55 35 B4 4
2022 4£ 8 H

Ik o T

Journal of Vibration Engineering

% R Vol. 35 No. 4

Aug. 2022

2 15 7 A0 3t W B R SR 1 30 77 TR IR 25 BY
MK

AT, BAE

(1.0 RS R2EHU TR 2B AL 0 % 0500435 2. 47 5 FE 418 Kop 48 3 A s 585 TR S5 T2t 47 v
RO R E S E WL A% F 050043)

T KA B A R R B Maxwel BRI A ZR e, 45 H — i 5 150 A0 R 422 i R 32 A9 3 0 W i i , O 08 i e R i A7
ZHA . HESL RGN 17 BRI SR AT, A BB it £k b AR = T E AR R T AR RS =
A T8 8 5 8 R 0 R — o B, 45 2 R 5T B9 S (AR L R R I LE, OF AR H DR AR R R G i R RBLE [ 78
SRR R I, S DA L7 — 0 B N A T AL I S R R Y B 0 S K, A S S T B L BT N B R 2
B % S BR ARR H IFORIIE R ST MR E M 0 LT B B LA 4 5 7 B BT Bl T U L i e R TR
Bl o I3 BT L AE e T A B P A0 2R 8 2 B LR X R G L (9 5200, 25 10 T 6 SEBR TR HT b i i, 52
A B By o3 WA 45 A TRT 1 A A BE AL T B0 R ORI AT U, U0 A Y b e ROIER A L AT R e A W el AR O

e, Vit Iy AR R A B R

KGR ) IR A UA s NI s [EE G SR

FE4SES: 0328; TH113.1 XERFRAERD: A
DOI:10.16385/].cnki.issn. 1004-4523.2022.04.004

5l

i

Bl 71 W Pk %% (dynamic vibration absorber, DVA)
S S R T R G R SRR DA 3 R SR Bl Y
B, Frahm'™ & B 1 55—~ 38 FH 28 007 3
() G BHLJE 8l 1 Wz B% 7% . Ormondroyd %5 8 JG FiL J2
Bl 7 W AR i B Al 3 m B e, K BT R SSOR
Ut 04 8l W A 25 A TR, B 28 B 1) Voigt B By ) i Pk
o AT AR T NS S )T H
I HoBG R T R s T8 OB 517 i 2 L 24
6 )5 , Asami 1 Nishihara 28 $& 18 7 4 BHJE 36 ) Wk
P A5 (4 KS B0 SE A, B IE T [ A BRI Y IE Al M
Ren' " $& 7 — ook 4% 2050 5 4 1) 42 b =X 8h g W 4
wro SCERLIOJAIH 55 — Moy skt il 7 5 ek [ 9]
AT A 45 S . Shen 2" HF 58 4 Fh 2 3 3h 30 f W PR
i 1T RUAR AT L 0T A3 B TR E S B R B =
BT FIE s X 2 3 B 45 AR B 52 e

Wil 25 S5 PR TR 9T BB RN, R SRR A R
1 465 25 A SRR AL T T R K e s 1] vk A
H B AL — AT AT Ak R Kelvin #5853 Maxwell £
Al FESEPR TR BHJE & A B — M B — i 1 i

s B H#A3: 2021-03-11; 1817 B #3: 2021-05-03

XEHS: 1004-4523(2022)04-0814-12

P, b Maxwell #6760 5 g A 386 T 78 52 8 v 14 86 39k
B T 28R R 2 Maxwell 4 7
7 ) 3 3 W A 3 L Al K A T R A T e
I SR AR

LA K T B 9 I Pk R KT 8 25 e
TEWLAR Z 56 eh, LUK A% 0 0F (0 Pk B 9 25 B 7L 17 T
FEF1SER 2 L JFHUS T ALEF B9 8CR ™ . Wang
AL s s P ) 9 2 R R e, T LA AT RO 4
TF 42 9 31 J1 2 Ve fiE . Chen S840 B 118 25 28 X
W B 25 495 1 A 0% 0 B . Flu 4502 AR 4 T A
B SRS B R 2 1 IR T AR R L 4
F U A R IR AR . Yang SRR T
ISD(I 2, S L, D BHJE ) &5 44 15 XL
JE IR 2 5 b i HE B8 L 76 91 1SD 75— 5 19 951 2% 16 [
A AR BB IR A . B IE R T 7R 2 s
25 7B 7 % A% e A TR R 7 I I R R 4 T o
W . SCHk [ 24 UL IE B T 1SD %5 #g EL AT AR 4 1 i 4 20
B MRS A O 2 8 I B ) A B 0
% 45 SR 0 o R A R AR 0, LA S O R B
I AE O, Giaralis 255 F1 Xu 252750 BIBF 50 T & B %
(1) 20 13 W B i o 5 2 A S0 K B A9 32 XU 3 £
BRSOk 28 TRFFT T I f 1R U8 185 % kL)

HEWB: HE A KPR H (U1934201, 11772206) .



55 4 ) TWET 55

e XoF G A R 3 R R I AL i) 5 TR 1) XU ESCHR Bl 1 4
R o 2 0 A A I B B W AR 2% 5E
Ao AN TR S TR ) XoF 0 M AR 1 fE . Sk [ 26-29 J D
AR 7 A 8 R T HL A B 1 RO A A
IR AIR 75 100 A B S e

A TTAF A B Hag 5L 4 D RE , D8 45 44 15
P 0 () I BEAS AN R AR A5 b B ) L B b R AR 1
FIABY 75 g [R] It FH T 30 g W AR 6 9 B3, T 2 R 4
F8 42 i P BE L (EL F R A% R 22 BRI S AU AR 3 ) W ik
fr g B AR SR e AR . DB IR I S
TR A AN B SRR AR R (B A, AR R
T T RGERFUR OR GE PR BLTUA 09 P SRR

