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Abstract. In this paper, the minimality of the quadratic sum of the reflected sound pressure is used
to outline the method of active sound absorption. A piezoelectric ceramic is attached to a simply
supported plate, and two microphones are placed in the front of the simply supported plate. The
reflected sound pressure is measured. According to the measured reflected sound pressure, the
voltage is added to the surface of the piezoelectric ceramic. Then, the simply supported plate is
vibrated. Thus, the total sound pressure is expressed as a combination of the reflected sound
pressure and the radiated sound pressure. A condition of the quadratic sum being minimal is
presented and the voltage (added to the surface of the piezoelectric ceramic) is calculated. At last,
the numerical calculation and the experiment are carried out, which demonstrate that the method
outlined in this paper is possible.

Keywords: reflected sound pressure, simply supported plate, piezoelectric ceramic, active sound
absorption.

1. Introduction

In 1960s, active sound elimination raised a great interest amongst scholars. Active sound
elimination is a method that uses primary sound source sound waves in order to produce equal
and opposite in phase waves from a secondary sound source (destructive interference between the
two sources results in sound elimination).

The expected control goals are achieved and the purpose of the elimination is attained. The
method was proposed by Paul Lueg, who patented it in 1934 and explained its basic theory in
1936 [1-3]. The electronic control system could not be manufactured due to electronic technology
imitations. Therefore, the technology had not been developed until the late 1960s. With the
development of electronic technology, scholars posed the method of sound elumination again. The
present study hotspot is using structural acoustic radiation to offset the incidental acoustic energy
in order improve the absorption effect. There have been a lot of reseach achievements and some
research results have been used in practice.

The basic principle of the elimination is shown in Fig. 1, when the sound wave is incident to
the flat plate. The sound signal is detected by the sensor placed in front of the plate. The detected
sound signal is transmitted to the control filters, which give the controlled signal to the actuator
attached to the plate (the plate is assumed to be elastic). When the elastic plate has no secondary
force source effect, the acoustic field above the plate includes: incidental sound pressure p; (7, t),
the reflected sound pressure p,(7,t) by the elastic plate and the acoustic radiation pressure
Pps (7, t). These elements form the following formula [4-6].

pp (F' t) = pi (F, t) + pr (F' t) + pps (F, t) (1)
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Fig. 1. Active noise elimination is using a plate structure

When the secondary force source effects the elastic plate, the radiated sound pressure is
pes (7, t). So the total sound pressure is:

p(F' t) = Pp (?' t) + Dcs (Fr t) = bi (F' t) + Dr (Fr t) + Pps (F, t) + Dcs (F' t). 2

Similarly, when the elastic plate has no secondary force source, the velocity in the space above
the elastic plate includes three parts: (1) he velocity V;(#, t) generated by the incident sound wave;
(2) the reflected velocity V;.(7, t) generated by the elastic plate; (3) the radiated velocity V,s(7, t),
which is shown as the following formula:

V(7 0) = Vi(7,t) + V. (7, 0) + Vs (7, 1). ®3)

When the secondary force source effects the elastic plate, the radiated velocity V. (7, t) is
generated and the total velocity is shown as the following formula:

V#E ) =KF 0 + Vs (@ 0) = Vi(7, 0 + .3, 0) + Vs (7, 0) + Ves (7, 0. (4)

Therefore, when the secondary force source effects on the elastic plate, the overall sound
power of the elastic plate W is:

W =p@t)-V(@E ). 5)

In order to achieve the purpose of the activity eliminated, the overall sound power W should
be minimal and the control target is:

W — min. (6)

The incident sound pressure is constant, which has no affection on the derivation. the
minimality of the quadratic sum of the reflected sound pressure is used to outline the method of
active sound absorption. A piezoelectric ceramic is attached to a simply supported plate, and two
microphones are placed in the front of the simply supported plate. The reflected sound pressure is
measured. According to the measured reflected sound pressure, the voltage is added to the surface
of the piezoelectric ceramic. Then, the simply supported plate is vibrated. Thus, the total sound
pressure is expressed as a combination of the reflected sound pressure and the radiated sound
pressure. A condition of the quadratic sum being minimal is presented and the voltage (added to
the surface of the piezoelectric ceramic) is calculated.

