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Abstract: This paper investigates the performance of the structural acoustic controlled active
micro-perforated panel absorber (SAC-AMPPA), which can achieve wide-band perfect low
frequency sound absorption (absorption coefficient is close to 1). The SAC-AMPPA applies
point force-controlled backing panel to actively improve the low-frequency sound absorption
of the MPPA with the purpose of saving space to suit it better for applications. The theoretical
model of the SAC-AMPPA is firstly established using the modal analysis approach. Influence
of structure size and point force position on sound absorption performance is explored. Then,
the experimental tests were performed to validate the theoretical modeling and findings. Finally,
the physical mechanisms of active control are analyzed in detail and some physical insights are
summarized. Simplified error sensing strategy for small sized SAC-AMPPA is also constructed.
Results obtained show that the preconditions of the point force locating at the center of the
backing panel or relatively small sized SAC-AMPPA can guarantee less cavity modes being
excited and achieving perfect sound absorption in a very wide controllable bandwidth. The main
reason of this lies in the key findings, i.e., except for the (0,0, N ) mode, other cavity modes
excited by the backing panel cannot contribute to the improvement of low-frequency sound
absorption below their resonant frequencies. They radiate sound energy towards the outside of
SAC-AMPPA and play a negative role above their resonant frequencies. Provided a uniform
cavity sound field is guaranteed in controlled condition, the sound pressure release (PR) and

impedance matching (IM) strategies can be used to conveniently construct error sensing
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strategy of the SAC-AMPPA.
Keywords: micro-perforated panel absorber, low frequency sound absorption, active control,

sound absorption mechanism, error sensing strategy
1. Introduction

Micro-perforated panel (MPP) has been widely used as a classical type of efficient sound
absorption materials due to the properties of light, fiberless, and highly efficient sound
absorption performance [1-2]. The MPP absorber (MPPA) is commonly used form in practice,
in which the MPP is placed in front of a rigid backing wall [3]. The shallow air cavity can
generate resonance, which increases the particle velocity through the holes to effectively
dissipate the acoustical energy and highly improves the sound absorption efficiency.

The effective absorption bandwidth for the MPPA with specific structural parameters
(sound absorption coefficient greater than 0.5) is limited around its resonant frequency [3].
Many approaches are proposed to broaden the effective absorption bandwidth in mid and high
frequency range (above 500Hz). Such as series type MPPA with multiple MPP layers in the
cavity [4-9] or a parallel type absorber with multiple MPPAs arranging in parallel [10-11],
broaden the absorption bandwidth by combining different effective bandwidth together. Other
method is improving the design of the MPPA to enhance the vibro-acoustic coupling effect
between the MPP and the cavity [12-22], such as MPPA with irregular-shaped cavity [12-13].
Some passive and active approaches are also developed for improving low frequency sound
absorption (lower than 500Hz). The passive method mainly introduces resonant structure to
improve the sound absorption in a narrow bandwidth around the resonant frequency [23-26].
The new type of MPPA with corrugated MPP can also broaden the low frequency bandwidth
[27]. However, the active method can achieve the broadband improvement of low frequency
sound absorption [28]. Such method is also attractive in the field of mechanical metamaterials,
such as constructing active meta-layer or metasurface for absorption and tunable ray steering
of flexural wave [29-30] and active metamaterials with odd micropolar elasticity [31]. Cobo et
al. [32-34] proposed a hybrid system that used a piston source to actively improve the low
frequency sound absorption for the small sized MPPA with plane wave excitation. Two control
strategies are developed, i.e., impedance matching (IM) and pressure release (PR) strategy,
which indirectly adjusts the surface impedance of the MPPA to match that of the air medium.
Ma et al. further expanded this work to large sized active MPPA, which demonstrated the
feasibility of this approach in large sized case [35].

The cone loudspeaker is used as the control element to realize the piston type source in
Ref [32-35]. There is another way to implement the active MPPA, which uses a point force-
controlled backing panel as the control source to form the SAC-AMPPA. The low frequency



sound absorption can also be improved by using active structure acoustic control approach to
adjust the surface impedance of the active MPPA. The piezoelectric excitation or small sized
shaker [36] placed in the cavity can excite the backing panel, or the planar loudspeaker can
directly be used for achieving the point force-controlled plate. The thickness of the whole
system becomes thinner, and the size of the active element can also be extended by using the
large sized MPP and backing panel. Therefore, the SAC-AMPPA can be an effective
supplementary approaching for meeting the requirements of ultrathin and large area sound
absorption layer. It can be used to construct active acoustic liner or its absorbed sound energy
can be harvested to generate electricity [37-39]. Ma et al. has carried out a preliminary study
on the SAC-AMPPA in which an error sensing strategy is constructed by using a limited number
of acoustic vector sensors to measure the surface average impedance ratio [40]. However, the
performance of active sound absorption, the influence of the point force arrangement on control
effect and physical mechanism of active control are not yet explored, which is of great
importance for understanding physical nature of the SAC-AMPPA and carrying out structural
optimization. Due to the complex vibration of the backing panel, the sound field in the cavity
becomes complex and cannot longer be treated as the superposition of the incident and reflected
plane wave as in Ref [32-35]. The corresponding physical nature will be different from the
existing results. Hence, the purpose of this research is to fill these gaps, which is of great
significance for engineering implementation of such a technic.

The MPP is considered as an elastic plate and modal analysis approach [41-44] wass
adapted to the SAC-AMPPA model in Ref [40]. The gain of sound absorption induced by MPP
resonances in the low frequency range below the HC resonance is tiny for the MPPA [41]. The
reason is that although the MPP resonances can marginally adjust the acoustic resistance of the
MPPA towards that of the air, the large low-frequency stiffness-like reactance of the cavity
mitigated the gain in absorption. To this end, it is predictable that the adjustment of the surface
impedance of the SAC-AMPPA should be mainly induced by the variation of cavity sound field
and the highly improved particle velocity in the micro-pore of the MPP in controlled condition.
Thus, the MPP is considered as rigid in this study, which allows the attention being concentrated
on exploring the mechanism of sound absorption improvement induced by the main cause of
the backing panel vibration induced-cavity sound field variation. The influence of the secondary
factor of MPP vibration to the sound absorption improvement in the control process is left for
ongoing research. Then, the simplified modal analysis approach, similar to Ref [35] is used to
establish the theoretical model.

The remainder of this paper is organized as follows. The theoretical model is established

in Sec.2. The control performance is analyzed in Sec.3. Experimental validation is carried out



in Sec.4. An in-depth investigation on the control mechanism is presented in Sec.5. Simplified

error sensing strategy is constructed in Sec.6. Conclusions are summarized in Sect.7.
2. Theory

2.1. Vibro-acoustic response of the SAC-AMPPA

Figure 1 presents the schematic diagram (a) and the modeling sketch (b) of the SAC-
AMPPA. The rectangular SAC-AMPPA is placed at the end of a duct and a point force is
assumed for simplicity. The surface impedance of the MPPA can be adjusted by actively
controlling the vibration of the backing panel to vary the cavity sound field (so called active
structure acoustic control approach). The low frequency sound absorption can be significantly
improved when the appropriate control force is applied to adjust the surface impedance close

to the characteristic impedance of air.

(Objective function)
Absorption coefficient e Optimization .
(Objective function) method

Fig.1. The SAC-AMPPA: (a) schematic diagram, (b) modeling sketch
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The sound pressure in the cavity is P.(X, Y, z,t) satisfies the homogeneous wave equation

when there is no excitation source in the cavity [35],

1 oP.(x,y,z,t
VZPC(x,y,z,t)—C—z%zo (1)
0

where C, is the sound speed in air. The normal particle velocities on the surface of the MPP and

backing panel in the cavity satisfy the following continuity boundary conditions, 1i.e.,

OP./on = jap,V, (X, y) (N towards the outside of the MPP) and AP, /on =— jao,V,(X, Y)
(N towards the outside of the backing panel). v,(X,y)andV, (X, y)are the normal velocities on

the surface of MPP and backing panel, p,is the density of the air. P.(X,Y,Zz,t) can be

expressed as superposition of a series of cavity modes,
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where P, (t)is the modal amplitude of the (u, w,m) -thmode, . (X, Y, z) is the mode shape

urzX W,
function of the cavity with rigid boundary, w,,.,(X,Y,Z)=cos( d ) cos( ﬂ-y)
a

mrz
-COS(%) , @ andb are the length and width of the SAC-AMPPA, and D is the cavity depth.

