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Abstract

This study proposed Nonlinear Energy Sink (NES) for the vibration suppression of large flexible
spacecraft in complex environments, and Giant Magnetostrictive Materials (GMM) for harvesting
the vibrational energy dissipated by NES to reach the effect of energy saving. Considering the in-
fluence of sunlight pressure and thermal shock, the in-orbit dynamic model of large flexible space-
craft was established in the Hamilton system. The NES equations of vibration suppression were
obtained according to Newton’s dynamic laws, and introducing Jiles-Atherton model deduced the
GMM expressions of energy harvesting. NES-GMMs were coupled to the both free ends of space-
craft, which was discretized by Galerkin method, and Runge-Kutta method was used for numerical
simulations. The results demonstrated that the effect of NES on the vibration suppression of
spacecraft is greatly significant. Meanwhile, GMM can harvest parts of the energy dissipated by
NES. Therefore, the proposed method is completely feasible. Moreover, properly adjusting the
structural parameters of NES and GMM can also improve the working performance. This study
provides a new idea for the application of the technologies of vibration control and energy har-
vesting in the aerospace field.
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1. 518

AR BEE MR T ) GERFE, SR TR AT 55 O R 4, T B R 28 B S5
FIThAENE, b ln2s () R BH A Ha vl 75 B AL TE Z I BE T, SE U Mk i 2 RIMLES A7 B R4 T K
T B FEAN R 1) TAE T 305, XS TR SR AR AT R A 17 KB R R[] [2]. MRAMRRRICR S A, 12
m LAERCR, ARNIEEM BLZE T KRR S B S, PRIoR B et g5 M re iR Ak h 45 21 7 3F
WTZ R o

SRR BB MENT R S AE IS AT I 2 2 B & P (B FHRIE A, WORBAJEE i3 #aids . BB AL
IS, BT AHFKRRST @RENRE, SO NS MAR 5 r= A R ZUR S, TRAR 22 2% 2 6 0 i
R RSN o] EREFFTE . Malla Wit T HURES F ALY AN R 5 58, 04T T AR 30 715250 4T,
WFALEE RARIAE R LB AMFAE T, BB NGRS 20T R BB )1 547 = AR R e ma[3]. &=
SEWFEESL T 4R A (AR PHAE FE IS 130 )12, BIFFL T OKBH RS Feak AR LR 3N D1 2247, R EUE T &
RN FEZ) Sy B, gk R B 1R IR B0 K BH B8 FE sk R s2 e KTl 1R R 3h[4]. McNally #E—D A T
AR A4 A5 ) AR - S5 MR BIAR G 3 ) 5 1R R, 47 S48 SR 36 B AR B i) AR A A FE 3 (R AR 38 ) 4y AT e
g PR IS AT, [FR 2 sem 5 & L2 30[5].

RALPMEUR AR I MR BN 28 R G ORI A TR e 1, ™ B I AR SIE AT, BRIEXHR
AT B AR B IS & A B, X SR T 2 A IS 1 18 . Sabatini H45: T- 40 K BH AE
S5l FF) T AR THT AR 17 A0 S R 22,8 P 3 85 R s b 2 6 DK B R FELVARGEEA T Wi Bh A il 5U1E 05 B98I
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TZITRAATYE, IR IR I BE 2 P il RO e AR i [6] . TRORTNAR H 1 — Pl T i 35 4 )
BRIALRE AL S0 R GE, FEXNZRGNB) IR KA INEAT T RR, 45 RR BB ERm SN 18
WA B AR B 28 B R AL A% & LA I PERE[7]. AR DAL P Rded ) 2 30 75 K B (R A e URAE ot
N, BEGIZCRBA RS BRIFEA SRR B IA MM, Bt 13 B R 35 fa 4R 48 ok s 8
BRaYR, 45 R RZRIREH T AR MRS S AT 09, SEAMITR 25 -BR IR R 4o 4R 3 % 128 2 R PH
J& b2 s FC A 14 BE [8]

