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Abstract In order to improve the effective working frequency band and overcome the practical limita-
tions caused by the large tuning mass required, the inertial double tuned mass nonlinear energy sink
(IDTM-NES) is proposed by combining an inerter with a nonlinear energy sink, and its seismic reduction
performance is studied. A single-degree-of-freedom system with IDTM-NES is established, and its con-
struction parameters are numerically optimized using the Runge-Kutta algorithm. The different seismic
excitation responses and the damping energy dissipation curve over time are compared with TMD and
NES. In addition, the time-frequency distribution of vibration response energy is studied through wave-
let transform. The research results indicate that the IDTM-NES can better improve the damping energy
dissipation performance and effectively reduce the seismic response of the controlled main structure and
tuned substructure, and also has better robustness considering the stiffness changes of the main struc-
ture. Furthermore, the results demonstrate the rich instantaneous resonance capture behavior is genera-
ted by the IDTM-NES in a wider frequency domain, which reveals the damping mechanism of IDTM-
NES.
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Table 1 Fixed parameters of IDTM-NES system
Name Notation Value
Mass of the tuned substructure m 20 kg
Stiffness of vibration absorber k 2000 N/m
Damping ratio of main structure &, 0.02
Mass ratio of tuned substructure 3 2%
Mass ratio of inerter 2 4%
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Table 2 Optimized parameters of different control schemes

Type §1opt Bopt Lo
IDTM-NES 0. 09 0.16 0.15

NES 0.07 0.08 0.35

TMD 0.09 0. 20 /

0.7
0.6
.5 ; A A : 4
0 0.1 0.2 0.3 04 0.5
B
(@) £=0.01

0 0.1 0.2 0.3 0.4 0.5

(b) £=0.05

(© £=0.09

Ko RaiEh e RE S ¢, B L YL
Fig. 5 The variation law of vibration control performance with
control system parameters &, 3, L

K6 B.L SIRNEHIERRLR G =60

Fig. 6 Relationship between 8, L and vibration control

performance (§, =§, )

1
1+,

(1—1.9u, +puES

_ | 3m
Eope = 8G+ﬂ0—+mJ3+Q1ml+

0.4p3)&, — (0.01 + 0. 9y, + 3p?) &

— (0,241 4+ 1. Ty — 2. 636, —

A opt

(5)
Hob s ag, & TMD B AU L] i A i
MIBZLE Bopi 360 2 TMD B AEFHLJE LE.



84 g o o 5 E M o M

2025 4R 23 &

3 IDTM-NES = HI 2 R R

3.1 @SR AL 5 4

K7 LU — A B 20T oo A T G 5 4 LU
Je = Fhuk 8 R G iR . B 7o T LR, =
ol 7 2 T 340 e A A% A Tl A 45 A 1 S B g ), 3
IR W 10 B 06 (458 RS- 2% Hodp IDTM-NES (4 7%
RO A, A i A e AT Y AR A e /DN 1Y) T g
TR{H. NES Bl 5 TMD A, LR abmg K,
X AT BE S K R 2 8500 S ) A 3R 3 I B AN S
AE 5% 42 %2 ¥ 4 oh R 2 1) 00 1) 4% 3o AR

B 7(b) I T = IR 7 G 1 I8 - 45 44 Pk
G M. 7T LLE 1, IDTM-NES 1 7 45 4 ¥ 18
JIN ISR PR ORI 2R A B T AR BE I AL 1R . Bk,
10 R A 2 40 F A X, IDTM-NES (1) 45 #
HE BT R R A R R B A iR Bl L K U T R R A
A TE W R AT . T A TR SCBR R, B R
R 28 B VR s o A AT DL B A A B B A 1
AR B RS (R Bk 3 B LG5 AL R ) T 25 R 1
R VR B DR RATT A R 4 R R B W R U
VE I ) B, I 2 i Ry A, BB AT B8 /), 3t 26 B
IDTM-NES B4 1R 4 (1 T8 g A i 5.

