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Parameters design of smart spring vibration suppression system based on

common point of amplitude frequency characteristic curve cluster
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Abstract: A design method of system parameters for undamped smart spring vibration
suppression-system”was studied. The dry friction damping of the system was transformed
equivalently-t6 viscous damping by equivalent linearization technique, as a result, the mathe-
matical model of the system was established. The dimensionless differential equations of vi-
bration were derived and the analytic solution of frequency response characteristics was ob-
tained. The amplitude frequency characteristics of the system were numerically analyzed.
The study results reveal that the amplitude frequency characteristic curve cluster of the sys-
tem has a common point that will be shifted to the left as the mass ratio increases and to the
right as the stiffness ratio increases. There is an optimum value, for the control parameters
of system, which could make the peak value of amplitude frequency characteristic curve of
the system be minimum. The optimum control parameter will reduce with the increase of the
mass ratio, but it is not affected by the stiffness ratio. The formulas of frequency ratio, opti-
mum control parameter and minimum amplitude corresponding to the common point of am-
plitude frequency characteristic curve cluster were derived. The selection principle and range

of system parameters were proposed. The design method and procedures of system parame-
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ters of smart spring vibration suppression system were presented.

Key words:

dry friction

A 4R B0 52 e AT 2R TS R B N A B
77 I 25 G VERE L 25 R EUR B R BB AR FE S
P B AR EE S ER ] 5 AT UE T R e 2 R A M
i, » X B Bl I AR B AR T BE Sy i AEOTR 3h 45 AR A
R RS 3 B W R 1 OGBS 1 L SR
VA7 N N i o A i e o (B e
(PZTA) B 3 3l IR 2 AR A 2] ) R A58 & 19 7
P, Gennaretti %51 $ H (14 Y AE 50 55 AE At 2
— I T PZTA 1 3 3 ik 7 vk » i o it i 4
il B He i PZTA AR I A AL B 28 Hk 3 5
PR PURPE AL AE B (W B DATE) 2 1 5 =X
/N I Bl 0 1% 3. S R EOER O i T AR
HO AR TE B A A R R R T AR
IR Sl L TS T AR B A T A K B
BUFIAE 3l 2 52 (1 D41 .

CHEN, Nitzsche, Wickramasifighe 4#51% 4
XF T AILE 32 4% - () L AR B Rk AT T3 AT
3 HOE 5 BT 50 06 TE TR T AR R B
A B - WeAIR RAOR S IR R TR B AR A B
Coppotelli % it g8 WF 5% 1 80 68 L% 4E 2h 4%
AR SRR I B S Y O BT e s R RE R
FAR TP ST BT, Afagh %51
WHIE T RA B R R i g HLIE e T i i 5
FasE P43 B 7 5. Cavalini 25097 52 1 28 T8 R
HR E 2 F SR 5 1 e B ML RE & A B
TR 1 A2 k{50 A K T Rl o 2 0
Pt BE S P AT T AT R R
8 3P SR T EE A BELJE & L B FH 2l R 4y 22 )
1R BE 452 O e 5 2R e S AL BEL JE I AT o i R A 3k
B 55 F IR 3h. T 000 e iR B AR T
T2 gl UM SR T B S BEL S A% L A R L Lk AR A
B PR Bl RN ) Bl L EE 5 R 2 1R R ) M
By R EE 58 4 A R 3 B 3 S AR o BELJE 4% B
B ¥ R G0y BHLJE A SR W EE , B AR G 1 9 Bk
ROR 5 25 8 R o S M S AR .

