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Abstract. Multiple and altering tonal vibrations are common problem in flexible structures, 
such as lightweight means of transportation, induced by engine speed/rotor rotations, and their 
harmonics. A Semi-Active piezoelectric Tuned Mass Damper (SATMD) is developed for the 
suppression of these excitations, which consists of a resonant mass and a combined spring-
piezoelectric device connected to an external resistive-inductive electric circuit. The proposed 
anti-vibration device introduces two anti-resonances to the host structure, which can be 
manipulated through changes in the shunt impedance, to highly suppress two dominating 
excitation frequencies or adjust the device to potential frequency fluctuations and maintain its 
performance. The vibration suppression capabilities of the SATMD are numerically and 
experimentally demonstrated on a down-scaled simplified airframe model. The anti-vibration 
device is experimentally proven to effectively adjust its performance to tonal frequency 
alterations, or to suppress two tonal excitations in distant frequency ranges, even in lower 
frequency vicinity than the initially tuned auxiliary mass. Finally, one tonal frequency and its 
1st high amplitude harmonic are experimentally shown to be highly suppressed, using a SATMD 
which adds negligible mass to the structure. 

Key words: Multiple tonal excitations, retuning, tuned mass damper, anti-resonance, 
piezoelectric, shunt circuit 

1 INTRODUCTION 
Forced tonal vibrations are a common problem in flexible structures such as lightweight 

means of transportation, where engines and rotors function under stationary or altering 
harmonic excitations. Some undesirable effects of tonal excitations are human discomfort and 
material wear due to fatigue. A great deal of research has been dedicated to address the 
reduction of tonal vibrations, including solutions such as structural redesign, passive, and active 
vibration control devices. More recently, semi-active adaptive vibration control devices have 
been vigorously studied, since they are able to perform under variable tonal excitations, without 
the need for excessive power supply. Shunt circuit piezoelectric patches have been studied for 
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WKHLU� DGDSWLYH� YLEUDWLRQ� FRQWURO� SHUIURPDQFH >1@�>2@�� VLQFH� VKXQW� LPSHGDQFH� DOWHUDWLRQV� FDQ�
HDVLO\� DGMXVW� WKH� GHYLFH� WXQLQJ� WR� WKH� UHTXLUHG� EDQGZLGWK�� ZLWKRXW� DSSO\LQJ� FKDQJHV� WR� LWV�
PHFKDQLFDO�FRPSRQHQHQWV.

$�W\SLFDO�SDVVLYH�YLEUDWLRQ�FRQWURO GHYLFH�FRPSULVHV�DQ�DX[LOLDU\�PDVV�DQG�D�VSULQJ�GDPSHU�
HOHPHQW��DQG�LWV�VWUXFWXUDO�SDUDPHWHUV�DUH�WXQHG��VXFK�WKDW�D�VLJQLILFDQW�SDUW�RI�WKH�KRVW�VWUXFWXUH�
YLEUDWLRQV�DUH�PLWLJDWHG�WR�WKH�DX[LOLDU\�PDVV.�:KHQ�IXQFWLRQLQJ�XQGHU�WRQDO�YLEUDWLRQV��VXFK�
GHYLFHV�DUH�IUHTXHQWO\�QDPHV DV�WXQHG�YLEUDWLRQ�DEVRUEHUV��79$V���ZKHUHDV�ZKHQ�IXQFWLRQLQJ�
XQGHU�EURDGEDQG�H[FLWDWLRQV��WKH\�DUH�NQRZQ�DV�WXQHG�PDVV�GDPSHUV��70'V�.�,Q�WKLV�VWXG\��WKH�
WHUP�70'�ZLOO�EH�XVHG�IRU�DOO�W\SHV�RI�G\QDPLF�H[FLWDWLRQV. 6LQFH�WKH�SLRQHHULQJ�ZRUN�RI�)UDKP
>�@�� WKHVH� GHYLFHV� KDYH� EHHQ� ZLGHO\� LQYHVWLJDWHG� IRU� WKHLU� RSWLPDO� FKDUDFWHULVWLFV� >4@�� DQG�
DSSOLHG�LQ�QXPHURXV�FLYLO�HQJLQHHULQJ�DSSOLFDWLRQV >5@�>6@.

70'V�KDYH�DOVR�EHHQ�VWXGLHG�IRU�WKHLU�DGDSWLYH�FRQWURO�FDSDELOLWLHV��VLQFH�E\�DOWHULQJ�WKHLU�
VWLIIQHVV�� H.J.� FKDQJLQJ� WKH� OHQJWK� RI� D� SHQGXOXP� 70'� �370'� >7@�� WKH\� FDQ� FRSH� ZLWK�
SRWHQWLDO� IUHTXHQF\� IOXFWXDWLRQV.�70'V� FRPSULVLQJ� VPDUW�PDWHULDOV�� VXFK� DV� VKDSH�PHPRU\�
DOOR\V��60$V� >8@��DQG�PDJQHWRUKHRORJLFDO�GDPSHUV >9@��DUH�DOVR�NQRZQ�IRU�WKHLU�FDSDELOLW\�WR�
DOWHU�WKH�70'�VWLIIQHVV�� WKHUHIRUH�DGMXVWLQJ�WKHLU�YLEUDWLRQ�FRQWURO� HIILFLHQF\ WR�WKH�UHTXLUHG
IUHTXHQFLHV.� 5HJDUGLQJ� WKH� SLH]RHOHFWULF� 70'V�� VHYHUDO� YDOXDEOH� UHVHDUFK� DWWHPSWV� KDYH�
UHYHDOHG�WKHLU�JUHDW�SRWHQWLDO�IRU�DGDSWLYH�FRQWURO >10@�>11@��KRZHYHU�PRVW�RI�WKH�UHSRUWHG ZRUNV�
GR�QRW�GHPRQVWUDWH�H[SHULPHQWDO�UHVXOWV�RU�YDOLGDWHG�PRGHOV�RQ�IOH[LEOH�VWUXFWXUHV��DQG YDULRXV�
YRLGV� DQG� FKDOOHQJHV� UHPDLQ� RSHQ. /DWHO\�� D� 6HPL�$FWLYH� VKXQWHG� SLH]RHOHFWULF� 70'�
�6$70'��� FRPSULVLQJ� D� VSHFLDOW\� SLH]RHOHFWULF� GHYLFH� IRU� VXSSUHVVLQJ� ORZ�IUHTXHQF\�
YLEUDWLRQV�ZLWK�QHJOLJLEOH�DX[LOLDU\�PDVV��KDV�EHHQ�ZLGHO\�VWXGLHG�IRU�PXOWL�PRGDO�YLEUDWLRQ�
FRQWURO�XQGHU�EURDGEDQG�IUHTXHQF\�H[FLWDWLRQ >12@�>1�@.

