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�e wheel squeal noise of a train is often made when it passes a tight curve. �e noise annoys the passengers and the people living
close to railway tracks. According to the research background, wheel vibration, as a result of unstable contact force, is the main
source of wheel squeal noise.�is study presents a novel method to reduce wheel squeal noise based on the active vibration control
of wheels and the use of piezoelectric actuators attached to wheel treads. �e proposed method is implemented in an exper-
imentally validated time model involving the linear dynamics of wheel and track and nonlinear contact forces. �en, the model is
modi�ed to enhance the e�ect of the piezoelectric actuators. �e relationship between the momentum and the voltage applied to
the piezoelectric patch is also considered in modeling. To determine the amplitude and the direction of the applied voltage, a
feedback controller is designed based on the fuzzy self-tuning PID controller scheme.�is controller is similar to the conventional
PID controller, but its coe�cients are tuned by the fuzzy tuningmechanism according to the wheel response.�e results show that
the proposed method is capable of suppressing wheel squeal noise, especially in high frequencies. Furthermore, it is as applicable
to worn wheels as to new ones.

1. Introduction

�e high-amplitude and pure tone that a rail vehicle creates
when it reaches a tight curve is known as “wheel squeal
noise.” Since the sound pressure level (SPL) is higher than
rolling noise (about 20 dB) and its frequency (from 500 to
5000Hz) is in the human auditory range, the wheel squeal
noise is very annoying for the residents living near railways
and passengers. �erefore, it is important to reduce the
noise. In this regard, there is no straightforward mitigation
method because wheel squeal noise is a complex phenom-
enon. It is generated by the self-excited vibration of the
wheel, which is the result of unstable contact forces on high
lateral creepage.

In recent decades, many models have been developed to
illustrate wheel squeal noise comprehensively and accurately
in a frequency or time domain. �e modeling in the fre-
quency domain is conducted through the stability analysis of
a linear dynamic model to investigate the e�ects of di�erent

factors such as wheel damping and train speed [1], contact
parameters [2], railway track dynamic [3, 4], longitudinal
creepage [5], and wheel vertical dynamic [6] on the prob-
ability of wheel squeal. Nevertheless, this model cannot
accurately evaluate the in¡uence of the proposed methods
for noise mitigation. So, a time-domain model is presented
for the comprehensive analysis of wheel squeal noise, in
which the time history of wheel vibration is calculated and
used to estimate the sound pressure level. In earlier models
[7–10], it was assumed that the self-excited vibration of the
wheel, as a result of a negative slope in the friction curve on
high lateral creepage, is the main cause of wheel squeal.
However, the importance of mode coupling on wheel squeal
has been highlighted in recent studies [11, 12]. Meehan [13]
performed a chaotic instability analysis of railway wheel
squeal. Lai et al. [14] presented a nonlinear FE model for
investigating wheel squeal noise in detail. �e transient
response using “theta-modi�ed method” allows introducing
nonlinearities such as partial sliding, stick, or shock impact.
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All the discussed models were validated by test rigs or field
tests. Moreover, )ompson et al. [15] presented a complete
review of different models.

As it has been found, unstable wheel vibration is the
source of wheel squeal noise. So, different methods have
been devised to suppress or decrease wheel vibration. Some
researchers studied the effect of changing the contact con-
ditions of wheel and rail on reducing wheel squeal noise. In
this regard, the lubrication of contact areas and the role of
friction modifiers have been investigated by field tests
[16, 17] and roller rigs [18–20]. )e results show uncertainty
in the performance of these methods. Furthermore, they
increase the maintenance cost and cause adhesion loss. In
this same context, Rahim Marjani and Younesian [21] ap-
plied an active dither control signal on rail and wheel to
prevent stick slip in the contact regime, which is effective in
low frequencies but has lower impact in high frequencies.
)e other mitigation methods, such as adding preloaded
rings to wheels [22], installing constrained layer dampers
[23], and using composite material on wheels [24], have been
introduced for noise suppression by increasing wheel
damping. Rahim Marjani and Younesian [25, 26] also ap-
plied shunted piezoelectric patches to increase the modal
damping of wheels. According to the results, an increase in
damping can efficiently suppress wheel squeal noise. All the
methods proposed so far are passive and designed for
specific conditions. )erefore, they are not adaptive. In this
study, a novel adaptive method is presented based on the
active vibration of wheels using piezoelectric actuators.