PZTA i v s 19 i fin 5 LA R, g 724 FR
149 FEL R 91 BT P9 3R A e AE A IR RO, A A EEE Y
HAGESHW BT I, B AT A TF &£ 0 SCHk b
fief LA 55 HRH DG 9 i . AR SR T BT i F ST
AE 3 P8R 2R 48 R SO FR 28 48 1 A0 e 1 o
Br RGeS 805 i R M il 2 A 2 B OC &R L OF

parameters design; vibration suppression; smart spring; common point;

R ETZA AN RESBOIT T k5K,
Xof R RE R IR R G A AT S B
wiFE X.
1B R 5 R IR R G A S 4
1.1 BEZhH*E

B RETE AR R B AN 1 Frs, EAR
oL - T A AR 40 R Bl R I R G A AL, R fiE
THIRFURETE N ERG, FHE NI RS,
FEA G 5 F By AT A L MR 4350 Ry
koo mu R 5 FE AN SRR T (R B 45 H S O A S
PFRY RO, me S F DR E 1 PZTA
T FEAWER PR 1 55 20 o R G T g [ 8 T AR Al 2
L Im R AN FCo. S B 255 £ R 400
H—HIR BB 0, PZTA AN TAER, Wi & 4 1942 3
AEPE L. PZTA B2 5 R 5 7 A i % 4
HRFo/ HEERGE BAEMNER T N4
FRGEATH B RSB A M S g, B E 1 NCo 7E
PR GE ] 5| & 1 ) BE 2 ) Fy #EHE R 584k 3 Ag
i B/ INIR L R R BELJE PR L BN Co 38K B
RO R AL B W 5 E R G S A 3. Y
N BRI, FRGE S RGN 7245 3
— LB RS ARG ST
Be 7 =0T ARG R G0 T A 03 AT g A oK T R
FR G0 [ A A X A 45 ) O 2R Sy IR o
AT RBIZ /N T 5 3 R G0 A A%, % 1 A 4 ol 5 =X
B R o H s 0L BT LA, 24 PZTA 7= A i S 7%
KT 8 Ja, REMIRN I 5 Be ol Kom b

my Il + kl Xy — P‘( t) - P‘d
. (D
My Xo + kg Xy — Fd
Evi
Fd:
M]N(t) 'Ur>o
Tmm k| mh At ko < N, g =0
[*pdN(t) gy <0

Hrh o=0—20; - NI FREEKEEL o K
FERGEMNF, o WEHBI RGN,

BReT AR E DS A T, i i AR i 2
(420 51 Z2 45, o g (A o g X e A0 O
FIFZSH T SE. R, TR Ew



%9 M i RS L TR AR I 2 A A 3 R RE SR R S BT z1z3

TFU) o =x — 1 = X;sin(wt+ ¢,) (2)
AT A5 21 45 50 G M BEL e R Bk
gl m, C, — N (3)
5 « ntwX,
e
o Sliaann % (K e W B BEE ) F, T4
3t Foy ™ Fy = Cyl )
; = R (2) 53k () R IE B A R (D
% i JEHL P A 25 Ny
K, e a3 . o .
i myx + kia = fosinwt — Coy &y s
my (2 — 1)+ ke Cay — 2,) = Coq 2y
L O . O O . . . W L W %XﬁD—Fﬂﬁiéﬂﬁﬁ‘a:”lz/”ﬁvB:l”Z/klv
B 1 % RE kIR R SR Q:w/wla mdN(t)/foawl*MaXo fo/kw
Fig. 1 Model of smart spring vibration G ™ eq/(znll o). BEIATLEHNEE] t=wt 5
suppression system ﬂf}iéﬂ{i@% x=x/X,. ﬁ(l)m%ﬁéﬂ’fﬁj‘j
A BELJE 5 0O T LI 58 R U2 - 45 T+ ot 20 = ynap %)
B BELJR 55 A b BELJB 7 — 1~ 4% 20 R 391 P 94 4 11 o\ — )+ flo & )= 28,2
fig A A 1.2 Shmm g i
RGEMINREIN R FCO = fosin ot , W55 30F A0 M R S M (B Lol
4 BEL T2 194 it B AR X6 52 B8 O B2 25 5 R
X :J B— ad: 4 47
1 (a2 — " (=D HALD [+ DX — B+ DT
¢.q =% arctan 260 (B— o")”
! (B— a2 (P =D+ 4 F [ (at+ D@ — (B+1)] 7
X :J (B— a®)*
\ (a =) (¥ — 1D +48.QF [(a+ D& — B+ 1D ]?
- 20,0 (a+ 1D — B+ 1]
b Zraretan T B (@ — 1)
FRAE (3 5 Coo=2C,mi o [ 15 ¢, =
€ — Ca _ 4mNW 27 s A (B—ad)? (F —1)
O Zmer 210X, m o <OX. 0 (B—a)’ — 1670 [(B+D— (at+ DX
‘ - 80 I FRH IR S R 2 A
AR DT X ACAR ) LR E HRHE 3 (070> 4 ESRAS (D
dn)? 20 — 1)
=
b (@ —1)°
Uy — 1 (B— aQ) X,
¢ = arctan
7 (B— aQ*)— 16747 [ (B+ 1— (a+ 1 Q]
) (9
iy 2 -1 |, Ad—@)*
. =17 [1+ Q—B+(B—a92)2]
X, =
(0 —1)°

