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solutions, including semi-active methods. They can offer considerable levels of noise reduc-
tion with limited resources and lower application costs. This paper investigates a novel
semi-active control approach for double-panel noise barriers, where bistable links
mounted between the panels are structurally coupled, when turned on, or decoupled,
when turned off. These semi-active links only require energy when switching between
states. The structural couplings significantly alter natural frequencies and mode shapes
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Double wall
Vibrating plates of the vibroacoustic system. This enables an adaptation of structural response dependent
Semi-active control on the noise spectrum, i.e. minimizing the radiation in the targeted frequency bands.

Such an approach is especially feasible in case of non-stationarynarrow-band noise, which
is very common in real-life. Analysis of experimental results shows that the acoustic radi-
ation of the a noise barrier can be reduced by as much as 16 dB for targeted resonance
frequencies.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

People are often exposed to excessive acoustic noise in modern society and as a result, a variety of noise reduction meth-
ods have been developed. One such approach is to separate the recipients from the noise source using noise barriers. Com-
monly used passive barriers are generally ineffective for low-frequency noise. They also tend to be thick and heavy and
introduce unwanted heat insulation. However, thanks to technological advancement, passive barriers can be complemented
with or replaced by actively controlled barriers. They incorporate control sources that may be either acoustic, such as loud-
speakers, or structural, such as vibration actuators. Such systems are most effective in the low-frequency range, where pas-
sive insulation fails. Actively controlled barriers have proven their effectiveness in a number of publications. Milton et al.
implemented active structural acoustic control of a rectangular plate using an experimentally identified radiation resistance
matrix [1]. Wrona et al. achieved an active reduction of a device narrowband noise by controlling vibration of a whole
custom-made cubic casing [2]. Mazur et al. actively reduced washing machine noise by controlling vibrations of its original
ready-made casing [3]. Li et al. analysed an active control of sound transmitted through a linked double-wall system into an
acoustic cavity [4]. In some applications, openings with dedicated active noise control systems can also be integrated into
barriers to allow natural ventilation and light, as presented by Qiu in [5]or by Shi et al. in [6]. However, when the availability
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Nomenclature

Symbols

Cp sound speed in the air

Dy flexural rigidity of the panel a
E, Young’s modulus of the panel a
fij force produced by the jth link
hq thickness of the panel a

Hj coefficients of the coupled system
ke acoustic wavenumber

Ky ; stiffness of jth semi-active link
K, stiffness matrix

Lax, Loy dimensions of the panel a
Lyx Ly, dimensions of the panel b
Lex, Ley, Lo, dimensions of the enclosure
Lgx, Lgy, Lg, dimensions of the gap cavity
Laejj Lagj» Logj modal coupling coefficients
Mg, My, Mej, Mg; generalized modal mass of the ith mode
Mg, Mpp i
masses of the ith link components attached to panel a and b, respectively
M, mass matrix
Ng,Np,Ne,Ng numbers of modes considered for panels a and b, the enclosure and the gap cavity, respectively
N number of links
Dei» Dg; ith modal pressure amplitude of the enclosure and the gap cavity, respectively
Pe, Pg acoustic pressures inside the enclosure and the gap cavity, respectively
Pexi(X,¥,z) external modal acoustic pressure amplitude corresponding to ith mode of the system

Py i external modal acoustic power corresponding to ith mode of the system
qq generalized panel a displacement vector

Sar Sp surfaces of panels a and b, respectively

Sext surface enclosing the barrier

t time

Ta,Taw, Tqr overall kinetic energy, kinetic energy of the panel and kinetic energy of the links, respectively
Uq,Uqaw overall potential energy and potential energy of the panel, respectively

Vg, Vp  modal displacement vectors

Ve, Vg volume of the enclosure and the gap cavity, respectively

wg, W,  displacement of panels a and b, respectively

ij,k positive integers

X,y,2Z coordinates

X.i» yi; coordinates of the ith link

l imaginary number

Va Poisson ratio of the panel a

Eair Epir Cein & damping coefficients

Pa mass density of the panel a material
Pp equilibrium air density

b vector of trial functions

Wair ¥p; mode shapes of the loaded panels a and b, respectively

Yei» g; mode shapes of the enclosure and the gap cavity, respectively

®, eigenvector matrix

g, Wp; ith eigenfrequencies of uncoupled panels a and b, respectively

e, Wg; ith eigenfrequencies of uncoupled enclosure and gap cavity, respectively
e ith coupled natural angular frequency of the system

Q, eigenfrequencies matrix

& n,y  components of the acoustic wavevector

of high-performance processors and energy sources is limited, it can be beneficial to adopt a semi-active solution instead.
The semi-active barrier adjusts the characteristics of the structure itself with a small external energy supply [7]. It can offer
considerable levels of noise reduction in a highly effective and economical manner.
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Double-panel structures can be used as a base on which to design semi-active noise barriers. Double-wall structures have
been widely used in aircraft fuselages, car doors and lightweight partition walls in buildings because they offer significantly
higher passive transmission loss compared to equivalent single-wall structures. However, their acoustic performance dete-
riorates rapidly at low frequencies due to low order structural-acoustic resonances. So called mass-air-mass resonance is
particularly responsible for the weak passive transmission loss [8,9]. This is the frequency range where control systems
can offer significant enhancement. This topic has gained a high interest in recent years. Langfeldt et al. considered a broad-
band low-frequency sound transmission loss improvement of double walls due to application of Helmholtz resonators [10].
De Melo Filho et al. studied dynamic mass based sound transmission loss prediction of vibro-acoustic metamaterial double
panels applied to the mass-air-mass resonance [ 11]. Mao investigated an improvement on sound transmission loss through a
double-plate structure by using electromagnetic shunt damper [12]. Ma et al. analyzed an active control of sound transmis-
sion through orthogonally rib stiffened double-panel structure [13]. In addition, double-panel structures enable application
of a wide variety of control approaches, including (i) methods aimed at reduction of panel vibrations to reduce the acoustic
radiation, and (ii) methods aimed at reduction of the acoustic response in the gap cavity to block the sound transmission. The
first group consists of, e.g. tunable vibration absorbers [14]| and piezoelectric patches with shunt circuits. Gardonio et al.
investigated a panel with self-tuning shunted piezoelectric patches for broadband flexural vibration control [15]. Billon
et al. studied vibration isolation and damping using a piezoelectric flextensional suspension with a negative capacitance
shunt [16]. Dal Bo et al. considered a smart panel with sweeping and switching piezoelectric patch vibration absorbers
[17]. On the other hand, the second group includes, e.g. adaptive Helmholtz resonators [10,18] and shunted loudspeakers
located in the gap cavity between the panels [19].