PEREE B R BE IR PR (R &, ALk AEEBF(Nonlinear Energy Sink, NES)Miz 4z, NES Hifhsf
VERHJE . PRSP ANARLR NI B S 3 B, BETE R AFI NES 7] DA tas KRBT 68 7, HAERUMRE &
WA ISR PR [9]. FLZBEHFFE T NES HIREREE ML B IR, FIHE FIERMH RGeS &S
HHNERORR, AT NES BAAHGIRE /I L A ZaHl, HUEf IR T Bikgs R [10]. fefid
FrUfks NES B B1% 2 /400, @il Runge-Kutta ¥5 438 T NES X 2 G i i R, 45 & 8 NES
RS S HN B8 B R G R BIHI[11], AT NES FH T R BLIPeth iR 25 RSN HIE A e L. 5G]
i, RGO R (Giant Magnetostrictive Materials, GMM) A5 RS &% FE W M ARFI Ay K AR 25, T i
EREIRENBEIRERFE . TIRITEIE T GMM RAEL MR R, H57 2 TR R E ) GMM ) /)%
B, FEHEAT T 0T A0 AT, 25 SRR AR KRR B 8 B mT 32 5 GMM [ Re R AR AR [12] . s BT T —
PR GMM IRBNEEEKEA, X GMM FIPERF AT 708, 58T GMM R B R, 4 LA SL
i, SR Tz B R R REERAEIERE[13]. SR GMM LERTR GUsk i BT b TP B B, /&
Bk B AT S

EEXF LR, ASCHRH —Fof NES 5 GMM [HR F T KBt R 28 B0 7 58 o 16 K BH 6 R AN 4
MEERR, #ST i KT R 2 NES-GMM 4L RSN H1 5 At BRE R 58 BE 07 BIAE 7%
Ti EH AT, B AT T NES I GMM IS5 2800 B & TAEIERERIRE I o 1207 SBEDRIE T TR 4%
EE AT AT BT, XL T RRIRIIT 2, AR IR IS S e B R AR AR L | — 5%,

2. REGRMEMAF[ENNFER

BEF Hamilton J5U 2, Xt & % 22 [AIIABE T AR RLGEMENTR A BEAT AE PN A0 77 2 A, St o i

(1) fEASCH, HERGAL N — A ERARER 1A

(2) AiRAs URFE R BIE S BRIZAT -

(3) MRAHIKEZ K TR,

(4) BISURAS MM BIUIAL .

BRIk, AT DR AR A A P . REAT R A IZ 20/ Euler-Bernoulli Z2-1- R, 455 /NVETE
Bk, R ENR AT ERE T RN [14]. SO RS U oL g s E v Bk Eizs), &
145 T RBBREHUR S RIS TR Hr, O fURML: O, Y, » O,X, Y, 73 AMRRPIE MM 1AL
AR RONPUEFAE: o NHURASHIM LEEM: o WIENH; FARNIRSEIZKZETIE
LRI T xy PP, HILT G O fE NS AR R IR =, x Bl y 570 AT AR 4 B0 D e AVA 2y
o (EFF AR R ENURE R AT WA, g ACERAURAAICAT P i T O R ERE OP 5 wy AR
KRR LILATG P riIB AR E. Fil, P SR THbO O, A B K& r, W LIFRIRA:

rh=AR+AA (p +W,) ()

X, A RN PUB AR REVBIVE AR R AVASHIERE, 110 AL R T B AARR 28 B HUE A AR 2 1 ATHAE P
—A AT BLH A (2) 73 2R
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Figure 1. Schematic diagram of large flexible spacecraft in
orbit

1 RBEGRMMRSRENETEE

cosd 0 sing 1 0 0
A=l 0 1 0 |, A’=|0 cosp -sing (2)
—sind 0 cosé 0 sing cose

BEJE, JFORTHSRUR B AEPUSATIN = A M S RS AE . BHIRES L P sUERE R A m, . W P Si3)
RE T LA N
TP zlmpdi.di (3)
2 dt dt
XRE@) KT I RTINS BIHIR S8R 3 s R ik 08
1| aw) 2 (o, do \? ow
TZEJ‘{(EJ +(mpR,) + (W +x )(“’”Ej +20,R, —-C0sp “