1.0p
—Uncontrolled
~TMD

0.8+ ONES
OIDTM-NES

0.6r

04

0.2F

1.0r o
- Uncontrolled
; o NES
0.8k AN 0 IDTM-NES
h o
0.6 fo Y
= ’ ¢ \o
04r° [0 1o
Y [ o O/é °
008000°% 3 °
0.2f ¢ \ Co,
o o0 o
______ ¢ 4
3 %9 s
oo 009 2000000886505

02 04 06 08 10 12 14 16 18 20
P
(b) FETHEN
Pl 7 W A

Fig. 7 Frequency response of substructure

3.2 JEL4ERTIRNE M 43 T

N Tt 5 i R 222 L F) 552 B 3t 5% I8 Xk 45 4

HEATEAN » 43 B A 2 P B R e 11 O S B 43 45 R
MAER 8 v, Hod N T AE B, IDTM-NES (% &
BER AL W N I A 0. 024 m, b IG5 45 #4137 #% i)
PR 0. 049 m K 51. 0%, b TMD 3= 45 #4437 7 i
NUEE 0. 039 m MK 38.5% . tb NES =45 ¥4 {3 £% i
REME 0.029 m % 17. 2%. El-centro #h = ¥ /E
i, IDTM-NES Y & 5 #4 2 #% i) b % . 0. 053 m
L TGP 2548 6 T [ 1B 0. 099 m {1k 46. 5%,
[k TMD 1 & 25 ¥ {57 # i L 04 {5 0. 061 m ik
13.1% , tb NES 9 3 25 44 £ #% 1 i 0 {5 0. 065 m
ik 18.5%. AT LAE 1 IDTM-NES Ky 45 1 25 5 4k
HH 0 4 o 65 R T A7 B8 I R i) 7 0 {1 % R B 5 ik
B HREAL T TMD Al NES.

0.050
Uncontrolled
- TMD
0.025F NES
= —IDTM-NES
=
b5}
E o
S
s
z
a
—0.025
~0.050 L L L L L L L L L )
5 10 15 20 25 30 35 40 45 50
Time/s
(@) ANTIHhi%i
(a) Artificial seismic wave
0.10
Uncontrolled
- TMD
005t |} ‘ NES

—IDTM-NES

‘‘‘‘‘
t i

Displacement/m
=1
=
=3

.30
Time/s
(b) El-centro #l1 7%
(b) El-centro seismic wave

¥ 8 = 44 b 5= 6 % o i B A
Fig. 8 Displacement seismic response histories of

primary structure

K 9 N AN LKA El-centro IRA/EF T T 454 1Y
it A e o7 % EE P L N T AR A B, IDTM-NES
B - 235 ¥ 57 % 1 37 I 1 K 0. 055 m. i TMD fi4 ¥
25K 57 R WA W W E 0. 126 m fik 56. 3%, Fb NES 1
45 g o7 B e N W {E 0. 069 m K T 20. 3%.
El-centro 3¢ 1E HI i, IDTM-NES #Y 1~ 25 14 £ % Wil
BEUE(E 0. 083 m L E [ TMD () 45 ¥ 2 £% Wi )i
IEME 0. 163 m fik 49. 1%, l NES 454 {5 % i i
IE{H 0. 214 m % 61.2%. Al LI Hf IDTM-NES %f
H VR 1 25 0 1) B Bl o 7 A i B S O T At 7 e
P RGN,



== g 3 B M % > - Sl EL == < el M £ e
% 8 4 e 2245 U I O e 15 S 2 Mk 18 e DI %) St 7 o 7 4 1 2 BE R Y 85
0.15r 1.0
: FTMD
010} NES
FIDTM NES ;0-8 100006000000000000
3 009"
& o
50.6 e
=] °
o
8 2.09°®[—selsmic input energy
E 04r -¢o-structural damping energy dissipation
5 -e-vibration reduction system damping
Z . energy dissipation
. - owoow““"’mw
s
-0.15 : ‘ : : - 0.0 . . . .
10 20 30 40 50 10 20 30 40 50
Time/s Time/s
. b) NES
(@) ATHIZER 1.0p ©
(a) Artificial seismic wave
03 .08
FT™D o
\ NES s
02r 4 FIDTM NES 506 ol
E | 2 o —
£ i & o [—selsmic input energy
g i g 0.4 preo’ - o-structural damping energy dissipation
E & ' -e-vibration reduction system damping
2 Z 09 energy dissipation
= ' 2
2 0 00-0-00-00-00-0-0-0-0-0-0-0-0-0-0-0-0-
A o o MGG@Q‘W‘"‘“
i 0.0 (R o00? . A L ,
Y 0 10 20 30 40 50
\ Time/s
(¢) IDTM-NES