Active vibration-based piezoelectric patches are suc-
cessfully used to suppress noise in different objects, such as
muffling the noise in brakes [27], washing machines [28],
and interior parts of vehicles [29]. Nevertheless, it is nec-
essary to use an advanced scheme to control unstable wheel
vibration as a very complex and environment-dependent
phenomenon. In this study, a fuzzy self-tuning PID con-
troller is applied owing to its successful performance in
various complex systems [30–32]. )e idea of using such
controllers was first introduced by He et al. [33].)en, in the
following years, many researchers investigated its different
modifications and applications. )is device is a regular PID
controller, which, as a fuzzy tuning machine, tunes PID
controller parameters according to different conditions.

)e aim of this study was to evaluate the effectiveness of
the active vibration control of wheels to suppress their squeal
noise with piezoelectric actuators. )is is the first time an
active and adaptive control method is used; the solutions
suggested in other studies are all passive. In this research,
wheel squeal is examined with a validated time-domain
model, presented in a previous study [21]. )e model ad-
dresses the lateral and vertical linear aspects of wheels and
railways and nonlinear contact forces. In addition, the effects
of the dynamics of actuators are taken into account in the
model.

)e rest of this study is organized into a few sections.
Section 2 is devoted to wheel squeal modeling, its verifi-
cation, noise calculation, and actuator modeling. )e pro-
cedure of designing the controller is explained in detail in
Section 3. )e results are presented and discussed in Section

4. Finally, the conclusion of the study ends the study in
Section 5.

2. Transient Wheel Squeal Model

A time-domain model of wheel squeal noise validated by a
field test was described in detail in a previous study [21]. )e
same model is used in this study; therefore, it is presented
just briefly in this section. )e model includes wheelset
lateral and vertical dynamics, railway track vertical and
lateral dynamics, and a nonlinear contact theory. In addi-
tion, steady-state parameters, such as normal contact force,
are calculated by vehicle curving simulation. )e sound
pressure level (SPL) of squeal noise is also calculated with the
time history of the lateral vibration of wheels. All parameters
are defined in Table 1.

Figure 1 shows the different parts of the model and the
relationships among them. )e individual parts are illus-
trated in the following sections. In each step, wheel and rail
responses are calculated and used to update the contact
forces. )e loop repeats, and the transient simulation is
fulfilled through step-by-step integration. It is important to
select the proper time step. )e big time step causes an
unstable solution, and a very small time step makes the
solution process too slow. After some trial and error, the
time step is adjusted on 1e− 5. At the end, the time history of
the wheel response is used to calculate the wheel squeal
noise.

2.1. Contact *eory. Figure 2 shows a wheel, a rail, and a
system of coordinates 1–2–3 located at the contact point.
Axis 3 is vertical to the contact plane, axis 2 is in lateral
direction, and axis 1 is parallel to the direction of motion.

)e vertical force at contact point F3 can be obtained by
the following equations [2]:

F3 � N + kh.Δw3,

Δw3 � w
w
3 − w

r
3( ,

(1)

where kH is the Hertzian contact spring stiffness, N is the
static vertical force on the contact patch obtained by a ve-
hicle dynamic analysis, and ww

3 and wr
3 are the wheel and rail

vertical deflections at the contact point.
)e lateral force F2 at the contact point can be calculated

as follows:

F2 � μ2 c2( F3, (2)

where c2 is the lateral creepage and μ2 is the lateral
friction coefficient calculated by the Vermeulen–Johnson
relation [3].

2.2. Wheelset Dynamic Model. Wheelset modal data in-
cluding natural frequencies and mode shapes are calculated
by the FEM software and verified by an experimental modal
test. )ese data are used for wheelset dynamic modeling.

Equation of motion for a wheelset in state space is as
follows:
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Table 1: Notations and nomenclatures.