,Q�WKLV�SDSHU��WKH�6$70'�GHYLFH�LV�LQYHVWLJDWHG�IRU�VXSSUHVVLQJ�WRQDO�IUHTXHQF\�H[FLWDWLRQV�
RQ� D� ODE�VFDOH� DLUIUDPH� PRGHO�� DQG� DGDSWLQJ� LWV� SDUDPHWHUV� WR� SRWHQWLDOO\� ODUJH� IUHTXHQF\�
DOWHUDWLRQV.�7KLV�GHYLFH�LQWURGXFHV�WZR�KLJKO\ WXQHDEOH�DQWL�UHVRQDQFHV�WR�WKH�KRVW�VWUXFWXUH��
ZKLFK� FDQ� EH� HDVLO\� PDQLSXODWHG� E\� WKH� VKXQW� FLUFXLW� LQGXFWDQFH.� 7KH� PDLQ� VFLHQWLILF�
FRQWULEXWLRQ� RI� WKH� FXUUHQW� VWXG\� LV� WKH� H[SHULPHQWDO� GHPRQVWUDWLRQ RI� ,�� WKH� DGDSWLYH�
VXSSUHVVLRQ/� UHWXQLQJ FDSDELOLWLHV� RI� WKH� SURSRVHG� DQWL�YLEUDWLRQ� GHYLFH�� UHWDLQLQJ� LWV� KLJK�
YLEUDWLRQ�UHGXFWLRQ�SHUIRUPDQFH��,,� WKH�KLJK�HIILFLHQF\�RI�WKH�YLEUDWLRQ�FRQWURO�RI�WZR�GLVWDQW�
WRQDO�H[FLWDWLRQV�VLPXOWDQHRXVO\��DQG�,,,��WKH�KLJK�SHUIURPDQFH�RI�WKLV�GDPSHU�LQ�ORZ�IUHTXHQF\�
YLFLQLWLHV��ORZHU�WKDQ�160+]���XVLQJ�DQ�DX[LOLDU\�PDVV�OHVV�WKDQ�0.5��RI�WKH�KRVW�VWUXFWXUH�PDVV��
SURYLQJ�LWV�DSSOLFDWLRQ�SRWHQWLDO�WR�UHDO�ODUJH�DQG�IOH[LEOH�VWUXFWXUHV. 7KH�UHVW�RI�WKH�SDSHU�LV�
RUJDQL]HG�DV�IROORZV��VHFWLRQV�2�DQG���GHVFULEH�WKH WKHRUHWLFDO�EDFNJURXQG�DQG�WKH�H[SHULPHQWDO�
VHWXS�� UHVSHFWLYHO\.� 7KH� FRPSXWDWLRQDO� DQG� H[SHULPHQWDO� UHVXOWV� DUH� GLVFXVVHG� LQ� VHFWLRQ� 4��
ZKHUHDV�VRPH�FRQFOXGLQJ�UHPDUNV�DUH�VXPPDUL]HG�LQ�VHFWLRQ�5.

2 THEORETICAL BACKGROUND
/DUJH� IOH[LEOH� VWUXFWXUHV� DUH� W\SLFDOO\�PRGHOOHG� DV� HTXLYDOHQW� GLVFUHWL]HG� OLQHDU� VWUXFWXUH�

V\VWHPV�LQYROYLQJ�ODUJH�QXPEHUV�RI GHJUHHV�RI�IUHHGRP �'2)V� DQG�FRPSOH[�V\VWHP�PDWULFHV.
,Q� WKH� SUHVHQW�ZRUN�� WKH� ILQLWH� HOHPHQW�PHWKRG� LV� XVHG� WR� V\QWKHVL]H� WKH� VWDQGDUG� G\QDPLF
V\VWHP�RI�HTXDWLRQV�LQ�WKH�WLPH�GRPDLQ�

kl l kl l kl l kM u C u K u F+ + =

V\VWHP�RI�HTXDWLRQV�LQ�WKH�WLPH�GRPDLQ�
kl l kl l kl l kM u C u K u Fkl l kl l kl l kM u C u K u Fkl l kl l kl l kM u C u K u F+ + =M u C u K u Fkl l kl l kl l kM u C u K u Fkl l kl l kl l k+ + =kl l kl l kl l kM u C u K u Fkl l kl l kl l k �1�
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ZKHUH� u LV�WKH�YHFWRU�RI�WKH�N VWUXFWXUDO�GLVSODFHPHQWV� M,K UHSUHVHQW�WKH�VWUXFWXUDO�PDVV�
DQG�VWLIIQHVV�PDWULFHV��UHVSHFWLYHO\�� F UHSUHVHQWV�WKH�DSSOLHG�H[WHUQDO�ORDGV��DQG� � �...�k l 1 N= LV�
WKH�UHVSHFWLYH�'2).�7KH�VWUXFWXUDO�GDPSLQJ�PDWUL[�C LV�HLWKHU�GLUHFWO\�FDOFXODWHG�IURP�PDWHULDO�
GDPSLQJ�FRHIILFLHQWV��RU�IURP�PHDVXUHG�PRGDO�GDPSLQJ�YDOXHV��DV�H[SODLQHG�EHORZ.