Applying the Green's second formula and orthogonality of the mode shape functions yields the

equation that the modal amplitude P, (o) satisfies,
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where @, and & are the resonant frequency and modal damping ratio of the (u,w,m) -th

mode, M, :.”.J.v Woun (X, Y,2)?dV s the generalized modal mass, ¢,,(X,y) is the

w;zy)

mode shape function of the cross-section in the duct, ¢,,(X,Y) = COS(—) cos(—= .
a

According to Eq. (3), the modal amplitude P, () can be expressed as,

m - S [arh ] 5 (2 (b
(—1) jopcs [, [, ux V) (x, )iy JCUPOC [ ] va (% )@, (%, y)dxdy
(a) +2]§uwm qu uwm) qu (a) + Zjéuwm uwm qu)

-4
The sound energy absorbed by the SAC-AMPPA is a function of the control force.

uwm

Accordingly, the reflected and total sound pressures on the incident side are also dependent on

the control force. The acoustic velocity potential @, (X, Y, Z, @) of the reflected plane wave can

be expressed as [10],

D, (X,Y,2,0) = ZZRUWe” "0 (%, Y), (5)

u=0 w=0

where ,UUW = \/(u—ﬁ)z + (M)2 - (2
a b

)2 . The coefficient R,, depends on the continuity
0

boundary condition at the incident side (Z =—D),
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where @, = —_&e'jk“Z is acoustic velocity potential of the incident plane wave, p,is the

Jop,
amplitude of the incident sound pressure, K, = @/C, is the wave number. Substituting Eq. (5)

into Eq. (6) and applying the orthogonality of modal functions yield the expression of the

coefficient R, which can be referenced in Ref [35]. Then, the reflected sound pressure P, at

the surface of the SAC-AMPPA (Z = —D) can be expressed as,

8(1) k,abe’*®
R0 Y) =y o] _p=y Y Lo [ Jy [ 000 Y)Y o (x, y)+”’°ﬂT
u=0 w=0

. (7)
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The surface velocity of the MPP v, (X, y) can be considered as a distributed particle velocity,

spatially averaged over each aperture cell adjacent to the holes [35],

P-P,
vi(X,y)=o——= " )

0

where P is the total sound pressure on the incident side (Z=—D), P=P +P.. P = poejkoD
is the incident sound pressure. PC’D(X, y)is the sound pressure atZ =—Din the cavity. O is
the porosity of the MPP. zis the acoustic impedance of each hole for the MPP, which is mainly

dependent on the diameter of the holes d, and thickness of the MPP{, . Its expression can be

referenced in Ref [35]. Substituting Eq. (2) and Eq. (7) into Eq. (8), and applying the

orthogonality of mode shape functions yield the expression thatv, (X, y) satisfies,

[V % V)@ (%, )Xy = A [ [V, (% V)0 (x, y)ly + B2, [ [ ,,(, y)aixdy
9)

1
where A, and B, can be expressed as,
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Based on the modal superposition theory, the vibration displacement of the backing panel
W, (X, Y, t) can be expressed as the superposition of a series of panel modes,

W, (%, Y, 1) = DD B h (X))@, (Y), (12)

s=1 n=1

where B is the amplitude of the (s,Nn) -th mode, ¢, (X)g, (y) =sin(szx/a)sin(nzy/b)is the

mode shape function of the backing panel with simply supported boundary condition, S and
N are the upper limit numbers of the panel mode.
Under the excitation of the cavity sound pressure P.(X, Y,0) and point force f_, the
displacement of the backing panel satisfies the wave equation as,
o*w o*w, a o*W,

D2(6x42+ EYEY: 6y2)+ p,h,—=% o =P.(X,y,0)+f_, (13)

where D,, p, andh, are the bending stiffness, density and thickness of the backing panel,

respectively. f. =F.0(X—X,,Y—Y,), in which F, is the amplitude of the point force and

(X.,Y.) isits coordinate position. Substituting Eq. (12) into Eq. (13), multiplying ¢, (X)¢, ()

on both sides of Eq. (13) and applying the orthogonality of the mode shape functions yield the

equation that the modal amplitude B, satisfies,

aeb
Byt Zyo = |, | PL(%,Y,00¢,(X)e, ()dxdly + F.Q,,. (14)
where at,, = [ job¢s(x)2gon(y)2dxdy:ab/4, Z,, = ph, (02 +2jé, 00— %), Q, is

the generalized secondary modal force, Q,, = ¢, (X.)@,(Y.) - Further substituting Eq. (4) and

Eq. (9) into Eq. (14) yields the following equation,
a eb
0w, Con [V, (% Y) 0 (%, Y)dxdy
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velocity of the backing panel v, (X, y)in Eq. (15) can be further modal expanded, then, Eq. (15)
can be re-expressed as,

S N
Uu W M Cuwmzz ja)Bs'n'j/:'\r,lv'
By Z, —ZZZ 10t Yo' =D, +FQ,.  (16)
u=0
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According to Eq. (16), the column vector Bof S x N modal amplitudes of the backing panel

satisfies the matrix equation as,

EB=D+FQ., (17)

where B =[By;,...B,,...By, 1", D=[D,...D,,,...Dx 1" and Q =[Q,;,..Q,,,..Qq ] . Eis

the (S x N) x (S x N) coupling coefficient matrix, whose (Sn,s'n") element is expressed as,

u w M H
E(Sn,s'n'): a, sné‘(s 3)5(n n) ZZZ Ja)Cuwmysn

u=0 w=0 m=0 M uwm (a) +2 quwm m @~ Dy )

(18)
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Finally, the modal amplitude vector B can be solved by Eq. (17).
Substituting Eq. (9) into Eq. (7) yields the following expression of the total sound pressure
on the incident side (z =—-D),

U w
P(X,y)=PR +P =) ) —wlw WAW joB "0, (X, ¥) + Py = G¥ +F.G,¥ + P4, (19)
u=0 w=0
where ™ =[y1y Ve ,---75N] . According to Ref [35], ngld can be viewed as the surface

sound pressure of the MPPA with rigid backing wall under plane wave excitation,
b _ abBéozg0 jp k,abel®
rigid — ﬂOO IUOOﬂOO

vector W can be referenced in Appendix A.

+ poejk"D. The row vector G, and G,, and the column

According to Eq. (6) and Eq. (9), the surface velocity v, (X, y) of the SAC-AMPPA can be

obtained as,



o(P, +D,) L ZZ A JCUBTYUW(DUW(X, Y) +V1rigid =H, ¥ + FCHZ\P+V1rigid '

a u=0 w=0

Vl(X’ y) =

(20)

lr'g'd in Eq. (20) is the surface velocity of the MPPA with rigid backing wall under plane wave

excitation, V;'*’ =abBy, /A% . The row vector H,and H, can be referenced in Appendix A.