Symbol Unit Definition
Η — Wheel modal damping
yw — State variable vector of the wheel
qr M Modal displacement
_qr m/s Modal velocity
f

w
N Input dynamic force vector on the wheel

fw
i N Input dynamic force on the wheel in direction i

vw m/s Output dynamic velocity vector of the wheel
vw

i m/s Output dynamic velocity of the wheel in direction i
[Aw] — Wheel system matrix
[Bw] — Wheel input matrix
[Cw] — Wheel output matrix
yr — State variable vector of the rail
f

r N Input dynamic force vector on the rail
vr m/s Output dynamic velocity vector of the rail
[Ar] — Track system matrix
[Br] — Track input matrix
[Cr] — Track output matrix
F3 N Vertical contact force
ww

3 m Wail vertical deflection
wr

3 m Rail vertical deflection
kH N/m Hertzian contact spring stiffness
F2 N Lateral contact force
μ2 — Lateral friction coefficient
c2 — Lateral creepage
N N Static vertical contact force
μstat Static friction coefficient
τW N/m2 Shear strength of the wheel
τr N/m2 Shear strength of the rail
a, b M Semi-axis length of the Hertz contact ellipse in the rolling and lateral direction
μ0 — Rolling friction coefficient
c — Creepage
V m/s Train speed
Γi — Normalized creepage in direction i
G Pa Material shear modulus
Cii — Kalkar constant
ω rad/s Frequency
p Pa Acoustic pressure
R m Distance of desired point P and acoustic source
c0 m/s Sound propagation velocity of air
ρ0 kg/m3 Density of air
€ww
2 m/s2 Wheel lateral acceleration

[Bw
actuator] Wheel input matrix of the actuator

Vactuator Voltage vector applied to actuators
ϕ′Pmi

kn Wheel mode shape gradient
n Number of nodal diameters
k Number of nodal circles
Ka Piezoelectric patch actuator constant
dij m/V Strain constant of piezoelectric
Fp N Force on the rail induced by a piezoelectric actuator
np — Number of piezoelectric actuators
Lp m Length of piezoelectric stack
tp m )ickness of piezoelectric patch
bp m Width of piezoelectric patch
Ep Pa Young’s module of piezoelectric
Ap m2 Area of piezoelectric stack actuator section
SE

ij m2/V Piezoelectric compliance matrix element
xw m Lateral contact position
Kp N/m Pad stiffness
Cp N.s/m Pad viscous damping
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where yw is a 2n-order state variable vector including modal
velocity _qr and modal displacement qr for mode r (1 to n) as
delineated below:

y
w

� _q1, _q2, . . . , _qn, q1, q2, . . . , qn 
T

� y
w
1 , y

w
2 , . . . , y

w
2n 

T
,

(4)

where f
w

� fw
2 , fw

3  and vw � vw
2 , vw

3  are the input dy-
namic forces and the output dynamic velocities in lateral and
vertical directions, respectively. )e system matrix [Aw], the
input matrix [Bw], and the output matrix [Cw] are obtained
by the use of the modal data in the state space according to
Ref [34].

2.3. Track Dynamics. It is necessary to calculate the track
response to obtain the contact forces precisely. For this
purpose, a vertical track dynamicmodel is designed based on
the model proposed by Grassie et al. [35]. It includes the rail
as an infinite Timoshenko beam and the sleepers as con-
centratedmass elements. In addition, under sleeper pads and
ballasts are modeled as discrete linear springs and dampers.

)e model presented by Wu and )ompson [36] is
applied to the lateral track dynamics. )is model deals with
the rail deformation in high frequencies.)erefore, the rail is
simulated by three attached beams including two infinite
Timoshenko beams for the rail head and foot and one beam
for the rail web. In addition, ballast, under sleeper pads, and
sleepers are modeled similar to the vertical track dynamics.

)e track frequency responses in both vertical and lateral
directions are computed by the FEA package.)en, the results
are used to obtain the track modal data. For a wheelset, the
track equation of motion in state space is as follows:

_y
r

2,3 � A
r
2,3 y

r
2,3 + B

r
2,3 f

r

2,3,

v
r
2,3 � C

r
2,3 y

r
2,3.

