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(is paper presents an analytical investigation on constructing an error sensing strategy of a new type of active MPPA. (e
proposed active MPPA is composed of MPP, air cavity, and point force-controlled backing panel, which can actively improve the
low-frequency sound absorption of the MPPA. Constructing an appropriate error sensing strategy for obtaining an error signal
that is highly correlated with the sound absorption coefficient of the active MPPA is a key problem encountered in practical
implementation. (e theoretical model of the active MPPA is firstly established using the modal analysis approach. (en, the
active control performance and surface impedance characteristics in the controlled condition are analyzed in detail. Finally, the
error sensing strategy of the active MPPA is constructed by measuring the surface average impedance ratio with an acoustic vector
sensor (AVS). Simulation results show that, due to the antisymmetric property of the vibration of the backing panel on the
resonant frequency, the surface impedance of the active MPPA after control also has symmetry or antisymmetry properties.
Hence, the surface average impedance ratio of the active MPPA can be measured by using the limited number of acoustic vector
sensors (sensing pressure and particle velocity). (is variable is also highly correlated with the sound absorption coefficient of the
active MPPA and thus can be used to construct the cost function (error signal). (e active control result obtained by the proposed
error sensing strategy is in good agreement with the theoretically optimal result, which validates the feasibility of this approach.

1. Introduction

(e micro-perforated panel (MPP) is an innovative fiber-
free solution to the noise control problem, which is widely
used in areas such as room acoustics, environmental noise
abatement, and duct mufflers [1]. By reducing the size of the
orifices to the submillimeter scale, the MPP can provide
enough acoustic resistance and low acoustic reactance [2].
(e MPP absorber (MPPA) is the most commonly used
form in practice in which the MPP is located in front of a
rigid backing wall. MPP backed by a shallow air cavity can
generate resonance. (is increases the particle velocity
through the holes, which can substantially dissipate the
acoustical energy [2].

Generally, the MPPA is a wide-band absorber. (e ef-
fective absorption band (sound absorption coefficient

greater than 0.5) is a frequency band centered on its resonant
frequency. Such bandwidth can only be limited to a specific
range for the MPPA with specific structural parameters.
Hence, it is insufficient to meet the practical application
requirements. In order to broaden the absorption band-
width, many improved design approaches are proposed.
One approach involved is adding additional MPP into the air
cavity of the MPPA to constitute a multiple-layer absorber
[3–5] or parallel arranging multiple MPPAs with different
cavity depths to form the large area sound absorption layer
[6, 7]. Broader absorption bandwidth can be achieved by
combining different effective absorption bandwidths to-
gether. Another approach involved is to improve the
structure of the MPPA. (e irregular-shaped cavity-backed
MPPA [8, 9] is proposed to enhance the vibro-acoustic
coupling effect and effectively broaden the absorption
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bandwidth. In addition, filling the cavity with anisotropic
fibrous material [10], decreasing the MPP holes diameter
and thickness [11], and composing the MPPA with meta-
materials [12, 13] and Helmholtz resonance structure [14]
can also broaden the sound absorption bandwidth.

(e abovementioned works significantly improve the
sound absorption of the MPPA in the mid-high-frequency
range. (ere are also many requirements for the MPPA with
preferable low-frequency sound absorption, such as de-
signing acoustic liners to reduce fan noise. A straightforward
approach for improving the low-frequency sound absorp-
tion is to deepen the backing cavity to shift sound absorption
bandwidth to the low-frequency range. However, such way
at the cost of increased cavity depth can hardly be applied in
engineering due to the practical limited installation space. In
order to further broaden the low-frequency absorption
bandwidth, passive and active methods are developed. (e
passive method mainly introduces resonant structure to
obtain the improvement of sound absorption in a narrow
bandwidth centered on the resonant frequency, such as the
MPPA backed by Helmholtz resonators [15], the flexible
micro-perforated panel absorber based on polyvinylidene
fluoride piezoelectric film [16], the MPPA backed by
shunted loudspeaker [17], and the MPPA backed with
mechanical impedance plates [18].

On the contrary, the active control method can sub-
stantially broaden the low-frequency bandwidth. For a
one-dimensional duct with plane wave excitation, an ac-
tive control system in which the back wall is replaced by a
piston source is proposed to actively control the low-
frequency sound absorption [19–21]. Two error sensing
strategies are developed, i.e., impedance matching (IM)
and pressure release (PR) strategies [19]. (e IM strategy
adjusts the velocity of the piston so as to maximally absorb
the reflected plane wave in the cavity of the MPPA. (en,
the specific acoustic impedance on the cavity side of the
MPP will be close to that of the air medium, which in-
directly adjusts the surface impedance of the MPPA to
match that of the air medium. (e PR strategy adjusts the
velocity of the piston to an appropriate value so that the
incident plane wave can be canceled by the reflected plane
wave in the cavity. (e sound impedance on the cavity side
of the MPP is close to zero, which also indirectly adjusts
the surface impedance of the MPPA to match that of the air
medium.

(e cone loudspeaker is usually used as the piston-type
source in the above research. (en, the active MPPA will
become jumbled and difficult to realize in engineering. On
the contrary, if the ideal piston-type source is replaced by a
secondary force-controlled elastic plate, the active MPPA
will become easier to implement.(e piezoelectric excitation
or the small shaker placed in the cavity can be used as the
control force in practice.(e surface impedance of the active
MPPA can also be adjusted to match the characteristic
impedance of the air medium by actively controlling the
vibration of the elastic plate. However, due to the complex
vibration of the backing panel, the sound field in the cavity
will become complex and can be no longer treated as the
simplified superposition of the incident and reflected plane

wave. (us, the IM and PR strategy is not suitable to
construct the error sensing strategy of such proposed active
MPPA. Hence, the purpose of this paper is to fill in this gap.
(e vibration of the backing panel highly affects the surface
impedance of the active MPPA. Due to the antisymmetric
properties of the vibration of the backing panel on the
resonant frequency, the surface impedance of the active
MPPA also presents the symmetric or antisymmetric
properties in controlled conditions. (us, the surface av-
erage impedance of the active MPPA can be roughly pre-
dicted by using a limited number of acoustic vector sensors
(sensing sound pressure and particle velocity) placed on the
surface of the active MPPA.(is variable is highly correlated
with the sound absorption coefficient and can be used to
construct the error sensing strategy of such active MPPA.