L TR B SRS F B D0 BRI AR SR

— Fofv 57 A e R A S A 1 S [ 4 H B 3h ) AR

A I8 5 BR800 NI BE L BHJE bE A5 2 it
frieAeab B . FE S B 78 b, e B 5 % 1F
IS o L [R] 4 T A 50 2 L AE — 2 19 3 [l PN A7 A
P S H . %5 I8 SR TR HI IR AIE R S AR
SE WS HCT R AR AL 2 B0 R eI iR 19 5%
Wiy B AR L R Bt TARSE L. i 5 A SRy 8l
77 W AR s A 7 1 TN A RE AL D T Y E A, ERT T
P 24 M 328 HCITTA Hvl foff 55 153 7 A0 3 B 32 ) 285 L
) 1 WK i B A B IR OR

1 HARFF[OEBEZIRSHMAML

B LT 7R Ry AR SR H 1 8 0 2 R bl Y Y
Maxwell & 51 2l 3 AR 25 AR . ooy, m, 43
SR 2 B R G Bh W HR AR 1 TR 5 Ay, R A3 AR R
F R g8 M B T3 R 25 0 WIEE o AR 2 3h 1 R 2% 1Y
TS s ¢ F1 by 43 B2 Maxwell 250 255 i 45 784 1) [BHJ2 A
MR 5 oy 26 71 432 b 500 35 0 W R, oo AR 38 B IIR T 1 4R
i, 0 TR IR S IR s ) 0, a0 RS E RS
By I3 W AR 25 LA K e B 5 5 R BELJE 43 SR AL F

R 4= 0 58— A el LLAS B R 40 B )
ﬁﬁ:

k2

BT 3l )W iR s 1

Fig. 1 Mechanical model of dynamic vibration absorber

LA I R ) et Bl T R R R 1 S Ei Ak 815
7n1f1+k111+k2(1171‘2)+ b(ll 7IZ)+
k3(11 *Ia):Fo Sin(a)t)
7n2i2+/32(12*11)+b(-’fz*fl)JF (1)

(‘(i‘z_jii)_'_k,ixzzo
C(j:a_i'2)+k:a(1'3_11)20

SIATANI S5
b ms
wl—/Z «/; 2myw, _;1’
b
“ /el fﬁ; :mlo
iﬁ(l)_fuwlﬁﬂﬁiﬁﬂ?:ﬁ/f:
it wir, o pwi (2, — x2,)+ 0 (F — 3,)+
a w3 (x)— 235)=fsin(wt)
) o ..
1'2+w2(x2—xl)+;(12—x1)+ (2)
2bw, (&, — &)+ al:’gxzo
2péw, (15— 2,)+ aywi(xs—x,)=0
B (2) e =L
r=Xe", x,= X, ;= X, (3)

b R K CIUAK(2) "l A

fiff 1 -
l:f(jAHrBl) (1)
jC, + D,
Hrr
Ar=wia [ wia, + wip— o (p+06)1,
By =2ww,pf[—wila, +a,)— wip+ o (n+38)],

Ci=wia {— o’ [wip(l+p)+wi(d+a,+pu+
@, ) ]t wiwi(1+a)p+ wia, + o' (p+6+6u)},
D= 2ww,pf{i—wiw;(1+ a,)p— wila,+ a, +
o' (p+ 8+ ou)t+ o wip(l+p)+
wi(0+ta+a,+putaptad)ll,
FIASHL:
W W, F,

/1:79!}:7_98.\/:7

W, W, ki
E X FE RGN IR T A
&AL+ B;
£C;+D;

alaz)*

le_

(5)

;H\:EF‘:

A, =2 vpla;+a, + v —(pu+6)A],
B,=a[a,+v'p—(p+8)A3],
Co=2lp{a,+a,+ aya, + 0" (1+a,)+(u+ 6+

S =Xl tartayptpta,d+6—
XN+ viu(l+p)l},

Dy=a{a, +v*(1+a)py+(put+8+ou)A —
NMla,tpu+ad+0+0v*u(l4+ )]l



816 £ B N 55 35 %

1k
=4

2 ETEERERMH.SHMAL

A1 2 (5) 3 o 7 B4 5, AT RAIE W] H A — R i
A 2 AR i 3 S7 T REJE LU A AL X 3 PR
iz B AR AR B E S O T B IR L A58
B 245 1 TR H R 0.9, 1.5, 2 i 14 5 — 4k i 45 ih
Yo WNIE 2T LA B R 208 L P, QLR S’ D
= 0 05 10 15 20 25 30
T 05 B L ORI SO0, gy 01 ps v 26, 6. 76. a2, 70 7 B
A il = [ A R A AR A A RS T T2 H T U — Al i 55
5 F TG 55 I 1) w137V AF 45 BDAT DA Fig.2 The normalized amplitude-frequency curves under dif~
A, B,
C, - D, (6) @,=6.76,a,=2.79

ferent damping ratios with u=0.1,6=2,v=3. 26,

AT EIR
At g A+ A+ g =0 (7) Horfr
20[atota(2+0)H2{a(1+0)+2[a,+(1+0" +a,)d ]} ptl2+a+4v° (1+8) ]+ 207y
200+ u)(pt+o+du) '
gr—=
a;(1+6 ) 2a, [ V(1 +pu v oputo+p Ha [ vp(1+tp)ta, (1 +0+pu)tH0+p Ho'u{20+pl 240" (1+p) ]}
(6+p)ptoton)
200 p e et (1t ) p ]t e ax (24 a)+ 207 (1 + @) p ]
“= 200+ ) (u+ o+ op) ’
BT s SR B TE 6 PR Y & = O B s A2
X, at+vip—(p+8)x
Oy . a,+ v (1 +a)py+(uto+6mA —Vla,+put+ado+06+vpll+p)] ‘

qr— —

’

(8)

a|

o ta vy —(ut+8)X
atat a0 (1+a)H p+0+8)A —Vlaytaytaptptadto—olpt+vpu(l+pu)l

(9)
P,QFI R = i 4E &= 0l £ = co [ I I il £k |- X :al—O—Z[az—ﬁ—uzp—(ﬂ—i-&)/l}é] (110)
g (B K /1N 43 M 25 ELAR S 28940 22 180°, BN A 2% T O | 4 a [ 1+ a—(1+p)A]
—ATE LS. BT TR P, QIR = A S 3 A [ S A B A A T R ) [ — 25 B AT
1 5 2 (8) il (9) AT LA 75 5 DA 5 3 55 0 8 0 LG, DA T A T 5 T 28 1 B
X, a+2la,+viu—(pu+6)A] KA/ IME o XA TTZE A B BRI