(5)

2.4. Noise Calculation. )e response of the points on the
outside surface of the wheel is used to calculate the acoustic
pressure at desired point P. )e wheel surface is divided into
some sections, and the response of the points in the middle
of each section is considered as a reference [37]. )e

transient response for the acoustic pressure can be calculated
by the Rayleigh integral as follows [38]:

p(R,φ, ϕ, t) �
ρ0
2π


Awheel

1
R

€w w
2 r, θ, t −

R

c0
 dA, (6)

where c0 and ρ0 are the sound propagation velocity and the
air density, R is the distance of point P and a section ref-
erence, and €ww

2 denotes the wheel lateral acceleration.

3. The Controller Design

)e procedure of applying active vibration control is
explained in this section. )e structure of a model with a
controller is shown in Figure 3. )e data measured by the
sensors are fed back into the controller, and the voltage input
of the actuator is thus determined. It is supposed that the
controller is SISO and every sensor and actuator has its own
controller. )e purpose of the controller is to suppress the
axial vibration of wheels as the source of squeal noise.

)e wheel squeal noise model is as same as the model in
Figure 1, but only the wheelset dynamics are updated to take
the effects of the added actuators and sensors into account.
According to the results of simulating the wheel squeal
noise, the main unstable modes are the axial modes, which
have the maximum deformation in the wheel thread and an
even number of line nodes [21]. As a result, seven actuators
and seven sensors are attached to the thread of wheels as
shown in Figure 4.

3.1. Equations of Motion. )e equation of motion for the
wheelset in the state-space model is updated through adding
the actuator and sensor effects as follows:

_w � A
w

 w + B
w
actuator Vactuator + B

w
 f

w
,

v
w

Vsensor
  � C

w
C

w
sensor w,

(7)

where Vactuator is the input voltage of the actuators and Vsensor
is the voltage measured by the sensors. Also, Bw

actuator and
Cw
sensor are the input matrix of the actuator and the output

matrix of the sensor, respectively. )e process of obtaining
these matrixes is explained in the following section.

)e Bw
actuator relates the input voltage to the exerted force

of the actuator. )e relationship involved in the actuator’s
torque can be expressed as follows [39]:

Table 1: Continued.

Symbol Unit Definition
Kb N/m Ballast stiffness
Cb N.s/m Ballast viscous damping
Ms Kg Sleeper mass
Kpr N/m Pad rotational stiffness
Cpr N.s/m Pad rotational viscous damping
E Pa Elastic modulus
ρ Kg/m3 Density
] — Poisson’s ratio
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Ma � KaVactuator, (8)

where Ka is the function of the dimension and properties of
the piezoelectricity and the thickness of the wheel thread
[39]. )is is represented in the following equation:

Ka � bpd31Ep tp + tw , (9)

where bp, tp, Ep, and d31 are the width, thickness, elastic
module, and strain constant of piezoelectricity, respectively.

Also, tw is the thickness of the wheel thread. )ere are two
torques with equal amplitudes assumed for every actuator.
)ey are exerted on the end of the actuator in opposite
directions. )is has been modeled like a beam under pure
bending. )e torque must be multiplied by the slope of the
mode shape at the end of the actuator. As a result, the input
matrix of the actuator can be obtained as follows:

B
w
actuator � Ka ×

ϕ′P1121 − ϕ′P1221 ϕ′P1122 − ϕ′P1222 · · · ϕ′P112n − ϕ′P122n

ϕ′P1131 − ϕ′P1231 ϕ′P1132 − ϕ′P1232 · · · ϕ′P113n − ϕ′P123n

⋮ ⋮ ⋱ ⋮

ϕ′Pm1
21 − ϕ′Pm2

21 ϕ′Pm1
22 − ϕ′Pm2

22 · · · ϕ′Pm1
2n − ϕ′Pm2

2n

ϕ′Pm1
31 − ϕ′Pm2

31 ϕ′Pm1
32 − ϕ′Pm2

32 · · · ϕ′Pm1
3n − ϕ′Pm2

3n

|

0 0 · · · 0

0 0 · · · 0

⋮ ⋮ ⋱ ⋮

0 0 · · · 0

0 0 · · · 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

T

. (10)

In the above equation, n is the number of the modes,m is
the number of the actuators, and ϕ′Pmi

2n is the slope of the
mode shape at the end of the actuators.

