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Integrated sensor-actuator design and experimental study in active vibration

and noise reduction for cavity structure

CHEN Minghao, MAO Qibo, WU Jinwu, PENG Lihua, LI QI
(School of Aircraft Engineering, Nanchang HangKong University, Nanchang 330063, China)

Abstract: The control of vibration and acoustic radiation in rectangular confined spaces has been an important challenge in engineer-
ing. In this study, a solution is proposed with a sensor-actuator control system consisting of a loudspeaker, a base and a piezoelec-
tric ceramic sensor. This design has the advantages of lightweight, low natural frequency and integrated sensing/actuator design.
However, the strain-integra control scheme used for the integrated sensor-actuator suffers from stability problems. To overcome
these problems, this paper utilizes a control strategy with a band-pass filter. The study tests the mechanical properties of this home-
made inertial actuator, and determines the structural modes that have the greatest impact on the acoustic performance. A band-pass
filter control strategy is used to selectively modulate these structural modes. The experimental results show that the homemade iner-
tial actuator can effectively generate inertial forces, while the band-pass filter can effectively reduce the structural vibration, espe-
cially in controlling the first two acoustic cavity modes in the low-frequency band, which exhibits a significant effect. This approach
is more flexible in controlling low-frequency noise in confined spaces and provides an efficient solution to the problem of structural

noise in engineering environments.
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Fig.1 Components of inertia actuator
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Fig. 2 Mechanical model diagram of loudspeaker-base
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Tab.1 Physical parameters of inertial actuator
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voltage amplitude at different frequency measurement

points with experimental data fit diagram

2 EHIKEE

A SR AN [ B B0 12 o 42 il 5 A M 7 A b B
A R GERE I I 5 R

2.1 TS KGR HR

e B8 1 T B2 B0 S 5 07 vk B 7R N AN R T2 /Y
BIFFE 70 AR SCHRE SR R H B e A i 4 A M
Vi gl i e AT S5 AR M 75 P2 ), 23545 B0 R I S I A
BUr RO il o ARl 4 T 3R h

8
N

GSIF(-S'):* (9)

W 08 IS 10 IR 2 AR SR S B mt A R L 48 O
R 5(h) B o SR R AL &g R R HIE 5
IR B M5 5, St B B I O KSR B RS
I 3 A SC R EEHNE T o AR 54 A T RHOR A,
H A 238 0O s 9K sl 158 1 A sl A e i ) 4 ) 46
M3l 55 WP SR FH Y s 30 8 s A BT 6 s .
Horpr 4261 25 0915 3% REL G (5) 2R

G (s5)= qm:Gain \ . 801 - (10)

Ty st 28w+ wf

K, Gain Ry D) F 50 K 4 0 18 25 5 g 8 5 0 Al DR
P B HE 25 5 &N SR i IR AR I E s 0
S5 A I R U A 0 A

FEZC(10) Hr, 5 U8 i 45 [ A 0% o, 5% T 2 45 45
10 575 o BT [0 A 400 238 I, D) 92 4 8 A 25 AT DA A B A
RO AR DRI 3 R T DB IR Y A AR T LA
S IRAT 3 BV Ml A S X 45 R 7S R G R S TR Y
B




2308 & 3 T

i 38 %

3 MRS S MR A AR I W 5

3.1 WEEMXEFEERNNTA

L6 17 43 00 o 3 6 24 s TR R Al 5 S
ARG R R B K . HIE AN E B I EB A
A7 FR 5 R 2 M 2 TS ) 2 — 4 D 3 [ 52
192 mm A3 AR o R i AL P 2 NI Y R AR I e
AN BE R F 30 mm JE 19 A HLBE I AL . A2
it FA 5 K A 2% R 238 50K 4 R 2 48 2 K/ i
Jil 1, DA S5 B0 350 AR 37 30 38 Bl . BERR SR T i R
14 A2 A S B A, RO R X S L R SRR R X
ARG AR SN A o A SCIHR TR T B
O I 5 AR 14 AR B0 3R A S ok S BE A T R
SR 22 1 X, [ B o A DN T A R R Ok
W T e, DAPPAR i PR BE o LA 07 K 6
FEw o Xt T A I R R AR 58 8, AR SOk
DAEXS58FP E Jy e 4% , L 0.5 Hz I 2 K 17 4
B, 45 % Bl SR 550~400 Hz, M7 B 38 & 2 48 18 3
JI W VE R Mz aa ik gh o B R i B 2R R
UAFA2 A7 5 08 I 75 i 5 = By 38 08 P 4%, an &1 8
FiR o Horbr ELR 0 45 AR A5 D 0 o
SR 2 TR o