O a1+ e, —(1+ )] S — 2 8 P S A R KR YN AL AR R B A —

WAL R R (10) 1 A, HEEa, 2, LB

A B9 (B 52 L 0T A4S 3] P, Q IR = £ A9 O\ Ak A X | &
mr O |, Oy R,
‘Xl :a1+2[az+uz,a*(/u+5)/1i] (112) ‘Xl _’A3+B3Xi‘
0u |, a[ 1+ a,— (14 u)A;] 0ul, |Cs+Dsas
’Xl :7a1+2[a2+uz/x*(#+§)ﬂé] (11b) ‘X] :'A3+B_§/1?a‘ (12)
dul, ar[14a —(1+p)ag] Ou |, | Cst Dk




55 4 ) VAT A, 45 o 15 A0 0 b T 5 ) 2 L 5 g W AR 4 1 2 H il Ak 817

)
|

a+ 2(a, o) 20p+0)

= (13)
Ay=a,+ 2(a, +v'u) a, (14 a,) a (1+p)
By=—2(p+3) R (13),75
C:a:a1(1+az) (11:2[a2(71+6)+6+#7uﬂ(1+’u)] (14)

1+u
A ADRARX (T, 7T AR 2]

2 2 20 2
m[1+az_i(1+#)]{a2( 1+68)—p

Dy=—a, (1+pu)

Xy
P AR & E’J%’;’\ﬁéﬁ*ﬁ%ﬁﬂ“‘a MfE 5 A*

K, 5 L (=20 v 2 = A ot ot =22 (1 +
Ay, By )1+ Sul 20" — 42+ 22+ pu) ]+ 2a,[ 6+ —
C; Dy viput+vidp— oA (6 +u) =0 (15)
B X (15)15 %) .
1 ‘
; {(1Ha, ) 0" H 2+a, ) Sprtp’—

A=
(pt0)( ptotou)

(pto ) {0 ) (0Fay 6+ '~ pto0+0u) { a5 (— 148 ) +2a, ( ut-0—v* ptv* ud ) —v* p = 26+u [— 240" (1+u) 1} 1} },
o 1+ a,
R

Aq

A= !
(ko) (koo
(pto) {0 )(8ta,0+p )—(prto+ou) L as (— 146 ) +2a, ( ut0—0v" v’ ud ) — v’ p = 20+u [—2+0* (1+u) 1} ) ) ) o

{(1+a,) 0" H 2+a,) optp+

ENOLITECE # x| _
‘Xl = il (16) 2 le
Oul,, @=1+8)+o+p—v'p(1+u) u+#m%eq+5H@+#—mM1+w](mm
(a,—p)
BT PR SS Q A BN AL bR L B 7] — & B v DS B R AR L
V / (u+ ) pt a1t +(1+plal1+8)+o+4] .
] u(l+p)
KX ADHRAKR(1DH) 3. [liqio
alom:Z (azf/z)z(lJr'/x)((?Jr/z) (18)
(1+py
Xl 0w Aot bl JOt0)p(tu) tpllto—0 /Ao tm) 1 o)
(—1+ @) pu(1+ )
FH TS SCREARY e 2 W B2 AT g A £ I AR 4 £ I
W2 S ) A 99 4 5 3 B T e A S I A (1+)(0+ ) A+ as)—Jla—p P (1+p)(0+p)
3£ A ) DL AILR | T TR0  28 2 (o 2R e 7 L T sz a,(1+pV+e a
B MO B ORI (AT 0 R SRR AT ()4 ) [T 0) (1)
RYCRA. NI A SO 0 78 BT R B o) 1t a0 (1) (21)
MR T R SRR R SR BB I g

BV R o TSGR A SR NI HE R A4
L e DERHJE LU B 35, 156 BH > 7 fin i 28 32 498 ™ A= 1)
A7 A% 55 T 1 5 AT A e B RS, TS 45 R AT ATE B = ik 3
FEHRRCR R RIE R G e . A

‘ X, X,

5 (20)

A=0 ‘ lpRQ

e=1+a){—Jla—puV(1+p)o+p)+
A+ la(=1+8)+8+ul),

d=a,{ JO1+)p(1+pu)+pull+6—

oI+ )u(1+u) 1)
SR b AT A4S 2 B A AT BE Y I H W BE L
HAH




818 ® o T | % W %35 %
o — — ptoll+p) Wﬁiﬁ%%ﬂkﬁﬂ@,ﬁkﬂu%ﬂ:
T aH Ot wlet2u—2(at o)1t ] > —— (24)
(22a) Wi p
QA — B
s(1
_ polltp) > — (25)
pt(+p)lot2ut2/(pto)l+u)] 1+
(22b) ’
1T 2 495 1 [ A 5 % T TR B
. 1 , ) v’
TP R @> =1 (26)
a2+#+a2§)f@] (23a) IR B, Y Qoo = @ B @ogy = o, BT, 1B
. 1 , , 25 L 20T A6 RE X R 1) 3 LD A R G R A e I S B
w,=——————— [wiu(l+p)+ wi(d+ ‘ i
2(pu 40+ 6u) TR, W1 DU S e S B s U o0, an R

@+ pu+ a,0)+ VA ] (23b)

(1) %,I aZOpr: Aoy —

o - pt o1+ )
A=—4[wiwi(1+ a)p+ ota g+ 6+ ou)+ - fif,
[wip(1+p)+ 0l (0+ ay+pt a:d) P potlt ot 2p=2(ut )1+ p) ]

. pto+mll—1—put+ J(p+)1+pu)] (27)
w1+ p+Q+wlo+2e—2 (ut o)1+ 1)
. _ —2{pl2zt2u— JO+p)otp) I+ o +p)l2+ /A +p)(0+p) 1) (28)

HR A [ 5 A B R0, JE e B Ee /8 2781k, #5
2240t P, QFI R = [l 28 1Y s, 25 W A iR 0t 8 A
B[] — e B2 0] LIS 2 e ARRHJE L o Fl B 3 W),
P A~ S i 0 b T [R]— e BE ), Q AL Y i A e )i
IA?