Based on Egs. (19) and (20), the absorbed sound power of the SAC-AMPPA can be

expressed as,
1 apeb
Mo, =5 Rel] [ PO (x,y)" dxay]. 1)

where the superscript H denotes complex conjugate. Then, the sound absorption coefficient of
the SAC-AMPPA can be obtained by,

s (22)

where TT, _is the sound power of the incident plane wave, IT,,, =| P, [ ab/20,C,

2.2. Optimization of the point force
The Eqgs. (19) and (20) still contain the unknown variable of the amplitude F, of the point

force. The sound absorption coefficient of the SAC-AMPPA will be maximal when the absorbed

sound power in controlled condition reaches the maximum. Hence, IT, is chosen as the

theoretical objective function, by maximizing which the optimal amplitude of the point force

can be obtained. Substituting Eq. (19) and Eq. (20) into Eq. (21), the absorbed sound power

T, can be further expressed as,
1 Hy 1 1 Hy 1
M, =5 Re[a,FF' ]+ Re[bF 1+ SRe[GF T+ ZRe[d]. ()

where the variablesa,, D, C andd,can be referenced in Appendix A. The absorbed sound
power I is a quadratic function of the amplitude of the point force F_ . Defining F_ as the
complex value F (o) =F, (o) + jF, (@), Eq. (23) can be re-expressed as the bivariate

quadratic function of the variables F, . (w) and F_ | (@),



1 1 1
I, = > Re[a,]F, ; (@)” + > Re[a,]F,, (0)” + > Re[b, +¢,]F, (@)
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Deriving the partial derivative of the two real variables F, o (w) and F, | (@), and letting the

partial derivative equal zero yields the optimal amplitude of the point force for maximizing the

absorbed sound power I,

opt _ Re[b1 + Cl] opt _ Re[](bl - Cl)]
Fc R (CO) - 2 Re[al] b I:c,l (60) - 2 Re[ai] . (25)

Then, the maximum sound absorption coefficient in controlled condition can be obtained.

3. Performance of the SAC-AMPPA

3.1. Parameter assignment and model validation

The geometric and material parameters of the model used in the simulation are listed in
Table 1. The dimension of the SAC-AMPPA and the thickness of the backing panel are assigned
with different values to verify the control effect. The point force is also located at different
positions to explore its impact on the sound absorption improvement. After a careful
convergence study, the upper limit numbers of the cavity and panel mode are chosen as
U=W=M=9, S=N=20. The increment of the response without control (such as the
sound pressure at any position of the cavity) on the upper limit frequency 1000Hz is less than

1dB when the modal numbers further increase, which guarantees the accuracy of the results.

Table 1 The geometric and material parameters of the model

MPP Backing panel
Parameter Value Parameter Value
Th terial of th
Pore diameter of the MPP 0.4x103%m © ma‘ crial o1 Hhe Aluminum
backing panel
Thickness of the MPP 0.5x10°m Density of aluminum 2790K g/m?

Porosity of the MPP 1% Young's modulus of 7.2 x10"°N/m?

aluminum
Cavity depth of the SAC- Poisson's ratio of
AMPPA 0.05m aluminum 0.34
Viscosity coefficient of Modal damping ratio of

1.882x10°Pa-s

i 0.005
air aluminum



Density and sound speed ~ £o = 121Kg/m’ The amplitude of the

fa o p,=1Pa
of air C, =344 m/s incident plane wave

In order to validate the theoretical model, the SAC-AMPPA without control is also
modeled by the finite element software COMSOL. The length and width of the SAC-AMPPA
is set as 0.15m by 0.15m, and the thickness of the backing panel is 0.00052m. The MPP is
modeled by the equivalent impedance surface built in COMSOL. The sound absorption
coefficients obtained by analytical and numerical methods are shown in Fig.2, in which the
sound absorption coefficient of the MPPA with rigid backing wall (traditional MPPA) is also
included. General good agreement is found among them, which validates the accuracy of the
theoretical model. Compared with the result of the traditional MPPA, two absorption peaks in
the low frequency range are seen for the SAC-AMPPA. These two peaks are induced by the
resonant vibration of the (1,1) and (1,3) mode of the backing panel, which substantially absorbs

and dissipates the incident sound energy [27].
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Fig.2. Comparison of the theoretical and numerical results.

3.2. Performance analysis of the SAC-AMPPA
The dimension of the SAC-AMPPA and the thickness of the backing panel are assembled
as the following six cases to validate the control performance, which are listed in Table 2. The

position of the point force is mainly arranged at four types of locations, i.e., at the corner of the

backing panel [P-Case 1, (0.1a,0.1b)], at the middle-line y = b/2 except for the center point
[P-Case 2, (0.1a,b/2)], at the middle-line X =a/2 except for the center point [P-Case 3,

(a/2,0.1b) ], and at the center of the backing panel [P-Case 4, (a/2,b/2)].

Table 2 Six cases of parameter combination (the size of the SAC-AMPPA and the backing



panel thickness)

D-Case Lelll);irllle;(ls\l;’)itlth Thickness
D-Case 1 (Experiment) 0.15mX0.15m 0.0004m
D-Case 2 (Theory and experiment) 0.15m X 0.15m 0.00052m
D-Case 3 (Experiment) 0.15m X 0.15m 0.00072m
D-Case 4 (Theory) 0.3m X 0.4m 0.001m
D-Case 5 (Theory) 0.6m X< 0.8m 0.006m
D-Case 6 (Theory) 0.6m X< 0.8m 0.003m

The control results for the D-Case 2 and D-Case 4 are shown in Fig.3 and for the D-Case
5 and D-Case 6 are shown in Fig.4. Results obtained demonstrate that the sound absorption is
highly improved and achieves perfect sound absorption (absorption coefficient is close to 1)
with control in a wide controllable low frequency range, which validates the feasibility of the
SAC-AMPPA. The hole-cavity resonant frequency of the MPPA (HC resonance) for the MPP
parameter and cavity depth used is 730Hz. The HC resonant frequency of the SAC-AMPPA
will change slightly for different cases due to the cavity/panel coupling effect. Hence, its sound
absorption performance without control below HC resonant frequency is basically the same for
different D-Cases. In general, the controllable bandwidth is correlated with the size of the SAC-
AMPPA and the position of the point force. The small sized SAC-AMPPA is beneficial to obtain
a very wide controllable bandwidth, such as the D-Case 2 and D-Case 4, in which cases the
absorption coefficient can raise to 1 with control in the entire low frequency range below 743
Hz (HC resonance). The controllable bandwidth gradually becomes shorter when the size of the
SAC-AMPPA increases, such as the D-Case 5 and D-Case 6. The upper limit controllable
frequency is only to 430Hz for these two large sized cases when the point force is located at the

optimal position of the center of the backing panel.
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Fig.3. Sound absorption coefficient of the SAC-AMPPA with and without control: (a) D-Case 2, (b) D-
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Fig.4. Sound absorption coefficient of the SAC-AMPPA with and without control for the D-Case 5 and D-
Case 6: (a) and (b) D-Case 5, (c) and (d) D-Case 6.

The position of the point force is also the key factor affecting the controllable bandwidth
of the SAC-AMPPA. Similar to that of the Ref [35], there is an upper limit frequency (cutoff
frequency) for each type of the location of the point force, after which the control effect is
significantly weakened. The difference is that there are also narrow frequency-bands or a few
frequency points above the cutoff frequency in which the sound absorption improvement is
remarkable for the SAC-AMPPA. The optimal position is the center of the backing panel (P-
Case 4), in which case the controllable bandwidth is the longest and the upper limit controllable
frequency is the resonant frequency of the (0,2,0) cavity mode, as shown in Fig.4. The
controllable bandwidth is the shortest for the point force being located at the corner of the
backing panel (P-Case 1), where the cutoff frequency is only to the resonant frequency of the
(0,1,0) cavity mode. Although the cutoff frequency of the P-Case 2 (the resonant frequency of
the (1,0,0) mode) is larger than that of the P-Case3 (the resonant frequency of the (0,1,0) mode),
the control effect for these two cases is similar due to the fact that there are also controllable

narrow frequency-bands above their cutoff frequencies, as shown in Fig.4 (a) and (b). The cutoff



frequency of each type of the point force location for the small sized SAC-AMPPA is higher
than that of the large sized case, and the minimum cut-off frequency for the P-Case 1 could be
close to the HC resonant frequency of the SAC-AMPPA. Hence, the point force location is not
very critical for improving the low frequency sound absorption for the small sized SAC-
AMPPA, as shown in Fig.3, where only the optimal and worst locations (P-Case 4 and P-Case
1) are considered. The resonant frequencies of the cavity modes for the D-Case 2, D-Case 4 and
D-Case 5 are listed in Table 3 for aiding the analysis. Besides, it can be found from the Fig.4
that the structural parameter of the backing panel has no impact on the control effect below the
cutoff frequency of each type of the point force location, which indicates that the modal
characteristic of the backing panel (number of the modes and their resonant frequencies) is not
the key factor affecting the sound absorption performance in the controllable frequency range.
It has a certain impact on the control effect above the cutoff frequency, and the backing panel
with low modal density is beneficial for obtaining additional controllable frequency-bands in

the P-Case 2 and P-Case3, as shown in Fig.4 (a) and (b).