+[2a)oR1 (xcosg—wsing)+ ZX%}(@) +%—f]}dml

A, m ARERBIUR G TR HURES IR S BE R ARREAN I3 REPT AR 0 B ok, LRI AZ RE R
BT ATV, Hi TAURSMEIETT, HEELSET HAES . —FREXD 58

1. (owY u
U“ZEIEI(axzj dx, ug:—j?dm1 ®)

A, w WHERS| 1K, w=Gm, G NG5 ik E, G=667x10"N-m?/kg®; r Affikas L5
— pE M0 O, MR, HRIEAN:

r =R +X* +W +2xR, cosp — 2wR, sin g (6)

FEAS AP, KB B AT b o 20 LR &% AR B AT P AR AR . K BH G s KB AR S 5
PR S i (R AR LA P 2R I — RS 18l 483 /0, RURASE s BB XN, RG22 k. Hthn
FERUIR & IE 2R T (R B e & FIHE AT 73 33 27 09
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Fo=¢ df,, T, =¢,r xdf (7)
A, df RRVE TR BRI T 76 dA ERIRFIEIE, AN [15]:

df, = (%Crd +2C,, cosﬂj np,dA+ p,H (cos B)cos B(a, +Cq )r, (8)

b, p WRFHARESS R EG noNHITC dA VR a, ARBIJGHIBRICR, WRSR po=1-a;; C, N
B, WK BRI R, WA Cy =Kp s Co AR, Co=(1-K,)p,: B AKBHIGHIA
W, B=0 ARG EME AR . MG (T)~8), RFEEEXHIR MDA N k5

W, :jogTsdq;, £=0 9)

HeAh, UREE MR XIZIT 2OEIRIX R, SRMZEmESIAEN, W#ehHME. CRmiRENEK
JEEORROR, WOL IR R T R TR T y ARAREI RS, FEZ RIS, MRS IfE RO R
RURAELERY y B ) WATRA IER I MRS SR T, W Fourier B/ v 15 21E SIS 12
HNl16]:

o°T oT
kt a?+ 5qt = pC, E (10)

K, kv p Ml 2 AARERNTR A Z R KL 0% B SR o AR EAT, 6 8 g AN 24
MR HEH TIURAR I IERTIR, 5=1. FHIIANRIIZEHE —E/[L7]:
Q=cmAT =¢,SHt (11)

A, AT FUR S Z BT S R ZE: o ANUR S IR AR H KBRS #i. B
SEMURASA GG R AL, W TR A 0 Sl B R 2G5

_Lgh SH, Q
W, = jo IO Eq,a, om ydy o dx (12)
K, hy EMa, AR HIRAS I EE . S E SHZIK R 5. SRR3R, BEeS5 5450
I, #5I\ Hamilton J5F2:

t

[7(6T-6U +6W)dt =0 (13)
F i (4). (5). QMUK (13), SBA B RKBBNENU RS IS 2=, R
FioR:

o*w

2
IBTZ)(XZ +w2)+2w[a)0 +z—fj%+(ws +Wt)+(a)§ —%)Ri(xsingo+wcos$)+ X~ }dx =0 (14)

aat\;v+|:rﬁ3_(a}° +?j—(th :|W+ XZT(f+(WS +Wt)+%. (zt\:v+(w§ —rﬁsj R;sinp=0 (15)

R4, 58 1. 2 BUREMR B 1L BIEE 5 IR IR AT 55 4 DR — o/ r® BRI
% 5 BUAIRSN IR MaR@A5)H, % 2 BERIRHIR S B IR S LSRN AT 55 3 WIEoR
LAMBIIELETT 26 5 TR El/ p A RRHUR A IER T e .
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3. NES #&5h#l# 5 GMM gEEBRE

BB RSN H R AW QE, BBk, BJE 5/ B B IRAN M R B, AR
TP LR, BB W7 NP ERVERIRASA NES, AHELTZRMEMRES, NES HA T/EXCE .
WR AR FE AN G HEVE DR AEAL S, SO NES HI TR 4R BIMH], NES fgsiinlsl 2 Pros.