[ (B+ 1) — (a+ 1D 2]

¢ = arctan

R —1) (B— o) X,



2124 moa B h %

529 %

2 C2) J0, B &R Ge rd Ra s v ] R 2L
>Rﬁ$:

¢ = arctan EQSin po }f‘sm fur
Xicos ¢ — X, COS ¢y
G, <0 B R L G, M B FROR

MARGE ERGEZ B IAMXIE ) (o =0), I 5E
G RGN m - m NIEEN Ry ko
A ERG . BT RN

(my +my)x + Cky + k), = F(t) (10)
X§ 3 (10) AT T N5 A5

(a+1D " + (B+ 1D x = sin(Q0)
KA R G N

iljkz:\

JXZ — 3{? -+ ;(f — 25{1 E(,COS ( ¢ — <]er)

1
148— (et DX

¢,r1 = 4&-2 =0
HWARSES ERGEEL G, £ EmN
YRS 1 Tk se IR S BE 5 1 Fa. BT LA, 3 RE 33
LI RE AW AN
‘ B
1+B— (a DX
A S EE IR oo e/

2 MRS TE AR A K SR

AR T 5 20 S 88 08 SO, S8 B Jon 42 il
LR B ) 1 NCo) IR/ A T g iR
AN PR SR AR &R e TG B A9 45 T S 8

TAh, b R EDE HHEER X #oR X

& 2 AN TR 6 250 T R G0 R AR 1 i
AR Z R T X R R AR P A — A A 3
p. TE p=1. 06 Kb, Z Gt i M0 4 1 il 28 BUAS o /) 0
{8, HUWEAH B S AL T A 3 5 p 09008, H 4
BUCR AR Y 0<<n<{1.06 W, pEEEH S5 1)
B R o 2R G0 R A M M 4 0 1B 3 W /N 5 2 >
1.06 J5 . #E i S 80 35 KB, & 50 iR W 4 1 it 4k
WA S T 4G K 3R 490 1) [ A 1 3 2 1 K. &I b g
o E Ol 5 EAR I T A5 A iR,

B 3 R KT L o IR 904 il R 7R 1Y
oSS (R AR AR A Q, = 1. 2D FXT T & 2 B A by oy
Q,=1.28) [n] &£ #% . [6] 5 5 15 2R 52 41 0 d5c /) 19 B
fE 7B/ (p=0.994).

s 4 Frs s /N KBS e B, A AR M i 2 R
RO IS (AR BR R Q, = 1. 17) [w] 22 %%, 1 18 KNI
FE L B e AR AR Pl 2 Y N 3R Sl A 8 I