(e remainder of this paper is organized as follows. (e
theoretical model is described in Section 2. (e active
control result and surface impedance of the proposed active
MPPA are analyzed in Section 3.(e error sensing strategy is
constructed in Section 4. Conclusions are summarized in
Section 5.

2. Theoretical Modeling

2.1. Vibro-Acoustic Response of the Active MPPA.
Figure 1 presents the side view of the proposed activeMPPA.
Ideal point force is applied in the research for simplification.
(e rectangular active MPPA is in the end of a rectangular
duct so as to simplify the model. (e cavity sound field can
be adjusted by controlling the vibration of the backing panel
with the point force, which indirectly adjusts the surface
impedance of the active MPPA and improves the low-fre-
quency sound absorption.

(e sound velocity potential in the cavity is Φ(x, y, z, t),
which satisfies the homogeneous wave equation [22]:

∇2Φ(x, y, z, t) −
1
c
2
0

z
2Φ(x, y, z, t)

zt
2 � 0, (1)

where c0 is the sound speed in air. (e air particle velocity
and the sound pressure in the cavity have the following
relations with the sound velocity potential Φ(x, y, z, t):

vx �
zΦ(x, y, z, t)

zx
, (2)

vy �
zΦ(x, y, z, t)

zy
, (3)

vz �
zΦ(x, y, z, t)

zz
, (4)

p(x, y, z, t) � − ρ0
zΦ(x, y, z, t)

zt
, (5)

where vx,vy, and vz are the air particle velocity along the x,y,
and z axes. p(x, y, z, t) is the sound pressure in the cavity. ρ0
is the density of air. (e particle velocities on the surface of
the MPP and the backing panel in the cavity satisfy the
continuous boundary conditions:
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zΦ(x, y, z, t)

zz
|z�0 � v2(x, y, t), (6)

zΦ(x, y, z, t)

zz
|z�− D � v1(x, y, t). (7)

(e boundary conditions on the other four rigid walls of
the rectangular cavity are

zΦ(x, y, z, t)

zx
|x�0 �

zΦ(x, y, z, t)

zx
|x�a � 0, (8)

zΦ(x, y, z, t)

zy
|y�0 �

zΦ(x, y, z, t)

zy
|y�b � 0, (9)

where v1(x, y, t) and v2(x, y, t) in equations (6) and (7) are
the surface velocity of the MPP and the backing panel,
respectively. a and b are the length and width of the MPP. D

is the depth of the cavity. Assuming that the distance be-
tween the MPP holes is much lower than the acoustic
wavelength, v1(x, y, t) can be considered as a distributed
particle velocity, spatially averaged over each aperture cell
adjacent to the holes [23]:

v1(x, y, t) ≈ vM(x, y) + σ
P − PD

z0
, (10)

where vM(x, y) is the velocity of the MPP, and σ is the
perforation ratio of theMPP. P is the total sound pressure on
the incident side, PD(x, y) is the sound pressure at z � − D

in the cavity.(e total sound pressure loading can be written
as the sum of incident pressure Pi, reflected pressure Pr, and
the pressure Prad back radiated by the elastic MPP,
P � Pi + Pr + Prad.(e incident plane wave can be expressed
as Pi � p0e

j(ωt− k0z). p0 is the amplitude of the incident plane
wave, and k0 � ω/c0 is the wavenumber. Prad can be neg-
ligible as long as the back-radiated sound power is a small
fraction of the power dissipated through the structure and
the holes. z0 is the impedance of the MPP, which can be
expressed as [1]

z0 �
32ηhM

d
2

�����

1 +
k
2
h

32

􏽳

+

�
2

√

32
kh

d

hM

⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦

+ jρ0ωhM 1 + 9 +
k2

h

2
􏼠 􏼡

− (1/2)

+
8
3π

d

hM

⎡⎣ ⎤⎦,

(11)

where d is the diameter of the hole, hM is the panel thickness,
η is the coefficient of viscosity of the air, kh is the perforate
constant kh � (d/2)/rvisc(ω), and rvisc(ω) is the viscous
boundary layer thickness rvisc(ω) �

�����
η/ρ0ω

􏽰
.

According to equations (8) and (9), the solution of
equation (1), i.e., sound velocity potential Φ(x, y, z, t), can
be expressed as [23]

Φ(x, y, z, t) � 􏽘
U

u�0
􏽘

W

w�0
L

uw cos h μuw
z( 􏼁􏼂

+ N
uw sin h μuw

z( 􏼁􏼃cos
uπx

a
􏼒 􏼓cos

wπy

b
􏼒 􏼓e

jωt
,

(12)

where

μuw
�

��������������������

uπ
a

􏼒 􏼓
2

+
wπ
b

􏼒 􏼓
2

+
ω
c0

􏼠 􏼡

2

􏽶
􏽴

, (13)

ω is the angular frequency, U and W are the numbers of the
acoustic modes, and (u, w) is the modal index in the (x, y)

plane. (e unknown coefficient Luw and Nuw in equation
(12) can be derived by applying the boundary conditions of
equations (6) and (7). Substituting equation (12) into
equation (6), together with the orthogonality of the modal
shape function, Nuw can be derived and expressed as (the
harmonic time factor ejωt is omitted)

N
uw

�
􏽒

a

0 􏽒
b

0 v2(x, y)Ψuw(x, y)dxdy

μuwβuw , (14)

where Ψuw(x, y) � cos(uπx/a)cos(wπy/b), and
βuw � 􏽒

a

0 􏽒
b

0 cos
2(uπx/a)cos2(wπy/b)dxdy. In the same

way, the coefficient Luw can be derived and expressed as

L
uw

�
cosh Dμuw

( 􏼁 􏽒
a

0 􏽒
b

0 v2(x, y)Ψuw(x, y)dxdy

μuwβuw sin h Dμuw
( 􏼁

−
􏽒

a

0 􏽒
b

0 vM(x, y) + σ P − PD( 􏼁/z0􏼂 􏼃Ψuw(x, y)dxdy

μuwβuw sin h Dμuw
( 􏼁

.