)e equation of the sensor output matrix can be
formulated by a similar procedure. )e relationship
between Vsensor and deformation is shown as follows
[40]:

Vsensor � Ks yPm1′ − yPm2′( , (11)

where yPmi
′ is the gradient of the deformed piezoelectric

sensor at each of its end. )e parameter Ks is calculated with
the following equation [40]:

Ks �
Epd31bp tp + tw/2 

C
s
p

. (12)

)e denominator Cp is the capacity of the capacitor
obtained as follows:

C
w
sensor � Ks ×

0 0 · · · 0

0 0 · · · 0

⋮ ⋮ ⋱ ⋮

0 0 · · · 0

0 0 · · · 0

|

ϕ′P1121 − ϕ′P1221 ϕ′P1122 − ϕ′P1222 · · · ϕ′P112n − ϕ′P122n

ϕ′P1131 − ϕ′P1231 ϕ′P1132 − ϕ′P1232 · · · ϕ′P113n − ϕ′P123n

⋮ ⋮ ⋱ ⋮

ϕ′Pm1
21 − ϕ′Pm2

21 ϕ′Pm1
22 − ϕ′Pm2

22 · · · ϕ′Pm1
2n − ϕ′Pm2

2n

ϕ′Pm1
31 − ϕ′Pm2

31 ϕ′Pm1
32 − ϕ′Pm2

32 · · · ϕ′Pm1
3n − ϕ′Pm2

3n

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (13)

3.2. Controller Design. )e wheel squeal model is very
complicated due to the nonlinear contact force and the
great bulk of the required wheel modal data. A combination
of a PID controller, as the most common controller, and a
fuzzy controller, as the smart part of a controller, is used to
design a self-tuning PID controller. As shown in Figure 5,

this controller is of a regular PID type, but its coefficient is
determined by a fuzzy self-tuning set. In the first step, the
PID controller coefficient is defined as a function of the
variable α. )e following equation [33] offers the
definitions:
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Kc � 1.2αku,

Kd � 0.225
α

1 + α
kutu,

Ki � 1.6α(1 + α)
ku

tu

,

(14)

where ku and tu are the ultimate gain and the ultimate period,
respectively.)ey are, indeed, the properties of the system. As
it can be seen, equation (14) converts to the Ziegler–Nichols
method if α is assumed to be 0.5. Now, a fuzzy self-tuning set
is designed to determine α according to the error.

3.3.FuzzySelf-TuningSetDesign. )e input of the fuzzy set is
error e(t) and its gradient. )e output of the set is the tuning
parameter h. )en, the parameter α is defined by a backward
relationship as follows [33]:

α(t + 1) �
α(t) + ch(t)(1 − α(t)), for α(t)> 0.5,

α(t) + ch(t)α(t), for α(t)< 0.5,
 (15)

where c is a constant for convergence adjustment and is
almost chosen in the interval of 0.2–0.6.)e initial value of α
is not arbitrary, and it must be α(0)� 0.5. )ese arrange-
ments guarantee smooth variation coefficients for the PID
controller.

)e primary step is the fuzzification of the input vari-
ables e and e(t) to fuzzy sets E and R, respectively.)us, every
variation domain of the input represents seven sizes as in the
following equation:

E � NL,NM,NS,ZO,PS,PM,PL{ },

R � NL,NM,NS,ZO,PS,PM,PL{ },
(16)

where NL, NM, NS, ZO, PS, PM, and PL are the abbreviation
for negative large, negative medium, negative small, zero,
positive small, positive medium, and positive large, re-
spectively. To make it easy to write the formulas, a number is
assigned to each fuzzy set.

NL � −3,

NM � −2,

NS � −1,

ZO � 0,

PS � +1,

PM � +2,

PL � +3.

(17)

)e corresponding functions are plotted in Figure 6.

Controller System

Disturbance
(Contact Force)

r = 0 e u y

Figure 3: Structure of a model with a controller.

