is the damped natural frequency. This is equal to the free response
of an underdamped system due to the initial velocity condition v0 = Fˆ / m . As explained in section
2.1 this forms the basis for modal analysis using natural excitation. However, this is valid only
where the excitation energy spectrum is flat. An example of a single degree of freedom system is
shown here to keep the mathematics less involved. This can be easily extended to the case of the
rolling tire which is multiple degrees of freedom without loss of generality. It is observed that the
cleat excitation rolls off after 250 Hz. Thus, the operational modal identification performs poorly
as the corner frequency arrives. Sway in the stabilization plots at higher frequencies (>250 Hz)
can be observed.
(B)

Non-Zero Response at Contact Patch
During a cleat test, the TCA vibration in a given cluster represents the free vibration of a

particular measurement location (also known as TCA angular positions (TCA ) ) due to cleat
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excitation at the contact patch. The contact patch region is constrained, e.g. zero displacement.
Thus, TCA angular positions (TCA ) in the vicinity of the contact patch should not experience any
free-response. However, the modes extracted shows modal displacement near the contact patch.
Figure 5.14 shows the response at contact patch for the circumferential mode at 215.72 Hz. Fist,
the cleat test set up during the measurement of a cleat impact for which TCA = 00 needs to be
visualized. As explained in section 3.4.3 (B), a typical cleat impact attenuates in about a quarter of
the tire revolution. It is important to consider the fact that the TCA is rotating with the tire while
measuring the response (Figure 5.19).

Figure 5.18 Mode Shape for mode at 215.72 Hz showing displacement at Contact Patch

Figure 5.19 Cleat Test Schematic showing Motion of TCA during a measurement
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Figure 5.20 TCA Vibration signal for Cluster No. 1

Thus, the TCA only spends a little time in the contact patch. Once it is out of the contact
patch region it no-longer under the constraint of zero radial displacement. The average cluster
response for TCA = 00 is shown in Figure 5.20. Similar argument holds true for TCA angular
positions in the vicinity of the contact patch. Since these output measurements are used as inputs
SSI-Cov algorithm for modal identification, the constraint of zero radial displacement is not
strictly enforced in the formulation. As a result, the modes also appear to have radial displacement
near the contact patch.
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6 Conclusions & Future work
This chapter presents concluding remarks on the study carried out in the thesis and provides
directions for future research.

6.1

Research Summary
The major technological advances in the automotive sector have resulted in a quieter and

more efficient powertrain over the decades. Thus, NVH performance has become a major criterion
in the design cycle. Also, with the increasing introduction of hybrid and electric mobility due to
environmental concerns of pollution and global warming the tire pavement interaction has
increasingly become the primary contributor of noise in environments both interior and exterior to
the automobile. The tire pavement interaction has been observed to affect the low-frequency
interior noise levels primarily through structure-borne paths. The dynamics of a rolling tire is
observed to play a major role in transferring the energy from tire-road interactions to these
structures borne paths.

From these considerations, it is important to study the modal behavior of a tire under
realistic operating conditions. Since the modal analysis of a tire under operating conditions involve
rotating components, it is often difficult to instrument it with fixed sensors. Laser vibrometer based
non-contact measurements appear as a viable alternative and offer competent ways to measure
rolling tire vibration. However, there are a few drawbacks to using laser vibrometers for radial
vibration measurements on the tread surface.
1. First, it includes an elaborate sequential mirror positioning and alignment to measure
surface normal velocities which is quite time intensive.
2. Second, laser vibrometer cannot measure the radial vibration of treaded tires.
3. Lastly but more importantly, the laser and accompanying instruments cannot be taken for
on-road vibroacoustic testing.
Thus, an alternative tread vibration measurement procedure is devised in this study to
address the shortfalls present in laser-based tread vibration measurement systems. The Tire Cavity
Accelerometer (TCA) lies at the heart of this methodology. An innovative signal processing
regimen was envisioned to perform operational modal analysis with a virtual array of sensor data
obtained from a single TCA with optical signals. The convenience with which the TCA can be
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used to readily obtain the modal parameters from a rolling tire is remarkable. This procedure has
been shown using a tire with a smooth tread and the test was conducted in a lab setting. However,
the same can be easily extended to a tire with a tread pattern without any additional effort. The
nature of the testing suggests that the procedure with a few minor modifications can perform
operational modal analysis of rolling tire during on-road testing.