UIPNTRRAN

NES

Figure 2. Diagram of NES structure
2.NES iR B E

Hrp, m A8 NES HIiE; c A& NES HIPH/E: k ALE NES HIFEL B3N . F4E Newton &5 —
EfE, NES RIsh 2= mfEan T

m'z'+c(z'—v'v)+k(z—w)3:0 (16)
F4E Newton 25 =&, A4 H1433] NES RHi K ge iz hl /) L h ik R

Fres :c(v'v—z')+k(w—z)3, Wies :JOL Fes Wdx (17)

T HERARAE, 6 RABIERERELN:
Vi 32 W2 (W—Z)Z
Ei,=—+e—+—+k,
2 2 2 2

K, e NRGSH, 0<e<l; k RARLUERFHMNIE . MHLTLERIRES, NES HAHE RIFHIRIR

WLFE -0 7 B &% % (Targeted Energy Transfer, TET): 24 NES #& iR E LK, KRG ENIES Rt

iB25 NES. MHEIRZIAE AW NES #EHL, MR RGHENILIRIRE . HEEIE—NZI, sERfEEER,

NES AJFERLR SR R e . JE T 2R PRI M R40(18), MR 2-NES REHIBAARE R A IR IR N:
W2 2 WA (W— 2)4

Egs =—+e—+—+¢k
NES o 2 2 4

A, 3T TET HLEE, NES FEBUMIRNAE ] DU T IR BRI . Bk, AR5 GMM RE&:
KREHA, 18 NES FEATIRS IR FINT, REFFEBII A IRSNAE, LR FTARIEIBER . K34
7 GMM RE &R AL %E B I .

B, R IRACE BT N LR PB ) GMM #E; Fopy ~ Fy 22 HI2E8 GMM B BT A2 1[5 1 A1 B Py
HrE AR J1. 2T Villari RN [18], A3 GMM AR 7R QT

(18)

(19)

o
:—+ﬂ, 20
& E (20)
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Figure 3. Sectional diagram of GMM
energy harvester

3.GMM gt EREREHEE
B =ds0+ 1,H (21)

X, ey o ME 2R GMM BERINAS . N FIFRPERIR; By dyg A1 1y 70009 GMM BT I7 55
& IEHERBNWL 3R Hy 2705109 GMM KIS B w4 25 o 2 iRk 08:

34
ﬂ—Eﬁ?M (22)
L, A« MJAIM 435138 GMM LRI B0 48 Z %, WA Ak 5 B2 AL S AL IR o R R AR ) 38 L
A
o 34 |Vlzzz—u+A 23)
El 2 MS IGMM
A, gy ~ UATA SR 318 GMM BRI FE . WA NN /) o SRR . R4 H Jiles-Atherton
B iA=L
H=H,-ogM (24)
M, =M, {coth (i]—i} (25)
a H,
dMirr _ Man_Mirr
dH  kd-oy (M, —M,,) (20
Mrev:CI(Man_Mirr) (27)
M =M rev + Ivlirr (28)

XA, Hov M, g, 051378 GMM A i 98 . ol A e S G EEVE I R 8 a M, ATk,

IR TCHE TR R 8 AT IR S AT IR RS M, ¢ 1S 0l b s s . Lt

RENFT S, Hdr s =sign(dH/dt) . SIAHLBREEEAR[19], o5 M BIRAERAN:
dm M,

o
— =(1-¢,)——(M_, — M,
dO' ( 01)E1K( an |rr)+cl dO'

X, « R GMM BRRE R G R EIATIRSIEHIZ AT, GMM AW ERTC TN /A, DR k4]

(29)
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t#xM No=0. M=0, NA:
o‘Z(MSal—Sa)
M HO _ HOM e2E1K(3a—cMsal)