:JmﬁE‘vk
° %T’E . ®(116,270, 630)
O EHI A & (170,210, 630)
(110, 100, 630)
E N Al
8| (300, 200, 240) |
8 300 mm
2 2 240 mm
x L,=400 mm
o

L,=500 mm
K6 e B i

Fig. 6 Schematic diagram of the experimental setup

EGay ©

7 RV 45 A Y 2 TR B
Fig.7 Schematic diagram of the experimental setup for

the plate cavity structure

P8 Al s - el o e s vk 4 2
Fig.8 Controller: second-order band-pass filter and adder

composition

£2 RRARE MBS (B mm)

Tab.2 Positional parameters experimental test of

(Unit:mm)

28 A

U (110,100,630)
P A (170,210,630)
s (116,270,630)
1L 1% (300,200, 240)

B 235 K 1 D5 0 i 3 R AR R o il £ n &1 9 B
No ATRLE IR, 7E 112.5 F1 290 Hz B , 25 Jis v A7 78
A S P R A0 M 7 B T A 2 v O o ) i ) L
by 388 W e 0 0 RS 3 S R R A R
UM ST ok, 78 TAR RN A 220 e 45 i 5
B I o A R R MR R PR B RS

20F
ok

_20-
40 E . | . | .
50 100 150 200 250 300 350 400
80 ©,0,2)
60
40

JsEEE / dB

0,0, 1)

Pk /dB

20 \ \ \ . . '
50 100 150 200 250 300 350 400
M / Hz

PO 7 Tl T A A IS 45 A R A0 e 1 i 2
Fig.9 Amplitude-frequency characteristic curves of the

plate-cavity structure before control

3.2 ARESHEEHREESN

R bR 5 &, A S0 R AR 2
I 3R A 7 R 3 i 4 ) SR e AR R 0 I8 4 T SR
WG K 588K 445 A M 7

A I U8 I R W AT LA 2 B b A ) 4 R A
AR T AT R A 7R R E D8 AR Y AR
Ry E N 112.5 1 291.25 Hz, BT 3 il 95 By %t
25 MR TR R EEAE SRS IR 8 TR .
T U8 B 4 1 BHLJE Le 4 ol 52 R 0.35 81 0.23,



510

WRII L 45« — IR A A% A B 8% 3T B CHE A AR 254 2 2l T AR e M v v i 0 BT 5 2309

E BEAT 45 M WG 7 2 Bl 45 ) 22 I, 0 2500 4 4 A
G5 gt A7 R M A AT, 10 A 3K 56 0 A5 A4 R AR LS
J A o R Al S 308 g 4 T IR % O B A5 32 pR R
W R, T LA M AR B S A A Y AR E
B2E, F B DR A P R A SR 5 IR A 2 A
S bR P B OO B £ I AR A X A B i Al R
T A7 T S W 1) A R M P g T R B g S A A
], 33 T IR 3 A I 308 90 A A SR e T L S BB K 4
il 3 45

20

2 o —Eit‘ii':lﬁﬁﬁﬂ
B Ve, e BB
% _40_ 7 - \‘_,’/<
76055100 130 200 250 300 330 400
200 —
o T T v R
< 100r I | Bt te
o Or ol
=100 q 1%
-200 ! ~ = o -4 Nkl
50 100 150 200 250 300 350 400

#iF | Hz
P10 AN [w) 42 ) 55 0 O 35 1% 3ek R K EY Bodle £
Fig. 10 Bode plots of open-loop transfer functions for

different control algorithms

MR B 11 B Nyquist B/ a] RLE W, 7 8 I8 Ik
a7 N AR B R R R ek . AR E T
SR B AR R R GRS E MR, E R
F T i H B 8 2 Tt % A RS 5 10 v Uk . 2R
XPAF 5 HEAT R0 Ak B, VR0 B2 Ay e 75 2 5, DTG
R 5 ) FR A AR e M o 38 3 SR FH A D8 U A 0
il SR m P H RGN R TR R T E R Ik,
3 U8 A 1 S EO0T DR 4 T 2 R AT R, i i
PEVE M P ) H AR SR RO o X R Or L
e S 1% e B S i B R 3