6.2

Research Contributions and Conclusions

The main contributions in this work are the following

1. Measurement radial vibration due to the tread due to cleat excitation accompanied by
optical sensors to create an array of pseudo sensors that are placed on various
circumferential positions with respect to the center of the contact patch where the cleat
excites. This method is in principle similar to the sequential measurement of different
circumferential points using a laser vibrometer. However, since all the measurement is
carried out in a single stream of recording, it is much faster.
2. Development of Operational Modal Analysis procedure for measurement of dynamics of a
rolling tire in realistic speed and load conditions. Under this, the vibration measurements
from the pseudo sensor points are processed to find the modal parameters of the rolling tire
following a stochastic realization system.
The conclusions drawn from the study are listed in the following:

1. Spectral Vibration Behavior of Tire Tread
It is observed that there are three major frequency regions in the frequency spectra of
radial vibration of tread. The low frequency region is dominated by the running deformation
of the contact patch which induces a periodic vibration. It is shown that this behavior dominates
until a frequency nearly equal to the reciprocal of the time duration between the leading edge
and the trailing edge of the contact patch. Thus, this periodic vibration dominates higher
frequencies as the rolling speed of tire increases. The middle frequency region is dominated
by resonance behavior due to the radial (circumferential) modes until 500 Hz followed by the
high frequency region (>500 Hz) where the vibration decays quickly away from the contact
patch. It is also concluded that the response in the high frequency region is not symmetric with
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respect to the middle of the contact patch. The leading segment power spectra is observed to
be about 7 dB higher than the trailing segment.
2. Frequency Range for Operational Modal Identification:
In case of rolling tires literature suggests existence of modal behavior up to 500 Hz in
case of rolling tires. However, the vibration response at the middle of the tread center due to
cleat excitations is dominant in the frequency range 0-300 Hz. Beyond this range, a significant
drop ( about 30 dB) in the power of the singular values corresponding to the output cross
spectra (Figure 5.9) indicates this behavior. This affects the modal identification significantly.
The highest radial rolling mode identified in this study occurs at 238.04 Hz. Also, low signal
to noise ratio in higher frequency ranges is likely to introduce artificial modal complexities
which are not inherent in the structure. Nonetheless, the goal of the study is to identify rolling
tire modes under realistic excitation conditions which is the impact excitations from the tire
road interaction whose spectral content is limited to 300 Hz Kindt (2009).

3. Operational Modal Analysis Algorithm:
It is concluded that Stochastic subspace identification is superior to Frequency Domain
Decomposition (FDD) for operational modal identification of rolling tire. This is because of
the high inherent damping (~5%) hinders precise selection of frequency peaks for closely
spaced modes. Thus, FDD leads a smaller number of identified modes. Another drawback of
FDD comes from the nature of signal processing in this study. It involves measuring the
response due to cleat excitation over a time period of a single drum revolution. The length of
recording affects the frequency resolution and thus the damping estimation from the NExT
Impulse response functions of equivalent single degree of freedom (SDOF) systems.

6.3

Scope for Future Research
Dynamics of rolling tire for low-frequency structure-borne noise generation includes

various complex phenomena and is a field of active research. In this study, modal identification of
rolling tire has been addressed in an operational frame work. The following are the scopes for
future research.
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1. Modification to Operational Modal Identification Algorithm
In this study the conditioned TCA signal from different clusters representing
circumferential positions have been used processed through two conventional modal identification
algorithms, namely: Frequency Domain Decomposition (FDD) and Covariance based Stochastic
Subspace Identification (SSI-Cov). A limitation of the here is the inability to truly describe the
motion at the contact patch. In other words, the extracted mode shape contains radial displacement
at locations in the vicinity of the contact patch. As explained in 5.3.2(B), this is due to the fact that
the TCA rotates with the tire. This requires modification of the conventional OMA procedures.
Also, a potential research direction can be thought of as to transform the measurement from the
rotating frame of the tire to the stationary frame of the observer by a method similar to EulerLagrangian coordinate transformation used by Kim et al. (2004) to formulate a thin cylindrical
shell model for a rolling tire.