<k (1D

0 0.5 1.0 1.5 2.0 2.5 3.0
Q

K2 Y4 o=0.2,8=1.6 1Y F G508 Ak th £
Fig. 2 Amplitude frequency characteristic curves of

the system with a=0.2 and f=1.6

A~ =300
L————1=2.50

/\1122.00

n=1.50

0 0.5 1.0 1.5 2.0 25 3.0
Q

&3 24 a=0.5,p=1.6 B 19 Z G IR He v it 2
Fig. 3 Amplitude frequency characteristic curves of

the system with a=0.5 and p=1.6

0 0.5 1.0 1.5 2.0 25 3.0
Q

Bl 4 2 e=0.2,p=1.0 B 19 F G IR0 B 1 it 2
Fig. 4 Amplitude frequency characteristic curves of

the system with a=0. 2 and =1.0

W, D3 A o 38 R RO R R B W EE L B AR
A 22 U e i B9 RN,

M 2~T& 4 T LA iR 000k 1 il R A
2l — AT p IR IR S W S T
e MU SE AT p MR W3R AG 5% 3



509 4]

i EAE TR AR P I 2 R s 3

5B BE SRR R 5t S B0 2125

HHXS BB AR L Q, A

B+2
a+ 2

2t (120 B IR I Q, Bt (o) X,

Q0 X RO AL B AT SR E e 54 4 il 2 X
AR UEE (L IE BP0 T p s 500 B 000 S RE R A5
MZH a0 B Z I SC R 3L TRl i il 280
S5 W AT P i S A (L A0 D A 4 2 A e fE
WA 1R BE L PR B AR B R g R IK N

Q, = (12)

e
pt (13)
* 22+ a

A RW 7, 5 IR, X (12)KBG M
Q, 533 KAFW 0 5 B 2 BE T7 5
BE R R 25 2R 58 2 W U T 56 TE T 53 A 4 2R
IERYE. 2 Q=Q, H n= n, 0, i 505 M il 22

X B WA B AR DX X oy » HEFRIK SN
a+ 2

3 HBeeRBERRRZSHKRIT

XF T 1R TEBEE B AE B R AR G
FOVF B B RARME X N0 S80S0 58 3
FCo) (1 (B o FIAREAS o4y AT 2o 35l 96 E L 75 F
Tt RESBONETI S B g ke B eSS ks
3.1 EHBH

AR SCHIFFE (8 e 5 S R 3 GE ] T Il iz
e RO IRsh A W R W 7 SR L BHE RS
Il FAT A XY 4R 3l BE A5 2 AR B 19 42 ) L (H T L
RFER T3 NCo Clr AN il v 98 1) . AR T
BELJE 2 i, DO 52 4 ol 2 9 5 A M KT 0 % B B A1 2
52 R [5] P9 PR A5 250 00 42 ] Pl S ) SZEOR B v AN L
FEAM AR T 84 4R B ) 7 5 R RE 9 e Uk &R
e . 2 AL AAE T R OR R EE /N PZTA X e K
2 H S A 5 SR L 2 B AR I b R S ik HTRE E
Pl BELJE 2 i) e J2 2R e R A W JRE 4 il Y 0 22 Bt
Be. P LAA SCE 2 BH S #  1 f EE - R R 52 5
Bt

DA e R TR M il /) 2R 8 I S0 R XA B
i 22 G0 B P2 1 S BO0 U A . DA I £ )
HL P 1) 71 BE s i B4 ) 2 B e 1 2 T D DU
N AN i ZR ST AR | 7 PRIl IR 43R 1Y
THOLT ST BEIC/IMEL. F22 1 S50 7 1R/ 5 30
SR RS L T B A W S e A B L o T

%l.opl = (14)

O ARAT T b o 1 IRCME YU L 0 R 4 R L
A5 PZTA 75 S/ i 1 1) i i S 1L, 4
5 PZTA (3 H. A e i S 80 n, 191
LT /N L H B iR R Ol - 2ot PZTA 454
Bt 4 PZTA B B AL HL R 45 ) 7 09 i i e
T35 1 R % DR 0 R I 4 1) 5% T 28 DU JEE 4%
HMED.
3.2 WHMRSKLEHMSHY