2. The theory calculation method of the quadratic sum of the reflected sound pressure with
monolithic piezoelectric ceramic chips

The arrangement of the monolithic piezoelectric ceramic chip is shown in the Fig. 2.
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Fig. 2. Active sound absorption is based on the minimality of quadratic sum of the reflected sound pressure

For the external voltage V;, the strain §; of the ith piezoelectric ceramic chips is:

AL dsV;
b Li  tg

, U]

where t;, is the thickness of the ith piezoelectric ceramic chip and d5; is the strain constant of the
piezoelectric ceramic chip. In the Fig. 2, the piezoelectric ceramic chips are attached to the simply
supported plate and the double direction longitudinal force reads [7-15]:

pia(z + pia)

M. = M.. = h?y§;, (8)
= ) Y41+ Bpia(3 + 3pia + PZ)) '
t.
Pia == 9)

According to the formula (8), the motion equation of the simply-supported plate is:

5(x —x;1)  08(x — x;
DV*w; + phw; = M;, [( (xax Xia) _ (xax z 2)> (uly —yin) —uly —¥12))
N 08y —yu) 986(y — yi2) (uCx = x) — uCx — %)) 4o
ay ay i1 i2 .

For the formula (10), the displacement w; (x, y, t) of the simply-supported plate at any location
and time can be expressed using the vibration modal method:

Wiy, ) = €9 A in (6, (1)

m=1n=1

where A;,n is (m,n) modal amplitude caused by the i piece of piezoelectric ceramic chip and
Yimn (x, y) is the vibration modal shape function of the position (x, y):

. mmx | nmy
Yima (x, ) = sin sin—-. (12)
L, L,
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Putting the formula (11) and (12) into the formula (10) and then multiplying ¥, (x,y) on
both sides of formula (10) yields:

Ly Ly

J-J-sm nx51 —yz ZA nny D <E> +<n_n>
L, L, L, L,

m=1n=1

(13)
- phwzl dxdy.

When the model is mutually orthogonal, the integral of any two different vibration models
along the surface of simply supported plate is equal to zero. Therefore, the equation (13) reads:

D ((?) ; (%)) - phwzl. 14)

According to the formula (14), the inherent frequency w,y,, is:

_l <(T_f)2 " (%” (15)

= oh

L,L
%Aimn

mn

Yimn (%, y) is multiplied by the right of formula (9) and yields:

Ly Ly
mnx  nry[[06(x —x;1)  06(x — x;5)
My f f sin sm—[( ) (uy - y) — iy — v)
Ly (16)
06(y —yu) 986(y — yi2)
+ ( 3y LA 3y 2 (u(x —xp1) —ulx — xiZ)) dxdy.
According to the formula (16), the following formula yields:
mm nm
—2Mi Ly L [( Lx) + (E) ](cos Mt mnxiz) cosi _ L MYz 17
mni? L, L, L, L, )

To make formula (14) and formula (17) equal, the modal amplitude 4,,,,, is expressed as:

imn —

mm nmw
4M; T
- [( Ly ) * (Ly) ] (cos MitXp os mnxi1> <cos Ny cos n7TJ’i2> (18)

phmnn?(wh, — w?) L, L, Ly, Ly

According to the above formula, the vibration displacement w; (x, y, t) of the simply supported
plate can be yield (which is differential). The vibration velocity u(x, y, t) of the simply supported
plate’s surface is:

u(x,y,t) = Z;w efort Z Z Atmntinn (6,9), (19)

m=1n=1
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where N is the number of piezoelectric ceramic chips that are attached to the simply supported

plate. According to the above analysis and the calculation method, the sound pressure p;(xq, yo)
is expressed as matrix:

i [0 i i i i i i
Pt = [pk=1,l=1' **y Pr=1,1=a» Pk=2,1=1» """ Pk=2,l=a» " » Pk=b,i=1, Pk=b,1=2) """ » pk:b,l:a]' (20)

The radiated sound pressure of the simply supported plate caused by N piezoelectric ceramic
chip is:

(21)

The simple supported plate is divided into a X b units as showed in the Fig. 3.