This paper investigates a novel semi-active approach for double-panel noise barriers. The proposed solution can signifi-
cantly enhance the effective transmission loss, while being significantly lighter and requiring less space compared to vibra-
tion absorbers or Helmholtz resonators (which can be bulky when tuned for low frequencies). Meanwhile, it is less
demanding in terms of system complexity as compared with a fully active approach. The solution is based on bistable links
mounted between the incident and the radiating panels, which structurally couple (when turned on) or decouple (when
turned off). Such semi-active links only require energy for switching between the states. They do not force vibration by
themselves and hence the solution is semi-active. The structural couplings that have been introduced significantly alter
the natural frequencies and mode shapes of the vibroacoustic system. This enables an adaptation of frequency-dependent
transmission loss to the noise spectrum, which can be easily monitored, i.e. minimizing the radiation in the targeted fre-
quency bands (especially in the vicinity of low-order resonances). Such an approach aims at an efficient reduction of trans-
mission of non-stationarynarrow-band noise, which is very common in real-life.

This paper is organized as follows. Section 2 introduces a mathematical model of the double-panel barrier, including
semi-active point links, loading due to their mass, and adjacent enclosure for the noise source. Section 3 discusses the results
of an experimental validation of the model and the semi-active control approach designed by the authors. Section 4 presents
the numerical simulation studies based on the validated model, providing analysis and insight into various practical aspects,
including analysis of the energy transmission process. Section 5 summarizes the obtained results and conclusions.

2. Model of the vibroacoustic system

The vibroacoustic system considered in this paper is presented in Fig. 1. It can be divided into four explicitly modeled
subsystems: two cavities and two thin panels. The first cavity is the enclosure, where a noise source is placed. The generated
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Fig. 1. A schematic representation of the vibroacoustic system.
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noise excites the incident panel a, which through the gap cavity transmits the energy further to panel b. Panel b radiates the
noise to the external environment. Energy from panel a to panel b, apart from the acoustic path through the air gap, can be
transmitted through semi-active links, which, when turned on, structurally couple the panels. In addition, apart from the two
panels a and b, in the reported research all other surfaces surrounding both the enclosure and the gap cavity are acoustically
rigid.

To model the system under consideration, firstly all subsystems are described individually in order to obtain their natural
frequencies and mode shapes. Then, interactions between the subsystems are introduced and a coupled system description
is formed. Finally, the acoustic radiation of the whole barrier is estimated.

2.1. Models of the individual subsystems

2.1.1. Model of vibrating plates
For an isotropic and homogeneous panel q, free vibrations are governed by a differential equation [20]:

DoV*W, + pahae =0, (1)

where w,(x,y, t) denotes the displacement of the panel a from the reference state in the z-direction, D, = Euhi/[IZ(l —Vv2)]is
the flexural rigidity, E, is Young’s modulus, v, is Poisson ratio, p, is the mass density of the panel material, h, is the panel
thickness, and a superimposed dot stands for the time derivative.

Considering only the transverse motion and neglecting the effect of rotary inertia, the kinetic and strain energies of the
panel a,Tqy and Uy, can be written as:

TaW:p“h“/ W2 dxdy, (2a)

2 2
*w, o*w, 9w, *w, *w,
// { < 2 ) ( | T Do o * 2(1=va) oxdy dxdy, (2D)

where S, is the surface of the panel.

To reflect the fact that mounting of the panels is often imperfect (neither simply-supported nor fully-clampled), boundary
conditions elastically restrained against rotation are adopted. They are represented by rotational springs distributed linearly
along panel edges and defined by a uniform spring constant k. Classical boundary conditions of the plate can be obtained as
limiting cases when the spring constant k,, approach its natural limits of zero or infinity, leading to simply-supported or
fully-clampled boundary conditions, respectively. The strain energy stored in rotational springs, U}, is given by:

Ckap | M fowg) AN Loc | 79w, \ 2 awg\ 2
oot [y o] doe o] @] Lol 5
= X=Lax =tay

y=0
Semi-active links considered in this research, apart from panel coupling, also load the panels with their mass, even if they
are turned off. This loading affects the natural frequencies and mode shapes, and therefore it should be included in the model
of the panel subsystem. The loading is represented by the additional concentrated mass attached to the panel surface. The
effect of strain caused by the bonding of links to the plate surface is neglected. Thus, the total energy introduced to the sys-
tem is considered to be the kinetic energy which is expressed as:

T., — S Mg . 4
a,L*Z 2 (XLz _VL1) I ( )

i=1

where N, myq;, x,; and y, ; are the number of links, mass of the ith link component attached to panel a, and coordinates of the
ith link, respectively.