FR G0 R T R 05 (B T A LU o 19 78 KRR
AR 5 B 7R, 24 o= B, e A5 4 1 i 4R 0
] T IG5 L JE IR A 1 3 3l 930 ) T A A0 R 5
AR B — B0, R G AE B E IR b 4 1 AR R K
T T BT RE B RE 4t s XY o 19 BUMH B WL 25 B
R 8 AT 1 f 2 DAL DI S B 2> B IS, I A
P 2 0 (B o3 R TR /N T o BB IY 150 AH
J . F SRR AR i A (E IR B O R A
6. 2 Gelim i Rt ity Lo e (| Rl B 1Y 38 R 3% 7
AN B AR B — (B W A PR FE AN AR

500
400 |
L300t
N
200 |
100
0
- [04
&5 itk b o % ZR G0 MR AR i R 0 A 1 2 )
(B=1.6

Fig. 5 Influence of mass ratio a on peak value
of amplitude frequency characteristics

curves of the system (=1.6)

PR BT i b o 55 W EE L B Y A 5t 0] 2 18
LI B B o< BEK o> B, Fii b o B2 B /IME
B U K AR SR T RE SEBrrp B 2 e o BUKME
— ARG T, HY o«>p B, PZTA TAE)GE ¥
R FR G BB T AR R ST 1 A X
R G015 10 S0 R X3 AN RS L T D AR S
it b o BUMEA. 28 ERTiR, AU 0<<oa<<1 H
B>1.H0 me<<imy H by >k, REH B ARG B A
IR L B 2 2R T I A IR (VB o> Q=1).

A0 (13) AT, B AR S 80 B 3E TG



2126 i

¥

g %

529 %

B 6 WIEELL Box 2 g i Ay P it 2 W (L 1) 52 il
(a=0.2)
Fig. 6 Influence of stiffness ratio 3 on peak value
of amplitude frequency characteristics

curves of the system (a=0. 2)

B 0. 91<Tm<<1. 11, T ok bt o 1 HRU(E 4 )
1, BE B/ B AR 428 ) 2 B0 g s 1B 2 00 28 00 K 51 85
Xof Jo dat b A REURK L M BN Y BT A 23 5 I R SR Y
PERE , AR B 36 R O [R) 4 it . 78 3% 2
AR 280 05 BT AR 20 (130K #5
b oo 2 58 SR i HE o S5 0T SR A oo RILEE HE B8
TE A 7 () B 3 A 2R GRS AT I 22 4 e L i AR
BOR A RS ER e R AT NI BE 45 A T 0 R e e
A% WD, ST R AR TR
BroXf W BE b BCER ko) Y 8 KA AT E . SRR
1B JE EVAR R m, 5 k..

3.3 TITiEshZxRL

Ry U/ PR ) P 0 K BE R IR 2%, PZTA
ToFT —H TAE i 75 78 I B0 DX fin 5% ). {E
REERNRE ER S8 RN B RS T4
T R G AL EE AR RE JE A R AL B I 2 i
F G PO, 1T RE X R e 1 3B ATl ok N Fl 5
M. A3k p X R P A A L Q, Ab I AR 5 8 T
SR TR K TAEW R Q W EEMELL Q,
FIPL B #5 H PZTA 78 & Gl 00 R X T 4E,
M J1 NCO ARG Fe A1 S 80 o, 00 - 335 T
VEW 2 J5 455 1k T A . 55 68 55 30 & 46 09 U 3 AP A2
AT S M AN ZZ T 280 28 A0 52 . 980k = 455 411
iR IR,

MT 0<<oa<<l H p=>1, Mz (15) MM KL
Q,>1. 0 R EIE R TAEZ R YREREETT
i PZTAAE I TAE, BT L Q, A9k £ 2R 8t 5
FRGMEAWFEQ=1), — BT 20% U
. B AR R DR R G W] RE B SRR A DRI A R
Gt A MEAME Q= (BFD/(at 1)