2|

_No.M™ element
The number P
b elements Ly ® _No.Q™ element
Ll
-
The number « elements X
et _—

Fig. 3. Element division of the supported plate

According to the Fig. 3, the center coordinations of the No. Mth element and the No. Qth
element are:

) i-1) i
x: Coordinate Ly,—L,]|,
a a

y'b y

] (k=-1) k
x: Coordinate Le,—L,],
a a

-1l
y: Coordinate TLy,ELy ,

1 .
y: Coordinate (%L iL ),
(22)

where i and j are the orders directing x and yof the No. Mth rectangular element in the Fig. 3. k

and [ is the order directing x and y of the No. Qth rectangular element. Due to the elements being
1

.1 .
tiny, the coordinate of the No. Mth rectangular element is (% Lx,]TzLy> and the coordinate of
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1

the No. Qth rectangular element is ( z Lx, ) The distance between the No. Mth rectangular

element and No. Qth rectangular element |s

i—k \* =1 \°
r(M.Q)Z\/< a Lx) +(—b Ly)- (23)

Due to the elements being tiny, the surface vibration velocity of every element is equal, thus
the velocity of the No. Mth rectangular element is:

1 .1
5 j—3
uy (x,y,t) = jwel®*t Z Z ApnPmn < 2 x'TzLJ’) (24)

m=1n=

Accordingly, formula (23) and formula (24) are put into the formula (23):

]a)p AS e Jkr
P(xQ’YQ) = - ZZU(XMJ’M) (25)

where p, is the density of the air, AS is the area of each element, AS = %. The formula (25) can
be denoted as the following formula:

pP= [pk=1,l=1' Pr=1,1=2, """ Pk=1,=a» Pk=2,1=1 Pk=2,1=2, " » Pk=2,1=a’ (26)
"y Pk=b,1=1 Pk=b,1=2, """ :Pk:b,l:a]-

According to the above mentioned, when there are no secondary force effects on the simple
supported plate, the reflected sound consists of two parts: (1) geometric reflected waves p,. (7, t)
(in the condition that the elastic is rigid plate) and (2) the acoustic radiation wave p,,s (7, t):

p(#,t) = pr (7, t) + pps (7, 1). (27)

When the piezoelectric ceramic chip attached to the simply supported plate has voltage, the
radiation sound pressure is p. The total reflected sound pressure is:

p(#,t) = p.(Ft) + Pps @) +p. (28)

Assuming the incident sound wave doesn't work, (the incident sound pressure p,¢ (7, t) is zero)
the formula (28) is:

p(#,t) = p,(7,t) +p. (29)

The incident sound wave is a plane wave, therefore the reflected sound pressure can be shown
as the following formula:

P = [pr,Dr pr]lx(axb)- (30)

Put the formula (26) and the formula (30) into the formula (29):

P(#t) = [Pr + Dk=1,1=1Pr t Pr=1,1=20"""»Pr + Pk=b,1=1)Pr + Pr=p1=2,"""»Pr T Pk:b,l:a]- (31)
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According to the formula (31), the standards of the method mentioned in this paper are attained.
The corresponding target function is:

Jp = P OP@, 1). (32)

Jp is the function of the voltage and the angular frequency of the piezoelectric ceramic chip. If
the value of the formula (32) is minimum, the following formula is:

aJ, OP"(F P, t)

v, v, ’
a], OPH(F P, t) 0
dw, dw, o

dJ, PG OPG,E)

v, v, ’
33
| ol OPH(# t)P(#,t) (33)
_— D —_—— - - — 0,
a(l)i a(l)i

8], PHEDPGD

vy vy '
aJ, OP"(F P t)
= = 0
\dwy Jdwy

The calculated voltage and frequency (according to the above formula) is the voltage and
frequency of the piezoelectric ceramic chip.