(15)

According to equation (5), the sound pressure on the
surface of the MPP in the cavity side (z � − D) can be
expressed as

v1 v2

z

y

o

Maximizing the
objective function

Optimal point forceIncident plane wave

Reflected wave

Φ

Pr

Pi pD

z = –D z = 0

p0
fs

P = Pi + Pr

Sound absorption coefficient
(objective function)

Figure 1: Side view of the proposed active MPPA.
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PD � − jωρ0 􏽘

U

u�0
􏽘

W

w�0
L

uw cos h − Dμuw
( 􏼁􏼂

+ N
uw sin h Dμuw

( 􏼁􏼃Ψuw(x, y).

(16)

Substituting equation (14) and (15) into equation (16),
the sound pressure PD can be expressed as

PD � 􏽘
U

u�0
􏽘

W

w�0

z
t
uw

βuw 􏽚
a

0
􏽚

b

0
vM(x, y) + σ

P − PD

z0
􏼢 􏼣Ψuw(x, y)dxdy􏼨 􏼩Ψuw(x, y)

− 􏽘
U

u�0
􏽘

W

w�0

z
s
uw

βuw 􏽚
a

0
􏽚

b

0
v2(x, y)Ψuw(x, y)dxdy􏼢 􏼣Ψuw(x, y),

(17)

where zt
uw � jωρ0/(μuw tan h(Dμuw)), and zs

uw � jωρ0/(μuw

sin h(Dμuw)). In the same way, the sound pressure P0 on
the surface of the backing panel (z � 0) can be expressed
as

P0 � 􏽘
U

u�0
􏽘

W

w�0

z
s
uw

βuw 􏽚
a

0
􏽚

b

0
vM(x, y) + σ

P − PD

z0
􏼢 􏼣Ψuw(x, y)dxdy􏼨 􏼩Ψuw(x, y)

− 􏽘
U

u�0
􏽘

W

w�0

z
t
uw

βuw 􏽚
a

0
􏽚

b

0
v2(x, y)Ψuw(x, y)dxdy􏼢 􏼣Ψuw(x, y).

(18)

In equation (17), the sound pressure PD is expressed in
terms of itself. Hence, equation (17) should be rearranged.
Multiplying Ψuw(x, y) on both sides of equation (17), and

using the orthogonality of modal shape function, the fol-
lowing expression can be obtained:

􏽚
a

0
􏽚

b

0
PDΨuw(x, y)dxdy �

z0z
t
uw

z0 + σz
t
uw

􏽚
a

0
􏽚

b

0
vM(x, y) + σ

P

z0
􏼢 􏼣Ψuw(x, y)dxdy

−
z0z

s
uw

z0 + σz
t
uw

􏽚
a

0
􏽚

b

0
v2(x, y)Ψuw(x, y)dxdy.

(19)

Substituting equation (19) into equation (17) yields the
expression of sound pressure PD as

PD � 􏽘
U

u�0
􏽘

W

w�0
Guw 􏽚

a

0
􏽚

b

0
vM(x, y) + σ

P

z0
􏼢 􏼣Ψuw(x, y)dxdy􏼨 􏼩Ψuw(x, y)

− 􏽘
U

u�0
􏽘

W

w�0
Huw 􏽚

a

0
􏽚

b

0
v2(x, y)Ψuw(x, y)dxdy􏼢 􏼣Ψuw(x, y),

(20)

where Guw � z0z
t
uw/(β

uw(z0 + σzt
uw)), and Huw � z0z

s
uw/

(βuw(z0 + σzt
uw)). (en, substituting equation (19)

into equation (18) yields the expression of sound pressure P0
as
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P0 � 􏽘
U

u�0
􏽘

W

w�0
Huw 􏽚

a

0
􏽚

b

0
vM(x, y) + σ

P

z0
􏼢 􏼣Ψuw(x, y)dxdy􏼨 􏼩Ψuw(x, y)

+ 􏽘
U

u�0
􏽘

W

w�0
Iuw 􏽚

a

0
􏽚

b

0
v2(x, y)Ψuw(x, y)dxdyΨuw(x, y)􏼢 􏼣,

(21)

where Iuw � (σ(zs
uw)2 − z0z

t
uw − σ(zt

uw)2)/(βuw(z0 + σzt
uw)).

(e sound energy absorbed by the active MPPA is a
function of the control force.(e reflected wave and the total
sound pressure P on the surface of the active MPPA also
change as the point force changes. (e acoustic velocity
potential of the reflected wave at the incident side is
Φr(x, y, z,ω), which can be expressed as [6]

Φr(x, y, z,ω) � 􏽘
U

u�0
􏽘

W

w�0
Ruwe

μuwzΨuw(x, y). (22)

(en, the total acoustic velocity potential ΦL � Φi +Φr

on the incident side (z � − D) satisfies the following con-
tinuity boundary condition:

zΦi

zz
+

zΦr

zz
􏼠 􏼡|z�− D � v1(x, y), (23)

where Φi is sound velocity potential of the incident plane
wave, Φi � − (p0/jωρ0)e− jk0z. Substituting equation (22)
into equation (23) yields the equation that the unknown
coefficient Ruw satisfies:

p0k0

ωρ0
e

jk0D
+ 􏽘

U

u�0
􏽘

W

w�0
Ruwμ

uw
e

− μuwDΨuw(x, y) � v1(x, y).