02 . . . \ \ )
0 10 20 30 40 50 60
Time/s
(b) El-centro #1753
(b) El-centro seismic wave

B9 T & b e A3 B i g B

Fig. 9 Displacement seismic response histories of substructure

3.3 MRS

Hh 2 A RE I FH 32 25 4 1 BELJE DA KR U8R
RGBS AT RE B I 10 JBR T XN = Bl s &
RGAEN T H R W 3Rl T B BH B FEBE 1 B, 1] A
BT T IH— AL B & 10 (a) o TMD B Hi 52 i
ABERIH—f0)E R 1,2 2200 i 454 H & 1 BH
JEHEATRET, T T 78 Y0 R IR Uk 22 &R GeBH e FE L
10(h) Hr NES () i1 7% iy A fE & 15—k J5 4 0. 95,
Horb 2020 B =450 B SR BHJE HEATAERL T 80 %
FH 18 U8 R &R GE BHLE AE L. &l 10 (o) IDTM-NES
1) b R i A BB — 1R )5 o 0. 92, o U 12019
et 2t 2450 1 B BHJE AT RE L T 8820 A
FH IR TS U6l = R 496 1 BHL 2 R 180, 76 BHLJE LE AR [R] 4 15 750
T, IDTM-NES J#i % 7 4t 1) B &2 #E 5t ] L TMD
FINES & 7 10% A1 8%, X A5 R U] T IDTM-
NES fe 98 A 2 ek 28 Ik 2 8 it 75 F 25 10 FIE R 4¢
Z V6] 4 43 A LA EL A LT Y RE R R

1.0
. 08r oo
] oqoeeaew"aeeowo
o
506 0°°
-] o — -
2 /7 | — seismic input energy
= 04l ® | -o-structural damping energy dissipation
é : -e- vibration reduction system damping
S 0 energy dissipation
o -6-0-00-0-00-0-000-0-0006903-
0.2 LRIUORe eSS s aaat
Vead &
0.0 Aggﬁ.*w L L L s
10 20 30 40 50
Time/s
(a) TMD

Bl 10 BHJE FERE M 28

Fig. 10 Damping energy dissipation curve

3.4 B IR H 3 ik B 3R B i 43 AR

B KR AR H S 2508 B 4R A0 1 ok A ok
i B G5 A6 A I BE B 080 R N 0 %6 (TG ) F| 50 %0 AT
AR L DAk 5 S R G R, LA R =
(A0 e — D s ) /D e 2 R 7R B RZ R, HUO(E R 3R
AR R R, Ol TS R A G R L A
T SCA BLEY 30 2% N T Ml 5 0 0 A7 80l B U 45 2R
WG 1A

Bl 11 IR 1 J2 A AN 8] NI BE 7 0 15 00 F 5 45 4
BV = AT . AT LLE B IDTM-NES Y il 5% % 5
SRt 2 DI A ek 2 1) A Ak s 0 3 AF bR ¢ e % 2
RETE 60 06 BRFIT  AF A58 T I At 79 o ikl 72 R 46 ok i 2L
AR S 0 A o R

071 EIDTM-NES

0.6

0.5
04
~
03
02

0.1F

26% 30% 40% 50%
Stiffness reduction rate
PO1T SE 45 R R AR A X 2 E B 1Y) 5 1
Fig. 11  The influence of primary structure stiffness degradation

0% 10%

on seismic reduction performance

4 IDTM-NES By#= #H #1895 47
b 5= Il AN 4t e 3k B 1Y BE = AR 2 AR R A A



86 g oo ¥ 5 & M

M 2025 4R 23 &

B, SR morlet 7N AR by 3 o8 506 Dl = 45 40 R &R
14 41 20y Wi 7 SE A7 /0N 72 4 BIF 5 4R ) B S B A [] R
IR Y 43 A B W] DLAE B 3R AT 40 A IDTM-NES
4 41 20 475 i LA