ax

I+ )[40+t pto(l+p)]

il 2R A T RER O T X BT ORI Q kb
FR R A48 o R AL 26 1R e AR HE o
AR

_ —2tplet2p— JA+ )0 +p) I+ o0+ w2+ A+ +p) 1)

a,

1+ =40+ +pu+o(1+pu)]

A=t Jat o)A+ )
(pt+o+m)]l—1—p+ J(p+o)1+pu)] (29)

b= |—
/ p(I+p){pt+A+p)lo+ep—2 (ut+o)1+pu) ]}

puto(l+p)
Ay — —
pt A+ lo+ou—2/(p+8)1+u)]
/12:1+(12
Y14
DT A5 2 3 L e LB JE L 14
1.2
*bl+«/512*4a161 1.0
Sopl: 2 (30) 0.8
“ A 0.6
Mot 0.4
ar=—r(1+rPrp (1 +p Vi + 5 )+ 0.2
2 2 23 N 4 - ) \ \ \ ,
18rrip® + 20ri p* — 6r(3+ 8r ) ' +4(—3+ 00 YT P 0

6r+dr )’ +32r® Jlr — 41+ p) 'L+
r(r +2u°) ],
by=1—r)p* A+ pu) o+ pllr—400+

W I+ 8 +drp(r+p) Fl2rp+r(r +

4p) ],

K3 x=0.1,0=2,0v=3.26,a,=6.76,a,=2. 79 I} A [] fH.
JE FTR VA — ko 4y £
Fig.3 Thenormalized amplitude-frequency curve under differ-
ent damping ratios with #=0.1, 6=2, v=3. 26, o=
6.76, =2.79



Bal VAT A, 45 o 15 A0 0 b T 5 ) 2 L 5 g W AR 4 1 2 H il Ak 819

a=[n+tor(l+w !l 2m+r(2—r+ n=up+ 3+ ud.
W I rpt+rirm+20°)10rf + drr e+ (2) M @y = ay =
rlnt 4], B pt o+ p) "
r=p— J(1+p)(d+p), ut++p)o+ou+2/(p+6)1+u)]
, _/ (pto(l+mwll1+put J(pto)1+p)] (31)
! w1+ ) (4 ) [0+ 20+ 2 J(at o)1+ 1}
i _ 2tpl2t2p+ A+ G +p) o0+ w2+ /A + )6 +p) 1} (32)
1+ )[40+ +p+o(1+p)]
4 AT R0, T Dhas TR b 3A [ A 1 O vE AR 48 R 5
Q AR 1 R A B AR A 25 R K M SR DL BELJE
0A*
w
_2tpl2t et JA+ w0+ p) I+ oA+ p)[—2+ A+ p)(0+p) ]}
1 A+ )[40+ )+t p+o(1+p)]
U:/ lput+o(1+m]1+p+ J(p+6)1+u)] (33)
p(I+p e+ +p)lot+2u+2)(pt+)N1+p) I}
—— pt o1+ pu)
utQ+mlo+2u+2/(p+6)1+pu) ]
; 1+ a,
3=

bo=—4(1+r)pt (Lt ) [ — 40+ ) P+
Pt 26 L2 Oy 4],

C2:|:r1+2r2(1+/l):|4|:2r2#+r1(2_r2+
w) PLri+ 4y’ + o p(3r,+ 2u) 1,

ro=p+ J(1+p)o+pu)e

0 0..5 1:0 1:5 21.0 2I.5 3.0 3 Z{ Ia :IEéE ;R 'IE%;" tt E(] T 'ﬁE :;'E Lj\ & EEi

A

B4 4=0.1,6=0.1,0=1.43,a,=0. 189, a,= —0. 145 i} RSB RERFE
AN BHLJ@ L6 U3 — ko i A it 2k
Fig.4 The normalized amplitude-frequency curve under dif- 2T ELKUE T WA B S B e R
ferent damping ratios with x=0.1,8=0. 1,v=1.43, 40 04 [ A 481226 RK T O, 07 7 16 B 0 422 L W1 B L @y,
O 0 L U 5 A B 5 B R R B T
N T A5 5 3 AL B A BELJE I - A 0 [ N 2 (7] s i e 45 R AR X AR SE T 0,5
TFERAY KT 0, B AR v, A AL E [ &5, R T
bz+«/ 6/ 4a/C) %4) * g
fon = 2, ( R
H . o
3.1 AEM . NRAREL CHEESEE
a,=—4r, (1L +r Pript (1w Pl 4 50 " +
18r,rip? 4 20rf pi* + 67, (— 3+ 8ry ) p* — 4(3 + B as R T LI £ BB 2 T o iy U

67’2*47’1),&5+327’2/16][7”1*4(1+/1)]4, ‘—?HEEI,EI]:



820 ® o T OB % 55 35 %
TR Do ay = 0
/_ b0 () 11—t et 0) () ] x:jX1+yDu> (37)
Eﬂﬁﬂgfﬂ){#ﬂl+ﬂ)[a+2ﬂ2 e ) AL TRT BP0 8 4 A2 L O i SRUME A LA
0>0 (38)

Voptlay—ay, — 0
(g4 )1+ u)>0 (35)
©=>0
A R LB S ) S S, 0 RS LR
0,646, (36)
Hor
4+ 3u
1+u”
1 o, AU BRI T B2 T 6 B IR(E
@,ED:

0,=1,0,=

UUPW’Q:”zn

/ [ b0 () 1[ 1+t ato) (14 ]
p(14) L H 1+ p) [ 0+2u+2 J(pt6)(A+u) 1}

BRIVl A2 -

(0+u)[—4+6+=3+o)p]

3.2 BSHRIERE

3145 B 23 A v R AN TR Y R EE LE s
XL BB LE 0 B4 JBCMEL S TR 2 AN [R] 9, 5 A 52 B T

TR rP B R 1) i O 2 B0 AR Bl AS TR) A 15 2% L kA T
HEHL

M 0€(0,8)U(0,, +oo) B, HA — 4 ay, B

=y, B AT HL a, = ay M XTI I e 4 2 50—

AR A (X (31)) e W EE b (X (32) ) Fl e A BHL
et (X (34)),
Moe(0, 0, HPA ar, B a, = a,, B a, =
@y, WG AT DAAR AR 3] 2 a5 Ah P (B AT 43 #T
oy = a,, I, [ 2 fLAL 0 W R