(24)

Multiplying Ψuw(x, y) on both sides of equation (24)
and applying the orthogonality of the modal shape function
yield the expression of Ruw:

Ruw �
􏽒

a

0 􏽒
b

0 v1(x, y)Ψuw(x, y)dxdy

μuw
e

− μuwDβuw

−
p0k0e

jk0D
􏽒

a

0 􏽒
b

0Ψuw(x, y)dxdy

ωρ0μ
uw

e
− μuwDβuw

.

(25)

Substituting equations (22) and (25) into equation (5),
the sound pressure Pr of the reflected wave at the surface of
the active MPPA (z � − D) can be expressed as

Pr � 􏽘

U

u�0
􏽘

W

w�0

Z
r
uw

βuw 􏽚
a

0
􏽚

b

0
vM(x, y) + σ

P

z0
􏼢 􏼣Ψuw(x, y)dxdy􏼨 􏼩Ψuw(x, y)

− 􏽘
U

u�0
􏽘

W

w�0

Z
r
uw

βuw 􏽚
a

0
􏽚

b

0
σ

PD

z0
Ψuw(x, y)dxdy􏼢 􏼣Ψuw(x, y) +

jp0k0abe
jk0D

μ00β00
,

(26)

where Zr
uw � − jωρ0/μuw. Further substituting equation (19)

into equation (26), the reflected sound pressure Pr can be
expressed as

Pr � 􏽘
U

u�0
􏽘

W

w�0
Juw 􏽚

a

0
􏽚

b

0
vM(x, y) + σ

P

z0
􏼢 􏼣Ψuw(x, y)dxdy􏼨 􏼩Ψuw(x, y)

+ 􏽘
U

u�0
􏽘

W

w�0
Kuw 􏽚

a

0
􏽚

b

0
v2(x, y)Ψuw(x, y)dxdy􏼢 􏼣Ψuw(x, y) +

jp0k0abe
jk0D

μ00β00
,

(27)

where Juw � z0Z
r
uw/(β

uw(z0 + σZt
uw)), and Kuw � z0Z

r
uw

Zs
uw/(β

uw(z0 + σZt
uw)). (e right side of equation (27) also

contains the reflected sound pressure Pr, i.e.,P � Pi + Pr.(us,

equation (27) should be further rearranged. Multiplying
Ψuw(x, y) on both sides of the equation (27) and applying the
orthogonality of the modal shape function yield the expression
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􏽚
a

0
􏽚

b

0
PrΨuw(x, y)dxdy �

z0 + σZ
t
uw􏼐 􏼑Juwβ

uw

z0 + σZ
t
uw − σZ

r
uw

􏽚
a

0
􏽚

b

0
vM(x, y)Ψuw(x, y)dxdy􏼢 􏼣

+
z0 + σZ

t
uw􏼐 􏼑Kuwβ

uw

z0 + σZ
t
uw − σZ

r
uw

􏽚
a

0
􏽚

b

0
v2(x, y)Ψuw(x, y)dxdy􏼢 􏼣

+
J00σPiab

z0
+

jp0k0abe
jk0D

μ00β00
􏼠 􏼡

z0 + σZ
t
uw

z0 + σZ
t
uw − σZ

r
uw

􏽚
a

0
􏽚

b

0
Ψuw(x, y)dxdy􏼢 􏼣.

(28)

Substituting equation (28) into equation (27) yields the
reflected sound pressure Pr as

Pr � 􏽘
U

u�0
􏽘

W

w�0
Euw 􏽚

a

0
􏽚

b

0
vM(x, y)Ψuw(x, y)dxdy􏼢 􏼣Ψuw(x, y)

+ 􏽘
U

u�0
􏽘

W

w�0
Fuw 􏽚

a

0
􏽚

b

0
v2(x, y)Ψuw(x, y)dxdy􏼢 􏼣Ψuw(x, y) + D00,

(29)

where Euw � ((z0 + σZt
uw)/(z0 + σZt

uw − σZr
uw))Juw, Fuw �

Juw σ2Zr
uwZs

uw/(z0(z0 + σZt
uw − σZr

uw)) + Kuw, and D00 �

J00σ (Pi/z0)ab + J00(σ/z0)ab(J00σ(Pi/z0)ab + (jp0k0
abe(jk0D)/ (μ00β00))) (z0 + σZt

00)/(z0 + σZt
00 − σZr

00) + (jp0
k0 abe(jk0D)/(μ00β00)).

As for the elastic MPP and backing panel, their dis-
placements can be expressed as the superposition of a series
of modes:

wM(x, y, t) � 􏽘

M

m�1
􏽘

N

n�1
Amnϕm(x)φn(y), (30)

w2(x, y, t) � 􏽘
M

m�1
􏽘

N

n�1
Bmnϕm(x)φn(y), (31)

where wM(x, y, t) and w2(x, y, t) are the displacements of
the MPP and backing panel, Amn and Bmn are the modal
amplitudes of the (m, n) th mode. ϕm(x)φn(y) is the modal
shape function and can be expressed as ϕm(x)

φn(y) � sin(mπx/a)sin(nπy/b) for simply supported
boundary condition. Under the excitation of the total sound
pressure P and the sound pressure PD in the cavity, the
displacement of the MPP satisfies the wave equation:

DM

z
4
wM

zx
4 + 2

z
4
wM

zx
2
zy

2 +
z
4
wM

zy
4􏼠 􏼡 + ρMhM

z
2
wM

zt
2 � P − PD,

(32)

where DM, ρM, and hM are the bending stiffness, density,
and thickness of the MPP, respectively. Substituting equa-
tion (30) into equation (32), multiplying ϕm(x)φn(y) on
both sides of the equation (32), and applying the orthog-
onality of the modal shape function yield the equation that
the modal amplitude Amn satisfies:

AmnαmnZmn � 􏽚
a

0
􏽚

b

0
P − PD( 􏼁sin

mπx

a
􏼒 􏼓sin

nπy

b
􏼒 􏼓dxdy,

(33)

where the coefficient αmn � 􏽒
a

0 􏽒
b

0 sin
2 (mπx/a)sin2

(nπy/b)dxdy � ab/4, and Zmn � ρMhM(ω2
mn+ jξmnωmn

ω − ω2).ωmn and ξmn are the resonant frequency and
damping ratio of the (m, n) th mode, respectively.
Substituting (20) and (29) into (33) together with (28) yields
the equation that the modal amplitude Amn satisfies:

AmnαmnZmn � 􏽘
U

u�0
􏽘

W

w�0
Suw 􏽚

a

0
􏽚

b

0
vM(x, y)Ψuw(x, y)dxdy􏼢 􏼣c

uw
mn

+ 􏽘
U

u�0
􏽘

W

w�0
Tuw 􏽚

a

0
􏽚

b

0
v2(x, y)Ψuw(x, y)dxdy􏼢 􏼣c

uw
mn + Vmn,

(34)

where the coefficient cuw
mn � 􏽒

a

0 􏽒
b

0 cos(uπx/a)cos (wπ
y/b)sin(mπx/a)sin(nπy/b)dxdy.

(e coefficients Suw, Tuw, and Vmn in (34) can be
expressed as Suw � Euw − Guw − σZr

uwGuw/(z0 + σZt
uw
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− σZr
uw), Tuw � Fuw − σ2GuwZr

uwZs
uw/(z0(z0 + σZt

uw

− σZr
uw)) + Huw, and Vmn � Piξmn + D 00ξmn− G00σ (Pi/

z0)abξmn − G00(σ/z0)(J00σ (P/z0)ab + (jp0k0 abe)(jk0D)/
(μ00β00))) ((z0 + σZt

00)/(z0 + σZt
00 − σZr

00)) abξmn, where
ξmn � 􏽒

a

0 􏽒
b

0 sin(mπx/a)sin(nπy/b)dxdy. Further substitut-
ing (30) and (31) into (34) yields the equation that the modal
amplitudes Amn and Bmn satisfy:

AmnαmnZmn − 􏽘
M

m′�1

􏽘

N

n′�1

Am′n′ 􏽘

U

u�0
􏽘

W

w�0
jωSuwc

m′n′
uw c

uw
mn

⎡⎣ ⎤⎦

− 􏽘
M

m′�1

􏽘

N

n′�1

Bm′n′ 􏽘

U

u�0
􏽘

W

w�0
jωTuwc

m′n′
uw c

uw
mn

⎡⎣ ⎤⎦ � Vmn.

(35)

If the following variables are further defined
C1(mn, m′n′) � αmnZmnδ(m − m′)δ (n − n′) − 􏽐

U
u�0 􏽐

W
w�0

jωSuwcm′n′
uw cuw

mn, and D1(mn, m′n′) � − 􏽐
U
u�0 􏽐

W
w�0

jωTuwcm′n′
uw cuw

mn, the M × N unknown modal amplitudes of
the MPP and backing panel satisfy the matrix equation:

C1A + D1B � V, (36)

where A � [A11, . . . , A mn, . . . , AMN]T,B � [B11, . . . ,

Bmn, . . . , BMN]T, and V � [V11, . . . , Vmn, . . . , VMN]T.

For the backing panel, under the excitation of the sound
pressure P0 and the control force fs � Fsδ(x − xs, y − ys),
the displacement satisfies the following wave equation:

D2
z
4
w2

zx
4 + 2

z
4
w2

zx
2
zy

2 +
z
4
w2

zy
4􏼠 􏼡 + ρ2h2

z
2
w2

zt
2 � P0 + fs,

(37)

where D2, ρ2, and h2 are the bending stiffness, density, and
thickness of the backing panel, respectively. Substituting (31)
into (37) together with the orthogonality of the modal shape
function yields the equation that the modal amplitude Bmn

satisfies:

BmnαmnZ2,mn � 􏽚
a

0
􏽚

b

0
P0 sin

mπx

a
􏼒 􏼓sin

nπy

b
􏼒 􏼓dxdy + FsQs,mn,

(38)

where Z2,mn � ρ2h2(ω2
2,mn + jξ2,mnω2,mnω − ω2), ω2,mn and

ξ2,mn are the resonant frequency and the damping ratio of the
(m, n) th mode of the backing panel, Fs is the amplitude of
the control force, and Qs,mn is the generalized secondary
modal force Qs,mn � ϕm(xs)φn(ys). Further substituting (21)
and (28) into (38) yields the equation that the modal am-
plitude Bmn satisfies:

BmnαmnZP,mn � 􏽘
U

u�0
􏽘

W

w�0
Xuw 􏽚

a

0
􏽚

b

0
vM(x, y)Ψuw(x, y)dxdy􏼨 􏼩c

uw
mn

+ 􏽘
U

u�0
􏽘

W

w�0
Yuw 􏽚

a

0
􏽚

b

0
v2(x, y)Ψuw(x, y)dxdy􏼢 􏼣c

uw
mn + V2,mn + FsQs,mn,

(39)

where the variables Xuw, Yuw, and V2,mn can be expressed as
Xuw � Huw + σHuwZr

uw/(z0 + σZt
uw − σZr

uw) , Yuw � (σHuw

Zr
uwZs

uw/(z0(z0 + σZt
uw − σZr

uw)) + Iuw, and V2,mn � H00
σ(Pi/z0)abξmn + H00(σ/z0)(J00σ(Pi/z0)ab + (jp0k0
abe)(jk0D)/(μ00β00)))((z0 + σZt

00)/(z0 + σZt
00− σZr

00))abξmn.
Substituting (30) and (31) into (39) yields the equation

that the modal amplitudes Amn and Bmn satisfy:

BmnαmnZp,mn − 􏽘
M

m′�1

􏽘

N

n′�1

Am′n′ 􏽘

U

u�0
􏽘

W

w�0
jωXuwc

m′n′
uw c

uw
mn

⎡⎣ ⎤⎦

− 􏽘
M

m′�1

􏽘

N

n′�1

Bm′n′ 􏽘

U

u�0
􏽘

W

w�0
jωYuwc

m′n′
uw c

uw
mn

⎡⎣ ⎤⎦

� V2,mn + FsQs,mn.