Table 3 Resonant frequency of the cavity mode for the D-Case 2, D-Case 4 and D-Case 5

Cavity Resonant frequency (Hz)

mode D-Case 2 D-Case 4 D-Case 5
(0,0,0) 0 0 0
(0,1,0) 1147 430 215
(1,0,0) 1147 573 287
(1,1,0) 1622 717 358
(0,2,0) 2293 860 430
(1,2,0) 1034 517
(2,0,0) 1147 573
(0,4,0) 860

4. Experimental validation

4.1. Experimental setup

Experimental tests are carried out to validate the theoretical model of the SAC-AMPPA.
The experimental schematic diagram and setup are shown in Fig.5 and Fig.6. The SAC-AMPPA
is installed at the left end of the rectangular duct, and the primary sound source (Loudspeaker)
is placed at the right end. The cross-section size of the rectangular duct is 0.15m X 0.15m, which
guarantees the plane wave sound field in the duct below the cutoff frequency (1146Hz) of the
duct. The cavity depth of the SAC-AMPPA is about 0.05m. The material of the MPP is steel
and the backing panel is aluminum. The thickness of the MPP is 0.5 X 10~ *m, and the thickness
of the backing panel is 0.0004m (D-Case 1), 0.00052m (D-Case 2), and 0.00072m (D-Case 3),



respectively. The porosity and perforation diameter of the MPP is 0.5% and 0.5 X 10~ m. The

size of these two plates is 0.175m X 0.175m (slightly larger than the sectional size of the duct).

They are squeezed by the flanges with rubber ring to simulate the simply supported boundary

condition. A small control shaker (Type JZ-2A) is used as the point force, which is located at

the optimal position of the P-Case 4. The sound absorption coefficient of the SAC-AMPPA is

measured by transfer function method with two microphones and B&K 3050 acquisition front

end. The distance between the two microphones is 0.2m, and the distance between the

microphone P2 and the MPP is 0.175m, which guarantees that the absorption coefficient

measured in frequency range of 50~500Hz is accurate. The amplitude of the incident plane

wave is about 0.2Pa~ 1Pa, which does not affect the measurement of sound absorption

coefficient because it is the ratio of the absorbed sound energy to the incident sound energy.
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The sound absorption coefficient is not suitable to be used as the cost function (error signal)
for the actual control system because it is not a time-varying signal. Constructing measurable
error signal that is highly correlated with the sound absorption coefficient is a key problem for
the practical application. Such topic of error sensing strategy will be investigated for the small
sized SAC-AMPPA in Section 6. Since the sound field in the duct is the superposition of the
incident and reflected plane waves, the reflected plane wave will be minimum when the sound
absorption coefficient of the SAC-AMPPA is maximum. Hence, the reflected plane wave can

be directly used as the error signal. The reflected plane wave in the duct can be extracted by

using two closely arranged microphones (Mic E1 and Mic E2, the spacing is 0 =0.06m). The

sound pressure p, (t) and particle velocity v, (t) on the midpoint of these two microphones are

P, (1)=(Pes + Pe2)/2,V.(t) =—(1/ p,d )J.; (Pey — P;,)d 7. Then, the incident and reflected

plane wave at this point can be expressed as,
1 1
P (1) = 5[ P (t) + poCoVe (D], P, (1) = E[ Pe (1) = 2oCoVe (1)]. (26)

The reflected wave signal is input to the ANC controller (developed by our research group)
to iteratively calculate the control signal by using the feed-forward Fx-LMS algorithm. The
primary excitation signal is directly used as the reference signal. The amplified control signal
is input to the small shaker, which controls the vibration of the backing panel so as to minimize
the reflected plane wave. The secondary path is from the shaker drive signal to the reflected
wave signal, whose transfer function is measured by off-line modeling method. The sound
pressure on the point Mic P1 and Mic P2 is recorded for 5 seconds to calculate the sound
absorption coefficient with and without control. The sound absorption coefficients of the empty
tube with rigid and open ends are provided in Fig. B, which can validate the effectiveness of
the test results. The complex amplitude of the sound pressure at P1 and P2 with control is also
provided in Table C.

4.2. Results analysis

The sound absorption coefficient is measured from 50 Hz to 500 Hz with an interval of 10
Hz. The theoretical and experimental results for these three cases are shown in Fig.7-Fig.9. The
size of the MPP and backing panel is slightly larger than the theoretical value. The four sides
of the backing panel may not be well compressed by the flange, which cannot well simulate the
simply supported boundary condition. All these reasons may lead to the resonant frequencies

of the backing panel being slightly shifted to the low frequency. Thin plate is more affected by



these interference factors, for instance, especially the 2nd resonant frequency for the D-Case 1.
Besides, due to the measurement error, the sound leakage at the edge of the MPP and the
difference between experimental system and theoretical model, the measured value of the sound
absorption coefficient without control is slightly higher than the theoretical value in the
frequency range of 150-350Hz.

Similar as that of the theoretical results, the sound absorption coefficient of the SAC-
AMPPA is highly improved with control in experiments. The trends of the sound absorption
coefficient both in controlled and uncontrolled conditions in experiments are in good agreement
with these of the theoretical results, which qualitatively verifies the theoretical modeling.
Besides, the two flanges which are used for squeezing the elastic backing panel are fastened by
only eight bolts. The stress on the four sides of the elastic plate may not be uniform, which
results that the modal shape of the backing panel for some resonant modes may be slightly
distorted. This has a greater impact especially on the thin plates for the D-Case 1, which may
be the reason that the sound absorption coefficient is a little undulant with control in the
frequency range of 100-250Hz in experiment. On the contrary, the sound absorption coefficient
curves with control are smoother for the D-Case 2 and D-Case 3. Besides, the sound absorption
coefficient with control is not close to 1 in experiments in the extreme low frequency range
below 100Hz. The reason of this is that the point force with large amplitude is needed to excite
the backing panel for adjusting the cavity sound field due to the large stiffness of the backing
panel in the extreme low frequency range. However, the small control shaker cannot provide

enough output force, which results in the limited increment of the sound absorption coefficient.
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5. Physical mechanism of the sound absorption improvement

Except for the (odd, odd) modes, all other type of the mode of the backing panel can be
excited with control. All types of the cavity mode will be also excited due to their coupling
effect with the panel mode, which accordingly adjusts the surface sound impedance. Similar as
that of the MPPA with irregular-shaped cavity [12], the surface sound impedance exhibits
obvious local characteristics due to the varying sound pressure and velocity distribution over
the surface of the SAC-AMPPA with control. The surface average impedance is effectively
adjusted to close to the characteristic impedance of the air in the controllable frequency-bands
under the control of optimal point force, which is the intuitive mechanism of sound absorption
improvement. However, the physical nature of the active control and deep-seated reasons of the
sound absorption improvement is still unclear. Besides, the difference of contribution of
different type of the cavity mode to sound absorption improvement and the reason why there is
a controllable upper limit cutoff frequency for each type of the point force location are also still

unknown. These will be further explored in the following by analyzing the contribution of the



cavity modes to the sound absorption improvement.