,Q� RUGHU� WR� IRFXV� RQ� WKH� YLEUDWLRQ� DQDO\VLV� RI� D� VPDOO� VXEVHW� RI� X PRGHV� H[FLWHG� E\�
DHURG\QDPLF�ORDGV�ZLWKLQ�D�ORZ�IUHTXHQF\�UDQJH��DQG�DW�WKH�VDPH�WLPH�UHGXFH�WKH�ODUJH�VL]H�RI�
WKH� VWUXFWXUDO� V\VWHP�� WUDQVIRUPDWLRQ� WR� WKH�PRGDO� VSDFH� LV� D� FRPPRQO\� IROORZHG� VWUDWHJ\.
,QWHJUDWLQJ�WKH�6$70'�WR�WKH�KRVW�VWUXFWXUH�DQG�DVVXPLQJ�WKDW�LWV�DX[LOLDU\�PDVV��GDPSLQJ��
DQG�VWLIIQHVV�DUH�WRR�VPDOO�WR�DOWHU�WKH�PRGH�VKDSHV�RI�WKH�KRVW�VWUXFWXUH��WKH�LQWHJUDWHG�V\VWHP�
HTXDWLRQV�DUH�IRUPXODWHG�DV�
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ZKHUH�� Q LV� WKH�YHFWRU�RI� WKH�PRGDO�SDUWLFLSDWLRQ� IDFWRUV�RI� WKH�KRVW� VWUXFWXUH�� VXFK� WKDW�
{u}Nx1 [Φ]NxX{Q}Xx1��ZKHUH�Φ LV�WKH�PRGDO�PDWUL[�RI�WKH�X XQGDPSHG�HLJHQYHFWRUV.� M,K DUH�
WKH�PRGDO�PDVV�DQG�VWLIIQHVV�GLDJRQDO�PDWULFHV� UHVSHFWLYHO\� P LV� WKH�PRGDO� IRUFH� C LV� WKH�
PRGDO�GDPSLQJ�PDWUL[��DVVXPHG�WR�EH�GLDJRQDO�DQG�V\QWKHVL]HG�IURP�PHDVXUHG�PRGDO�GDPSLQJ�
YDOXHV�RI�WKH�EDVHOLQH�VWUXFWXUH�. md LV�WKH�DX[LOLDU\�PDVV�RI�WKH�GDPSHU��ud LV�LWV�GLVSODFHPHQW��
cd LV� WKH OXPSHG� GDPSLQJ� DQG� kp WKH� HTXLYDOHQW� SLH]RHOHFWULF VWLIIQHVV� RI� WKH� SLH]RHOHFWULF�

GHYLFH� ZKHUH�
2

p d
p

ek k
C

= + .�q2 LV�WKH�VKXQW�FLUFXLW�FKDUJH��ē DQG�Cp WKH�HTXLYDOHQW�SLH]RHOHFWULF�

FRHIILFLHQW�DQG�FDSDFLWDQFH�RI�WKH�SLH]RHOHFWULF�WUDQVGXFHU��DQG�R��L WKH�VKXQW�UHVLVWDQFH�DQG�
LQGXFWDQFH��UHVSHFWLYHO\.�)LQDOO\� n LV�WKH�VWUXFWXUDO�'2)�RI�WKH�VWUXFWXUH��ZKHUH�WKH�6$70'�LV�
DWWDFKHG��VR�Φn LV�D�OLQH�YHFWRU��ZKHUH�HDFK�HOHPHQW�LV�WKH�DPSOLWXGH�RI�WKH�UHVSHFWLYH�PRGH�
VKDSH�RI�WKH�n '2).�7KH�GHULYDWLRQ�RI�(T. �2� DQG�WKH�LQWHJUDWLRQ�RI�WKH�6$70'�FKDUDFWHULVWLFV�
DUH�WKRURXJKO\�DQDO\VHG�LQ >1�@.

$V� VHHQ� LQ�(T. �2��� WKH� LQGXFWDQFH� DGGV� D� QHZ� FRPSOH[� FRQMXJDWH� SDLU� RI� URRWV� LQWR� WKH�
V\VWHP�� ZKLFK� FRUUHVSRQGV� WR� DQ� DGGLWLRQDO� GRPLQDQW� HOHFWULFDO� PRGH.� 'HSHQGLQJ� RQ� WKH�
VWUHQJWK�RI�HOHFWURPHFKDQLFDO�FRXSOLQJ�� WKH�HOHFWULFDO�PRGH� LV�QRW�SXUHO\�HOHFWULFDO�DQG�PD\�
FRQWDLQ VWURQJ�PHFKDQLFDO�FRPSRQHQWV� IURP�PHFKDQLFDO�'2)V�RI� WKH�KRVW�VWUXFWXUH�DQG� WKH�
DX[LOLDU\�PDVV��DQG�YLFH�YHUVD. $V�VKRZQ�LQ >1�@��WKLV�HOHFWURPHFKDQLFDO�PRGH�LV�HYLGHQW�RQ�WKH�
KRVW� VWUXFWXUH� DV� D� FORVH� SDLU� RI� UHVRQDQFH� DQG� DQWL�UHVRQDQFH��ZKRVH� IUHTXHQF\� YLFLQLW\� LV�
KLJKO\�GHSHQGHQW�RQ� WKH�YDULDEOH� LQGXFWDQFH.�)XUWKHUPRUH�� WKH� LQGXFWDQFH�KLJKO\�DIIHFWV� WKH�
DX[LOLDU\�PDVV�DQWL�UHVRQDQFH��DOWHULQJ� LWV�HIIHFWLYH�PDVV��DQG�VKLIWLQJ� LW� WR� ORZHU� IUHTXHQF\�
UDQJHV.� 7KH�PDQLSXODWLRQ� RI� WKHVH� WZR� DQWL�UHVRQDQFHV� YLD VLPSOH VKXQW� FLUFXLW� DOWHUDWLRQV
�DGGLQJ�RU�UHPRYLQJ�D�FRLO�IRU�LQGXFWDQFH�YDULDWLRQ���\LHOGV�WKH FDSDELOLW\�RI�WKH�SURSRVHG�DQWL�
YLEUDWLRQ�GHYLFH�WR�UHWXQH�LWV�SHUIRUPDQFH�DFFRUGLQJ�WR�WKH�V\VWHP�IUHTXHQF\�IOXFWXDWLRQV��RU�
VLPXOWDQHRXVO\�WXQH�LWV�DQWL�UHVRQDQFHV�DQG�VXSSUHVV�WZR�WRQDO�H[FLWDWLRQV.
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3 EXPERIMENTAL SETUP 
The experimental setup consists of a down-scaled airframe prototype and the proposed anti-

vibration device for tonal excitations (SATMD). The SATMD comprises an auxiliary mass and 
a specialty piezoelectric device, which provides the stiffness for the auxiliary mass and 
introduces high electromechanical coupling, connected to an external resistive-inductive (RL) 
shunt circuit. 