(40)

If the following variables are further defined,
C2(mn, m′n′) � − 􏽐

U
u�0 􏽐

W
w�0 jωXuwcm′n′

uw cuw
mn, D2 (mn, m′n′)

� αmnZp, mnδ(m − m′)δ(n − n′) − 􏽐
U
u�0 􏽐

W
w�0 jωYuwcm′n′

uw

cuw
mn, the M × N unknown modal amplitudes of the Amn and

Bmn satisfy the matrix equation:

C2A + D2B � V2 + FsQs, (41)

where Qs � [ϕ1(xs)φ1(ys), ϕ1(xs)φ2(ys), . . . , ϕM(xs)

φN(ys)]
T, and V2 � [V2,11, . . . , V2,mn, . . . , V2,MN]T.

Combining (36) and (41), the modal amplitudes of the
MPP and backing panel can be solved:

A

B
􏼢 􏼣 �

C1 D1

C2 D2
􏼢 􏼣

− 1 V

V2 + FsQs

􏼢 􏼣. (42)

(e total incident sound pressure P, the sound
pressure PD, and P0 in the cavity all can be obtained
once the response of the MPP and backing panel is
solved. (en, the response of the whole system can be
obtained.

2.2.Optimizationof thePointForce. It should be noticed that
(42) still contains the unknown variable of the control force
amplitude Fs. (e theoretically optimal objective function
for the active MPPA is the sound absorption coefficient. It is
an implicit function of the amplitude of the control force,
which can be expressed as
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α �
Πabs
Πinc

�
ρ0c0􏽒S

Re P(x, y)
∗

· v1(x, y)􏼂 􏼃dxdy

pi

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌
2
SMPP

∝Fs,

(43)

whereΠinc andΠabs are incident and absorbed sound power,
and SMPP is the area of the MPP. For the above-complicated
expression, the genetic algorithm (GA) can be applied to
obtain the optimal amplitude of the control force for
maximizing the sound absorption coefficient. (en, the
response of the whole system in the controlled condition can
be obtained accordingly.

3. Active Control Results and Surface
Impedance Analysis

3.1. Parameter Assignment and Model Validation. (e geo-
metric and material parameters of the model used in the
simulation are listed in Table 1. It is assumed that the
material of the MPP and backing panel is aluminum. (e
dimension of the MPP is assigned with different values to
verify the active control effect of the error sensing strategy in
different cases. (e secondary point force is located at
(0.05, 0.05) so as to excite most of the modes of the backing
panel contained in the low-frequency range. After a careful
convergence study, the upper limit numbers of the cavity
mode (U and W) and the panel mode (the number of the
MPP and backing panel mode is the same) are chosen as
U � W � 9 and M � N � 20. (e increment of the system
response in uncontrolled conditions (such as the sound
pressure at any position of the cavity) at the upper limit
frequency of 1000Hz is less than 1 dB when the numbers of
these modes further increase, which guarantees the accuracy
of the results. (e modulus of the amplitude of the control
force is set as 0< |Fs|≤ 1.5(N) when it is optimized by a
genetic algorithm. (is range is appropriate for the model
considered in this research.

In order to validate the theoretical model, the active
MPPA before control is also modeled by the finite element
software COMSOL. (e length and width of the MPP are
0.2m and 0.3m. Similar to the theoretical model, the active
MPPA is also placed at one end of a rectangular duct in the
finite element model.(e duct on the incident side is divided
into two sections. (e first section uses a perfectly matched
layer (PML) to simulate the transmission of the reflected
wave to the reverse infinity. (e secondary section simulates
the sound field of the incident plane wave. (e MPP used in
the model is set as the equivalent impedance surface already
built in the COMSOL. (e schematic diagram of the finite
element model is shown in Figure 2. (e sound absorption
coefficient calculated by analytical and numerical methods is
shown in Figure 3. (e result of the MPPA with a rigid
backing wall is also included. General good agreement is
found among them, which validates the accuracy of the
theoretical model. (e elastic effect of the MPP is not
considered in the finite element model. (e MPP is also set
to be rigid in the theoretical model. Compared with the
traditional MPPA, the sound absorption coefficient of the
MPPA with elastic backing panel generates two absorption

peaks in the low frequency. (is is due to the resonant
vibration of the backing panel (the (1, 1) and (1, 3) mode
with resonant frequencies 88Hz and 306Hz) excited by the
plane wave excitation, which can highly absorb and dissipate
incident sound energy.

3.2. Active Control Results. (e resonant frequency of the
traditional MPPA with a rigid backing wall for the pa-
rameters used is 709Hz. Hence, the upper limit frequency
considered in the active control is set as 700Hz. (e cost
function is the theoretically optimal control objective, i.e.,
the sound absorption coefficient of the active MPPA. (e
panel dimension is set as 0.2m× 0.3m. (e sound ab-
sorption coefficient of the active MPPA before and after
control is shown in Figure 4. It is highly improved after
control in the low-frequency range, which demonstrates the
feasibility of this approach. (ere are still small frequency
bands in which the improvement of sound absorption is
inapparent.