0.6
051
0.4r
03

0454 02 0 02 04 06 08

11 A [958 i 35005 I 202 38 R Y Ny quist 5]
Fig. 11 Nyquist plots of open-loop transfer functions for

different control algorithms

3.3 AEEFHEENEMNEENRBERS T
Ay B8 TE AN T) #2780 X Js S 5 45 e R 7 )

P s 0L AR SCAE R 6 R B F & L EAT T R R
¥ IR F AR TR P aon . il
FHZR 75 It B AL 114 SR 4 - 043 A7 30 Ak B 7 o ook £
5 R 7 AR R AL W AR S, LUK B IR Y M 75 A5
A MR IR . W AR SCR Lk s
il B A AT 7 s P A S L 22 5

ML 12 ] LA S AR AR 4 i B 00 X6 4 —
B 1) 7 s AR — AR AR R 5 B A R A
BILFBAHBOR . FEFERNE T R
EMERE 2 . AR AR R B 6 T i A
SN R (ST ol et SN ST = o N U o D2l i el
(0,0,1)F1(0,0,2) /4 s,

20F
3 of
il -
# 20 — ¥
E 5 - R IS
. ; . M7 ot e s =
50 100 \150 200 \250 300 350 400
80F —FERIET
g 70 r - BRI
= 60 \ BRSBTS
B 50r o Tl mede N\ N
140 fp e i
301 , , : , ,
50 /100 150 \ 200 250 \ 300 N\350 400
PR / Hz
66 k ] 80 -
@ ¥ g
751 < g
S
'?70.
W 3
£,
65
‘ 6ol .
48 700 120 140 100 140 ©7200 250 280 290 300
W /Hz W& /Hz Hi% /Hz WE /Hz

P12 kA U6 4 AR

Fig. 12 Experimental control effect of band-pass filter

12 3R 50 45 2 B s Y 38 8 D 4 X T R AR
00,0, D F 2R BT AR B il 4 e T
8.6 dB. LA, A A (0,0, 2) Myl R R m T
5.5 dB, 322 PR a7 38 8 U 4% X 291.25 Hz Y M 75
P o A R S 2, T AR 7 R R A Tk R 1Y ik B A5
A AT R PR, DT T A A A 1 75 R N I
FH 3SR Y T U U A AR A T A A ) SR e %) 2 AR
P AR A U8 I AR A A SO BT 1k TR AR R
il 7 350 Hz B H B i 36 o8 A5 00 o 5 B Y
S i TR 35 7E 190 A1 250 Hz 22 B 14 Wi % 375 35 K
T B AT AR A AR S ) R, PR O 0 0 U A Y
o ) 3k S 1 A G S N o 2 A T R 4R
R GRS A S5 b/ 28 i N I M



2310

& @ L

%38 %

130 NS5 o R TS B s R o3 & i ol R S Y G
A FEAT T & M R R Bl 5, R
Ploytec 23wl (4 5 OB R AR O 38 52 A2 248,
T 7 v M AR W R Y B R AR e A
.

SR JH T 0 32 7 I Ut 4 o) G R4 o S ) I A
PR 2 an 18 13 s o AR 00 5t , >4 i e AR 1
ik A R B W AR N Al B R 3 B 4R 2 R
RN, BB B R A X T
(0,0, 1) By a2 BRI AE A % SR, 6 T
PRABG1(0,0,2) 2RI AR, X2l T
AR R BRI A /N (3, 1) IS A R
RO MHZ S X T A 22 B STk AR B 2 . A
BF 1% 7 1 5 8 52 % T 2 2 3 R R vy AR R B A Tk
i L I T T O AR Bl 4 RUR B 1 52 A XA, DA DR
Pl R GG . (HR ) — R AR R -E B i ik
TH &5 Gl T8 U8 A 45 1) SR g n] LSO iR Bk e, AR
SCHE 7 AR T AL g Bt R R A, T LA R
P b A8 0T P A A S TR R 0 A R AR, AT B
AR A S I A 2 B B AR RS DA S X I
A R

22 20F T
~ OF <<
%20 — I
B 40l . ; ; . -~ S
805() ]lOO 150 200 250 3@{) 350 400
: N — B
2 %- N BB
= a0l i
300"
5 100

150 200

250 /300

7,5 IR 25 R BB A T SE IR R B
P S B R R P A B S B AR R A
BR i BT, B AR A R Ak JE TR 2 A4
BHRFRH

A S0 3, e A B A% RS 4 G AR S
AT 0 4 il B0 SR JE RN BRAR AR SO R T — Rl g
il SRS o R M T O ER 2B B A 5 R
B A AR 2 6 D TR S5 e 2l e 7 L I 45
RRW R X — R s S B g A A
1~3 Wi 4 2y e iz 75 T 43 S0 B I 7 11.6.8 F110.6 dB,
[Fi) BsF 75 s A AR AT BE 11 75 s A2 0 I BRI T 11,4
10.8dB.