3.1 Lab-Scale Airframe Structure 
A simplified structural dynamics model of a small regional aircraft (Fig. 1a) was scaled down 

to accommodate lab-dimensions, while maintaining similarity in dynamic characteristics. The 
protype was fabricated having a total mass of approximately 112kg and consists of the 
following components: (i) a 3m steel tubular beam representing the aircraft fuselage; (ii) two 
aluminum plate-strips for the wings and the horizontal tail stabilizer, respectively; and (iii) three 
plastic connectors for the mounting of the wings, the horizontal tail, and the proposed damper, 
respectively. The dimensions, materials, properties, and boundary conditions can be found in 
[13]. 

The simplified aircraft prototype was excited via an LDS electromechanical shaker, with up 
to 200N loading capacity, mounted at the middle of the horizontal tail. A load cell was 
intervened between the shaker stinger and the tested structure. Accelerations normal to the plane 
of the tested structure were measured at the fuselage tip and center. A high speed DAQ board 
was used to perform the testing campaign operating on NI LabVIEW platform. To obtain the 
frequency response of the structure, The actuation signal was a white noise signal with 
frequency bandwidth up to 2048Hz, generated on LabVIEW, converted to analog, amplified, 
and finally driven to the shaker to continuously excite the structure. The time signals of the 
applied force from the actuator as well as the accelerations were simultaneously acquired via 
the DAQ board. 

a. b. 

Figure 1. Experimental Setup: (a) Down-scaled airframe model; (b) Piezoelectric device attached under 
fuselage tip in vertical direction. 

For the simulation, a detailed finite element model was developed in Abaqus software using 
4-node reduced integration shell elements for both the tubular steel beam and the aluminum 
wings and tail (1406 nodes in total). The undamped eigenvectors of the host structure, the modal 
masses and modal stiffnesses, were extracted from the modal analysis executed in Abaqus. All 
structural modes from 30Hz to 180Hz are used in the mode superposition model of Eq. 2. The 
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PHDVXUHG�PRGDO�GDPSLQJ�YDOXHV�RI�WKH�EDVHOLQH�VWUXFWXUH�ZHUH�LQFOXGHG�LQ�WKH�PRGDO�GDPSLQJ�
PDWUL[�RI�WKH�UHGXFHG�V\VWHP�(T.�2.�7KH�PRGDO�FKDUDFWHULVWLFV�RI�WKH�VWUXFWXUH�DUH�VKRZQ�LQ�
7DEOH� 1.� 5HVXOWV� RI� WKH PRGH� VXSHUSRVLWLRQ� DQDO\VLV� DUH� FRPSDUHG� WR� H[SHULPHQWDO�
PHDVXUHPHQWV�IRU�WKH�IXVHODJH�WLS %DVHOLQH��QR�6$70'�DWWDFKHG� LQ�)LJ.�2D.�7KH�VWXGLHG�KRVW�
VWUXFWXUH�H[KLELWV�IRXU�VWURQJ�HLJHQIUHTXHQFLHV�DW��6+]��47+]��64+]�DQG�158+]��DV�REVHUYHG�LQ�
)LJ.�2D.�*UHDW�DJUHHPHQW�LV�DFKLHYHG�EHWZHHQ�WKH�H[SHULPHQW�DQG�VLPXODWLRQ�UHVXOWV��YDOLGDWLQJ
WKH�GHYHORSHG�PRGHO.

7DEOH�1.�0RGDO�&KDUDFWHULVWLFV�RI�WKH�VWXGLHG�PRGDO�IUHTXHQFLHV
Frequency [Hz] Mass[kg] Damping [Ns/m] Stiffness [kN/m]

1 �5.9 �.1 �.7 156.9
2 47.0 12.4 18.0 1076.0
� 64.4 0.6 1.9 100.5
4 78.9 4.0 2.0 976.5
5 10�.2 2.4 �.0 1010.4
6 158.8 17.1 45.0 17019.2

D.

E.
Figure 2.�([SHULPHQW�± 0RGHO�IUHTXHQF\�UHVSRQVH�RI�WKH�DLUIUDPH�WLS���D��:LWKRXW�WKH�6$70'���E��:LWK�WKH�

6$70'.

3.2 Piezoelectric device, shunt circuit, and auxiliary mass
7KH�SLH]RHOHFWULF�GHYLFH�IRU�WKH�HOHFWURPHFKDQLFDO�6$70'�LV�D�VSHFLDOW\�GLDPRQG�VKDSHG�

SLH]RHOHFWULF� WUDQVGXFHU��ZKRVH� WHUPLQDOV�DUH�VKXQWHG� WR�D�FLUFXLW�ZLWK�HOHFWULFDO� LPSHGDQFH.�
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The transducer consists of two big piezoelectric stacks and a stroke amplifying frame, which 
also provides the equivalent mechanical stiffness. The piezoelectric device can convert 
significant part of the kinetic energy into electrical energy and consequently direct it in the 
shunting circuit. At the same time the selected piezoelectric transducer requires a relatively 
small auxiliary mass, to mechanically tune the damper to relatively low frequencies. The 
concerns of brittleness and failure are addressed with the adopted actuator mechanism, which 
encapsulates the piezoelectric stack in the frame under pre-compression. The static loading of 
the actuator by the auxiliary mass further enhances the compression of the piezoelectric stack. 
Moreover, to restrict the auxiliary mass to axial movement, a combination of vertical guides 
and linear bearings was designed and applied. 

For the piezoelectric device model, an equivalent lumped parameter spring-piezoelectric 
device model is assumed, whose equivalent characteristics are calibrated as shown in [13], and 
presented in Table 2. The SATMD was decided to be attached under the tubular beam tip (Fig. 
1b). 

Table 2. Piezoelectric device characteristics. 
Auxiliary mass dm  [kg] 0.46 

Equivalent total Damping dc  [Ns/m] 7 
Equivalent mechanical Stiffness dk  [kN/m] 100 

Equivalent piezoelectric coefficient e  [N/V] 0.65 
Capacitance pC  [μF] 27 

Considering the external circuit impedance, the resistance is controlled by an easily tunable 
potentiometer, whereas variable inductive loads are introduced by connecting in-series low 
cost, low-weight, commercially available coils, making them efficient and suitable for a real 
application. To ensure that the shunt impedance is correctly applied in the analytical model, the 
resistance of each coil combination was measured using a RLC meter. 