2. Comprehensive In-Lab Testing:
A more comprehensive study in terms of spindle load, drum operating speed and
inflation pressure is required which has not been performed in this study. This could be an
essential future direction. This will enable a parametric analysis of modal behavior of rolling
modes. Since, the modal analysis for a given condition is performed from a single stream of
TCA recording, the comprehensive test runs are quite feasible.

3. On-road operational modal analysis
Another interesting direction is performing the operational modal analysis from data
collected from on-road testing over a rough surface which can produce an impact like
excitation similar to a cleat. This will give better insights into how the structural modes from
the automobile such as those from the axle, suspension etc. couple with the rolling vibration
modes of the tire when it is not rigidly mounted as is the case with the cleat test setup. The
challenge here lies in obtaining the TCA position during a particular impact event.
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APPENDIX A: Technical Specification of Tire Cavity Accelerometer
(TCA)
System

Parameter

Value

Accelerometer8

Type

Piezo-Tronic IEPE

Manufacturer

DJB Instruments

Direction

Uniaxial

Nominal Sensitivity at 200 Hz

1.06mV/g

Base Station

Transmitter& Battery Module

Power Supply

Frequency

(± 5%)

1 Hz -10k Hz

Response

(± 10%)

0.7Hz -1.1 kHz

Resonant Frequency

50 kHz

Temperature Range

-50- +185 0 C (HT)

Saturation Limit

4903 m/s2

Max Continuous Accn. g sine

9807 m/s2

Settling time (90% of final Value)

< 1 sec

Output Impedance

<75 Ohm

Output Type

BNC

Dimensions

119mm x 44mmx 15mm

Weight (each)

190 g

Charge Cycle Stand by

8 days

Transmit Time

8 hours

Typical Combination

Radio Link

Miscellaneous

8Source:

2 days standby then 6-hour
operation

Predicted Battery Life

500 cycles

Activation Radio Range

5000-15000 mm

Data Transmission Range

>15000 mm

Umbilical Lengths

220 mm

Antenna Cable Lengths

2000 mm

https://www.djbinstruments.com/
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APPENDIX B: Technical Specifications of TMSI’s Tire Rolling Resistance
Test System9
Component

Parameter

Roadwheel Drum

PCR & LTR

Diameter, mm

1700

Width, mm

508

Surface Coating

P120-grit sand paper

Max. Rotating Speed, kph

Tire Sizes

TBR

250

Max. Outer Diameter, mm

930

1700

Min. Outer Diameter, mm

430

500

Max Tread Width, mm

450

610

Max Tire Weight (with Wheel), kg

150

250

APPENDIX C: Important Technical Specifications of Optical Sensor
(SM312LVMHS)10
Parameter
Input/output type
Mode of Sensing
Operation
Sensing Beam
Max Sensing Distance (m)
Outputs
Power Supply/Supply Voltage
Output response time (ms)
Delay at Power-up (ms)
Repeatability (µs)
Op. Temp. (°C)
Max Op. Relative Humidity [%]
Gain Adjustments
Housing Style
Barrel Diameter (mm)

9

Value
Discrete
Retroreflective (Non-Polarized)
Light/Dark Operate
Visible Red LED
5
Bipolar (NPN & PNP)
10-30 V dc
0.3
100
300
-20 till 70
90% @ 50°C
Potentiometer
Rectangular w/M18 Mount
18

Source: http://www.tmsi-usa.com/products/tire-rolling-resistance-test-system/

10

Source: https://www.bannerengineering.com/
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