5.1. Absorption mechanism on the resonant frequency of the backing panel without control

In order to clarify the control mechanism in the controllable frequency band, the cause of
formation of the sound absorption peak on the resonant frequency of the (odd, odd) mode of
the backing panel without control should be firstly explored. The (0,0,0) cavity mode is mainly
excited by the incident plan wave in low frequency range. Since the mode pair (cavity/ panel)
that has the opposite parity of mode index can couple with each other, the (odd, odd) mode of
the backing panel can be resonantly excited, which substantially absorbs the incident sound

energy and forms the absorption peaks. Further the (1,3) mode of the backing panel is taken as

an example in D-Case 4 (resonant frequency f =163Hz) for aiding the thorough absorption

mechanism analysis. It can be found from calculating the amplitudes of the cavity modes that

the (0,0,0) and (0,2,0) modes are primarily excited with relative large amplitudes on this

resonant frequency. Then, the surface sound pressure P(X, y) and velocity v, (X, y) of the SAC-

AMPPA can be simplified as,

P(x,y)= ,ObO,AbO JCUBT'Y Poo (X, Y) + ;Abz Ja)BTY P (X, Y)+P rigid > (27)
v,(x,y)= 2‘” JoB Y 0 (x,y) + 2‘” JOBTY %0 (X, y) + V[ 28)

rigid

In Egs. (27) and (28), the variable V,*“=5.9x107°+j7.4x107*(m/s) and

=1.95— j0.008(Pa). v/ is very small and close to 0 and Pigia is close to 2Pa, which

Prigia
indicates that the surface impedance of the MPPA with rigid backing wall has small sound
resistance and very large sound reactance on this resonant frequency and its sound absorption
is extremely weak. The (0,0,0) cavity mode is firstly excited by the incident plane wave, which
further resonantly excites the (1,3) mode of the backing panel (its amplitude is the largest in B).
Conversely, the (0,0,0) cavity mode will be further excited by the (1,3) mode due to their

coupling effect. The (0,2,0) mode is excited only by the (1,3) mode due to their coupling effect.

Accordingly, the surface sound pressure P(X, y) in Eq. (27) can be viewed as the superposition

of three components, i.¢., the sound pressure P, the sound pressure contributed by the (1,3)

rigid °

Z) .
mode excited-(0,0,0) cavity mode P® = 00—0'?’0 ja)BTyooqooo(X, y), and the sound pressure



contributed by the (1,3) mode excited-(0,2,0) cavity mode P% = ;AOZ joB Y%, (X, Y).

Similarly, the surface velocity v,(X,y) in Eq. (28) can also be roughly viewed as the

superposition of two components when V; 9 i ignored, i.e., the velocity contributed by the (1,3)
mode excited-(0,0,0) mode (denoted by Vl0 ° ), and the velocity contributed by the (1,3) mode
excited-(0,2,0) mode (denoted by Vl0 ? ).

By neglecting Vlrigid , the absorbed sound power of the SAC-AMPPA on this resonant

frequency can be expressed as,

ngY == j [, Re[P(x, y)v,(x, )" Jdxcly

~Re(2, ;‘” joBy| o L el ;;’*” ijTv“(;\) J0BTY)" [ ]! propathicy]
2
+ZRel ;Am BT °2(2"% 0By [} [} propeaticy] + - RelZ, ;‘gz 0By 4]

+— Re[(gb% Ja)BTYOO) rlgldJ. J. (DOOdXdy]"' Re[(zbzg Ja)BTYOZ) rlgldj J.Ob¢02dXdy]

2 2
Re[Zr zbo joBTy® ,B°°]+ Re[Zr ;bz jaBTy% ab]

rigid

BT+ Rl 0BTy
i
(29)
It can be found from Eq. (29) that the absorbed sound powernglb’f also breaks into three types
of components, i.e., the self-absorbed sound power of the cavity mode (such as the items 1 and
1 b
4, TI(P®v) = Ejoa _[0 Re[P® (v°)" Jdxdy and IT(P%,v{?) ), the mutual-absorbed sound
power between different cavity modes (such as the items 2 and 3,

aeb
II(P%,v?) = %L IO Re[P® (v}?)" ]dxdy and H(POZ,VEO) ), and the incremental-absorbed

—Jjop, _

V;°) and IT(P, ;4 ,Vy") . Since Zgy = ——2=— p,C, , the self-absorbed

sound power IT(P

rigid ? rigid WV



sound power of the (0,0,0) mode IT(P®,V°) is negative and equals to -9.0 X 10-°W, which

indicates that it radiates sound energy towards the outside of the SAC-AMPPA and is

counterproductive for sound absorption. On account of

Zy = ch;% =—jawp, / J (CZOZ)Z - ((C;))2 (ay, =27 f, is the resonant frequency of the (0, 2)
H 0

0

section mode, f,, =C—20J(9)2 +(§)2 ), Zg, is imaginary number and the self-absorbed
a

sound power of the (0,2,0) mode I'T( P, Vf 2) is 0 for the low frequency range below its resonant
frequency, which indicates that it has no contribution to the sound absorption. The mutual-

absorbed sound power I1( P%, Vf ? ) and I'1( p%, Vf 0 ), and the incremental-absorbed sound power

H(Prigid,sz) also have no contribution to the sound absorption because of

b b
Ioa .[o oo PyodXdy =0 and Ioa Jo @,,dxdy =0 . Hence, the incremental-absorbed sound power

T(P

vigid ,Vf °) must be positive (equal to 2.1X 10*W) and the net absorbed sound power of the

SAC-AMPPA isTT(P, ., ,V{°) = TI(P%*,v°) (equal to 1.2X 10*W and close to the incident

igid ?
sound power 1.4 X 10*W), which is the main reason for producing the absorption peak on this
resonant frequency. The situation for other absorption peaks on these resonant frequencies of
the (odd, odd) modes of the backing panel in D-Case 4 is similar. The (0,2,0) cavity mode will
be highly excited by the high order (odd, odd) mode, such as the 4™ and 5™ resonant peaks, but
it doesn't contribute to sound absorption on these resonant peaks because the resonant
frequencies of these panel modes are lower than that of the (0,2,0) mode. Hence, the sound
absorption of the SAC-AMPPA in the low frequency range in D-Case 4 is mainly is dominated
by the (0,0,0) cavity mode. The sound absorption coefficient of the SAC-AMPPA in D-Case 4
is also calculated for only considering the (0,0,0) mode in the cavity, as shown in Fig.10 (a).
These two results are very consistent, which validates the above analysis. It should be further
noticed that V; 9 cannot be ignored with the increase of frequency, and the incremental-

absorbed sound power IT(P™, V""" )and the absorbed sound power of the MPPA with rigid

backing wall [T(P,;, V') should be considered in Eq. (29).
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Besides, the amplitude of the sound absorption peaks for the D-Case 5 and D-Case 6 is
relatively small, which is due to the lower radiation efficiency of the panel mode for the thick
backing panel. The thick panel is used for the large sized SAC-AMPPA for the purpose of
reducing the number of panel mode to simplify the analysis. Despite all this, the higher order
(odd, odd) modes are also included in the low frequency range below 743Hz for the large sized
case. Their radiation efficiency is also low, which makes it difficult to have obvious sound

absorption peaks, such as in the frequency band 400Hz-743Hz, as shown in Fig.4. It should be

noticed that the self-absorbed sound power of the (0,2,0) mode H(F‘02 ,Vf 2) will be negative and

counterproductive to the sound absorption when f >430Hz, which is another reason of not

appearing obvious sound absorption peaks in 430Hz-743Hz for the large sized SAC-AMPPA.
In short, the (0,0,0) cavity mode also plays the leading role for the sound absorption in the low
frequency range for the large sized case, which is validated in Fig.10 (b). Table 4 lists the
resonant frequency of the panel mode in D-Case 4, D-Case 5 and D-Case 6 for aiding the

analysis.