Tonal frequencies are generally applied away from the high amplitude structural modes, 
however potential frequency fluctuations may excite these modes as well. For this reason, in 
this experimental campaign, the auxiliary mass was selected at 460g, to tune the short circuit 
device (Passive TMD behavior) away from the host structure eigenfrequencies (anti-resonance 
at 73Hz). The impedance of the SATMD shunt circuit will improve the performance of the anti-
vibration device to tonal excitations via two mechanisms: A) it will adjust the tuning of the 
device to the host structure eigenfrequencies, by altering the effective auxiliary mass, and B) it 
will introduce a second electromechanical resonator, to simultaneously suppress another tonal 
excitation. 

To validate the developed model, the experimental measurements of the studied Passive 
TMD are compared to the respective results of the mode superposition analysis in Fig. 2b, 
demonstrating great agreement. The addition of the Passive TMD to the structure affects only 
a narrow bandwidth around the targeted frequency (73Hz), while the rest of the frequency 
response exhibits similar behavior to the Baseline. 

174



4 RESULTS AND DISCUSSION 

4.1 Explicit Inductance Effect 
The scope of this section is to thoroughly study the effect of the undamped electromechanical 

pole (R=0) introduced by pure inductance. Added resistance would dissipate the energy and 
introduce damping to the results, potentially diminishing the anti-resonances. This investigation 
contributes to the complete understanding of the enhancement of electromechanical coupling 
and the exploitation of the anti-resonance introduced by the electrical resonator. However, it is 
impossible to find ideal coils with zero resistance, thus the experimental study with similar 
inductance values, and resistance, is presented in the next sections. 

Figure 3. Inductance effect on the frequency response functions of the fuselage tip acceleration 

The effect of inductive impedance on the FRF of the airframe tip acceleration is illustrated 
in Fig. 3. This surface plot can be intuitively understood as the frequency response of the 
airframe tip that corresponds to various inductance values. The frequency peaks are indicated 
by the red and yellow colors, whereas the blue areas imply lower amplitude of vibrations. 

For zero and very small inductance in Fig. 3, the auxiliary mass anti-resonance is evident 
from the blue color area at 73Hz, and the frequency response of the structure is as described in 
Fig 2b. The electromechanical mode and respective anti-resonance exhibit larger frequency 
values than the plot frequency bandwidth and is therefore not evident. As the inductance 
increases, the electromechanical mode and respective anti-resonance approaches lower band 
vicinities, appearing near 180Hz, and crossing the 158Hz structural mode at 35mH, highly 
reducing its amplitude. At the same time, the auxiliary mass anti-resonance is shifted to lower 
frequency vicinities, progressively approaching the 64Hz structural mode, until crossing it, and 
as a result, highly suppressing it, at approximately 110mH. For higher inductance values, the 
two anti-resonances remain distinct in frequency, as depicted in Fig. 3, however the electrical 
pole continues in lower frequency bandwidth. As a result, the lower frequency anti-resonance 
is now attributed to the electrical mode, whereas the higher to the auxiliary mass. For inductance 
higher than 110mH, the electromechanical anti-resonance approaches the area of 80Hz, 
depicted by the light blue curve, while the auxiliary mass anti-resonance approaches and finally 
crosses the 47Hz structural mode at approximately 330mH. 
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7KHVH�FRPSXWDWLRQDO�UHVXOWV�SDYHG�WKH�ZD\�IRU�H[SHULPHQWDO�FDPSDLJQ� ZKHUH�WKH�LQGXFWDQFH�
RI�WKH�DYDLODEOH�FRLOV�LV�HPSOR\HG��DORQJ�ZLWK�WKHLU LQWULQVLF�UHVLVWDQFH��DQG WKH�H[SHULPHQWDO�
PHDVXUHPHQWV DUH GHPRQVWUDWHG�LQ�WKH�IROORZLQJ�VHFWLRQV.

4.2 Experimental Inductance-Resistance Effect
7KH�H[SHULPHQWDO�UHVXOWV�RI�WKH�IUHTXHQF\�UHVSRQVH�RI� WKH�DLUIUDPH�WLS�ZLWK�WKH�6$70'��

SDVVLYHO\�WXQHG�WR�7�+]��DQG�D�VKXQW�FLUFXLW�FRPSULVHG�RI�YDULRXV�FRLO�FRPELQDWLRQV��DORQJ�ZLWK�
WKHLU�LQWULQVLF�UHVLVWDQFH��DUH�LOOXVWUDWHG�LQ�)LJV 4.�7KH�VWXGLHG LPSHGDQFH�YDOXHV�RQ�HDFK�ILJXUH
DUH�VHOHFWHG�IRU�EHWWHU�YLVXDOL]DWLRQ SXUSRVHV��VXFK�WKDW�WKH�UHVSHFWLYH�FXUYHV�DUH�GLVWLQFW�LQ�WKH�
GHVLUHG�IUHTXHQF\�UDQJHV.

)RU��0P+��JUHHQ�FXUYH LQ�)LJ.�4D���WKH�PHFKDQLFDO�DQWL�UHVRQDQFH�LV�VKLIWHG�WR�VOLJKWO\�ORZHU�
IUHTXHQF\�EDQGZLGWK��ZKHUHDV� WKH�HOHFWURPHFKDQLFDO�PRGH�DQG� UHVSHFWLYH� DQWL�UHVRQDQFH� LV�
FORVH�WR�WKH�158+]�VWUXFWXUDO�PRGH��ORZHULQJ�LWV�DPSOLWXGH.�7KH�UHVLVWDQFH�RI�WKH�FRLO��DORQJ�
ZLWK�WKH�H[WUHPHO\�VHQVLWLYH�HOHFWURPHFKDQLFDO�UHVRQDQFH��VPDOO�LQGXFWDQFH�FKDQJHV�OHDG�WR�ELJ�
IUHTXHQF\� IOXFWXDWLRQV� RI� WKH� HOHFWURPHFKDQLFDO�PRGH��� DQG� WKH� IDFW� WKDW� WKH� DYDLODEOH� FRLOV�
H[KLELW�PLQLPXP�LQGXFWDQFH�RI�10P+��PDNLQJ�WKH�H[DFW�WXQLQJ�WR��5P+�LPSRVVLEOH��OHDG�WR�
WKH�LQYLVLELOLW\�RI�WKH�HOHFWURPHFKDQLFDO�DQWL�UHVRQDQFH.