M — S S (30)
3a-M,o,

455 30(23), R4E Faraday FEMARSNIER AT RN, (i BRI AR R AN BN B, i GMM 2B ™
A IR F B K TR

0,0 = MA [0 520, P82 ) <20 @

R
AHF, Ny« AFIR 50108 GMM 256 B (1B 28 Bl T 4. AR AURI /M2 iR . K NES-GMM #5& 3)K
TIBEPERURZRPAS B o, a1l 4 o

m NES-GMM m

Figure 4. Schematic diagram of large flexible spacecraft in orbit
B 4. KERMARIR-NES-GMM REE

BB 0g v deuy 2 ARE GMM FeF 2 TN /1 5B R LA, T NES (4217 FE 8-

m'z'+c(z'—v‘v)+k(z—w)3+FNES =0 (32)

Fres = Fomm —Fo =(O'_O'o)% (33)

¥ 3(32)~(33) AN (14)~(15), FE5IN Galerkin VX T E#UIk, TEAT R 2T KA RS A B A AT
AR IR N

w(xt) =34, (1) ¢ () (34)

A g (t) AE T TRSAAR T IO s ¢ (x) BB AR R EL. TR FIZs) . Wi E B
R, WO R %A

(35)

{w%&Q:w%L0=o

w"(0,t) =w"(L,t) =0

PR RRHL 6, (x) 20 A2 LR IL SR 5, H13(34)~(35) T K AT ¢ (x) IR IL AT
¢,(x)=/1|{ch{ki(x+%ﬂ+cos{ki(x+%ﬂ {z:(tt ::;Ons lk(ll__ } { k +sm[k{x+%}ﬂ} (36)
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A, AR EL A4 ~1x107°: LOMURBEIRKEE: kL IATPYMR 50y 1.875. 4.694, 7.855
A1 10.996, Hch(kL)-cos(kL) =11 r. 28, H2AG8IRBGeME IR FIIRBh I 5 g BoR A7
(EVAR

MG+ Cd+ Kq = F - 2F, ., 37)
tU2

Qomm = J.O?ldr (38)

36+ (2pAq[ 44,0x) g+ ( pAG[ xdpydx)p =T (39)

4. BEMHR

NHE— B IRIE NES A1 GMM X & 28888 T KRG 25 IR ZN I 5 REEREERCR, ATTRA T
THEREEE R RIS Rungle-Kutta VAHEATHUET 3, BLAMNE T 1 NES HIRHJE ECANEEZ 24 I B X
P RCER IR, L GMM [ 5 MU B0 46 2 Bo0 BERRARRCR IR . ©U1 NES 5 GMM A
HAFHARR 89[20], PIHATHOLNE . B R 14l 7 RSEMENTRAS A 52 M 24, 1 NES-GMM
&5 ZHnE 2 Frow .

Table 1. Structural and spatial parameters of large flexible spacecraft [21] [22]
F 1. RBRMMRBF[EMSZESH([21] [22]

ZH e il
K L 3000 m
JE g h 20m
B P 1 x 10* kg/m?
SR E 2.5 x 10™ Pa
HEE c 700 J/kg
SHRH k, 200 W/mk
Pk R a, 1x10°®
LV ES a, 0.5
JEM a, 0.6
18 R R K, 0.2
W% AT 200 K
YNUEERE RS H, 1350
PR 4 P, 4.64 x 10°° N/m?

Table 2. Structural parameters of NES-GMM [20] [23]
= 2. NES-GMM Z5#g&#1[20] [23]

ZH iR Ha
GMM H= lwm 05m
GMM #EEf% e 0.2m
GMM #gi i & E, 5 x 10" Pa
AR E d., 1.8 x 108 m/A
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Continued
S Ho 2x107° N/A?
MOFIRE U 2R B A 6.1x10°
MR AL iR EE M, 7.5 x 10° A/m
WEEE(E F R 2K a, 0.01
TCRERETEAR 8 a 5000
AT AR 2R AL k, 0.6
ERIER 4 c, 0.5
REE A R AL K 1000
2 i 25 N, 500
2 Pl R T A A 0.05 m?
M HRE R 50 Q