Table 4 The resonant frequency of the backing panel for D-Case 4, D-Case 5 and D-Case 6

D-Case 4 D-Case 5 D-Case 6

Modal Resonant frequency Modal Resonant frequency  Modal  Resonant frequency
index (Hz) index (Hz) index (Hz)

(1,1 43 (1,1) 64 (1,1) 32

(1,2) 88 (1,2) 133 (1,2) 66

2,1 124 2,1 186 2,1 93

(1,3) 165 (1,3) 247 (1,3) 124

2,2) 170 2,2) 255 2,2) 128

2,3) 247 2.,3) 370 2.3) 185



3,1) 260 3,1) 390 3,1) 195

(1,4) 272 (1,4) 408 (1,4) 204
(3,2) 306 3,2) 459 (3,2) 230
2,4) 353 2,4) 531 2,4) 265
(3,3) 383 (3,3) 574 3,3) 287
(1,5) 410 (1,5) 615 (1,5) 307
(4,1) 451 4,1) 676 (4,1) 338
(3,4) 490 (3,4) 735 (3,4) 367
2,5) 492 2.,5) 369
(4,2) 497 (4,2) 373
(4,3) 573 (4,3) 430
(1,6) 578 (1,6) 434
(3.,5) 628 3.5) 471

5.2. Absorption mechanism with control for point force locating at P-Case 4

For further analyzing the control mechanism, the sound absorption performance for the
point force being located at P-Case 4 in the D-Case 4 is firstly analyzed thoroughly. The control
mechanism for the point force locating at the center of the backing panel (P-Case 4) is nearly
the same with the absorption mechanism on the resonant frequency of the (odd, odd) mode
without control analyzed in Sec.5.1. Since these (odd, odd) modes are weakly excited with very
small amplitudes on the off-resonant frequency without control, the surface sound pressure and

velocity of the SAC-AMPPA are close to Prigid and V, 9 The sound absorption performance of

the SAC-AMPPA is weak, which is similar as that of the MPPA with rigid backing wall. Then,
these (odd, odd) modes will also be highly excited on the off-resonant frequency under the
control of point force (P-Case 4), which further mainly excites the (0,0,0), (0,2,0) or other (even,

even) cavity modes, as shown in Fig.11 in which f =200Hz is considered. The surface sound

pressure P(X,y) , the velocity v,(X,y) , and the absorbed sound power I, can also be

expressed in forms similar to Eq. (27)-Eq. (29). The self-absorbed sound power of the (odd,

odd) modes excited-(0,0,0) cavity mode subtracted from the sum of the incremental-absorbed

sound power IT(P. ., ,V,") and TT(P®,v;""")is the increased absorbed sound power, which is

igid *

close to the incident sound power and increases the sound absorption coefficient to 1.
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Fig.11. The amplitude of the backing panel and cavity mode: (a) backing panel, (b) cavity.

In general, the surface sound pressure F’rigid will be significantly reduced to Prigid +

Z, .
L'Abo joB' yooqooo (X, y) when the incident sound power is absorbed substantially with control.

ﬂOO
H ZooP BTy (x dP ti-ph hich indicates that the (odd, odd
ence, W JoB vy, (X, y) an igia are anti-phase, which indicates that the (odd, odd)
modes excited-(0,0,0) cavity mode and the incident plane wave excited-(0,0,0) cavity mode are
also anti-phase. This results in the reduced amplitude of this mode with control, as shown in

Fig. 11(b). The (0,0,0) cavity mode is also dominant in the control process, which is further
validated by the control result of only considering the (0,0,0) mode in Fig. 12 and the surface

sound intensity distribution in Fig.13 when f =200Hz. The control result is almost consistent

with that of the Fig. 3(b). The surface sound intensity with control can be viewed as the
superposition of that of the (0,2) mode and a positive constant quantity (the sound intensity
distribution of the (0,2) mode shifting in the positive direction). The average sound intensity of
the (0,2) mode is 0, which indicates its zero contribution to sound absorption. The constant

quantity is related with the increased absorbed sound power.
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5.3. Absorption mechanism with control for point force locating at P-Case 1

All types of the panel modes and cavity modes will be excited by the point force when it
is located at the corner of the backing panel (P-Case 1). Without losing generality, the surface
sound pressure and velocity of the SAC-AMPPA can be expressed as Eq. (19) and Eq. (20) on
each excitation frequency. Then, the absorbed sound power of the SAC-AMPPA with control

IT, in Eq. (23) can be re-expressed as,

2

2
H _ERE[Zr ,2)0 JG)BT 00 ,800]+ Re[zr 2}1 Ja)BT 01 ,801]+"'+

uw

2
2Re[Zr 2”“ joBTy™ ﬁ”w]+ +;Re[Z Aw joB™yM M+

Rl :P% 0BT 4)" Pyygab] + Z Re[ ;;”“0 0BTy (1) ab] + Z Re[Py ()" o]



= TI(P®,v®) + TI(P* V) + - -+ TI(P™ V™) + -+ + TI(P"™ V™) + TI(P, ., v

rigid 'V
+H(POO rigid ) + H( id v rlgld) , (30)
whereZ), = M:—j / \/ (aé“‘”)2 — (g))2 . The absorbed sound power is also consists
s 0

of three components, i.e., the self-absorbed sound power of the panel mode excited-cavity mode

IT(P™,v}"), the incremental-absorbed sound power IT(P, 4 ,V;") and TT(P,v]"""")  and the

absorbed sound power TT(P, .., V;®") of the MPPA with rigid backing wall. The mutual-

rigid +
absorbed sound power between different cavity modes TT(P",v;"") or IT(P"*,v;"") is 0 due to
J. I @, PydXdy =0 . Since Zg =—p,C, , II(P%,v°) is always negative. For other
(u,w,0) cavity mode, Z,, is imaginary number and the self-absorbed sound power
IT(P™,v;") is 0 when w < Ay Z;, will be negative real number and the self-absorbed sound

power IT(P™,v;") will be also negative when o > Opy
Hence, the control mechanism is also similar with that of the point force locating at P-Case

4 when o < @y, . Although these high order cavity modes can be excited, they do not contribute

to the improvement of sound absorption. Z, will be a very large negative number when @ just

exceeds @y, . Then, the self-absorbed sound power of the (0,1,0) mode H(F’Ol,Vl0 1) will change

from 0 to a very large negative number and has a negative effect on sound absorption, which
leads to a sharp decline in control performance. This is the reason that the controllable cutoff
frequency of the location of P-Case 1 is the resonant frequency of the (0,1,0) mode, as shown
in Fig.3 (b) and Fig. 4 (a) and (c). The self-absorbed power of more cavity modes will be
negative with the increase of frequency, which results in the poor control effect in the frequency

range above the cutoff frequency. The amplitudes of the panel and cavity modes are shown in

Fig. 14 when f =200Hz for D-Case 4. Although many panel and cavity modes are excited,

only these (odd, odd) panel modes excited-(0,0,0) cavity mode plays a key role in the
improvement of sound absorption, which offsets the incident plane wave excited-(0,0,0) mode
and weakens the amplitude, as shown in Fig.14 (b). The surface sound intensity distribution

mainly presents the form of (1,1,0) mode and the net sound intensity is correlated with the



increased absorbed sound power, as shown in Fig.15.
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Similarly, the self-absorbed sound power of the (0,2,0) mode H(PO2 ; Vf 2) will be negative

when w > @, , which results in the resonant frequency of the (0,2,0) mode being the

controllable cutoff frequency of the location P-Case 4, as shown in Fig.3 (b) and Fig. 4 (b) and

(d). The (s,n) mode withn =2,4,...,even of the backing panel cannot be excited when the
point force locates at P-Case 2, which results that the (0,1,0) cavity mode cannot be excited.
Then, the self-absorbed sound power of the (1,0,0) mode H(Plo,vllo) will be negative when
w = @y, which results the f(l,0,0) being the cutoff frequency of P-Case 2. Although the (1,0,0)

cavity mode cannot be excited, but the (0,1,0) mode can still be excited when the point force

locates at P-Case 3. Hence, the control performance is significantly reduced and there is a sound



absorption trough when @ > a,, for P-Case 3, as shown in Fig.4 (c) and (d). Compared with the