)RU� 50P+� �RUDQJH� FXUYH� LQ� )LJ.� 4E��� WKH�PHFKDQLFDO� DQWL�UHVRQDQFH� LV� VKLIWHG� WR� 70+]��
ZKHUHDV� WKH�HOHFWURPHFKDQLFDO�DQWL�UHVRQDQFH� LV� VKLIWHG� WR� ORZHU�IUHTXHQF\� WKDQ� WKH�158+]��
ZKHUH�QR�VWUXFWXUDO�PRGH�H[LVWV�DQG�WKHUHIRUH�LV�QRW�YLVLEOH.

)RU�110P+��\HOORZ�FXUYH�LQ�)LJ.�4E���WKH PHFKDQLFDO�DQWL�UHVRQDQFH�LV�VKLIWHG�FORVH�WR�WKH�
64+]� VWUXFWXUDO� PRGH�� KLJKO\� UHGXFLQJ� LWV� DPSOLWXGH.� 7KH� KLJKHU� YDOXHV� RI� UHVLVWDQFH� DGG�
GDPSLQJ�WR�WKH�UHVXOWV�DQG�GLPLQLVKLQJ�WKH�DQWL�UHVRQDQFH�HIIHFW.�7KH�HOHFWURPHFKDQLFDO�PRGH�
DQG�UHVSHFWLYH�DQWL�UHVRQDQFH�DUH�QRW�YLVLEOH�IRU�WKH�VDPH�UHDVRQ�DV�EHIRUH.

)RU���0P+��GDVKHG�UHG�FXUYH�LQ�)LJ.�4D���WKH ORZHU�DQWL�UHVRQDQFH�LV�VKLIWHG�FORVH�WR�WKH�
47+]�VWUXFWXUDO�PRGH��KLJKO\�UHGXFLQJ�LWV�DPSOLWXGH. 7KH�KLJKHU DQWL�UHVRQDQFH�KDV�DSSURDFKHG�
WKH�VKRUW�FLUFXLW�DQWL�UHVRQDQFH�DQG�LV�HYLGHQW�FORVH�WR�80+].

D.
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E.
Figure 4. ([SHULPHQWDO IUHTXHQF\�UHVSRQVH�RI�WKH�DLUIUDPH�WLS XQGHU�YDULRXV�6$70'�LPSHGDQFH�YDOXHV.

4.3 Case Studies

4.3.1 SATMD Retuning
7R� H[SORLW� WKH� UHWXQLQJ FDSDELOLWLHV� RI� WKH� VWXGLHG� 6$70'�GHYLFH�� D� WRQDO� H[FLWDWLRQ� LV�

VXSSRVHG�WR�H[KLELW�D�IOXFWXDWLRQ�IURP�7�+]�WR�70+]��WKXV�UHWXQLQJ�LV�UHTXLUHG�IRU�PDLQWDLQLQJ�
WKH�KLJKHVW�SRVVLEOH�YLEUDWLRQ�FRQWURO.�7KH�UHVXOWV LQ�WKH�WLPH�GRPDLQ LOOXVWUDWHG�LQ�)LJ.�5 IRU
WRQDO�H[FLWDWLRQ�DW�70+]�GHPRQVWUDWH�WKDW�WKH�SDVVLYH�70'�DW�7�+]��EOXH�FXUYH��UHGXFHV�WKH�
DFFHOHUDWLRQ� DPSOLWXGH� KRZHYHU� EHWWHU� SHUIRUPDQFH� LV� DFKLHYHG�ZLWK� WKH� VHOHFWHG� 6$70'�
�RUDQJH�FXUYH�.

Figure 5. 7LS�DFFHOHUDWLRQ�LQ�WLPH�GRPDLQ�XQGHU�WRQDO�H[FLWDWLRQ DW�70+].

4.3.2 SATMD Suppressing two tonal frequencies
7KH�VLPXOWDQHRXV�UHGXFWLRQ�RI�YLEUDWLRQ�LQ�WZR�WRQDO�IUHTXHQFLHV�LV�VWXGLHG�IRU�WZR�GLIIHUHQW�

FDVHV.�(DFK�FDVH�IRFXVHV�WR�RQH�VWUXFWXUDO�PRGH��VLQFH�WKHVH�IUHTXHQFLHV�DUH�H[SHFWHG�WR�H[KLELW�
KLJK�DPSOLWXGH�YLEUDWLRQV��DQG�PHDVXUHV�DJDLQVW�VXFK�RFFDVLRQV�VKRXOG�EH�WDNHQ.

,� 70+]�DQG�158+]
7ZR�WRQDO�H[FLWDWLRQV�DUH�LQGXFHG�WR�WKH�ODE�VFDOH�DLUIUDPH�DW�70+]�DQG�158+].�$SSO\LQJ�

WKH�6$70'�ZLWK�WKH�VWXGLHG�DX[LOLDU\�PDVV�DQG VKXQW�FLUFXLW�RI��0P+�DQG�6ȍ �JUHHQ�FXUYH�LQ�
)LJ.� 4D��� ERWK� WRQDO� YLEUDWLRQV� DUH� UHGXFHG� YLD� WKH� HOHFWURPHFKDQLFDO� DQG� DX[LOLDU\� PDVV�
DQWLUHVRQDQFHV.�)LJ.�6D LOOXVWUDWHV� WKH� WLPH�GRPDLQ�PHDVXUHPHQWV�ZLWKRXW� �EODFN�FXUYH��DQG�
ZLWK�WKH�6$70'��JUHHQ�FXUYH�.�7R�TXDQWLI\�WKH�YLEUDWLRQ�UHGXFWLRQ�LQ�HDFK�RQH�RI�WKHVH�WZR�
WRQDO�IUHTXHQFLHV��IDVW�)RXULHU�7UDQVIRUPDWLRQ��))7��LV�DSSOLHG�WR�WKH�PHDVXUHG�DFFHOHUDWLRQ�
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VLJQDOV��DQG�WKH�UHVSHFWLYH�UHVXOWV�DUH�LOOXVWUDWHG�LQ�)LJ.�6E��VKRZLQJ�JUHDW�YLEUDWLRQ�UHGXFWLRQ�
LQ�HDFK�WRQDO�IUHTXHQF\.