PAR LM B IRATAAE 1.6 Hz, 1A T
FE W T EAR B s WA P S A AE 2 Hz LN, B
L 12 ) ] LLE B, T2 45 74 1 el 7 BE i 3 2
TEARATIE ] N 23 A P AR 450 B IR A0 238 Ff 3 53 A1
AEXT L 4R v, I 2y e dt B 2 BN [ 17 32 37 5 0, 12
RO RS, B 12b) - 12(d) FfTE 12D &
Pl JE TMD, NES #il IDTM-NES 1 #% & 3= 45 4
PR3l BE & 4> AR 15 B, 7 LUE ] IDTM-NES #& il T
B 75 T 25 ) R B e ek e U A DI 3K Al s B o BT 1)
Bl 3 W A s X U AR AR B T B

N

=
2
9
o
3
o
3
2

=

5 10 15 20 25 30 35 40 45 50
Time /s
(e) NES HYIEIET4H
(e) The tuning substructure of NES

Frequency /Hz

5 10 15 20 25 30 35 40 45 50
Time /s

(f) IDTM-NES #Z |8 £ 414

5

0.14

" 012

= lo.10

et 0.08
5

5.9 0.06
3

& 0.04

0.02

5 10 15 20 25 30 35 40 45 50
Time /s

@) TA=ZEH

(a) The structure without dynamic vibration absorber

0.035
10.030
‘0.025
0.020
0.015

Frequency /Hz

0.010
0.005

) 10 15 20 25 30 35 40 45 500

Time /s
(b) TMD fZ#IBIE 1
(b) The primary structure with TMD control

4 0.08
e
—_— 1
33 0.06
B
E=1
5
32 0.04
2
=

0.02

—

100 15 20 25 30 35 40 45 50 &

Time /s
(o) TMD I T4
(c) The tuning substructure of TMD

0.040
0.035

10.030
0.025
0.020
0.015
0.010
0.005
0

w

Frequency /Hz

—

10 20 25 30 35 40 45 50
Time /s
(d) NES #Z#IRIEZEH
(d) The primary structure with NES control

(f) The primary structure with IDTM-NES control

10.08

0.06

Frequency /Hz

0.04

0.02

20 25 30 35 40 45 50 0

Time /s
(e) IDTM-NES B F4H
(e) The tuning substructure of IDTM-NES

B 12 BHEFEREMN R

Fig. 12 Damping energy dissipation curve

12¢e) B 12Ce) A 12(2) XF I T TMD,
NES 1 IDTM-NES 9 8 1§ it i 48 3l fig & 5 1 15
B, AT LA AH B A 9 FP 8RR 48, IDTM-NES
1Y) ¥ 45 M 4R 2l BE 1 R 1 R AE 4 A AE A5 3 4R
R LA A, 3 AE 5 R A A S K i
i 3% & T IDTM-NES 14 1 45 ¥ 3% 2 B A 1R 58
HYARZRPE R T\ B UOE B SRR AT R, BT L
AT R R B RE S AZ AR GE 1. TMD H T2 2tk
W A, U AR A AT R AR T L R SR B O
NES 88 J& F 26 1 W PR 25 {52 76 A OF 52 v ol i
Jo R B RE /N BT SRR ARV B ) IR 30 RE
W I AR AR, ]t IDTM-NES #4807 208 2
B A

5 #ig

ARSCK IR 4R f NES 1456 . #7585 7 IDTM-
NES 1) #4) 1 Z B0 A6 BUE ) 85, XF Eb 4 B T Lk
EEfE, I H X IDTM-NES B 3% WL 317 17 BF
5 A LT 4598 .



% 8 4 RSSO I B AR A A Ak

HE 12 BIF %) M 5= e 17 428 01 1 B AF 5T 87

(DFES & Bt A E O T, IDTM-NES #J#4
SRR BE L R A B L B L AR e SR 1A
A DL A A g

() TEA A M= B AE FH T . IDTM-NES RE % 5
22 3 3G I T 45 R G RE G FE L L ), A R T
TMD FI NES fig % 55 & 25 byl /N 9l 75 3 25 1 1) i
Bl N, T EL AR 2 R R 4 T A W0 i e ) A B
T o L RE A% DR A B A S 1 DR IR

(HIDTM-NES 1y 4 11 18 7% & 4t B A 1R 5 1Y
PO 2 =1 2 1 R K 15 75 2 UL T £ L RE B I K =
U B N SR IRAT S L i TR AR R R SRR e R
MIFERE R R, I IDTM-NES #] D) 75 5 55 1 451 %
Te P 1A 0 v A Y i A7 AR RRE L.