P-Case 1, there is also a controllable narrowband above the resonant frequency of the (0,1,0)
mode because of the self-absorbed sound power IT1(P*°,v;°) =0 . TT(P®,v)*) will gradually
decrease as the frequency increases, and the net absorbed sound power
TT(PRyi ,Vfo)+1_[(POO,Vlrigid)+1_I(Prigid V9N —TI(P™,vY")  will again reach its maximum in

the narrowband around the resonant frequency of the (1,0,0) mode. In short, the optimal location
of the point force is P-Case 4, which can gain the widest controllable frequency band and the
upper limit cutoff frequency is the resonant frequency of the (0,2,0) mode. The worst location
of the point force is P-Case 1, in which case the cutoff frequency can only be up to the resonant

frequency of the (0,1,0) mode.
6. Error sensing strategy

Since only the (0,0,0) cavity mode works in the improvement of sound absorption with
control, the PR and IM strategies can also be used to simplify the error sensing strategy. The
sound field in the cavity will be uniform with control for the small sized SAC-AMPPA when
the point force locates at the optimal position of P-Case 4. The (0,2,0) or other high order (even,
even, 0) mode will be weakly excited in this case due to their high resonant frequencies, which
guarantees the uniform sound field in the cavity with control. Hence, the cavity sound field can
be approximately viewed as the superposition of the incident forward plane wave and reflected
plane wave, which is conducive to the implementation of PR and IM strategies similar as that
in Ref [35]. The cavity sound filed distribution of the SAC-AMPPA with and without control is

shown in Fig.16 for the D-Case 2 with P-Case 4 when f =60Hz and f =450 Hz, in which
only the y-z plane (X = a/2) is considered. The sound field is nearly uniform with control and

slightly affected by the radiated sound field of the backing panel, which validates the above

analysis.
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It can be considered that the PR strategy of the SAC-AMPPA adjusts the velocity of the
backing panel to an appropriate value so that the incident plane wave can be cancelled by the
reflected wave in the cavity, which indirectly adjusts the surface impedance close to that of air.
Two microphones are needed to sense the sound pressure of the (0,0,0) mode, which are located
at the position of el (the center of the cavity close to MPP) and e2 (the top of the cavity), as

shown in Fig.16 (a). Then, the average sound pressure of these two points

P =P, (Xe1s Yerr Zey) + Pr oo (X1 Yz Ze )1 /2 can eliminate the sound field component of

(0,2,0) mode and represents the sound pressure component of the (0,0,0) mode in the x-y plane
passing through the error sensing points el and e2 (E1 x-y plane), which can guarantee good
control effect in a relative wide low frequency range. Taking P, as the cost function and letting
PR
e

P’*=0, the optimal control force F;,” and the optimal control performance of the PR strategy

can be obtained.



The IM strategy adjusts the velocity of the backing panel to an appropriate value to absorb

most of the reflected plane wave in the cavity, which can indirectly adjust the surface impedance
close to that of air. The particle velocity Vfﬁe corresponding to PCERI ® can be obtained by the relation

ave

ver =—(1 jop,) OP* / 0z, and then, the sound pressure of the reflected plane wave P, in the

cavity can be obtained by Eq. (26). Letting P, =0, the optimal control force FC"EA and the
control performance of the IM strategy can be obtained. Four microphones are needed in

practice for accurately extracting the reflected plane wave Pcr’e. The average sound pressure

P = [P,s(Xea Year Zes) + Pres (Xeas Yea Zs)1/21n the x-y plane passing through the error
sensing points €3 and e4 (E2 x-y plane) can be measured by the microphones e3 and e4. Then,

the reflected plane wave P, can be obtained using the method mentioned in Sec.4.1 with the

average sound pressure P}* in E1 x-y plane and P.”;’ in E2 x-y plane.

The control results of these two strategies are shown in Fig.17 (a) for D-Case 2 with P-
Case 4, in which the error microphones €1(0.075,0.075,-0.048) and €2(0.075,0.148,-0.048) are
used and the MPP parameters are these used in Sec.4. The sound absorption coefficient is highly
improved and nearly close to 1 with control in the low frequency range below 500Hz, which
validates the feasibility of the PR and IM strategies. The performance of IM strategy is slightly
better than PR strategy, which is due to the reasons that the cavity sound field of the SAC-
AMPPA is weakened and not completely offset for the optimal control state, as shown in Fig.16.
The cavity sound field with control for the IM strategy is closer to that of the optimal control
state, which produces better control performance. The performance of the PR and IM strategies
is also validated by experimental test. For simplicity, only one error microphone locating at e2
(0.075, 0.145,-0.04) is used to sense the cavity sound field for the PR strategy, which is used as
the error signal (cost function) and input to the ANC controller to iteratively calculate the

control signal, as shown in Fig.5. Similarly, two microphones locating at €2 (0.075, 0.145,-0.04)

and e4 (0.075, 0.145,-0.01) (The spacing is d =0.03m) is used to sense the sound pressure of

the reflect plane wave for the IM strategy. The secondary path for the PR strategy is from the
shaker drive signal to the sound pressure signal of the sensing point (e2) and for the IM strategy
is from the shaker drive signal to the sound pressure signal of the reflected plane wave in the
cavity. The control results for the experiment are shown in Fig.17 (b), which agrees well with
the theoretical results and validates the theoretical findings. The sound absorption coefficient

with control is undulant and slightly lower than the theoretical results. This may be due to the



not very uniform cavity sound field, which is induced by the slight modal deformation of the

backing panel with non-ideal simply supported boundary condition.
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Fig.17. Control results for the PR and IM strategies: (a) theory, (b) experiment.

7. Conclusions

The performance of the SAC-AMPPA is investigated thoroughly in this research. The
control effect and physical mechanism are analyzed in detail. Simplified error sensing strategy
is constructed. Experiments are carried out to validate the theoretical findings. Conclusions
obtained are summarized as follows.

(1) The control performance of the SAC-AMPPA is highly correlated with the size of the
structure and the location of the point force. The optimal location of the point force is the center
of the backing panel, which can gain the widest controllable bandwidth and the upper limit
frequency is the resonant frequency of the (0,2,0) cavity mode. The small sized SAC-AMPPA
1s beneficial to obtain wide controllable bandwidth.

(2) The (odd, odd) panel mode excited-(0,0,0) cavity mode plays a key role in the
improvement of sound absorption with control and also in the production of absorption peaks
without control. Other high order cavity modes have no contribution to the improvement of
sound absorption when the excitation frequency is lower than their resonance frequencies, and
they even radiate sound energy to the outside of the SAC-AMPPA and have the opposite effect
on the improvement of sound absorption above their resonant frequencies. This is the reason of
appearing a different controllable upper limit cutoff frequency for different location of the point
force.

(3) Since only the (0,0,0) cavity mode works with control, the PR and IM strategies are
applicative for simplifying the error sensing strategy of the SAC-AMPPA. The approximate
uniform cavity sound field is guaranteed with control for the small sized SAC-AMPPA with

point force locating at the optimal position, which can gain good control effect.
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Appendix A

(1) The row vector G,and G, , and the column vector ¥ can be expressed as,

[Ja)ZOO'AbO (E—lD)T 00 Ja)ZUWAJW (E—lD)T uw JwZUW AJW (E—lD)T UW] (Al)

Vi B g
J a)ZOO Ao E1Q) ™, J joZ, JOL Ay A ELO)T 4 J a)ZUW A EZO) v (A2
=[—% 5% (E7Q) v 5o (E7Q) v Ao (EQ) v 1, (A2)
¥ =[5 (X, V), (X, YD,y (YT (A3)

(2) The row vector H,and H, can be expressed as,

H, = (128 gDy y, . SO (gopyryo IO Eapyryony 4y

JoRAy, E Ty JCUA\JW E1O) v Ja)AJW E T, UW
[ﬁ (E"Q)"y —ﬂUW(Q)Y, 5o (E'Q)'v™]. (A9

(3) The variablesa,, bl, C,and dlare expressed as,

a, =G,QH}, b =G,QH,' +G,Q (v/*)", ¢, =G,QH! +Q"H}

rlgld >

d, =G,QH' +GQ (V)" + Q" H/ Pigi +abPq vy, (A6)
a pb H a pb
where () = Io J‘O PP dxdy, Q = Io .[0 Ydxdy.