D. E.
Figure 6. 7LS�DFFHOHUDWLRQ�XQGHU�WRQDO�H[FLWDWLRQV�DW�70+]�DQG�158+]�LQ���D��7LPH�GRPDLQ���E��)UHTXHQF\�

GRPDLQ.

,,� 47+]�DQG�80+]
$V�D�VHFRQG�FDVH�VWXG\�LQ�WKH�YLEUDWLRQ�VXSSUHVVLRQ�RI�WZR�VLPXOWDQHRXV�WRQDO�YLEUDWLRQV��

ZLWK�RQH�EHLQJ� LQ�PXFK�ORZHU�IUHTXHQF\� WKDQ� WKH�SDVVLYH�GDPSHU�� WZR� WRQDO�H[FLWDWLRQV�DUH�
LQGXFHG DW�47+]�DQG�80+]. $SSO\LQJ�WKH�6$70'�ZLWK�WKH�VWXGLHG�DX[LOLDU\�PDVV�DQG�VKXQW�
FLUFXLW�RI���0P+�DQG�15ȍ �UHG�FXUYH�LQ�)LJ.�4D���ERWK�WRQDO�YLEUDWLRQV�DUH�UHGXFHG.�6LPLODU�WR�
WKH�SUHYLRXV�FDVH��WKH�H[SHULPHQWDO�UHVXOWV�DUH�LOOXVWUDWHG�LQ�WKH�WLPH�DQG�IUHTXHQF\�GRPDLQ�LQ�
)LJV.� 7D�� E��ZKHUH� WKH� 47+]� H[FLWDWLRQ� LV� KLJKO\� DWWHQXDWHG� �RYHU� 70��.� $� UHPDUNDEOH� QRWH
UHJDUGLQJ� WKLV�FDVH�VWXG\ LV WKDW��KDYLQJ�D FRQYHQWLRQDO 70'�ZLWK� WKH�VDPH�VWLIIQHVV�DV� WKH�
VWXGLHG�SLH]RHOHFWULF�GHYLFH�� WKH�DX[LOLDU\�PDVV�QHHGHG� WR� WXQH� WKH�70'�WR�47+]�ZRXOG�EH�
1.14NJ��WKDW�LV�DOPRVW�2.5�WLPHV�WKH�VWXGLHG�460J�DX[LOLDU\�PDVV.

D. E.
Figure 7. 7LS�DFFHOHUDWLRQ�XQGHU�WRQDO�H[FLWDWLRQV�DW�47+]�DQG�80+]�LQ���D��7LPH�GRPDLQ���E��)UHTXHQF\�

GRPDLQ.

4.3.3 SATMD Suppressing one tonal and its high amplitude harmonic
7R�VWXG\�WKH�HIIHFWV�RI�WKH�KDUPRQLFV�RI�RQH�WRQDO�H[FLWDWLRQ LQ�WKH�VWXGLHG�KRVW�VWUXFWXUH��

DQG�WKH�SHUIRUPDQFH�RI�WKH�6$70'�WR�ERWK�YLEUDWLRQV��WKH�158+]�VWUXFWXUDO�PRGH�LV�H[FLWHG��
DV� WKH� 1VW KDUPRQLF� YLEUDWLRQ� RI� D� WRQDO� IUHTXHQF\� DW� LWV� KDOI� IUHTXHQF\�� WKXV� DW� 79+].� 7R�
VLPXOWDQHRXVO\�DFKLHYH�WKDW�ERWK�WKH�GHYLFH�DQWL�UHVRQDQFHV�DUH�WXQHG�FORVH�WR�79+]�DQG�158+]��
DQ�DX[LOLDU\�PDVV�RI��50J�ZDV�FKRVHQ�� WR� LQLWLDOO\� WXQH� WKH�SDVVLYH�GDPSHU� WR�84+]��SXUSOH�

1.14NJ��WKDW�LV�DOPRVW�2.5�WLPHV�WKH�VWXGLHG�460J�DX[LOLDU\�PDVV.1.14NJ��WKDW�LV�DOPRVW�2.5�WLPHV�WKH�VWXGLHG�460J�DX[LOLDU\�PDVV.
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FXUYH�LQ�)LJ.�8���DQG��0P+�LQGXFWDQFH�LV�DSSOLHG��DORQJ�WR�LWV�LQWULQVLF�UHVLVWDQFH��OLJKW�EOXH�
FXUYH�LQ�)LJ.�8�.

)LJ.�9D LOOXVWUDWH�WKH�WLPH�GRPDLQ�H[SHULPHQWDO�PHDVXUHPHQWV�ZLWKRXW��EODFN�FXUYH��DQG�ZLWK�
WKH� 6$70'� �OLJKW� EOXH� FXUYH��� ZKLOH� )LJ.� 9E WKHLU� ))7� WUDQVIRUPDWLRQV� WR� WKH� IUHTXHQF\�
GRPDLQ.�$V�VKRZQ�LQ�ERWK�)LJV.�9��ERWK�WKH�WRQDO�IUHTXHQF\�DQG�LWV�1VW KDUPRQLF�DUH�VDWLVIDFWRULO\�
UHGXFHG��GHPRQVWUDWLQJ�WKH�6$70'�FDSDELOLWLHV.

Figure 8. ([SHULPHQWDO IUHTXHQF\�UHVSRQVH�RI�WKH�DLUIUDPH�WLS XQGHU�3DVVLYH�70'�DQG�6$70'.

D. E.
Figure 9. 7LS�DFFHOHUDWLRQ�XQGHU�WRQDO�H[FLWDWLRQ�DW�79+]��\LHOG�D�KLJK�DPSOLWXGH�1VW KDUPRQLF�YLEUDWLRQ�DW�

158+] LQ���D��7LPH�GRPDLQ���E��)UHTXHQF\�GRPDLQ.