Actuator

(a)

Sensors

(b)

Figure 4: Position of (a) actuators and (b) sensors.
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Processing is the next step in which the fuzzy set of the
input variables is mapped to the fuzzy set of the output
according to a set of rules. )e rules are shown in Table 2.
)e “max-min” serves as an interface method.

In the last step, defuzzification is done by the centroid
method and the defined membership functions (Figure 7).

3.4. Initialization of the Controller. )e procedure to obtain
ultimate period tu and ultimate gain ku is explained in this
section. It must be done precisely to calculate the coefficient
of the controller correctly. For this purpose, a system is
devised with a simple proportional controller (Figure 8).
)en, the model is simulated with a gradual increase in Kp
until the response oscillates with a constant amplitude. )e
result will be unstable if Kp increases more [33]. In this
simulation, Kp equals to ku, and the period of the oscillating
response is tu. Due to the complexity of the wheel squeal
model, it is difficult to obtain ku and tu precisely. However,
after numerous simulations, an acceptable interval is de-
termined as follows:

ku � [0.1, 0.3],

tu � [0.01, 0.02].
(18)

4. Results and Discussion

)e simulation results are presented and discussed in this
section. Tables 3 and 4 report the piezoelectric dimensions
and properties, respectively. )e primary stage is to deter-
mine the optimum values of ku and tu. For this purpose, the
simulation has been repeated 21 times with different values
of ku and tu. )e results are shown in Figure 9. As it can be
seen, maximum noise reduction is achieved for ku (0.4) and
tu (0.012).

)e performance of the proposed active vibration
control method is illustrated in Figures 10–12. )e wheel
squeal noise is significantly reduced in low and high fre-
quencies and is almost eliminated in all the other fre-
quencies. )e remaining noise is the rolling noise.

Figure 10 presents the third-octave spectrum of the noise
calculated with equation 8 before and after the application of
the control force. As it can be seen, after this control, the
sound pressure level is under 80 dB for all the frequencies,
which is acceptable for a rail. )e maximum reduction is
more than 60 dB in 350Hz because of the flexural vibration
suppression in mode (2, 0). According to Figure 12, the
instability in this mode is the main source of wheel squeal
noise.

)e performance of the active vibration control is clearly
illustrated in Figures 11 and 12. )e two figures refer to the

time history and the frequency analysis of the lateral velocity
of wheels at the contact point, respectively.

A significant reduction in the amplitude of response can
be seen in Figure 11. Every peak in Figure 12 relates to an
axial mode shape. In addition, the peaks of the responses for
frequencies higher than 300Hz are almost eliminated by the
active vibration control; there remains only one peak around
200Hz. )is frequency equals the wheel mode of (0, 0).
According to layout of installation and type of the piezo-
electric actuator, they can affect modes with wheel’s thread
bending deformation. Since there is no wheel’s thread
bending deformation in mode (0, 0), not only the vibration
does not decrease in this mode but also extra force exerted by
actuators, slightly increases the response in this mode.

Figures 13(a)–13(d) shows the variation of the voltage
applied to the actuators 1, 2, 4, and 7, respectively. As it can
be seen, the maximum allowable voltage is limited to 500V.
)e voltage fluctuating range depends on the position of the
actuator versus the node lines and the contact point. When
the actuator is located close to the contact point, the applied
voltage fluctuates in a maximum range, like actuator 7 in
Figure 13(d).)is is because the applied voltage is a function
of the flexural wheel vibration measured by the sensors and
the part of the wheel close to the contact point has maximum
bending deformation as a result of the contact force.

)e difference between the average amounts of the SPL
variation before and after applying the control method at
different points on an imaginary rectangular page is cal-
culated during five seconds. In the near-field case, the di-
mensions of the rectangular page are 0.5m× 0.5m, it is
parallel to the wheel at the distance of 0.1m, and its center
aligns with the wheel center. In the far-field case, the di-
mensions of the rectangular page are 5m× 5m, it is parallel
to the wheel at the distance of 5m, and its center aligns with
the wheel center. Figures 14 and 15 depict the outcome of
these calculations as the average of the time history of noise
reduction in the near field and the far field. In both fields, a
considerable reduction is achieved by the active vibration
control. )e reduction is more than 10 dB and 8 dB for the
near and far fields, respectively.