All other types of modes of the backing panel (except for
the (odd, odd) mode) can be excited under the control of the
point force. (e backing panel radiates sound into the cavity
and accordingly adjusts the particle velocity of the air media
in the microporous and the velocity of the MPP. (en, the
surface impedance of the active MPPA can be adjusted to
match the characteristic impedance of the air. Hence, the
sound absorption coefficient on the resonant frequencies of
these exciting modes (such as 170Hz, 354Hz, 490Hz,
660Hz, and 680Hz, (1, 2), (2, 2), (2, 3), (3, 2), and (2, 4)
mode) is highly improved after control. In fact, these modes
can also be excited and play an important role in improving
the sound absorption in a frequency band centered on each
resonant frequency. (en, the total sound absorption im-
provement can be achieved in a wide successive frequency
band. It should be noticed that the control effect on the
resonant frequency of the (2, 1) mode (272Hz) is not ob-
vious. Accordingly, the frequency band of 250 Hz–300Hz is
also uncontrollable. It seems contradictory for the control
results on the resonant frequencies of the (1, 2) and (2, 1)
modes since the vibrational characteristic of these modes
should be the same. (e physical mechanism of such in-
teresting phenomenon will not be involved in this research
for reducing the length of the paper.

3.3. Surface Impedance of the Active MPPA. Unlike the one-
dimensional case, due to the complicated vibration of the
backing panel, the surface impedance of the active MPPA
varies over the surface. (e sound absorption of the active
MPPA exhibits obvious local characteristics [24–26]. (e
sound energy is absorbed in some areas of the surface but is
reflected in other areas. (e net sound energy absorption
should be positive and will be highly improved in controlled
conditions. (is can be further illustrated by analyzing the
change of the surface average impedance ratio
[Z � P/(v1 · ρ0c0)] of the active MPPA before and after
control, which is shown in Figure 5.

(e surface impedance of the active MPPA before
control can be roughly considered as that of the MPPA with
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a rigid wall if the backing panel is not highly excited on
the resonant frequency. (e average sound resistance is
small and the average sound reactance is large in the low-

frequency range, as shown in Figure 5. On some resonant
frequencies of the MPP or backing panel, due to the
vibro-acoustic coupling effect of the MPP-cavity-backing

Table 1: (e geometric and material parameters of the model.

Parameter Value Parameter Value
Pore diameter of the MPP 0.4 × 10− 3m (ickness of the backing panel 0.001m
(ickness of the MPP 0.5 × 10− 3m Density of aluminum 2790Kg/m3

Porosity of the MPP 1% Young’s modulus of aluminum 7.2 × 1010N/m2

Cavity depth of the MPPA 0.05m Poisson’s ratio of aluminum 0.34
Viscosity coefficient of air 1.882 × 10− 5Pa · s Modal damping ratio of aluminum 0.005
Density and sound speed of air ρ0 � 1.21Kg/m3 c0 � 344m/s (e amplitude of the incident plane wave p0 � 1Pa
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0

Figure 2: (e schematic diagram of the finite element model.
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Figure 3: Comparison between the theoretical and numerical results.
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panel, the average surface impedance has maximum and
minimum.

Other types of resonant modes will be excited under the
control of point force.(en, the surface impedance of the active
MPPA will be changed, and its average value is adjusted to be
close to the characteristic impedance of the air in the con-
trollable frequency bands (the average resistance is close to
ρ0c0, and the average reactance is close to 0), such as
100–250Hz, 300–500Hz, and 600–700Hz. Hence, the total net
absorbed sound energy is highly improved in these bands.

4. Error Sensing Strategy of the Active MPPA

4.1. Selection of the Objective Function. (e optimal objective
function in theory for the active MPPA is the sound ab-
sorption coefficient. (e improvement of the sound absorp-
tion is maximal and the control effect is optimal in this case,

which is called the optimal control state. However, the sound
absorption coefficient cannot be measured directly in practice
and can not be used as the cost function or error signal to
feedback to the adaptive controller for iteratively calculating
the optimal control force. Hence, selecting the measurable
error signal that is highly correlated with the objective function
of the sound absorption coefficient is a key factor for system
implementation. For a one-dimensional sound field, the sound
pressure of the plane wave in the cavity is used as the cost
function for the PR strategy, which can be measured by one
microphone and be canceled to adjust the surface impedance
of the active MPPA. (e reflected plane wave in the cavity is
used as the cost function for the IM strategy, which can be
measured by two microphones and also be canceled to adjust
the surface impedance.

Due to the complicated vibration of the backing panel,
the cavity sound field of the proposed active MPPA will be
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Figure 4: Sound absorption coefficient of the active MPPA before and after control.
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Figure 5: Surface average impedance ratio of the active MPPA before and after control: (a) sound resistance ratio and (b) sound reactance
ratio.
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complicated. (e above two strategies are not suitable for
this case. It is obvious that the surface average impedance
ratio of the active MPPA is highly correlated with the sound
absorption coefficient. (e closer the average impedance
ratio is to 1, the greater the sound absorption coefficient is.
(e surface average impedance ratio can be measured by
arranging multiple acoustic vector sensors (AVSs, simul-
taneously measuring the sound pressure and particle ve-
locity) on the surface of the active MPPA. (e required
number of the AVS depends on the complexity of the
distribution of the surface impedance.

In order to further analyze the surface impedance of the
active MPPA, the distribution of the surface resistance and
reactance ratio on resonant frequencies of the (1, 2), (2, 2),
(2, 3), and (3, 2) modes after control is plotted in Figures 6–9
. It can be found that, due to the antisymmetric property of
these resonantmodes, the surface resistance and reactance of
the active MPPA also approximately have the symmetric or
antisymmetric properties in controlled conditions. (e
surface sound resistance is positive on one part of the surface
and is negative on the other part.(e sound resistance on the
positive part is larger than the value on the negative part,
which means that the sound energy absorption on the
positive part is larger than the sound energy reflection on the
negative part. (e net sound energy absorption is highly
improved after control and the average sound impedance of
the active MPPA is close to the impedance of the air (such as
in Figure 6(a)). (is is the essential control mechanism of
such active MPPA. Due to the symmetric or antisymmetric
properties, the average surface impedance ratio in controlled
conditions can be measured by using the limited number of
the AVS. Provided these AVSs are arranged symmetrically,
the surface average impedance ratio can be roughly pre-
dicted (for instance, only two AVSs are needed for the (1, 2)
mode).