5 CONCLUSIONS
7KH�VKXQWHG�SLH]RHOHFWULF�6$70'�SUHVHQWHG�LQ�WKLV�ZRUN�ZDV�LQYHVWLJDWHG�WR�VXSSUHVV�WRQDO�

YLEUDWLRQV� LQ� D� ODUJH� IOH[LEOH� VWUXFWXUH�� DQG� WR� DGDSW� WR�YDULDEOH� IUHTXHQF\� IOXFWXDWLRQV.�7KH�
6$70'� LQWURGXFHV� WZR� KLJKO\� WXQDEOH� DQWL�UHVRQDQFHV� GLFWDWHG� E\� WKH� VKXQW� FLUFXLW�
LQGXFWDQFH��DQG DIIHFWLQJ�WKH�KRVW�VWUXFWXUH�LQ�YDULDEOH IUHTXHQF\�VSHFWUXPV.�+DYLQJ�D�YDOLGDWHG�
WUXQFDWHG�PRGH�VXSHUSRVLWLRQ�PRGHO�RI�WKH�VWXGLHG�ODE�VFDOH�DLUIUDPH��D�FRPSXWDWLRQDO�DQDO\VLV�
VXJJHVWHG�WKH�DSSURSULDWH�LQGXFWDQFH�OHYHOV�WR�WXQH�WKH�DQWL�YLEUDWLRQ�GHYLFH�WR�QHZ�IUHTXHQFLHV.�
7KH�H[SHULPHQWDO�PHDVXUHPHQWV�VKRZHG�WKDW�WKH�6$70'�FDQ�EH�UHWXQHG�WR�FRSH�ZLWK�SRWHQWLDO�
IUHTXHQF\�IOXFWXDWLRQV�DQG�VXSSUHVV�WZR�GLVWLQFW�WRQDO�H[FLWDWLRQV�VLPXOWDQHRXVO\.�7KH�VSHFLDOW\�
SLH]RHOHFWULF�GHYLFH�DOORZHG�IRU�D�VPDOO�DX[LOLDU\�PDVV��VPDOOHU�WKDQ�0.5��RI�WKH�KRVW�VWUXFWXUH�
WRWDO�PDVV��WR�DFKLHYH�VDWLVIDFWRU\�YLEUDWLRQ�UHGXFWLRQ�UHVXOWV�WR�D�IUHTXHQF\�EDQGZLGWK�XS�WR�
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160Hz. Another remarkable outcome was the ability of the SATMD to tune its anti-resonance 
to a much lower structural mode, compared to the mechanically tuned damper, which would 
require 2.5 times the studied auxiliary mass. Finally, the results showed high sensitivity of 
performance to the auxiliary mass, inductance and damping introduced by resistance. As a 
result, parameter optimization along with higher quality experimental setup is expected to yield 
higher vibration attenuation performance. 

REFERENCES 
[1] N. W. Hagood and A. von Flotow, “Damping of structural vibrations with piezoelectric materials 

and passive electrical networks,” J. Sound Vib., vol. 146, no. 2, pp. 243–268, 1991, doi: 
https://doi.org/10.1016/0022-460X(91)90762-9. 

[2] J. J. Hollkamp and T. F. Starchville, “A Self-Tuning Piezoelectric Vibration Absorber,” J. Intell.
Mater. Syst. Struct., vol. 5, no. 4, pp. 559–566, 1994, doi: 10.1177/1045389X9400500412. 

[3] F. H. (DE), “DEVICE FOR DAMPING VIBRATIONS OF BODIES.,” no. 0989958. 1911, 
[Online]. Available: https://www.freepatentsonline.com/0989958.html. 

[4] “Mechanical Vibrations. Fourth Edition. J. P. Den Hartog. McGraw-Hill, New York, 1956. 67s. 
6d.,” J. R. Aeronaut. Soc., vol. 61, no. 554, pp. 139–139, Feb. 1957, doi: 
10.1017/S0368393100131049. 

[5] S. Elias and V. Matsagar, “Research developments in vibration control of structures using 
passive tuned mass dampers,” Annu. Rev. Control, vol. 44, pp. 129–156, 2017, doi: 
10.1016/j.arcontrol.2017.09.015. 

[6] N. Debnath, S. K. Deb, and A. Dutta, “Multi-modal vibration control of truss bridges with tuned 
mass dampers under general loading,” J. Vib. Control, vol. 22, no. 20, pp. 4121–4140, Feb. 2015, 
doi: 10.1177/1077546315571172. 

[7] L. Wang, W. Shi, X. Li, Q. Zhang, and Y. Zhou, “An adaptive-passive retuning device for a 
pendulum tuned mass damper considering mass uncertainty and optimum frequency,” Struct.
Control Heal. Monit., vol. 26, no. 7, pp. 1–21, 2019, doi: 10.1002/stc.2377. 

[8] K. A. Williams, G. T. Chiu, and R. J. Bernhard, “ARTICLE IN PRESS Dynamic modelling of a 
shape memory alloy adaptive tuned vibration absorber,” vol. 280, pp. 211–234, 2005, doi: 
10.1016/j.jsv.2003.12.040. 

[9] F. Weber, “Semi-active vibration absorber based on real-time controlled MR damper,” Mech.
Syst. Signal Process., vol. 46, no. 2, pp. 272–288, 2014, doi: 10.1016/j.ymssp.2014.01.017. 

[10] C. L. Davis and G. A. Lesieutre, “Actively tuned solid-state vibration absorber using capacitive 
shunting of piezoelectric stiffness,” J. Sound Vib., vol. 232, no. 3, pp. 601–617, 2000, doi: 
10.1006/jsvi.1999.2755. 

[11] M. Lallart, L. Yan, Y. C. Wu, and D. Guyomar, “Electromechanical semi-passive nonlinear 
tuned mass damper for efficient vibration damping,” J. Sound Vib., vol. 332, no. 22, pp. 5696–
5709, 2013, doi: 10.1016/j.jsv.2013.06.006. 

[12] G. M. Chatziathanasiou, N. A. Chrysochoidis, and D. A. Saravanos, “A semi-active shunted 
piezoelectric tuned mass damper for robust vibration control,” J. Vib. Control, no. May, p. 
107754632110264, 2021, doi: 10.1177/10775463211026487. 

[13] G. M. Chatziathanasiou, N. A. Chrysochoidis, C. S. Rekatsinas, and D. A. Saravanos, “A semi-
active shunted piezoelectric tuned-mass-damper for multi-modal vibration control of large 
flexible structures,” J. Sound Vib., vol. 537, no. June, p. 117222, 2022, doi: 
10.1016/j.jsv.2022.117222. 

180