The Rayleigh-Ritz method is used to calculate an approximate solution of the considered differential equation, obtaining
panel natural frequencies and mode shapes [21]. To use this method the total energy of the system and trial functions needs
to be defined. The energy functionals have already been derived in Eqgs. (2)-(4), while characteristic orthogonal polynomials,
with the property of Euler-Bernoulli beam functions, are used as the trial functions [22]. For free vibration of the considered
panel, the solution of w, can be expressed in the required form using a predetermined set of admissible trial functions:

Wo(X,Y,t) = de X,Y)4ai(t) = $ola; (5)

where q, is a generalized panel a displacement vector, ¢, is a vector which represents a set of time-invariant trial functions
¢qi(x,y), and the superscript T denotes the transpose. All of these vectors have dimensions (N, x 1), where N, is the number
of trial functions used.
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Utilizing Eq. (5), the total kinetic and potential energies of panel a, T, = Ty + Tqy and U, = Ugyw + Uy, can also be written

as functions of the generalized plate displacement vector q,, the mass matrix M, of dimensions (N, x N,) and the stiffness
matrix K, of dimensions (N, x Na) as follows:

1. .
TG = ianMﬂqav a 2 qal(ﬂqa (6)

The elements of the mass matrix M, and stiffness matrix K,, respectively, are defined as:

ﬂU - pah //¢al¢’a1dXdy+ ZmLak(;bm kavyl_k)(;buj(kav.yLk) (7&)

2, 2 P Rd . P P2y
Kej= D // Poos Pooy | Pooi Py | o, Fbus P +201— va)azqsﬂ., waj}dxdy

r)xz X2 dy2 ay? xr 9y? xJy  Oxdy

+kab{ Loy { (02;,- ag:,J> - <a§;_i 02;]) x:LM}dy (7b)

Lax i Opqj i Odaj
+f0 {(T;I z);]) -0 + ( 0;' iJ;j) y:Lay}dX}

Having defined the stiffness and mass matrices by using the Lagrange equation of the second kind the equation of a vibrating
structure can be obtained as:

Maqa + Kaqa = 0’ (8)

The harmonic solution to Eq. (8) gives the eigenvector matrix ®, with dimensions (N, x N,) and N, eigenfrequencies w,;.
Replacing q! by ®,v, and multiplying Eq. (8) on the left by ®] gives:

®'M, @V, + O'K,D,v, =0, 9)

where v, denotes the modal displacement vector of dimensions (N, x 1). Taking advantage of the orthonormality of the
eigenvectors in matrix ®,, the modal mass matrix becomes a unit matrix Iy, of dimensions (N, x N,) and the corresponding
modal stiffness matrix becomes a diagonal matrix Q, of N, eigenvalues w?; [23], which gives:

oM@, =y, OKD, =Q = |diag(w?, 0%, ..., 02| (10)

Then, substituting Eq. (10) into Eq. (9), gives:

Vo+ v, =0, (11)
with
Nﬂ a T
Wa(X, Y, 1) Z(Z(Dambaz *x Y)> Vai(t) = (Dia) Va =VeVa, (12a)
i=1 \ j=1

where y, represents a vector of mode shapes of the loaded panel a. Introducing a modal loss factor &,;, and interactions with
enclosure, gap cavities and panel b to Eq. (11), a set of ordinary differential equations can be written:

. . 2
Vqi + 2éa.ia)u,ivcl,i + wa,i Vaj =

// _Pg l//aldXdy ZfL_)lpal XLJ’yLJ) ’ (13a)

where P, and P, are the acoustic pressures inside the enclosure and the gap cavity respectively, m,; is the generalized modal
mass of the ith mode, and f;; is the force produced by the jth semi-active link located at (x;;,y, ;) coordinates, which, when
turned on, can be simulated by a spring with a stiffness K;; as:

f I<LJ <Zl//a1 XL,}nyJ val Zl//bx XLj7yL])Ubl( )> (13b)

i=1

Similarly, the displacement of the panel b, wy(x,y,t), can be expressed as:
Vi + 28pip i Vhi + OF Vpi = //Pgnl/b,dxdy + meﬂbl XLy | (13c)

where quantities with the subscript “b” have the same meaning as those defined before, but apply to panel b. The acoustic
pressure loading from the exterior on the radiating panel b is neglected.
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2.1.2. Model of acoustic pressure inside the cavities
The acoustic pressures inside the enclosure, P,, is governed by the classical wave equation [24]:
1 9°P,

I 2o =0, (14)

where ¢, is the speed of sound in the air. Possible sources and interactions with panels would be on the right hand side, how-
ever, for the moment the sole subsystem is considered. Assuming the enclosure as a closed rectangular volume with hard
boundary surface, the natural angular frequencies and mode shapes, w. and v, ., respectively, can be calculated with
closed-form formulae: [24]

2 2 2\ 1/2
i j k
e jjk = Cp7T<LT+LT+LT> ) (15a)
Veijk = cos X cos]ﬂ cos knz (15b)
Lex ey ez
i,j,k=0,1,2, ...,

where L.y, L.y, and L., are the dimensions of the enclosure in the x,y and zdirections, respectively. Sorting corresponding
e and v, by natural frequencies in ascending order, the triple subscript ijk can be reduced to single subscript i, obtaining
we; and y,; respectively. The acoustic modes are orthogonal over the enclosure volume V. such that:

1 0, i#]j,
_ W.ody = 16
V. /ve‘”“‘”‘” g {m i=j, (10

where V, = LexLeyL.,, and m,; is the ith modal generalized mass of the enclosure. Based on mode shapes that were obtained,
P, can be decomposed as:

Ne
PE(X7y7 Z, t) = ZWE.i(X7y7 Z)pe,i(t) = l/’:pw (17)
i=1

where p,; is the ith modal pressure amplitude of the enclosure, and N, is the number of modes included in the
decomposition.