Appendix B

The measured sound absorption coefficients of the empty tube used in the experiment with rigid
end and open end are shown in Fig.B. There may be slight sound leakage at the end of the tube
and at the joint of the tube, hence, the sound absorption coefficient of the empty tube with rigid
end measured in the experiment is slightly larger than 0, as shown in Fig.B (a). The sound wave
in the empty tube will encounter very soft boundary at the open end, which results that most of

the incident plane wave at the open end will be reflected. Then, the sound absorption coefficient



of the empty tube with open end is also very small, as shown in Fig.B (b).
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Fig.B (a) The sound absorption coefficient of the empty tube with rigid end, (b) the sound absorption
coefficient of the empty tube with open end.

Appendix C

The amplitudes of the measured sound pressure at the measurement points P1 and P2 (the
complex amplitude in frequency domain) with control are listed in Table C for each testing
frequency (D-Case 1, D-Case 2, and D-Case 3).

Table C The amplitudes of the sound pressure at P1 and P2 with control

The amplitude of the sound pressure (Pa)

Frequency
(H2) D-Case 1 D-Case 2 D-Case 3
P1 P2 P1 P2 P1 P2
50 0.55+0.541  0.53+0.461  0.04-0.031  0.02-0.071 -0.01-0.031 -0.03-0.031
60 -0.30+0.241  -0.26+0.251 0.15-0.071  0.09-0.20i - -0.07+0.08i
0.08+0.02i
70 -0.08-0.861  -0.16-0.851 - 0.12+0.471  0.14+0.141  0.26+0.02i
0.19+0.34i
80 -0.78+0.571 -0.72+0.751  0.15+0.681 0.67+0.431 -0.04-0.351 -0.28-0.271
90 0.85+0.911  1.03+0.611 - 0.62+0.851  0.27-0.351  -0.04-0.491
0.15+0.95i
100 1.03+1.541  1.17+1.271  1.16+0.051 0.88-0.831  0.50-0.171  0.28-0.501
110 1.40+1.001  1.52+0.861 - - 0.29-0.521  -0.15-0.5%91
1.08+0.681  0.25+1.251
120 -0.03-0.171  -0.10-0.20i  0.76+1.141  1.29+0.22i 0.34+0.511  0.61+0.131
130 0.02+0.171  0.08+0.171 - 0.52+1.201 - -0.28+0.56i
0.57+1.291 0.61+0.201



140

150

160

170

180

190

200
210

220
230

240

250
260

270
280

290
300
310
320
330
340

350

360

-0.05+1.62i1

-0.13-0.061

0.20+0.081

-0.11+0.041

-0.10+0.041

-0.17+0.161

0.08+0.541
0.25-0.071

-0.13+0.02i
-0.04+0.081

-0.03+0.011

0.06-0.091
0.12+0.051

0.03-0.021
-0.03+0.08i

0.05+0.071
0.05-0.011
-0.00-0.051
0.03-0.051
-0.06-0.021
-0.06-0.021

0.01+0.071

0.11-0.021

0.004+0.141

-0.14-0.011

0.14+0.011

-0.11+0.101

-0.09+0.101

-0.18+0.261

0.39+0.591
0.22-0.231

-0.20+0.171
0.01+0.111

-0.00+0.061

-0.04-0.121
0.13-0.081

-0.01-0.041
0.05+0.071

-0.02+0.081
0.00-0.061
-0.06-0.011
-0.05-0.041
-0.04+0.061
-0.03+0.071

0.08-0.011

-0.02-0.141

1.00-1.481
0.47+0.111

0.41+0.191

0.32+0.221

0.33+0.12i
0.12+0.28i
0.01+0.32i
0.28+0.011
-0.15-0.301
0.58+0.191

0.75-1.541

0.14+1.431
0.77+0.481
0.72-0.161
-0.67-0.011

-0.31-0.521
0.42+0.341
0.47-0.131
0.42+0.211
0.40-0.141
0.33+0.231

-0.34-0.171

-0.24-0.261

-0.35-1.571
0.36-0.241

0.12+0.371

0.05+0.341

0.12+0.28i
0.26+0.101
0.19+0.19i
0.14+0.181
-0.25-0.061
0.36-0.191

-0.35-1.481

1.09+0.881
0.15+0.901
0.33-0.681
0.43+0.56i
-0.65-0.051
0.58-0.191
0.15-0.551
0.45-0.311
0.05-0.521
0.43-0.261

0.36+0.33i

0.46+0.191

-0.31-0.561
-0.41-0.461
-0.41-0.411

0.49+0.171
-0.12-0.441

0.40+0.121

-1.28-0.961
0.42+0.531

-0.11-0.611

0.52+0.061
0.43+0.42i
-0.38-0.311
0.05-0.561

0.33-0.951
0.26-0.961

0.26-0.961
-0.51-0.181
-0.45-0.191
0.20+0.271
0.24+0.231
0.08+0.071
0.05-0.071

-0.09-0.021

-0.59-0.171

-0.57-0.011

-0.54-0.011

-0.21+0.441

-0.36-0.201

0.33-0.201

-1.39+0.271
0.61+0.031

-0.48-0.261
-0.12+0.361

0.04+0.491

-0.31+0.171
-0.35-0.311

-0.46-0.671
-0.51-0.671

0.43-0.611
-0.47+0.351
-0.50+0.26i
0.51-0.031

0.45-0.211

0.05+0.151

-0.03-0.151

-0.09+0.131



370 -0.05-0.131  -0.18+0.081 0.26+0.171  0.42-0.251  0.15-0.081  -0.04-0.321

380 0.09+0.091  0.12-0.151  -0.03-0.361 -0.54-0.031 -0.04-0.231 -0.43-0.00i

390 0.05-0.071  -0.12-0.061 -0.01-0.371 -0.57-0.01i  0.07-0.24i  -0.44-0.151

400 0.002+0.091  0.14-0.021  -0.39-0.081 - -0.30-0.041  -0.01+0.491
0.08+0.61i

410 0.07+0.031  0.04-0.131  -0.40-0.08i - - 0.34+0.39i
0.04+0.621  0.28+0.151

420 0.07+0.0011 -0.005- - 0.41+0.481 -0.14-0.271 -0.38+0.341

0.141 0.36+0.191

430 0.09-0.031  0.008-0.051 0.04+0.391 0.55-0.261 0.28+0.031  -0.08-0.451

440 0.33+0.051  0.24-0.201  -0.34-0.111  0.07+0.531 -0.26-0.061 -0.03+0.391

450 0.32-0.151  -0.01-0.371  -0.32-0.021 0.20+0.421 0.19+0.151  0.10-0.33i

460 -0.32+0.101  0.08+0.321  0.24+0.161  0.00-0.41i  -0.06-0.201 -0.18+0.24i

470 -0.13-0.251  -0.18+0.121  0.16-0.221 -0.37-0.001 0.19+0.021 -0.14-0.241

480 0.36-0.021  -0.01-0.181 -0.01-0.251 - 0.16-0.091  -0.23-0.071
0.26+0.22i

490 -0.36+0.431  0.05+0.401  0.07+0.22i  0.14-0.271  0.02+0.181  0.13-0.18i1

500 0.22-0.121  -0.10-0.271  0.20-0.10i -0.28-0.07i -0.16-0.0i  -0.08+0.201
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