3. Measurement theory of the incident and reflection wave

If the wave is a plane sound wave, the incidence and reflection sound waves can be expressed

as.
pi(x, t) = piexp(j(wt — kx)), (34)
pr(x, 1) = prexp(j(wt + kx)), (35)

where k is the wave number and w is the frequency of the sound wave.
The signals of microphone 1 and microphone 2 are:

P2 (t) = Di (d, t) + pr(d' t) = pi(o: t+ T) + pr(o: t— T)! (37)

where 7 is the propagation time between microphone 1 and microphone 2, t =§. c is the

propagation velocity of the wave in the air. If the sound pressure p, (¢) is delayed by t, then the
following equation yields:

p1:(t) = p1(t — 1) = p;(0,t —7) + p,(0,t — 7). (38)
Signal p5(t) is defined as:
p3(t) = p1r — 0, = pi(0,t — 1) — p; (0, t + 7). (39)
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If the signal p5(t) is delayed by 7, then the signal ps(t) is:

(T
ps(t) = p3(t — 1) = p;(0,t — 27) — p;(0,t) = 2p; (0, t)e_J(T“’T)sian.

If the signal p, (¢) is delayed by 7, then the following equation yields:

pZT(t) =Dz (t - T) = pi(o: t) + pr(of t— ZT)

Signal p,(t) is defined as:

p4(t) = p2r — 01 = pr(0,t — 27) — p,(0,¢) = 2p,(0,t)e”’

T
(—+0)T

2 )sinwr.

According to the Eq. 41 and Eq. 42, the following equation can be attained:

Py = —DPs + pae” T = p,(0,0),

ps = —ps +pse” 4T = p;(0,0).

(40)

(41)

(42)

(43)
(44)

The signal p_(0,t) is the reflective sound pressure of microphone 1. The reflective sound
pressure in the place of the front piezoelectric ceramic is:

P, = p,(2d,0) = exp(j2kd)p, (0, t).

The principle of measuring the incidence and reflection sound pressure by two microphones is

shown in Fig. 4.

[

Microphone 1

]

Microphone 2

[

]

L> Electric
Computer
charge e
: stack
’_> amplifier T
| —— [ T [
inner 7
(0
program of %D
the
computer +
P N
e T
’—> pr(O,t)
L» Electric J
charge Computer
: stack
e amplifier

Fig. 4. The principle of measuring the incidence and reflection sound pressure

4. Numerical calculation and experiment

The experimental diagram is shown as the Fig. 5.
The rectangular tube for the experiment is 400 mmx400 mm>3000 mm. The primary source
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is a speaker, which is located at the end of the tube. The distance between the two microphone
sensors is 5 cm and the distance between microphone 2 and the simply supported plate is 2.5 cm.
The density of the air is p = 1.21 kg/m*. The propagation velocity in the air is ¢ = 343 ms™'. The
density of the simply supported plate is p, = 7860 Kg/m?; the thickness is h = 0.5 mm; elastic
modulus is E, = 2x10'"! Pa; the Poisson’s ratio is v, = 0.3. The thickness of piezoelectric
ceramic chip is t, = 0.5 mm; the piezoelectric constant of the piezoelectric composites is
d3, = 1.66x10™° m/V; elastic modulus is E, = 6.3x10'° Pa; Poisson’s ratio is v, = 0.35.

‘ B&KA4206 impedance tube

Detection of the incident and

‘ B&K2716C power amplifier ‘ reflected sound pressure

r '

Signal generator

Computer

Power . Amplitude and phase of the
Transducer  |—mt— voltage dealed by computer

Fig. 5. The experiment arrangement
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(200,200)
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Lx x L=400mm x 400mm 4 (200.25)
Lx x Ly=400mm x 400mm
# ’
’
— —
X X
Ly x L,=400mun x 400mm
y f T
Center coordinate | Lxx L ¥ 501:?115 X 50mm
(25.375) / Center coordinate
’ . (375,375)
~ ' e
Center coordinate
~(200,200)
Center coordinate D Center coordinate
(25,25) -~ (375,25)

X
Fig. 6. Layout diagram of piezoelectric ceramic chip
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In this experiment, piezoelectric ceramic chips are divided into: single chip piezoelectric
ceramic chips; three piezoelectric ceramic chips; five piezoelectric ceramic chips. Fig. 6 is the
various layout diagram.