R GE 56 AN G i 5l B R G0 00 B A R Q=
VB o HTIEHEKTHIE BT Q, MiksE R
B R R Z ML, REE 2L H 0
e R KT AR AR e A A B O P T R, BT
DA 32 e I 1 238 1) e B 5K AT R R AR, DA T
T W BE HE B I 6 48 3 L X R B S B0 A AL
I A SCH 1. 2<20,<20. 85Q..
3.4 EREZANE

FRGE SRR ky B A S p X R AR
e Q, B, TR IR S w28 T
KT LATE FH B Ry AT R 8 T0 A ] s 1 A 2 g i
INFFVFIIMEE X e B L o B PG LT
B BE L] i — 2D AR R A X o - R T
W IR AR L A B T Q. T LA T R 4 52 B 1
X Ry 1 S/ IME TR E .
3.5 BHIEHAESSR

PZTA il B & 1 ston 1 BBl A7 BR L i 15 PZ-
TA M 7 0% i T A B, Sy (R 40 il A2 4 1
TR HEA TR RE T i R 48 S A W] R
FR 0 MR ATUARF P R 2 i R S M O, e
T2 BRHEAT

D) M4 Z G0 0 BRSBTS 8
1436 FH 9 1 0. 91T, <<1. 11D BB A IE 1Y ¢ fE
Ry S AT ) S B o B W) R CAN S /NED . AR Hi
TG T A e 1 IX 22 A 4 B R L S B 3 1 B /D
W Qi ( Qi = 1. 2 HE R Q, BIVIIR A

2) M ARG F R o

3) MR Q2RI g2 g IR
FEAE R o, TR 155 2) 25

4) A 0=0, HEX Q=w/ o RKIF w ,PE—

ﬂi‘ﬁ‘zﬁ% kl- EE%SL %l,max: Xl.max kl/f() ;kﬁgfﬁiq:
1Y) 7 12 2K e KR 1
5) BRI o 5 B ARAR (TR Xy, 2

X < Xy B 0,<20.85 +/(BF 1)/ (at 1.1
PREL T —, RN R Q, FERIEE 3) .

6) FIH o B L my = amy K my; H 4 E
X ky = Bky SR1G k.

LR EERN k5 Rk R IEE R
T /IME. A7 o I S BB P09 B /DN BT 4R B
1A . B B A 1 B RAR BT 35 A5 8k 4k 2508 B 43 L
5 ) L AR T S8 45 R G R R R AT W
BE S L B T L AR A




59 M il

A BT R TR 2R R 0 S

5B BE SRR R 5t S B0 2127

kn[1— Cat+1)Q ]
1—wn

LU B Y 2 L G B JE 5 B B IR R SO
Ak B RE RS L IR B P ) S5 A R RS HL
05 JI0 A 22 BELJE L RO 2 i) L e A9 75 0K

WHRAGWE MBS N m =4 kg, f, =25
N,w=314r1/ss NC) oy =300 N, g = 0.1, po. =
0.15. TR RAE M T KWIE Ximw<1.2X
10" m, RIEE L B<<4.ky >>1.5X10° N/m, [ I f%
FEFE I TT NCO o CopopJITRE L 145 1 77D B2 /0N,

B o B RTEA(E A 0. 91 AR A SOy 1k T 75
a=0. 4674 ,m, = 1. 8696 kg, 1, =1+ N(1) o =250
N,3. 7<<f<4,1. 622X 10° N/m<k; <1.71 X 10°
N/m. T3 K B AWy, 0 3 — 22 FEAR
Xioop s WEL 7 Fr7s. [R I B KAB I 5 ke 4TS 7E HX
EVFATSE . R, AW E RGENE R k=
1. 622X 10° N/m,k, =6. 49X 10° N/m. 2 5 4§ i
H Xiop=1.08 X 107" mu i 2 Xiop < Xy L
VERZ I Q=Q,=1.56,0.=1. 85,1 /& %2 Bif
R 1. 2<C0Q,<C0. 85Q0. e AY BUESE N R 1] 35
Rl A B /ML T R B e 45 B 38 T Qg =
1) b Sy i J 2SR 1) e MEL TR I, T 1 RS 8
s 2 BT A At OK.