Ap o Ray—a, = (39)
pl2+2u— JA+ o+ IHoQ+uw2+ A+ )0+ )]
M, = ay, B, [ R 55 AL AR AE N
A = (0+u)[—4+o0+(=3+08)u] (40)
o+ m—2+ A+ +u) I—pl2+2u+ JA+ )0+ ) ]
A (B 25 /A, >0, H L.
Ay Q. Rla, = ay, AP Q. Rla, =A, (41) Al’,Q,R\aZ:aZh > AI’, Q. Rlay=ay, (42)
oA — ﬂwwnw+e&+a#] B S (42) 0] DL @, = @, PO SR B2 4,
T O ) (bt o) U SE(81,00) M B = o T 3 AT R 9 L {2

WS AT LU 7 5 060 2 B A, B
B e(0.01,0.4) AL 6 € (81, 6,) NHR AT LAfEE

0.4

u
10

B 5 AN BT HRVBEAS LT 1 i 22

Fig. 5 Amplitude difference under different mass ratio and in-

erter ratio

e G I3 L X (28) Fil i

HERLJE 2 (30) .
4 HEIWIE

R T IE H A f AT 4 S I 6t L 6 MAT -
LAB #EAT 5 B AT L ELQ%T%HKEJE@‘AEtB
SAFAEAN TR0 Je A1 2 80, 3053 0 1064 T 005 2L 53 W7
W&%ﬁm%ﬁﬁFﬁdmom%%%ﬁu:o1
M8 = 0.1, AR iy 348 14 ik b7 e 10 53 B L 2880, 1D
v=143,a,=0.189, a, = —0.145, £= 0.602, It M}
RAGEMEA BRI 0 =1.15, 0,=3.38, KL N
wl/w,=0.36,w,/w,=1.07; Y% 6= 2, I & 77 iR
N T A AR 7 v=23.26,a,=
6ma9279pﬁw&§%mﬂﬁﬁ$m—26
w)y=6.62, i K L K wl/w,=0.82, w)/w,=2.09.



55 4 1 TEETH L 45

T I R R ) 286 95 20 0 Wi 4 S L 821

B P 6 AL R A LU BB O 0~3, S8 Al a2 1 Il
Pl o R DY I T A -2 B 2k, ek BT BRI 1) 2 500 s
W 2% T 285 W 7, BB 285 I 7 ) e KB UH — A AR B
AT LAAT B 25 5 R T 2R Ge e N Y B R . AL 6
L AR T St nT LR H TG V8 4 M 2 L 2 HCUR — A
5 D, BT i R0 it A figp A0 B AR — 0, R IE 1 i IR 45
4 1E A

3.0
—— 5=0.1/F 1%
25+ 6=0.18{H R

o =2HEM

2.04%
=~ 1.5
1.0
0.5
0 . . . . 28
0 0.5 1.0 1.5 2.0 ; 3.0
A

L6 T ik FIVECIEL g 19 X L
Fig. 6 Comparison between numerical simulation and analyt-

ical solution

5 REIEEEMNBE

3.2 795 B9 2 AT BT AS [ 0 2 LS LR
AR SE . JIAE L oe(d,, 8., BUR &
=01, B4 iy A 2 TAEEH R (1,3.909) .
FE S LN L7 5 T BT L X R AR £ 1 5 )
M7 A AR oK, R G RN, B A
SRR VAR AR B T AR SR B AT

1.4
1.2}

10}
08k "
0.6k

04r

02F

0 . . . . .
0 0.5 1.0 1.5 2.0 25 3.0

P 7 B L X A3l £ ) 52 0

Fig.7 Influence of inertia ratio on amplitude-frequency curve

TR 0 €(0,0, UL Sy, + oo ), BUF b =
0.1, B2 e B9 A 2 T 1E 7 Bl >~ (0, 1]U[3.9090, +
o), TEMVEH NG R E S, I SalH, BA Lo

N, R IR RN B R
P12 ) SR 3 B e A

o /N 22 XA

o o=0

0 0.5 1.0 1.5 2.0 2.5 3.0
A

P8 ABY AT Ll X hed 53 £ Y 5% i

Fig. 8 [Influence of inertia ratio on amplitude-frequency curve

i 3 % 7 R A 8 Rl R g L 8 Y
PACL RN 7 AL SR . BB SEbr TAR

AT, IR L 0 € (0,0, JUL 8., + o), #E8h T
R 2 IS RS R G R R A B A A A

O R A 1 R IV 92 38 S 1 R 0 .
HEHEMSET ,0€(8,,0,) A ORI e 44 T4
O A SR i R R R] SR BT Y O ik U AR
7"%‘5%& S LU HUE /N T 54 T e A BT BR A, n)
AR 25 L W T BB T 5% 17 1) S5 8 5 50, 4810
©=0.1,0=0.7,0.8,0.9, 1 i, ¥ HUmg K T 4E 70 Rl
T BR A 6= 1.01, X B /9 55 I8 2 50k v =0.23,
a,=2.03, a,=1.21, £=133.44, I mF B il e {
F,=1000 N, #] Hl MATLAB #17 {}j £ , 0] 15 3] ||
9. M 9T LLF H 3k BE B 0 4R #5475 AT 55 1 1) D
PRACH o H YA 2E L Y B 422 30 9% 00 BB 1 BR B
Bl o=3.9, X B ) L Z 8 Hh v=9147, a, =
3198,a, = 922.48,£ = 6.33. 4K, BLI 4 WIEE HE it
123 % Rut: SUpN