55 % G 1) A8 B 4345 AR L Y A T8 I A R
RN B R AR . DA AR TR G
WM RS 2 A RS AR RS T
104%6 o 3% — 5 i 5% W B 6% A7 6 15 M Hb 42 o] e s e
PR, AT B0 28 3% b 9 ) IS 4 Xof M 7 = A B R
DUHR IR BN RS o BT 5, A B 9 A AR 7 s 46
A ) W 7 s o B ARE T — o 3 4 SR

S E Xk

(1] TRk . ie= A iH 3 [J]. 75 %% 4, 2003, 28(2)
97-101.
MA Dayou. Theory of sound field in a room [J]. Acta
Acustica, 2003,28(2): 97-101.

(2] B, 29 W HESESKIE ] R T &%
i, 2000, 13(4): 633-637.
MAO Qibo, JIANG Zhe. Research on sound radiation
modes[J]. Journal of Vibration Engineering, 2000, 13
(4): 633-637.

(3] Bld, fHAF oo S. SO0 I A A A [T ], PR3 T
Fagdl, 2012, 25(3): 330-334.
MAO Qibo, PIETRAKO S. Experimental measure-
ment of radiation modes[J]. Journal of Vibration Engi-
neering, 2012, 25(3): 330-334.

350 \400
0 PR/ Hz
-2 | 64t 80 [
4t 62} ”
st |\ [3] oo} § B b
? gt SERD =8 it
i -10} w55 i
B2t T Jﬂﬂ\54 i oM P
S -14} ’:I";‘ 52 ’,'."")"' i 65F [/ ;
-16}+ \‘I' 50 "f‘ / ’,‘
—18t | 48Fy 60! /
YIS ) S SEYI P |
100 140 100120 140 290 310 180220 260
$i# /| Hz 3R /Hz iR /| Hz #iZ / Hz

P13 P I B0 B RO
Fig. 13 Experimental control effect of direct velocity

negative feedback algorithm

4 & &

A5 18 i P S A B IR T AR T 4 R gk
JRE B VT B AR P A 3 2% B9 0 2 R L A SRR AR 8
for 1A R T AR 30 R P RE A8 7 A ARk A 1B 1R

[4]

(6]

TRk . M il 2 (M bt RR2 i ek, 1987,
MA Dayou. Noise Control Science [M]. Beijing: Sci-
ence Press, 1987.

MAO Q B. Improvement on sound transmission loss
through a double-plate structure by using electromagnet-
ic shunt damper[J]. Applied Acoustics, 2020, 158:
107075.

Whoo 2z, Bhim R . A N A 5 M R o R, Bk R o
BEIM. 7542 VL Tl KA i st , 1993,

CHEN Kean, MA Yuanliang. Adaptive Active Noise
Control:
[M].
Press, 1993.

Principle, Algorithm and Implementation

Xi’an: Northwestern Polytechnical University



510

WRII L 45« — IR A A% A B 8% 3T B CHE A AR 254 2 2l T AR e M v v i 0 BT 5

2311

(7]

[8]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[19]

MA X Y, CHEN K A, XU J. Active control of sound
radiation from rib stiffened plate using the weighted sum
of spatial gradients as the cost function[J]. Applied
Acoustics, 2020, 157: 106991.

Wh oo 22 A RS R (M. 2 b Bt s B B ol i hi
#,2014.

CHEN Kean. Active Noise Control[ M ]. 2nd ed. Bei-
jing: National Defense Industry Press, 2014.

JBAZ W, A AEAL, R, 5 SE T UM AR S A% 5 DY T
[ S AR A BUPR PR 2l S h [ T]. B At BT R 20
2021, 45(3): 298-305.

GU Renjing, LI Shengquan, ZHU Chaowei, et al. Ac-
tive disturbance rejection vibration control based on iner-
tial actuators for all-clamped plate[ J]. Journal of Nan-
jing University of Science and Technology, 2021, 45
(3): 298-305.

PAULITSCH C, GARDONIO P, ELLIOTT SJ. Ac-
tive vibration control using an inertial actuator with inter-
nal damping[J]. The Journal of the Acoustical Society
of America, 2006, 119(4): 2131-2140.