2% 3k

(1] Bfidesr. BRoiRF. JEZetEwiah ey Tk ()]

F1% 2% 4, 2017, 49(3): 550—564.
LU Z Q, CHEN L Q. Some recent progresses in
nonlinear passive isolations of vibrations [J]. Chi-
nese Journal of Theoretical and Applied Mechanics,
2017, 49(3): 550—564. (in Chinese)

[2] GENDELMAN O V. Bifurcations of nonlinear nor-
mal modes of linear oscillator with strongly
nonlinear damped attachment [JJ]. Nonlinear Dy-
namics, 2004, 37(2): 115—128.

[3] GENDELMAN O V, STAROSVETSKY Y. FELD-
MAN M. Attractors of harmonically forced linear
oscillator with attached nonlinear energy sink 1. De-
scription of response regimes [ J]. Nonlinear Dy-
namics, 2008, 51(1): 31—46.

[4] GENDELMAN O V., ALLONI A. Dynamics of
forced system with vibro-impact energy sink [ J].
Journal of Sound and Vibration, 2015, 358: 301 —
314.

[5] STAROSVETSKY Y, GENDELMAN O V. Interac-
tion of nonlinear energy sink with a two degrees of
freedom linear system: Internal resonance [ J].
Journal of Sound and Vibration, 2010, 329 (10):
1836—1852.

(6]  EEJL. THE. BRarBF. R8T B 2 4R 2 1
e B AL T, 3h Ji ¢ Sl 2 4. 2021, 19
(6): 46—51.

WANG G X, DING H, CHEN L Q. Optimization

of a nonlinear energy sink with double springs and

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

harmonic excitation [J]. Journal of Dynamics and
Control, 2021, 19(6): 46—51. (in Chinese)
XU, BPUAK, EHR. . R L AE & BE R O
feitE S5 5T a5 ehdi, 2016, 35
(20): 77—84, 103.

LIUZP, LVXL,, WANG D, et al. Stiffness op-
timization of nonlinear energy sink and shaking table
test [J]. Journal of Vibration and Shock, 2016, 35
(20): 77—84, 103. (in Chinese)

W X R, BRVEEE, . dEZ M AR i BF R R
B H R I OB 1 4y 2 R A A (D). AR A,
2017, 34(12): 67—174.

TAN P, LIU L K, CHEN Y Y, et al. Bifurcation
analysis of nonlinear energy sink absorption system
under ground harmonic excitation [ J]. Engineering
Mechanics, 2017, 34(12): 67—74. (in Chinese)
MREEWE, BREL. W7, . 5RRE IR 21k AR = B
perEml R WEsT ()], TR 1%, 2019, 36(3):
149—158.

CHEN Y Y, CHEN K, TAN P, et al. A study on
structural seismic control performance by nonlinear
energy sinks with negative stiffness [J]. Engineering
Mechanics, 2019, 36(3): 149—158. (in Chinese)
WRME, 28, £, FOAETARL MR PR
MR PETR IR ARSI RI L], 30y 2 5l = 4
2023, 21(1). 30—35.

TONG J H, PENG J, ZUO Y, et al. Vibration
suppression of deep-sea flexible tension legs based
on nonlinear energy sink [J]. Journal of Dynamics
and Control, 2023, 21(1): 30—35. (in Chinese)
LUZ Q, CHEN XY, TAN D D, et al. A hybrid
linear dynamic absorber and nonlinear energy sink
for broadband absorption of a circular ring [J].
Nonlinear Dynamics, 2024, 112(2): 903—923.
KERSCHEN G, LEE Y S, VAKAKIS A F, et al.
Irreversible passive energy transfer in coupled oscil-
lators with essential nonlinearity [J]. SIAM Journal
on Applied Mathematics, 2005, 66(2): 648—679.
e, LM, KA. ARG IR T A A AT
RERLIENTR . M RPN E 2R ®BT]. ik
h5 i, 2012, 31(1): 150—155.