)e wearing of the wheels is unavoidable during train
operation. Worn wheels have a different geometry and dy-
namic properties. Since the controller is designed based on the
properties of new wheels, changing the system properties can
make the proposed method ineffective. For this reason, the
fuzzy self-tuning PID is added to the controller to adapt to its
coefficients in the case of any change in the system properties.
)is makes it possible to increase the reliability and stability of
the control system. )e performance of the active control
vibration is investigated for two worn wheels. It is found not
to be so good for a worn wheel as for a new wheel. )e
acceptable reduction in noise can be observed in Figure 16.
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Figure 17 compares the lateral velocities of the new and
worn wheels at the contact point before and after the ex-
ertion of control. )e decrease in amplitude can be seen for
all the conditions, but the frequency of response is different
for the new and worn wheels. )is is due to the different
geometry and mass of the worn wheel, which changes its
natural frequencies.

Figure 18 depicts the voltage range applied to actuators 1
and 4. As it suggests, the amplitude and frequency of this
voltage differ for the new and worn wheels. It is reasonable
because the voltage applied to the actuators is a function of
the flexural vibration measured by the sensors in the PID
controller and the new and worn wheels have different
flexural vibrations, according to Figure 16.
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Parametric 
Design Eqs

Fuzzy Self-tuning set

d

.
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Kp.e (t) + Kd. de (t)
dt

+ Ki.∫ e (t) dt
t

0

Figure 5: Structure of a self-tuning PID controller [33].
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Figure 6: (a) Input variable membership function error and (b) the gradient of the error.

Table 2: Fuzzy set of rules.

H R
−3 −2 −1 0 1 2 3

E

−3 −3 −3 −2 −2 −1 −1 0
−2 −3 −2 −2 −1 −1 0 1
−1 −2 −2 −1 −1 0 1 1
0 −2 −1 −1 0 1 1 2
1 −1 −1 0 1 1 2 2
2 −1 0 1 1 2 2 3
3 0 1 1 2 2 3 3
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Table 3: Piezoelectric actuator dimension.

Parameter Symbol Unit Value
Length of the actuator La mm 200
Width of the actuator Wa mm 25
)ickness of the actuator ta mm 10
Length of sensor Ls mm 200
Width of sensor Ws mm 5
)ickness of sensor ts mm 1
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Figure 9: Variation of SPL in P0 (1, 0, 0) against ku and tu.

Table 4: Piezoelectric sensor properties [41].

Parameter Symbol Unit Value
Maximum allowable voltage Vall V 1000
Relative permittivity εT

33 — 1700
Piezoelectric constant d31 ×10− 12 m/V 190

Compliance matrix

SE
33 ×10− 12m2/V 18.8

SE
11 10e− 12m2/N× 16.4

SE
12 10e− 12m2/N× −5.74

SE
13 10e− 12m2/N× −7.22

SE
44 10e− 12m2/N× 47.5

SE
55 10e− 12m2/N× 44.3

SE
66 10e− 12m2/N× 44.3
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Table 5 presents a comparison of the results that the
authors gained in this research and their previous studies
[25, 26]. )e table regards the noise reduction in different
frequency bands.)e blue and negative numbers denote that
the application of the control method led to the reduction in
the SPL in the corresponding frequency band. In contrast,
the red and positive numbers show an increase in that case.
)e two previous studies mentioned in the table are about
the dithering control of wheel squeal noise [25] and the
increase in wheel damping by means of shunted piezo-
electric patches [26].

According to Table 4, the active vibration control is the
most effective wheel squeal noise suppression method.