K, 7 SEBR B TR o ST B, O
ROTE 25

2.0

4

0 0.5 1.0 1.5 2.0 25 3.0
A

PO T g AR LI B A A5 A L o e 9 1 £ 644 52 i)
Fig. 9 Influence of inerter ratio close to the lower limit of op-

timal working range on amplitude frequency curve



822 B oz OB ¥ R %35 %
5
................... [3]
6 HEEIFTLL o B
————— This paper 6=0.1
6.1 fefity iR TR 0 R X4 b 3t o Thispapero=
~
g T W AR SCHR H 1 30 7 W R 5457800 A e
B = 0.1, B A SO R S e 3 A [T
CHPSCRRL3),[90, [ 14T MM ) i £ %6 L , 5 0 0 :
S5 24 40 1 10 97 7%, o 3 BT ) 05 ) 5 U R 0

I35 1R . MIE 10 AT AT 1, A SCHR g L T T

Hh B 2 L R A AR S R IR MR B AR T A BI10  p=0. 155 = A 23l g W AR 25 ALY (5 LG
JLF SN, B3R o TR I, ML st it T Fig. 10 Comparison between the DV A in this paper and oth-

BT IR HE | er DVAs under 4 =0.1
F1 MRFEHSHEMETAK
Tab.1 Optimal design formula for model parameters of DVAs
iﬁ] jj l&yﬁ%&/’“ﬁﬂ V0P1 gopt Qopt Qgopt
jCﬁjfB]DVA ; 3“‘37’1 _ _
: 14y J8(1+p)
I 500
““ 1 / Jb— dac
Hk[14]DVA | b NG A gt () T 1=t Ju(T+ )
No“2A//z(1+;z)+/z[l+,u+d/1(l+,u)]M‘/ 2a g g " g g "
k. k,
< SCHRL 14 JBUAL P RIBE LESE SR @ = a0 =,
2 2

a=40+ ) { Jp(Q+u) +4pQ+ )1+ 20+ 2Ju(1+p) 1},
b=4p(1+p){ JpQ+p) H{5+ 12 p(1+p) +4u[5+4p+4 Jp(1+p) 1},

c=—plJp(l+pu) +2u(3+4)[1+3/p(1+p) +plb5+dp+4/pu(l+p) ]},
6.2 BEHLEUE T W R X bk .

TS bR TR TR HL AR R 25 1 52 3 1Y B 22 O B
BLIY , BCAS SC I — 2 b i 10 W AR i 78 BE DL IR T 1Y
AR . KRR Z B AE )R8 R
S(w )= S, 1 1 M 7 R, DUl A SCAR A 55 H Al 3 g
P v 150 TR 265 Xof 57 % D) 7 ) 1) 24 33 %% 5 eR A3 TR

Sv(w): ‘le‘zso» Sk(w): |X1R|ZS()9
Sv(w)=IXnlSo, S (w)=|X,IS, (43)
K TRV, RN, I 5 R [3] 8
Voigt £ 8, SCHR L9182 i 1 2 1 X 3 7 W B 4 454
AU SCHR L1448 Y 0 N-= 22 B A DL S AR SCREAY
ALY GA SO 3 RGN LB R -

too oo SY
ngj Sv(w)du':SOJ |X1v|2dw:¥
o L 2w pév

' I oo oo TCS Yz
O'é:_[ SR('LU)dIU:SOJ ‘X“{lzdw: %O 5
. —e 2w pgv

Foo Foo
ol :J ) Sy (w)dw= SOJ; X nfdw =

T[S()Yg
2w pfvial (— 14 a,v* (14 a, + pa,v*)

+ oo Foo
ol :J S (w)dw= SOJ X Fdw=

SoY,

2vwiaipéla, —pu)la, + v (1+a)pl(p+ 38+ 6u)
(44)

/H\:rl-l:

Yi=1+0 (1+p)+ o (4 + 46 —pn—2),

Yo=1+v' +(p+ 46— 2),

Y, =481+ a, + a,u®) {1 —2(1 + a;, + a,)v* +
[(1+a+a,)+(1+a ]v' )+ aiv* {1+ a,—
[2(1+ )+l +H[(1+ )+ 201+ a,)p+
pilv'ty,
Y, =ai(p+06+ou){(1+a)pu+06)[a+
V(14 a,)p ]t (e, +op){—201+u)p+
O)a, + v (1 +a)pl+(a, +vip)la, +ulpt
V(1 p P At a0t (1 + ) J{(p+
OV{s+ alay +H(2+ )0 [+ pi+ P+ o+
a)p+o+ou)[(vp+a+a)1+p)—2(u+
O)a,+ 1)1}



55 4 ) VAT A, 45 o 15 A0 0 b T 5 ) 2 L 5 g W AR 4 1 2 H il Ak 823

e 4 2y W IR A 09 B O = 0.1, AR 3l
AT SCHR b i 25 2R R SO 9 R o 5 28 L T LAAS:
B 4 bl A 45 1O 2 07 (E 2 BIANE

. 6.401xS, , 5.780xS, ,  3.097xS,
0-\/273’0-1{:73,0-]\]:73
W Wy W
,  0.5734=S, | 3.6667S
o= gn - oh = e (45)
Wi Wi

WA LT R 25 SR T LR B, Y R G S B
() B, A SR TR 25 L B A T AV B B A R
R €

T TR SR TR A SCH T 50 sEIEH O
05 2250 1R BEAL 7 300 , FEmk 1] i AR an e 11 B R . ik
WAL SH N m = 1kg, ERGNIE N k=100 N/
m, W IR 2 B m, = 0.1 kg AR 40 SCHR[3,9, 14T FIA
SCIHE ok R4S B A AR S 8. E R G AKHN )
TR AL RS R I 12 s . I 13~17 A E &K
SERHm A FPAS R Bl e IR 2 LA I N . R 208 F

5

Displacement / m

0 10 20 30 40 50
t/s

11 BEALE e g
Fig. 11 The time history of the random excitation

0.06

Displacement / m
=)

_0.06 1 1 1 1
0 10 20 30 40 50
t/s
E112  JCWE R a1 32 R G0 ) i 7
Fig. 12 The time history of the primary system without DVA

0.03

ol

Displacement / m

1I0 2I0 3'0 4IO 50
t/s
13 B Voigt 24 2l J WA 4% (9 3 R S8 I [ s 72
Fig. 13 The time history of the primary system with Voigt
DVA

-0.03
0

0.03

Displacement / m
=)