Based on the above analysis, after the surface average
impedance ratio of the active MPPA is roughly measured,
the following cost function can be constructed:

J �
P1 + P2 + · · · + Pe

v1,1 + v1,2 + · · · + v1,e􏼐 􏼑ρ0c0
− 1

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
∝Fs, (44)

where P1,P2, and Pe are the sound pressure on the sensing
point, and v1,1,v1,2, and v1,e are the particle velocity. Z �

P/(v1 · ρ0c0) � (P1 + P2 + · · · + Pe)/((v1,1 + v1,2 + · · · + v1,e)

ρ0c0) is the measured surface average impedance ratio. (e
smaller the cost function is, the closer the surface average
impedance ratio is to 1. When the surface average imped-
ance ratio is close to 1, the sound absorption of the active
MPPA will achieve the maximum. Besides, the cost function
J is measurable since the surface average impedance ratio is
measurable. (us, it is an appropriate cost function to be
used in practice. (eoretically, the genetic algorithm (GA) is
applied to find the optimal control force by minimizing the
cost function J. In practice, the optimal control signal for
driving the control source can be iteratively calculated by
using the Fx-LMS algorithm when minimizing the error
signal J.

4.2. Control Result Analysis. For the case of panel di-
mension being 0.2m × 0.3m, the maximum modal index
is 3 in the low-frequency range 0–700 Hz. (us, eight
VASs are used for constructing the cost function. (e
arrangement of the VAS on the surface of the active
MPPA is shown in Figure 10. (e active control result
with (44) as the cost function is compared with the
theoretically optimal result (when the sound absorption
coefficient is used as the cost function) in Figure 11. It can
be found that the control result for the proposed error
sensing strategy is roughly consistent with the theoretical
optimal result, which demonstrates the feasibility of the
proposed method. Besides, except for the above resonant
frequencies, it can also gain a good control effect on the
off-resonant frequency of the backing panel.

In general, the more the number of sensing points, the
closer the predictive value of the surface average impedance
ratio is to the actual value.(ere needs a small number of the
VAS for the small-sized active MPPA since the number of
the mode of the backing panel in the low-frequency range is
small. On the contrary, the backing panel contains a large
number of modes in the low-frequency range for the large-
sized active MPPA, and it will need more VASs. Eight evenly
arranged VASs are enough for roughly predicting the surface
average impedance ratio of the active MPPA for the panel
dimension being 0.2m× 0.3m. In order to further validate
the effectiveness of this error sensing strategy, the above
eight evenly arranged VASs are also used for the case of
panel dimensions being 0.2m× 0.2m and 0.3m× 0.3m.(e
active control results are shown in Figures 12 and 13. For the
small-sized panel (0.2m× 0.2m), eight VASs are enough for
accurately predicting the average surface impedance, and the
active control result is perfect. (e sound absorption co-
efficient after control is also almost consistent with that of
the optimal control state for the large-sized panel
(0.3m× 0.3m), which further validates the feasibility of the
method.

It should be noticed that the sound absorption coefficient
decreases on the uncontrollable frequency bands after
control, especially on the frequency band 230–300Hz in the
case of panel dimension being 0.2m× 0.3m and 200–250Hz
for the panel dimension being 0.3m× 0.3m. For the panel
dimension being 0.2m× 0.3m, the sound absorption on the
resonant frequency of (2, 1) mode is uncontrollable, which
results in the above frequency band being uncontrollable.
(e sound resistance and reactance ratio of the active MPPA
on the resonant frequency of the (2, 1) mode in the con-
trolled condition is shown in Figure 14. It can be found that
the distribution of the surface sound resistance is not
symmetrical and also nonuniform on the positive half.
Hence, only using eight VASs can not accurately predict the
average surface sound impedance, which results in the fact
that the cost function is not highly correlated with the sound
absorption coefficient of the active MPPA. (is leads to the
fact that the sound absorption in the controlled condition on
230–300Hz decreases after control. However, this has little
influence on the total control effect since this frequency band
is uncontrollable.
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Figure 6: Surface sound impedance ratio of the active MPPA on the resonant frequency of the (1, 2) mode after control: (a) sound
resistance ratio and (b) sound reactance ratio.
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Figure 7: Surface sound impedance ratio of the active MPPA on the resonant frequency of the (2, 2) mode after control: (a) sound
resistance ratio and (b) sound reactance ratio.
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Figure 8: Surface sound impedance ratio of the active MPPA on the resonant frequency of the (2, 3) mode after control: (a) sound
resistance ratio and (b) sound reactance ratio.
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Figure 9: Surface sound impedance ratio of the active MPPA on the resonant frequency of the (3, 2) mode after control: (a) sound
resistance ratio and (b) sound reactance ratio.
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Figure 10: (e arrangement of the VAS on the surface of the active MPPA.
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Figure 11: Active control results for the case of panel dimension being 0.2m× 0.3m.
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Figure 12: Active control results for the case of panel dimension being 0.2m× 0.2m.
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Figure 13: Active control results for the case of panel dimension being 0.3m× 0.3m.
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Figure 14: Surface sound impedance of the active MPPA on the resonant frequency of the (2, 1) mode after control: (a) sound resistance
ratio and (b) sound reactance ratio.
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5. Conclusions

(e error sensing strategy of the proposed active MPPA that
uses the point force-controlled thin plate as the control
source is constructed in this research. (e surface average
impedance of the active MPPA is adjusted to be close to the
characteristic impedance of the air by the vibration of the
backing panel in the controllable frequency bands. Due to
the symmetric or antisymmetric properties of the surface
impedance, the surface average impedance ratio can be
roughly measured by using the limited number of the VAS.
(is measurable value is highly correlated with the sound
absorption coefficient of the active MPPA and can be used to
construct the cost function. Simulation results demonstrate
that the active control result of the proposed error sensing
strategy is nearly consistent with the theoretically optimal
control result, which validates the effectiveness of this
method.
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