The sound wave pressure figure is following one piece of the piezoelectric ceramic chip. In
order to simplify, in this experiment, the incident sound wave is a sine wave. The amplitude is
1.0 Pa and the frequency is 1000 Hz. The incident sound wave and the uncontrolled sound waves
of microphone 1 and microphone 2 are shown in Fig. 7-9.

[Fa] Working : Input : Input : FFT Analyzer

S T T T O LW I A

ATITIRIN
VY VY

| | .D 2m 4rr.1 [51 Grm arm -1Dm

Fig. 7. The incident sound wave of amplitude is 1.0 Pa and frequency is 1000 Hz
2100:: RM ”MMAM” M i:::-nnh 1 A
AT AAmanan AL
AR T T
:mnnmUUUUUUUWUVUUV Uv ~1200M = e
AR, Al
oo LT e TS

-2000 M -2000m
0 arn arn 12rm 16m 0 arm arn 12 16m 20
] ]
Fig. 9. The controlled sound waves of microphone 1 and microphone 2

The amplitude is 1.0 Pa and the frequency is 2000 Hz. The incident sound wave, the
uncontrolled sound waves of microphone 1 and microphone 2 are shown in Fig. 10-12.
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[Pa] Waorking © Input ; Input : FFT Analyzer

1nagm

UL
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—lgnam ¥ T r r i N T T 7 N4 W

a 2m am Arm am 10m

[s]
Fig. 10. The incident sound wave of amplitude is 1.0 Pa and frequency is 2000 Hz

[Pa] Time(Signal & - Input [Pa] Time(Signal B) - Input
Small Tube : Input: Input: FFT Analyzer 3800 - Small Tube : Input; Input: FFT Analyzer

1500 i I - b

1400m I
i 0 PJ

-1500m H H “HmT L R !

-2800m
0 4am am 12m 16m 0 4m am . 12m 16m 20m
5] B

Fig. 11. The uncontrolled sound wave of microphone 1 and microphone 2

AR v O N . . .1
TR TI I AR N AP NN FAAE b e
= TR ™ Wi
AN IR | | LML AR
o JUUCTRRRTVRCCOSOAARATAICAIEAIY .o JESORECRMINT
-2000 m -2000m
] 4m &m 12m 16m 0 4m Bm 12m 16m  20m

[s] 2]
Fig. 12. The controlled sound wave of microphone 1 and microphone 2

The amplitude is 1.0 Pa and the frequency is 3000 Hz, The incident sound wave, uncontrolled
sound wave of microphone 1 and microphone 2 are shown as Fig. 13-15.

[Pa] Waorking : Input : Input . FFT Analyzer

TR AR T
LA

-Loagm

1anam

a 2m im 5] Bm am 10m
=3
Fig. 13. The incident sound wave of amplitude is 1.0 Pa and frequency is 3000 Hz
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[Pa] Time{Signal &) - Input [Pa] Time{Signal B) - Input
280011 < Small Tube : Input: Input : FFT Analyzer 200011 - Small Tube : Input : Input : FFT Analyzer
1400m JHHHIIHL O R GOIHMEL 1000 m L
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-1400m ARR RN SRR R AR RN A RN AN RRl LR nR o -1000m
—-28a0m -2000 m T 1
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Fig. 14. The uncontrolled sound wave of microphone 1 and microphone 2
[Pa] Time(Signal A) - Input Time{Signal B} - Input
Small Tube : Input : Input: FFT Analyzer [Pa] Small Tube : Input: Input ; FFT Anahzer
800m
1000M 4 H |
400m
0 a
-400m
—laoam Lan} L A | L AL L] T
800m iy ) [
T 1
0 am am m 16m 0 4 B 12m 16m  20m
[s] 5]

Fig. 15. The controlled sound wave of microphone 1 and microphone 2

The amplitude is 1.0 Pa and the frequency is 4000 Hz. The incident sound wave, uncontrolled
sound waves of microphone 1 and microphone 2 are shown in Fig. 16-18.