Employing a transformation given in [25], and introducing a modal loss factor ¢,; and interaction with panel a, the wave
equation can be transformed into a set of ordinary differential equations, obtaining:

2
.. B . P
Pei + 2E0iWeiPei + O Po; = —-L

A —/ Wal,; dxdy |, (18a)
Sa

where p, is the equilibrium air density. Similarly, the acoustic pressure P, inside the gap cavity can be expressed as:

| ety axdy — [ i dxcy| (18b)
Sa Sp

where quantities with the subscript “g” have the same meaning as those defined before but apply to the gap cavity.

2 ppcﬁ
Doi+ 265 iWgiDgi + W5 iDei =
Dgi + 2C4iWgiPgi + g iPg i MgV

2.2. Coupling of subsystems

Using the approach presented in [25], description of individual subsystems given in Egs. (12) and (18) can be combined
together forming a set of ordinary differential equations:

B ) 1 Ne Ng Ny

Daj + 2E4iWaiVai + OF Vaj “my, {Sﬂ <ZLG€.UpeJ - ZLagijng> - E friVai®e Y| (19a)
: a o p

. . 1 e a

Dy + 284 i0p i Uy + Wf Vb = s szng,ijpg_j + E fripi (X Yij) | (19b)
R =

. . p,C> N oo

pe,i + zée.iwe,ipe,i + wg‘ipe,i = mp“; _SazLae.ji Uaj ; (19(:)
el1ve _

i . , p,C2 N ) Np i

Pgi + 2CgiWgiPgi + WgiPgi =1 ‘;g oY Lagjitaj = Sb Y Lbgii by, (19d)

= =
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where L jj, Log 5 and Lyg;; are modal coupling coefficients between the ith structural mode of panel a (or b) and jth cavity
mode of the enclosure (or the gap cavity), respectively:

1 1 1
Lae,ij =c / l//a,i‘//e,idxdy7 Lag,ij =c / l//a,l"//g,idXdy’ ng,i}’ =c / l//b‘il//g,idXdy' (20)
Sa Sa Sa Sa Sb Sy

In the case where the harmonic excitation is assumed:
voi(t) = @e',  vpi(t) = bie'™, pg,(t) = cie'", pg,(t) = die'™, (21)

Egs. (19) can be written in a matrix form:

Hyy Hy; His His] A 0
Hy; H 0 H B 0
21 22 24 _ , (22)
Hy; 0 Hs O C F.
Hy Hgp 0 Hyl LD 0
where Hj are coefficients defined in the Appendix A, F. is generalized excitation applied to the enclosure cavity modes,
A=m,...,ay)",B= [bl,...,bNb]T,C =1c1,...,cn) D = [d1,...7ng]T, and 1 is the imaginary number satisfying equation
12=-1.

2.3. Acoustic radiation of the barrier

The aim of this subsection is to determine an estimate of the acoustic power radiated by the barrier corresponding to the
ith coupled mode of the radiating panel b. To describe the acoustic radiation of the panel, it has been assumed that it is
placed in an infinite rigid baffle. Adopting an appropriate Green’s function that has been derived in [26,27], the modal sound
pressure amplitude p,,,;(x,y,z) can be calculated as:

k Lb be,y dé d?’]

m (23)

Poci(X.y.2) = P26 // exp [1(ex + 1y + 92)Mi(&, ) =1

where:

21wc,

Mi(c.n) = / Uiy €Xp[—1(x + ) |dedy. (24)

In Egs. (23) and (24) the symbol k. = w.;/c, is the acoustic wavenumber, &, 77 and y are the components of the acoustic
wavevector, .; is the ith coupled natural angular frequency of the structure, and y; is the ith coupled mode shape of
the panel b.

(a) A photograph of the heavy concrete box and mounted (b) A photograph with dissembled panel b and three semi-
panel b. active links mounted in the gap cavity.

Fig. 2. Photographs of the laboratory setup.
7
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To determine an estimate of the modal acoustic power, P,;, the squared modal sound pressure under free-field condi-
tions, p.,;(x,¥.z), can be averaged over a surface S, which encloses the vibrating panel [28]. Hence, the modal acoustic
power P, ; can be expressed as:

X Z
Posi= [ Peri(:y. )" 4 (25)

ppCP

3. Experimental validation

This section presents results of an experimental validation of the mathematical model of a double-panel barrier. It also
evaluates the designed semi-active actuators and the proposed approach to control. Photographs of the laboratory setup
used for this purpose are shown in Fig. 2.

The enclosure was built as a heavily reinforced-concrete box, of which the walls can be considered as acoustically rigid. A
loudspeaker was placed inside the enclosure as a noise source. For the purpose of model verification, the loudspeaker was
driven to generate band-limited white noise. Two rectangular steel plates were attached to the front of the enclosure at a
distance of L, , = 0.080 m. The concrete walls of the box provided a high noise attenuation, hence most of the acoustic energy,
which was transmitted outside the box, was transmitted through the panels. The dimensions of each panel area that was free
to vibrate (i.e. the area inside the clamping frame) are 0.420 m x 0.390 m. The panels and cavities can be described by the
following parameters (cf. Section 2 for the meaning of symbols):

the panels :

Lox =Ly = 0.420m, Liyy=Lyy, = 0390m, h,=h, = 0.001m,
E,=E, = 210GPa, Pa=p, = 7850kg/m3 Vo=V, = 03

ka,b = kb,b = 340 N/rad, éa,i = éb,i = 000‘17
the cavities :

Lex = 0.500m, Ley = 0.500m, L., = 0.500m,
Lo = 0420m, Ly = 0.390m, L, = 0.080 m,
Cp = 343m/s, 0y = 1.21kg/m3, Ci=&; = 0.001,

A scheme and a photograph of the setup of the semi-active link are shown in Fig. 3. In Fig. 3a, each component described
has the name of a panel to which it is attached denoted in parentheses, when the link is turned off (decoupled). The masses of
ith semi-active link components are mq; = 0.043 kg and my;,; = 0.013 kg. Both ends of the link are attached to the panels with
neodymium magnets. To change the state of the link, the motor either rotates the brake counter-clockwise to hold the pin
inside the main block (coupling panels) or rotates it clockwise to release the pin and allow it to move freely inside the main
block. The motor only requires energy for a short time in order to switch between states, otherwise the system is self-
locking. Pressure springs under the main block push the brake block down, ensuring that, when turned on, the brake holds
the pin firmly. The pin is covered with a layer of PTFE to minimize friction when the link is turned off. Most of the compo-
nents are made of stainless steel or aluminum, so the permanent magnets used for mounting the link to panels do not intro-
duce additional forces acting on panels.