_0.03 1 1 1 1
0 10 20 30 40 50

tl's
14 B s =8l g AR 4% 1 32 R GE N E] D AR
Fig. 14 The time history of the primary system with ground-
ed DVA

0.03

Displacement / m
(=)

_0‘03 1 1 1 1
0 10 20 30 40 50

t/'s
P15 Bl N-= 2 R A gl g W AR 4% 19 S R ST A AR
Fig. 15 The time history of the primary system with N-three
elements DVA

0.03

Displacement / m
=)

-0.03 - - : :
0 10 20 30 40 50
t/s
P16 B 5 04 b 19 B2 2l g W i 45 1) 2 2R G ek 1) s A
(6=0.1)
Fig. 16 The time history of the primary system with inerter

and grounded stiffness DVA under ¢ = 0. 1

0.02

0

-0.02

-0.04

Displacement / m

-0.06 t t
0 30 40 50

IIO 2IO
t/s
P17 B 4 M T B 8l T W i 4 1 32 AR Gl 1] s AR
(60=12)
Fig. 17 The time history of the primary system with inerter
and grounded stiffness DVA under 6 = 2

RGN R T G HE M id . R 13~17 fl 2
AT DL B, AR SCRE RS v A5 S H Ok B T AR T
Aot L Al 3 s A ELAT AR R A IR IR E



824 w® oz T

% 35 %

R2 ERGFUBAEFITEREREL

Tab.2 The variances and reduction ratios of the primary

system
ARG A iR 2ZE/m' EwE/ %

NS 2.0083x 10 * -
Voigt IR AR 4% 3.1235X10°° 84.47
2 b R R 2.8560< 10" 85.77
N-ZE R W RS 1.3581x10°° 93.24
ARSCHRIRL (6 = 0.1) 1.6471X10°° 91.80
AL (0 = 2) 5.8914 X 107" 97.07

7 & it

AR SCHR T — Tl A5 A R M R Y 2 5 Bl
JI W IR AR R 0 S RO AT T WS .l 2 T
JE IS B HL G A AR 3 W AR 5 A R DR L R
W2 L AR AR B e e o 7E S Bt 72 b, & S5
AW —E VL NA WAL S8 %8S hr T
7T, 75 LSBT T8 2 2 B0k 28 G i 42 il 1k
AERY S, B € 1 A I B A TARSE L. 20 1L %%
T S A TAT I B PN S 38 582 5000 38 5 0 28 58 1) 1oL F)
SN 45 N SE PR TR B . AR e 5 1 Sk
x5 TRT 1 VDl R SE BIL 0D R O e e B, AR SCHR
BRI vh Y5 A L A i A TR Y B AT LK R
o R IR B B L, #0098 1 IR SR A IS S [l i
— TR W] TR L B R A T ARV N, AT L
B, Bl 5 W AR s A DR SOR B

S & X #k:

(1] BRIV, TR, A . W7 5 4R o 4% il £ R 3L nk
[(M]. dbxt: B2z mpat, 2007
Sheng Meiping, Wang Minging, Sun Jincai. Fundamen-
tals of Noise and Vibration Control Technology [M].
Beijing: Science Press, 2007.

[2] Frahm H. Device for damping vibrations of bodies[P].
U.S. Patent: 989,958,1911, 1911-4-18.

[3] Ormondroyd J, Den Hartog J P. The theory of the dy-
namic vibration absorber[J]. ASME Journal of Applied
Mechanics, 1928, 50: 9-22

(4] fidRte . PRzl Jy2[M]. VY% . 1Y 22 38 8 K2
1989.

Ni Zhenhua. Vibration Mechanics[ M ]. Xi'an: Xi'an Ji-
aotong University Press, 1989.

[5] Den Hartog J P. Mechanical Vibrations [M]. 3rd ed.
New York: McGraw-Hall Book Company, 1947:
112-132.

[6] Asami T. Closed-form exact solution to H-infinity opti-

mization of dynamic vibration absorbers: application to

[8]

[9]

[11]

[12]

[13]

[17]

different transfer functions and damping systems [J].
Journal of Vibration and Acoustics, 2003, 125 (3) :
398-405.

Nishihara O, Asami T. Close-form solutions to the ex-
act optimizations of dynamic vibration absorber (minimi-
zations of the maximum amplitude magnification fac-
tors) [J]. ASME Journal of Vibration and Acoustics,
2002, 124: 576-582.

Asami T, Nishihara O, Baz A M. Analytical solutions
to H.. and H,optimization of dynamic vibration absorb-
ers attached to damped linear systems[J]. Journal of Vi-
bration and Acoustics, 2002, 124(2): 284-295.

Ren M Z. A variant design of the dynamic vibration ab-
sorber[J]. Journal of Sound and Vibration, 2001, 245
(4):762-770.

Liu K F, LiuJ. The damped dynamic vibration absorb-
ers: revisited and new result[J]. Journal of Sound and
Vibration, 2005, 284(3): 1181-1189.

Shen Y J, Wang L., Yang S P, et al. Nonlinear dynami-
cal analysis and parameters optimization of four semi-ac-
tive on-off dynamic vibration absorbers [J]. Journal of
Vibration and Control, 2013, 19(1): 143-160.

Shen Y J, Ahmadian M. Nonlinear dynamical analysis
on four semi-active dynamic vibration absorbers with
time delay [J]. Journal of Shock and Vibration, 2013,
20(4): 649-663.

XIS, RO, KRR, A5 gl 28 Iy R IR HOR B
FLHERELT]. ALK TR 244, 2007, 43(3): 14-21.

LIU Yaozong, YU Dianlong, ZHAO Honggang, et al.
Review of passive dynamic vibration absorbers[J]. Chi-
nese Journal of Mechanical Engineering, 2007, 43(3) :
14-21.

EFR, B, AL, & FRRETAN =R
RSl I3 W s i S Bk [T]. dR8h LR 44, 2017,
30(2): 177-184.

Wang Xiaoran, Shen Yongjun, Yang Shaopu, et al. Pa-
rameter optimization of three-element type dynamic vi-
bration absorber with negative stiffness [J]. Journal of
Vibration Engineering, 2017, 30(2): 177-184.