ZHANG Y C, KONG X R, ZHANG H L. Targe-
ted energy transfer among coupled nonlinear oscilla-
tors: complete energy exchange in a conservative
system [J]. Journal of Vibration and Shock, 2012,
31(1): 150—155. (in Chinese)

SAITO K, KURITA S, INOUE N. Optimum re-



88

g % 5

2

2025 4R 23 &

E

[15]

[16]

[17]

(18]

[19]

[20]

[21]

sponse control of 1-DOF system using linear viscous
damper with inertial mass and its Kelvin-type
modeling [J]. Journal of Structural Engineering.,
2007, 53: 53—66.

IKAGO K, SAITO K, INOUE N. Seismic control
of single-degree-of-freedom structure using tuned
viscous mass damper [J]. Earthquake Engineering
&. Structural Dynamics, 2012, 41(3); 453—474.
LAZAR 1 F, NEILD S A, WAGG D ]J. Using an
inerter-based device for structural vibration suppres-
sion [J]. Earthquake Engineering &. Structural Dy-
namics, 2014, 43(8): 1129—1147.

WEN Y K, CHEN Z Q, HUA X G. Design and e-
valuation of tuned inerter-based dampers for the
seismic control of MDOF structures [J]. Journal of
Structural Engineering, 2017, 143(4): 04016207.
SOk ZE, BRI . #hok, 4E. TVMD B98Ik P12 &
HART S R MERe O B 5T (1], R 3h TR 40,
2018, 31(4): 599—610.

WEN Y K, CHEN Z Q. HAN B, et al. Control
mechanism of TVMD and its performance improve-
ment for seismic mitigation of continuous bridge
[J]. Journal of Vibration Engineering, 2018, 31
(4): 599—610. (in Chinese)

W, JKkEGAT, ER, S R E b IR BIEA
WK R BEAL R R R 5 S B, TR
2%, 2019, 36(1): 129—137, 145.

PAN C, ZHANG R F, WANG C, et al. Stochastic
seismic response and design of structural system with
series-parallel-I] inerter system [ J]. Engineering Me-
chanics, 2019, 36(1): 129—137,145. (in Chinese)
ZHANG R F, ZHANG L Q, PAN C, et al. Targe-
ted modal response control of structures using iner-
ter systems based on master oscillator principle [J].
International Journal of Mechanical Sciences, 2021,

206: 106636.
[ RS R /R o R LR R SRR | o2 o Eaiich

[22]

[23]

[24]

[25]

[26]

TR RS GIT]. 3h 2 5EH i, 2024,
22(1) . 87—96.

GAO Y, ZHANG Z, FANG B. Whole-spacecraft
vibration suppression based on negative stiffness
inertial nonlinear energy sink [J]. Journal of Dy-
namics and Control, 2024, 22(1): 87—96. (in Chi-
nese)

XUAEM, WA, EEE, F BN RELA NES
ORI R TR T ], R3h5 e, 2023, 42(2):
116 —125.

LIU Z B, TAN P, WANG J J, et al. Performance
analysis of a novel asymmetric inerter NES for seis-
mic response mitigation [ J]. Journal of Vibration
and Shock, 2023, 42(2): 116 —125. (in Chinese)
JAVIDIALESAADI A, WIERSCHEM N E. Opti-
mal design of rotational inertial double tuned mass
dampers under random excitation [ J]. Engineering
Structures, 2018, 165: 412—421.

TREH . CE S, WR . AE. AL T B
B RG TMIS gkl [)]. TR %,
2022, 39(9) . 58—71.

ZHANG R F, CAO Y R, PAN C, et al. Light-
weight structural control based on tuned mass iner-
ter system(TMIS) under typical excitation [J]. En-
gineering Mechanics, 2022, 39(9). 58 — 71.
Chinese)

RE, Wk, EF HHT FEMIEFRA T HE
FHMLI] MR TS TR, 2011, 31(6):
30—37.

WU H. ZHANG X A. Simulation of non-stationary

(in

artificial seismic ground motions based on HHT
theory [J]. Journal of Earthquake Engineering and
Engineering Vibration, 2011, 31(6): 30— 37. (in
Chinese)

SOONG T T, DARGUSH G F. Passive energy dis-
sipation systems in structural engineering [ M ].

New Jersey: John Willey & Sons, 1999.