For validation, firstly the accuracy of modelling the panel vibration should be examined. For this purpose, the structural
response of panel b was measured using a Polytec PDV-100 laser vibrometer mounted on an automatic positioning system
developed by the authors. The positioning system allowed precise movement of the carriage with the vibrometer along both

main block (panel a) brake block (panel a)

motor (panel a)

brake (panel a) magnet (panel b)

(a) A scheme of the semi-active link. (b) A photograph of the semi-active link.

Fig. 3. A scheme and a photograph of the setup of the semi-active link.

8
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horizontal and vertical axes. Panel a was inaccessible for the non-contact measurements. The results obtained are compared
with theoretical predictions in the following Section 3.1.

Secondly, the modeling of the acoustic radiation from the plate should be validated. For this purpose, two Beyerdynamic
MM1 measurement microphones were mounted on the carriage along with the laser vibrometer. Although this validation
has also been successfully done during this research work, for the sake of conciseness the verification data has been omitted
in this paper because the acoustic radiation model has already been verified in [28] for a related scenario and the analogous
verification data published. The acoustic radiation depends only on vibrations of panel b, thus it is analogous to a single-
panel barrier considered in [28].

Finally, the experimental results of semi-active control are validated in 3.2 through a comparison of the double-panel bar-
rier without the link and with a single optimally controlled semi-active link.

3.1. Verification of the modeling of panel vibrations

3.1.1. Double-panel barrier without loading

This evaluation was carried out for a double-panel structure connected to an enclosure without any additional element
attached to the surface of the panels. Theoretical results are compared with experimental measurements in Table 1. After a
convergence study, the number of trial functions used for both panels was set to N, = N, = 256 (the orthogonal polynomials
were truncated at the order of 16 in both x and y direction). The orders of acoustic modes have been truncated at (8,8,8) for
the enclosure and at (8,8,2) for the gap cavity. The mode shapes (or operational vibration shapes for measurements) are reg-
ular, hence y, ; and v, ; are described using a number of nodal lines minus one, parallel to the y and x direction, respectively
(e.g. a fundamental mode of an unloaded rectangular plate has a mode shape denoted as (1,1)). Moreover, it has been
assumed that panel b mode shapes are always positive, while panel a mode shapes can be both positive (vibrating in-
phase with panel b) or negative (vibrating out-of-phase with panel b).

It follows from the analysis of Table 1 that the consistency between the results is high, both in terms of the natural fre-
quencies and mode shapes. Nearly all of the initial 20 theoretically predicted modes could be distinguished with the labo-
ratory setup. It clearly proves that the model of the double-panel structure is sufficiently accurate.

3.1.2. Double-panel barrier with a coupling link between panels
The second evaluation was done for a double-panel structure with a semi-active link introduced between the panels at
the center of the plates, at x;; = 0.5L,x and y;; = 0.5Lqy. The link was turned on, coupling both panels together with stiffness

of the link K;; = 10°N/m. Such value represents a nearly completely stiff link and it has been estimated by trial and error
method during preliminary tests.

Theoretical predictions are compared with experimental measurements in Table 2. The mode shape, or operational vibra-
tion shapes, are irregular in some cases, hence v, ; and y,, ; are described either in the same manner as in the previous sub-
section or are depicted in Fig. 4. The consistency between the results, presented in Table 2, is again very good. Most of the
initial 20 theoretically predicted modes could be distinguished with the laboratory setup. Again, the presented results prove

Table 1
Comparison of vibration simulations and measurements obtained for an unloaded double-panel structure. The symbol f.; = w.;/2 is the ith coupled natural
frequency of the structure. Modal Assurance Criterion (MAC) [29] values are also given.

Simulation Experiment MAC
No. fei Vai Yy i fei by i
1 54 Hz +1,1) +(1,1) 48 Hz +(1,1) 0.92
2 90 Hz —(1,1) +1,1) 84 Hz +1,1) 0.91
3 100 Hz —(2,1) +2,1) 102 Hz +2,1) 0.89
4 102 Hz +2,1) +2,1) 104 Hz +2,1) 0.81
5 109 Hz ~(1,2) +(1,2) 115 Hz +(1.2) 0.90
6 111 Hz +1,2) +(1,2) - - -
7 156 Hz —(2.2) +2,2) 151 Hz +(2,2) 0.88
8 157 Hz +2,2) +(2,2) 162 Hz +(2,2) 0.90
9 181 Hz +3,1) +(3,1) 177 Hz +3,1) 0.83
10 184 Hz —(3,1) +3,1) 188 Hz +3,1) 0.91
11 204 Hz +(1,3) +(1,3) 214 Hz +(1,3) 0.88
12 208 Hz ~(1,3) +(1,3) - - -
13 233 Hz —(3,2) +(3,2) 231 Hz +(3,2) 0.81
14 234 Hz +(3,2) +(3,2) 243 Hz +(3,2) 0.87
15 246 Hz —(2.3) +2,3) 246 Hz +2,3) 0.80
16 248 Hz +2,3) +2,3) 258 Hz +2,3) 0.84
17 285 Hz —(4,1) +(4,1) 285 Hz +(4,1) 0.79
18 288 Hz +4,1) +4,1) 297 Hz +(4,1) 0.81
19 322 Hz —(1,4) +(1,4) 323 Hz +(1,4) 0.78
20 327 Hz +(1,4) +(1,4) 343 Hz +(1,4) 0.77
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Table 2
Comparison of vibration simulations and measurements obtained for a double-panel structure with a link.