B>

0.8

0.6 +

0.2

B 7 RIRIRIEELE BT 2R S0 0 e AR it 48
(a=0.4674,79=1.00)
Fig. 7 Amplitude frequency characteristics curves of
the system for various values of stiffness ratio f3

(a=0.4674,7=1.00)

4 #& &

D B Epk R L ERBIRES
ER GRS 5 R U R GE Y AIR B A 1 e S
W AR o BRI R £ 2 40 AT LT RELJE 55 I EE (SRR
Je 5 BUED i3I8 0k R G BT IE.

2) AL W WK R GATAE — A I S
H80 o o O R B0 A 2 06 1 A /0, ORI B 2R
PP R AL T R K I R A HE o BB/ 5
WIJE L B Y AR AR AN FE T 0 R/,

3) JubH e fE 5 B AR AR 0 0 AR A
LA — ARG R o, B8R il 25
FR A28 3 ) 2688 5 38 R W BE LU B, e A4 P o 2
i JIFAS SN AR

4) AL G BH JE 4 RE L e Ik 2R 4 i A
Ph 2% 19 8 36 AT R G S B it R E 2
ol A SR LA H TR B (IR B R LS AL

S 3k

L1 k& 2, Bk, 55, 3 S BRIRAE 3 % MR i K5 i

R ] PR3 5. 2010, 29(5)%50-53.
ZHANG Taoy HUANG Hongbiao, WANG Bin, et al. Stiff-
ness-amplification of actuator and governing error analysis
in active-vibration isolation[ J\. Jeurnal of Vibration and
Shock,2010,29(5),:50-53. (in Chinese)

[ 227N B REDN R AR, S5 S Sl s 31 45 45 1 2 8 Ak iz

L] AR 3h TR ,2013,26(1) :61-67.
LI Xiaoping, LIAO Feihong, CHEN Xuedong, et al. Opti-
mization design for structure parameters of active vibration
isolatof [ ] ]. Journal of Vibration Engineering, 2013, 26
(1):61-67. (in Chinese)

[3] Ahmadian M, Deguilio A P. Recent advances in the use of
piezoceramics for vibration suppression[ J]. Shock and Vi-
bration Digest,2001,33(1):15-22.

[47] Gennaretti M,Poloni L, Nitzsche F. ‘Smart spring’ identi-
fication for hovering rotor aeroelastic-stability augmenta-
tion[J]. Aeronautical Journal,2003,107(1071) :233-240.

[ 5] GU Haichang,SONG Gangbing. Active vibration suppres-
sion of a flexible beam with piezoceramic patches using ro-
bust model reference control [ JJ]. Smart Materials and
Structures,2007,16(4) ;:1453-1459.

[ 6] CHEN Yong,Zimcik D G, Wickramasinghe V K., et al. Re-
search of an active tunable vibration absorber for helicop-
ter vibration control[ ] ]. Chinese Journal of Aeronautics,
2003,16(4):203-211.

[ 7] CHEN Yong,Wickramasinghe V K,Zimcik D G,et al. Ex-
perimental evaluation of the smart spring for helicopter vi-
bration suppression through blade root impedance control
[J]. Smart Materials and Structures. 2005, 14 (5): 1066-
1074.

[8] Nitzsche F, Harold T, Wickramasinghe V K, et al. Devel-
opment of a maximum energy extraction control for the
smart spring[ J ]. Journal of Intelligent Material Systems
and Structures,2005,16(11/12):1057-1066.

[9] CHEN Yong. Wickramasinghe V K, Zimcik D G. Smart
spring impedance control algorithm for helicopter blade

harmonic vibration suppression[ ]J]. Journal of Vibration



2128

i

¥

5l

529 %

[10]

[11]

[12]

[13]

[14]

[15]

[16]

and Control.2005,11(4) :543-560.