MILTON J, CHEER J, DALEY S. Active structural
acoustic control using an experimentally identified radia-
tion resistance matrix[J]. The Journal of the Acoustical
Society of America, 2020, 147(3): 1459-1468.
ALUJEVIC N, ZHAO G, DEPRAETERE B, et al.
H, optimal vibration control using inertial actuators and
a comparison with tuned mass dampers [J]. Journal of
Sound and Vibration, 2014, 333(18): 4073-4083.

MA XY, WANG L, XU J. Active vibration control of
rib stiffened plate by using decentralized velocity feed-
back controllers with inertial actuators[J]. Applied Sci-
ences, 2019, 9(15): 3188.

BRAGHIN F, CINQUEMANI S, RESTA F. A low
frequency magnetostrictive inertial actuator for vibration
control[J]. Sensors and Actuators A: Physical, 2012,
180: 67-74.

KRAS A, GARDONIO P. Velocity feedback control
with a flywheel proof mass actuator[J].
Sound and Vibration, 2017, 402: 31-50.
KRAS A, GARDONIO P. Active vibration control

Journal of

unit with a flywheel inertial actuator[J]. Journal of
Sound and Vibration, 2020, 464: 114987.

ZILLETTI M. Feedback control unit with an inerter
proof-mass electrodynamic actuator[J]. Journal of
Sound and Vibration, 2016, 369: 16-28.

LIU X G, HAN C, WANG Y. Design of natural fre-
quency adjustable electromagnetic actuator and active vi-
bration control test[J]. Journal of Low Frequency
Noise, Vibration and Active Control, 2016, 35(3) :
187-206.

DEBATTISTI N, BACCI M L, CINQUEMANI S.

[29]

Distributed wireless-based control strategy through se-
lective negative derivative feedback algorithm[J]. Me-
chanical Systems and Signal Processing, 2020, 142:
106742.

BAILEY T, HUBBARD J E. Distributed piezoelectric-
polymer active vibration control of a cantilever beam
[J]. Journal of Guidance, Control, and Dynamics,
1985, 8(5): 605-611.

LIS Q, LIJ, MO Y P, et al. Composite multi-modal
vibration control for a stiffened plate using non-collocat-
ed acceleration sensor and piezoelectric actuator[J].
Smart Materials and Structures, 2014, 23(1): 015006.
LIS Q, LIJ, MO Y P. Piezoelectric multimode vibra-
tion control for stiffened plate using ADRC-based accel-
eration compensation[J]. IEEE Transactions on Indus-
trial Electronics, 2014, 61(12): 6892-6902.

MAO Q B, LI S Q, HUANG S Z. Inertial actuator
with virtual mass for active vibration control[ J]. The In-
ternational Journal of Acoustics and Vibration, 2020, 25
(3): 445-452.

QIU J H, HARAGUCHI M. Vibration control of a
plate using a self-sensing piezoelectric actuator and an
adaptive control approach[J]. Journal of Intelligent Ma-
terial Systems and Structures, 2006, 17(8-9): 661-669.
JI H L, ZHANG R, ZHANG C, et al. Design and
analysis of unsymmetrical SSD based negative capaci-
tance technique for vibration suppression[J]. Journal of
Intelligent Material Systems and Structures, 2023, 34
(12): 1440-1454.

CHEN M H, MAO Q B, PENG L H, et al. Active vi-
bration control using loudspeaker-based inertial actuator
with sensor[J]. Actuators,
2023, 12(10): 390.

ZILLETTI M, ELLIOTT S J, GARDONIO P. Self-

integrated piezoelectric

tuning control systems of decentralised velocity feedback
[J]. Journal of Sound and Vibration, 2010, 329(14) :
2738-2750.

GONZALEZ DIAZ C, GARDONIO P. Feedback con-
trol laws for proof-mass electrodynamic actuators[J].
Smart Material and Structures, 2007, 16 (5) : 1766~
1783.

CAMPERI S, GHANDCHI TEHRANI M, EL-
LIOTT S J. Local tuning and power requirements of a
multi-input multi-output decentralised velocity feedback
with inertial actuators[J]. Mechanical Systems and Sig-
nal Processing, 2019, 117: 689-708.

F—1EE: BRI (2000—) , B W58 4

E-mail:cmh.0616@foxmail.com

BIEMEE: BRI (1975—), 5B, B+, #4z,

E-mail: gbmao@nchu.edu.cn