Simulation Experiment MAC
No. fei Vai by i fei by i
1 51 Hz +1,1) +(1,1) 45 Hz +(1,1) 0.91
2 100 Hz —(2,1) +(2,1) 106 Hz +2,1) 0.88
3 102 Hz +2,1) +2,1) - - -
4 109 Hz —(1,2) +(1,2) 117 Hz +(1,2) 0.90
5 111 Hz +(1,2) +(1,2) - - -
6 145 Hz * * 140 Hz * 0.91
7 156 Hz —(2,2) +(2,2) 161 Hz +(2,2) 0.89
8 158 Hz +2,2) +2,2) - - -
9 171 Hz +3,1) +3,1) 172 Hz +3,1) 0.71
10 182 Hz -(3,1) +(3,1) 189 Hz +(3,1) 0.83
11 192 Hz * * 203 Hz * 0.84
12 198 Hz +1,3) +1,3) - - -
13 230 Hz —(3,2) +(3,2) 241 Hz +(3,2) 0.83
14 232 Hz +(3,2) +(3,2) - - -
15 244 Hz —(2,3) +2,3) 258 Hz +(2,3) 0.86
16 246 Hz +2,3) +2.3) - - -
17 271 Hz * * 277 Hz * 0.86
18 278 Hz +4,1) +(4,1) - - -
19 309 Hz +(3,3) +(3,3) 317 Hz +(3,3) 0.89
20 338 Hz —(4,2) +(4,2) 352 Hz +(4,2) 0.83

* Irregular mode shapes marked with a star are depicted in Fig. 4.

Simulation: ¥, ; Simulation: ¥y ; Experiment:
Mode no. 6, 145.0 Hz Mode no. 6, 145.0 Hz Mode no. 6, 140.0 Hz
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0 0
Mode no. 11, 192.0 Hz Mode no. 11, 192.0 Hz
1 1

Fig. 4. A comparison between the theoretically calculated vibration mode shapes No. 6, 11 and 17 (irregularly shaped) with the corresponding
experimentally measured operational vibration shapes.

that the derived model of the double-panel structure with semi-active links is accurate and can be used for simulation stud-
ies performed in the following section.

3.2. Verification of the semi-active control approach

Experimental results of the control system with the semi-active link are presented in this subsection. The mass-air-mass
resonance, when both panels vibrate out-of-phase with mode shapes (1,1), is particularly responsible for noise transmission
through double-panel barriers [30,11]. Hence, the semi-active link was attached to the centers of the panels to have the high-
est impact on the mass-air-mass resonance(its mode shape have the highest displacement of the panels at their centers). The
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frequency characteristics of the mean vibration velocity of panel b and the mean squared external acoustic pressure are pre-
sented in Fig. 5. The adopted dB reference is equal to one, i.e. the frequency responses present the measured signal magni-
tude in the logarithmic scale without any additional normalization. However, to give a feeling about the experiments, the
Sound Pressure Level of the noise in the room was between 75 and 85 dB. Vibration measurements of the panel were taken
point-by-point with the vibrometer over a uniform grid of 22 x 20 points, giving a total of 440 points, spaced at intervals of
0.02 m, hence coveringthe wholesurface of panel b. After completing the measurements, the frequency analysis for all points
was performed, and the mean vibration velocity was obtained by averaging all obtained frequency characteristics.The mean
squared external acoustic pressure was calculated analogouslyby averaging frequency characteristicsobtained with the
microphones over the rectangular measurement grid, 1.00 m wide and 0.76 m high, 0.1 m away from the surface of panel
b.

It follows from the analysis of Fig. 5ab that the activation of the link strongly alters the frequency response of the barrier.
What is most noticeable, is that the aforementioned mass-air-mass resonance is relocated from 78 Hz to 140 Hz. It is very
beneficial from the point of view of semi-active control. For example, to minimize the acoustic pressure due to noise trans-
mitted through the barrier, the link should be turned on for tonal noise frequencies below 90 Hz, and turned off for frequen-
cies between 90 Hz and 160 Hz (with some exceptions for narrow resonance peaks at 97 Hz and 100 Hz). Assuming that the
noise is mainly tonal, although, it can be non-stationary, such action can reduce the mean acoustic pressure due to transmit-
ted noise by even more than 16 dB. Thus, the objective is to protect the structure against excitation of the low-order
structural-acoustic resonances, not to truly attenuate them (it would require much more energy). Shifting the resonances
“away from the noise spectrum” in the frequency domain with semi-active elements is a much more efficient approach,
as long as the noise is tonal or narrow-band, thus there are frequency bands where the resonances can be safely shifted
to. Otherwise, for a broadband noise this approach would generally be not suitable, however, such cases are out of the scope
of the proposed method.

The frequency characteristics for the “optimally controlled link” are presented in Figs. 5cd. The “optimally controlled link”
means that the semi-active link is turned on or off, depending on which frequency characteristic is better for a given fre-
quency (the minimum of both “on” and “off” characteristics is taken). The binary output controlling the link should be gen-
erated automatically by a controller. The controller is responsible to choose the more beneficial frequency response of the
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Fig. 5. Frequency characteristics for the semi-active control experiments performed for the link mounted between the panels at x,; = 0.5L,, and
Y1j = 0.5Lgy. Plots (a) and (b) show a comparison of a double panel with the semi-active link turned off and on. Plots (c) and (d) show a comparison of a
double panel without the link and with the optimally controlled semi-active link.