Wickramasinghe V. K, CHEN Yong, Zimzik D G. Experi-
mental evaluation of the smart spring impedance control
approach for adaptive vibration suppression[ ] ]. Journal of
Intelligent Material Systems and Structures,2008,19(2):
171-179.

Coppotelli G, Marzocca P, Ulker F D, et al. Experimental
investigation on modal signature of smart spring/helicop-
ter blade system[]]. Journal of Aircraft, 2008, 45 (4):
1373-1380.

Afagh F F, Nitzsche F, Morozova N. Dynamic modelling
and stability of hingeless helicopter blades with a smart spring
[J]. Aeronautical Journal,2004,108(1085) ;:369-378.

Cavalini A A, Galavotti T V, Morais T S, et al. Vibration
attenuation in rotating machines using smart spring mech-
anism[ ] ]. Mathematical Problems in Engineering, 2011,
2011:1-14.

G RN S . R R B 3 ke AR Mk AR 1Y B2 i IR 4 BT
[J]. 4% 3h 45 vt ,2012,31(23) :87-91,98.

NI De,ZHU Rupeng. Influencing factors of vibration sup-
pression performance for a smart spring device[ ] ]. Journal
of Vibration and Shock,2012,31(23):87-91,98. (in Chi-
nese)

R T Wbk SORT EE B % IR ARG (D . 794 74 b
Tolk R .2006.

FAN Tianyu. Vibration réduction by elastic support dry
friction damper [ D ]. Xi'an} Northwestern_Polytechnical
University, 2006, (in Chinese)

E g, Bk, F g2 S TR 4 e 2 i ik Bl
M SR [T 1. s 300 444, 2007, 22(11) £ 1893-1897.
WANG Siji, LIAO Mingfu. Experimental investigation on
rotor vibration control by elastic support/dry friction
damper[ J]."Journal of "Aerospace Power, 2007, 22 (11):
1893-1897. (irr Chinese)

(18]

[19]

[20]

[21]

[22]

E T, BT R. 5SC R KT 45 3 B v ST R R B
XTGP L] A2 3 ) 24 4. 2008, 23 (11) 2 2026-
2030.

WANG Siji, LIAO Mingfu. Protection of a rotor against vi-
olent vibrations caused by a crack in elastic supports by
using active delastic support/dry friction dampers [ ] ].
Journal of Aerospace Power,2008,23(11):2026-2030. (in
Chinese)

E U, B, Y 5 ST SR S 0 e 1 i Bl SR
W i 1. fias 3 124, 2011, 26 (10) - 2214-2219.
WANG Siji, LIAO Mingfu. Control strategy and methods
of rotor systems by an elastic support/dry friction damper
[J]. Journal of Aerospace Power, 2011, 26 (10); 2214-
2219. (in Chinese)

Wickramasinghe V K, CHEN Yong, Zimcik D G, et al.
Smart spring:a novel adaptive impedance control approach
for active vibration suppression applications[ C]/ Proceed-
ings of the International Seciety for Optical Engineering.
San Diego:SPIE, 20044359-369.

NI De,ZHU Rupeng, BAO Héyun, et al. Influence of sam-
ping ratios on the dynamical ‘characteristics of vibration
isolation-system based on smart spring mechanism[R].
Chengdu: The 3rd International Conference on System Sci-
encé¢, Engineering Design-and Manufacturing Informatiza-
tion,2012.

A 0 Bl B bR, A5 2 1 E R T R Bk 3D R 4 IR K
TR 7 9 S5 2 S AR TE B T AT LT ). LA AR A 4R,
2000,36(11):90-93.

BAI Hongbai,ZHENG Jian,ZHANG Peilin, et al. Equiva-
lent linearization approximate method of response compu-
tation of a two degree of freedom hysteretic vibration sys-
tem under sinusoidal excitation[]]. Chinese Journal of Me-
chanical Engineering,2000,36(11) :90-93. (in Chinese)
TOCE. AR EIE M. b IE AR R AE A, 1988.