)e dithering of wheels can decrease SPL to 37 dB only in
some frequency bands, but, in most bands, it is either
ineffective or inductive of higher SPLs, especially in high-
frequency bands. Rail dithering is beneficial in low fre-
quencies, but it is almost ineffective in frequency bands
higher than 700 Hz. Also, shunted piezoelectric patches
can decrease SPL only within a limited frequency range.
Active vibration control, however, causes maximum SPL
reduction (65 dB), and it has proved to be effective in a
wide range of frequencies. In general, it can be claimed
that no previous method is adaptive enough, but the fuzzy
self-tuning PID controller can be adjusted to a system
according to the change in its properties.
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Figure 10: Effect of the active control vibration on squeal noise reduction.
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Figure 13: Voltage of actuators: (a) actuator 1, (b) actuator 2, (c) actuator 4, and (d) actuator 7.
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Shock and Vibration 13



Active Control (R=460 mm)
Active Control (R=445 mm)
Active Control (R=430 mm)
No Control (R=460 mm)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

La
te

ra
l V

el
oc

ity
 o

f w
he

el
 in

 co
nt

ac
t p

oi
nt

 (m
/s

)

0.132 0.134 0.136 0.138 0.14 0.142 0.144 0.146 0.148 0.150.13
Time (sec)

Figure 17: Influence of the wear of wheels on the performance of the active vibration control to decrease the lateral velocity of wheels at the
contact point.

R = 460 mm
R = 445 mm
R = 430 mm

-500
-400
-300
-200
-100

0
100
200
300
400
500

V
ol

ta
ge

 o
f A

ct
ua

to
r 1

 (V
)

0.142 0.144 0.146 0.148 0.15 0.152 0.154 0.156 0.158 0.160.14
Time (sec)

(a)

Figure 18: Continued.

14 Shock and Vibration



5. Conclusion

A novel method of mitigating wheel squeal noise was de-
veloped in this study. A validated comprehensive model was
also used to investigate the performance of the proposed
method. )e main idea was the active vibration control of
squealing wheels, as the source of noise, by piezoelectric
sensors and actuators attached to them. According to pre-
vious studies, squeal noise is made in the axial modes of
wheels with the maximum deformation of the wheel threads.
)is is why piezoelectric actuators were attached to the
threads.

In addition, a fuzzy self-tuning PID controller was
designed to overcome the complexity and environment
dependency of the wheel squeal phenomenon. )e
values of ultimate period tu and ultimate gain ku, as the
key parameters of the controller, were calculated to
achieve the maximum sound pressure level (SPL) re-
duction. )e sound pressure level, time history, and FRF
of the lateral velocity of wheels were used to evaluate the
active vibration control. It was also constantly moni-
tored to ensure that the system would operate within the
piezoelectric saturation threshold. It was found that the
proposed method could completely suppress the noise
in frequencies higher than 300 Hz. According to the
wheel modal data, there was no wheel thread

deformation on the shape of the modes in natural
frequencies lower than 300 Hz. )erefore, the attached
piezoelectric actuators had no effect on them. Since a
frequency lower than 300 Hz is beyond human auditory
sensitivity, the noise was categorized as rolling noise.
According to the results, the total noise level reduced up
to 12 dB in the near field and up to 15 dB in the far field.
In another experiment, the performance of the pro-
posed method was investigated for two worn wheels.
Generally speaking, the wear of a wheel during oper-
ation is unavoidable, which causes a change in wheel
modal data. Nevertheless, the experiment proved the
good adjustment of the fuzzy self-tuning PID controller
to changing conditions. Moreover, in all the frequen-
cies, SPL reduction was achieved for the worn wheels
and a new wheel.
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Figure 18: Voltage of actuators: (a) actuator 1 and (b) actuator 4.

Table 5: Comparison of SPL reduction (dB) in different frequencies by different control methods.

Frequency band/control method 125 160 200 250 315 400 500 630 800 1000 1250 1600 2000 2520 3200 4000 5000
Wheel dithering [25] 6 −26 5 −37 −14 3 19 7 2 8 16 −11 −25 −12 6 50 32
Rail dithering [25] −27 −33 −57 −58 −51 0 −4 −28 8 2 −5 −8 −3 2 −12 8 3
Shunted piezoelectric [26] −13 −12 11 12 8 −8 −10 −6 −9 −46 −54 −24 3 −14 −14 0 2
Active control −37 −5 −30 −65 −27 −24 3 0 −9 −1 −16 −6 −14 −8 −7 27 17
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