11



S. Wrona, M. Pawelczyk and L. Cheng Mechanical Systems and Signal Processing 154 (2021) 107542

barrier according to a predefined cost function and the continuously monitored noise spectrum. The presented results
assume a scenario where the noise is purely tonal. It is a simplification and the real noise might be more complex, however,
it is assumed that in the targeted applications a single tone (or a narrow-band noise) is dominating the noise spectrum, thus
the presented behaviour of avoidance of resonances excitation should be achievable in practice.

Obtained “optimal” characteristics are compared with a double-panel barrier without the link (unloaded panels) for a
better evaluation of the provided performance. The total mass of the semi-active link is 0.056 kg, while both panels of
the considered barrier weight 2.57 kg. The semi-active link increases the overall mass of the barrier by only approximately
2%. Hence, the mass of the link has a negligible impact on the noise reduction and the obtained noise reduction is a results of
switching the link, hence choosing a more beneficial frequency response of the barrier for particular noise frequency.

It follows from the analysis that for most frequencies a barrier with just one semi-active link can provide better noise
reduction of sound than the unloaded barrier without the link. Hence, it is worth exploring what performance could be
achieved with other arrangements of panels and links. This concept is undertaken in the numerical simulation studies pre-
sented in the following section, basing on the already derived and validated mathematical model.

4. Simulation studies
4.1. The semi-active link in the center of the panels

Firstly, a scenario already analyzed experimentally in Section 3.2 is once again considered using the simulation environ-
ment. The frequency characteristics obtained are presented in Fig. 6; the results are presented in an analogous manner as in
Fig. 5. Both Figs. 5 and 6 are very consistent, especially regarding the main points, once again confirming the model accuracy
(the overlaid characteristic are presented in Fig. 7). Firstly, the simulations presented also show that the semi-active link
located in the center of the panels enables efficient mitigation of the mass-air-mass resonance originally located around
90 Hz(the excitation of the mass-air-mass resonance can be completely avoided due to switching of the semi-active link,
what would not be possible with an addition of only a static mass). However, the fundamental mode (1,1) with panels vibrat-
ing in-phase is difficult to reduce in such a configuration when panels are of the same thickness. Moreover, the semi-active
control enables the reduction of noise transmission for several other higher resonances. Some bands are slightly enhanced
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Fig. 6. Frequency characteristics for the semi-active control numerical simulation performed for the link mounted between the panels at x;; = 0.5L,, and
Y1j = 0.5Lqy. Both panels are of the same thickness equal to 1 mm.
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Fig. 7. Frequency characteristics for the semi-active control numerical simulation presented in Fig. 6 (plotted with dashed lines) overlaid for comparison
with experimental results presented in Fig. 5 (plotted with solid lines).

compared to the unloaded double-panel structure (e.g. around 170 Hz). However, the bands with successful noise reduction
outweighs them.

4.2. The semi-active link with panels of different thickness

In this simulation, the thickness of panel a was increased from 1 mm to 2 mm. The frequency characteristics obtained are
presented in Fig. 8. The first important conclusion is that for a double-panel barrier with panels of different thicknesses, the
semi-active link is able to change, thus reducing the fundamental frequency, i.e. when both panels vibrate in-phase with
mode shape (1,1). The mass-air-mass resonance is mitigated in a similar manner to symmetric panel configuration. The noise
transmission in the remaining part of the frequency band being considered remains rather similar to the symmetric config-
uration. Thus, it shows that asymmetric configuration is substantially more beneficial compared to the symmetric one.

4.3. A link with additional mass

If a symmetric double-panel barrier configuration has to be employed for any reason, e.g. the application of a semi-active
control system to an already existing structure, an additional passive mass can be added to one of the panels to alter its nat-
ural frequencies and help mitigate the fundamental frequency with the semi-active link. The simulation results obtained for
symmetric panels with a passive mass of 0.25 kg attached to panel b at its center are given in Fig. 9. Although the asymmetric
configuration, whenever possible, still seems to be a better choice, the addition of mass to one of the panels definitely helps
in reduction of the fundamental mode; for the case considered, 7 dB more reduction of mean external acoustic pressure can
be obtained compared to the case without the additional mass. An alternative could be to attach an additional stiffener to
panel b as in [31,28], instead of additional mass, in order to alter the fundamental mode frequency of one of the panels.

4.4. Three semi-active links

Finally, a scenario is considered with three semi-active links introduced into the gap cavity. The number of three links was
arbitrarily chosen in order to explore the option of increasing the number of semi-active links, while maintaining still area-
sonable number of them for practical applications. In the example presented, their locations have been arbitrarily chosen,
however, a number of arrangements have been simulated to validate the conclusion presented in this subsection. The sim-
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Fig. 8. Frequency characteristics for the semi-active control numerical simulation performed for the link mounted between the panels at x,; = 0.5L,, and
Yij = 0.5Lgy. Panel b thickness h, = 1 mm, while panel a thickness h, = 2 mm.

ulation results are given in Fig. 10. An asymmetric configuration with h, =2 mm and h, = 1 mm has been used. The links were
located at:

X1 = 0.50Lgy, Yi1 = 0.50Lgy,
X2 = 0.83Lgy, Vi 0.50L,,
X3 = 0.25Lg, Vi3 = 0.20Lgy.

To determine which links are turned on, a vector K; = [K; 1 K, K; 3] can be defined, assuming that K;; = 0N/m when the link
is turned off, and K, ; = 10° N/m when the link is turned on.