[Pa] Working : Input: Input: FFT Analkzer
1000m
i
—looom
0 2m 4 B B 10m
[s]
Fig. 16. The incident sound wave of amplitude is 1.0 Pa and frequency is 4000 Hz
[Fal Time(Signal &) - Input [Fa) Time{Signal B - Input
Small Tube ; Input; Input ; FFT Analyzer 2000t Small Tube :Input: Input © FFT Analyzer
il I
1500 I MRV AT [111/ -

i~ L
.. e
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I L] [ H\!,.{MM
WNH‘W\W‘WIH\'I' A

T T T T T -2000m T T T 1
i 4 B 121 16m i 4m am 12m 16m 20m
sl (=]
Fig. 17. The uncontrolled sound wave of microphone 1 and microphone 2
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Time{Signal A) - Input Time(Signal B - Input

[Pal Small Tube : Input: Input: FFT Analyzer [Pa] Small Tube ; Input: Input: FFT Analyzer
1000m A 1000t
i 0
-laonm HHHHH HAHHH HHHH HHHHEE 000 R
0 4m Bm 12m 16m a 4dm 8m 12m 16m 20m
5] El

Fig. 18. The controlled sound wave of microphone 1 and microphone 2

The amplitude is 1.0 Pa and the frequency is 5000 Hz. The incident sound wave, uncontrolled
sound waves of microphone 1 and microphone 2 are shown in Fig. 19-21
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Fig. 19. The incident sound wave of amplitude is 1.0 Pa and frequency is 5000 Hz
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Fig. 20. The uncontrolled sound wave of microphone 1 and microphone 2
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Fig. 21. The controlled sound wave of microphone 1 and microphone 2
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For one piece of the piezoelectric ceramic chip, the sqaure sums of sound before controlling
(voltage not applied) and after controlling (voltage applied) are shown in the Fig. 22.
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Fig. 22. The sound pressure squares of a piezoelectric ceramic chip before and after controlling

For three pieces of the piezoelectric ceramic chips, the sqaure sums of sound before controlling
(voltage not applied) and after controlling (voltage applied) are shown in the Fig. 23.
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Fig. 23. The sound pressure squares of three piezoelectric ceramic chips before and after controlling

For five pieces of the piezoelectric ceramic chips, the sqaure sums of sound before controlling
(voltage not applied) and after controlling (voltage applied) are shown in the Fig. 24.
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Fig. 24. The sound pressure squares of five piezoelectric ceramic chips before and after controlling

From Fig. 7 to Fig. 24, the experimental results obtained the absorption effect. And yet the
absorption effect is different from the amount of the piezoelectric ceramic chips. When the amount
of piezoelectric ceramic chips is three pieces, the sound absorption effect is superb. If the amount
is increased, the absorption is not obvious.

5. Conclusion

Active sound elimination raised a great interest amongst the scholars. Active sound elimination
is a method that uses primary sound source sound waves in order to produce equal and opposite
in phase waves from a secondary sound source (destructive interference between the two sources
results in sound elimination). The expected control goals are achieved and the purpose of the
elimination is attained. This effect is unsatisfactory, so this paper puts forward an absorption
method based on the minimalism of the reflections power. The minimality of quadratic sum of the
reflected sound pressure is used to outline the method of active sound absorption. A piezoelectric
ceramic is attached to a simply supported plate, and two microphones are placed in the front of
the simply supported plate. The reflected sound pressure is measured. According to the measured
reflected sound pressure, the voltage is added to the surface of the piezoelectric ceramic. Then,
the simply supported plate is vibrated. Thus, the total sound pressure is expressed as a combination
of the reflected sound pressure and the radiated sound pressure. A condition of the quadratic sum
being minimal is presented and the voltage (added to the surface of the piezoelectric ceramic) is
calculated. In this paper, all measured signals are harmonic. In order to conveniently calculate the
equations and finish the experiment, the excited force is a harmonic sound wave. Since the excited
force is harmonic sound wave, the microphones signals are harmonic. According to the related
equations, the sound signals can be transformed to the sound pressure signals and then sound
pressure squares can be calculated. Of course, if the excited force is random, the equation and the
conclusion are correct too.
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