5 AEL T NES X RAGEMENTR A I IRSNINARCR . H o1 NES IITARBLIE LN 0.2, ARZPENIE
7925 % 10° N/m. ERPAYE A FLFEEF R, FUREAE 100 s N — ELARFFRIZURED, ioRIRE AL
%79 2.5 m. A NES JERURE KRN RH N,  Hofi K22 (IS E) PR 1.5 m, R Rk
T t=75s 4k GRRYIE TET A+ NES wT LRV RS (KR 70 SRS HE, DRt NES X iR &% (K4R 30
PR A3 B2, BRI 55 A BH Ot Hs AR Tk o TR % (R 52

A% / m
(=)

m

0 20 40 60 80 100
/Al /s

Figure 5. Effect of NES on the vibration suppression of
large flexible spacecraft

[ 5. NES X KRB MATR 2R B TRBNIDHIRR

6 UL T NES HIFHJE b & iz [ 5 iRsh e, EaE AR &R, B NES FEL R
JE N E (k=25 x 10° N/m). 4BHJEL ¢ = 0.4 B, FiR2ZSMHRENAFEALL T 5 (c = 0.2) B & R AR,
BKWMZER/N A 0.9 m, BAWSLT t=40s 4k, NES [4MiIPERE KIEIETE . B FHLJE LLBIf%(c = 0.8), &
KAwZE R4 0.3 m, YKSHITIR{A 20's, NES fIPEREFRIRT, X ULHA NES MBRJE 5 TET ik
FHOG . BRI T RHBUR 25 AT B0 A R3], 325 NES HIBHJE tb &5 A mATHI, EACH ¢ = 0.8
i NES HIPEREIS BB fE .
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3 -
) — ¢=04, k=2.5x10°N/m
----- ¢=0.8, k=2.5x10° N/m
g 41
d ok
1t
2L . . ! .
0 10 20 30 40 50
1E] /s

Figure 6. Effect of damping ratio of NES on the per-
formance of vibration suppression

6. NES HIPHE FE L X iR BN 14 BEHYF2 M0

E 7 VP48 T NES [AEZE I RIEEST B S 3 M BEfsem,  [FIREE NES (BB oA B (c = 0.2). 43
LEERIRE k =5 x 10° N/m B, Bl RBRSIAI R ARk 515 5 SEARMA, K MmZEE N 0.02 m, 57 t=
75 s AU (E 7(a)). ARIERIME IR (k = 1 x 10° N/m), e K22 SIS n 0.03 m, {ELSTScit Ta] 73 S A
(1 7(b)), X PEH] NES [AELEPERIEE ST TET BEREMIIE AR /o BRItk NES (i) M 5 B A 32 it
WIFEIRZm, K (AN 5 x 10° N/m.

3 3

2 — ¢=0.2, k=5%10° N/m 2 — ¢=0.2, k=1x10°N/m
g 1 g 1
®» fox)
& of & off

1 -1}

2L . . . . 2t . . . .

0 20 40 60 80 100 0 20 40 60 80 100
18] / s 8] / s
(@ (b)

Figure 7. Effect of nonlinear stiffness of NES on the performance of vibration suppression: (a) k = 5 x 10°, (b) k = 1 x 10°
[ 7. NES B93EL M RIE SHREN I RERISSIM: (a) k=5x 10°, (b)k=1x10°

K 8 XFEL T NES HIREEFERUN GMM HIREE R L. HRAEL 2, B GMM [ EUH 48 R KOs 5
KIWIAEMEIE A 2 x 107°, 7E NES [EIVER T, KADeMERIR B SR BB KR, AT 40s
OB E R, G RE R KR T 22, 1F t=75 s KA KE (9557 J), X B 514 5 NES (4 il i ]
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Figure 8. Comparison of NES-GMM on the energy
dissipating and harvesting
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Figure 9. Effect of magnetostrictive coefficient of GMM
on the performance of energy harvesting
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Figure 10. Effect of permeability of GMM on the per-
formance of energy harvesting
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