Wang X, He T, Shen Y, et al. Parameters optimiza-
tion and performance evaluation for the novel inerter-
based dynamic vibration absorbers with negative stiff-
ness [J]. Journal of Sound and Vibration, 2019, 463:
114941.

WA, HKE, BB, & & 5N 8 1 ) Maxwell
R Bl ) W 9 S B D). PR3 5 ebdi, 2019,
38(4): 20-25.

Hao Yan, Shen Yongjun, Yang Shaopu, et al. Parame-
ter optimization of a Maxwell model dynamic absorber
with negative stiffness device [J]. Journal of Vibration
and Shock, 2019, 38(4): 20-25.

Chen M Z Q, Papageorgiou C, Scheibe F, et al. The
missing mechanical circuit element [J]. IEEE Circuits
and Systems Magazine, 2009, 9(1):10-26.

Wang F C, Liao M K, Liao B H, et al. The perfor-



1 VAT A, 45 o 15 A0 0 b T 5 ) 2 L 5 g W AR 4 1 2 H il Ak

825

mance improvements of train suspension systems with
mechanical networks employing inerters [J]. Vehicle
System Dynamic, 2009, 47: 805-830.

Chen M Z Q, Hu'Y, Huang L, et al. Influence of inert-
er on natural frequencies of vibration systems[J]. Jour-
nal of Sound and Vibration, 2014, 333(7):1874-1887.
Hu Y, Chen M Z Q. Performance evaluation for inerter-
based dynamic vibration absorbers [J]. International
Journal of Mechanical Sciences, 2015, 99: 297-307.
HuY, Chen M Z Q, Shu Z, et al. Analysis and optimi-
sation for inerter-based isolators via fixed-point theory
and algebraic solution [J]. Journal of Sound and Vibra-
tion, 2015, 346: 17-36.

Yang J, Jiang J Z, Zhu X, et al. Performance of a dual-
stage inerter-based vibration isolator[J]. Procedia Engi-
neering, 2017, 199: 1822-1827.

BOE, FAEE. AW E A X8 R R R S
FE[I). #egh 5 updi, 2017, 36(1): 167-174.

Ge Zheng, Wang Weirui. Vehicle active ISD-DV A sus-
pension system [J]. Journal of Vibration and Shock,
2017, 36 (1): 167-174.

Ztt, WA, B, L AET A -H)E
45 by W PR BF 9T [J). PR 3h TR 24k, 2018, 31(6) :
157-163.

Li Zhuangzhuang, Shen Yongjun, Yang Shaopu, et al.
Study on vibration mitigation based on inerter-spring-
damping structure [J]. Journal of Vibration Engineer-
ing, 2018, 31(6): 157-163.

[26]

[27]

[28]

i 1 R w3 B MR [T ). Bk 3 5 ehdi, 2020, 39(8) -
15-22.

Chen Jie, Sun Weiguang, Wu Yangjun, et al. Minimi-
zation of beam response using inerter-based dynamic vi-
bration absorber with negative stiffness [J]. Journal of
Vibration and Shock, 2020, 39(8): 15-22.

Giaralis A, Petrini F. Wind-induced vibration mitiga-
tion install buildings using the tuned mass-damper-inert-
er [J]. Journal of Structural Engineering, 2017, 143
(9): 04017127.

Xu K, Bi K, Han Q, et al. Using tuned mass damper
inerter to mitigate vortex-induced vibration of long-span
bridges: analytical study [J]. Engineering Structures,
2019, 182: 101-111.

AP, 2R 0E, BRIBOHE . e % 150 5T 0L 1 5T BHLJE
an YO0 AL 5 XUIR 2 A5 [T ). 4R 3h TR 22 4l , 2020,
33(2): 295-303.

Li Yafeng, Li Shouying, Chen Zhengqing. Optimiza-
tion and wind-induced vibration suppression of rotation-
al inertia double tuned mass damper[J]. Journal of Vi-
bration Engineering, 2020, 33(2): 295-303.

MR, AR, PR . 8 Al RSB IR 9 5 A B e
WALk 5 RE VRN (T). $R 3h TR 22 4z, 2020, 33
(5): 877-884.

Li Yafeng, Li Shouying, Chen Zhengqging. Optimiza-
tion and performance evaluation of variant tuned mass

damper inerter [J]. Journal of Vibration Engineering,

[25] WRZS, INAEOE, Stmf, &5 . SR 6 W B2 3 ) W 0 2020, 33(5): 877-884.

Parameter optimization of viscoelastic dynamic vibration absorber with
inerter and grounded stiffness

FAN Shu-tong', SHEN Yong-jun'*
(1.School of Mechanical Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043, China;
2.State Key Laboratory of Mechanical Behavior and System Safety of Traffic Engineering Structures, Shijiazhuang
Tiedao University, Shijiazhuang 050043, China)

Abstract: The Maxwell model with viscoelastic characteristics was introduced into the system to propose a new dynamic vibration
absorber (DVA) with inerter and grounded stiffness, and the system parameters were optimized. The analytical solution was ob-
tained based on the established dynamic equation. Three fixed-points were found in the amplitude-frequency curves. The optimal
frequency ratio and optimal stiffness ratio of the DV A were determined by adjusting the three fixed points to the same height accord-
ing to the fixed points theory, and the optimal damping ratio of the system was also obtained according to H.. optimization criterion.
In the process of parameter optimization, when the inerter ratio was within a certain range, two groups of optimal parameters suit-
able for the model were found, and then the optimal parameters corresponding to different inerter ratios were determined. Consider-
ing the practical engineering application and ensuring the system stability, the optimization results of the two groups of parameters
were compared, and the optimal working range of the inerter ratio was determined under the conventional parameters. The influ-
ence of the choice of system parameters on the system response inside and outside the optimal working range of inerter ratios was
analyzed, and the suggestions in the practical engineering application were given. Compared with the existing dynamic vibration ab-
sorbers under harmonic excitation and random excitation, it shows that the system has obvious vibration reduction advantages by

selecting the appropriate inerter ratio, which provides a theoretical basis for the design of new dynamic vibration absorbers.
Key words: dynamic vibration absorber;inerter; grounded stiffness;fixed-point theory ; parameter optimization
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