The analysis of Fig. 10 leads to a conclusion that both fundamental and mass-air-mass resonances are successfully mit-
igated (as for a single link), but above a certain frequency (in the example considered, above 200 Hz), a configuration with all
links turned off provides a continuously better performance; turning on any of the links can only worsen the transmission
loss. It is due to a phenomenon that for higher frequencies the double-panel barrier itself provides good passive transmission
loss, and adding a structural link at any location, although altering frequencies and mode shapes, enhances the overall energy
transmission between the panels and generally worsens the transmission loss; a structural energy transmission path, in
addition to the acoustic path, is added to the system.

In addition, comparing Figs. 8 and 10 leads to a conclusion, that the improvement due to an increased number of semi-
active links is rather weak. A single link located at the center of the panels is effective enough to mitigate low-order reso-
nances (fundamental and mass-air-mass resonances, which are most responsible for weak transmission loss performance of

the double-panel barrier). For higher resonances, the links considered are not useful, hence addition of more links is rather
unjustified.

4.5. Energy transmission analysis

Through a double-panel barrier, energy can be transmitted either through the acoustic path or through the structural path
with a mechanical link. The already observed phenomena determining the performance of the proposed semi-active link can
be well understood when analyzing the energy transmission process.
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Fig. 9. Frequency characteristics for the semi-active control numerical simulation performed for the link mounted between the panels at x,; = 0.5L,, and
Y1j = 0.5L,y. Both panels are of the same thickness equal to 1 mm, but an additional mass of 0.25 kg is attached to panel b at its center.

Fig. 11 presents the tendency plot of the mean vibration velocity amplitude of panel b, averaged over the frequency band
between 0 Hz and 350 Hz, in function of gap depth L, .. The mean vibration magnitudes are considered as a rough represen-
tation of the overall energy transmitted from the noise source to the radiating surface of the barrier within the analyzed fre-
quency band. The plots are presented for the link turned off, the link turned on, and for the optimally controlled semi-active
link. Following the observations provided in [25], in Fig. 11 three zones can be distinguished.

For the lowest values of L, ,, the distance between the panels is so short that the acoustic energy transmission path is
dominant, hence switching the link on or off has a very weak impact on the overall energy transmission. It is well illustrated
in Fig. 12a, where frequency characteristics for the numerical simulations of the barrier with gap depth L;, = 0.004 m is
presented.

By increasing the gap depth L, ., the structural path (when the link is turned on) becomes comparable to the acoustic path.
Hence, the addition of the structural path affects substantially the vibrations of panel b, and the semi-active control can
choose a more beneficial configuration (cf. Figs. 12bc). The magnitudes obtained for "the optimally controlled link” in
Fig. 11 becomes much better comparing to the link permanently turned on or off.

However, a further increase of the gap depth L, , results in the acoustic path becoming weaker than the structural path,
especially for the higher frequencies; the tendency plot for the link turned off in Fig. 11 becomes continuously lower, while
the plot for the link turned on already reached a plateau. Hence, for nearly all frequencies it is better to keep the link turned
off, taking advantage of the transmission loss provided the double-panel structure itself (cf. Fig. 12d).

The provided analysis gives hints on the choice of the gap depth L,, when designing a semi-active double-panel barrier
(there is clearly an optimal range of values). But more importantly, it provides an insight and explains the physical phenom-
ena behind the performance of the proposed semi-active links.

5. Conclusions

Novel noise control methods are being sought in the increasingly noise-polluted world, and are especially attractive if
they can be energy-efficient. This paper proposes an original semi-active control approach for double-panel noise barriers

that mitigates low-order resonances which are most responsible for weak transmission loss performance of double-panel
noise barriers.
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Fig. 10. Frequency characteristics for the semi-active control numerical simulation performed for three links mounted between the panels. Panel b

thickness h, = 1 mm, while panel a thickness
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Fig. 11. Tendency plot of the mean vibrations of panel b, averaged over the frequency band between 0 Hz and 350 Hz, in function of gap depth L. The
numerical simulations were performed for the semi-active link mounted between the panels at x,; = 0.5Lqx and y;; = 0.5L,y. Panel b thickness h, = 1 mm,

while panel a thickness h, = 2 mm.

A mathematical model of the double-panel barrier, including semi-active links, loading due to their mass, and adjacent
enclosure for the noise source has been derived. Both the model and the semi-active control approach have been experimen-
tally validated. Then, numerical simulation studies have been performed to provide analysis and insight into various prac-
tical aspects. The analysis of the energy transmission process is provided.

Summarizing the main conclusions, a single semi-active link located at the center of both panels can successfully mitigate
low-order resonances reducing the acoustic radiation of the barrier for narrow-band noise even by 16 dB. The external
energy is only needed to switch states of the link. Moreover, there is clearly an optimal range of gap cavity depth L, ,, when
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Fig. 12. Frequency characteristics for the numerical simulations of the barrier with different gap depth L, .. The simulations were performed for the semi-
active link mounted between the panels at x;; = 0.5L,x and y;; = 0.5L,,. Panel b thickness h, = 1 mm, while panel a thickness h, = 2 mm.

both acoustic and structural energy transmission paths are comparable, allowing the semi-active links to reach its best
performance.

More links and different arrangements seem to be ineffective for improving higher frequency insulation due to physical
phenomena occurring in double-panel structures. Nevertheless, the proposed semi-active link can be used jointly with other
types of semi-active actuators that do not couple panels structurally, preserving the good transmission loss for higher fre-
quencies provided by the structure itself. Such alternative actuators could semi-actively adapt stiffness or mass distribution
of a panel. The semi-active link would then be responsible for the low-order resonances, while other semi-active actuators
would alter higher resonances. Such combined technique would further develop the proposed semi-active approach.
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Appendix A
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