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Analysis of Coupling Dynamics Characteristics of Electromagnetic Exciter and Structure
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Abstract. Based on the fixed-frequency test method with voltage as the continuation parameter, the mechanism of the fixed -

frequency test method—the dynamic characteristics of the coupling between electromagnetic vibrator and structure was studied. The
electromechanical parameters of the electromagnetic exciter were identified through modal tests, and the linear structure, strong
nonlinear structure and the coupling dynamics model of the exciter were constructed. The simulation test verifies that when the exciter
is coupled to a strong nonlinear structure, the second type of force drop phenomenon unique to the strong nonlinear structure will

occur.

Keywords; fixed frequency test; electromagnetic exciter; strong nonlinear structure; force drop phenomenon

0 35

TESSF AR BRI | F RS R 25 2 — e T 03
Sl e A 2 RN AT 5 T LARE T, P Y 32 A 4% ik e
TRl AL I8 R T ARl , B A5 AT B
AR A 1 8 3700 W WO R AR My, R TERU MR
AT A REBUE MR, HHARTERE S DA i, 2
I B 3T 198 DR 1 9 2l (S v R 4 5 5 4 =2 ) ¥ A BV P
ARARAR/NY S — B U, G SR 0 45 4 = vk 1 AR 47
3555 M) 2R %X ( frequency response functions, FRFs) il &
I, X A0 BRI B4 2w T LA Z g ARt KDl FRFs 5
HORMERIE TG . SR, X T AR et 4 by, 3 f 7 Bkvg R4
TANT] 2N

AR  FEAR S M BR Bl A, S i R B 2 19 4R e 3
W1 R AR etk Sy Bt Sk R R T i KT
AR 315 ( controlled —level vibration tests, CLV ) , i #4 Ji
WRAEAE LRI ORI AE ,  HL R BI85 14 7 i d DR A5 A
MR I B F 2o Z R A LR BRI 1 5 e bk
F G 7t 2 e S A =R ] AR Y AR A R 4
IO, 3 B PR T e R L, SE R B RR A L P IR 4 S
ZHANG G B A4 T LA R W 3 12 K500 7 Ak 460 3
i JEHFLE I B i BB AR L 2R G 2 (i iy T 3
Hitel . MARTINO J 454 s sl a7 46 = 1 il BE A AL

FURR A AR BT T — i 1% BE ZE 45 44 D 15 51 i BELJE AL R
B2 . VAROTO P S 25 (i FH L 4 M 4R #5054 il
WG A ) PR BT TR, ST R RE SR 21 5 Bl 65 44 = ] i AR
HAEHY™ . LANG G F fifi F— 28 5L A (19 I )y 0 38 Sk f 52
HL B SR e ) AR ) A SO T AR I 3K
FIBLEE M T FLREIIR 4% 5 25 M RO R & o 2 | 5E
BRI MR HEHN T B R IR Y ET-160 HLHE S5 (R
it WIEE B | E G E R B R ) o DA B A
JERAL T IR SR AR LSRG, 2 Bl A v
SRR IS 2K BRVE IR A (B IR AR 2R B T 5
MBZ),

1 SEPR

1.1 FEHIRES S FEEE

HLRGIRAS ET-160 45408 IR 1 7R, 24
LR RN TTING I ) o NS S NN N i R 7R
PR | IR AT R o 0~ 8 kHz K LR IIR 4%
JEC e T 7 2 b e A U, ik 8 65 IR G 7 0 O
TR AR A TR RS

R R R R S DL HBLRE 5 B S5 A AR R A2 0 5,
SEPRBN G R A RSB A TR N

m, x +e,x+k x=f (1)

FE—EBR/ T &R (1995—) B VLRI B W E5E AR WFFE 5 1) A AR LR S5 A4 ) Ik Sh AR 23 Hr



- HLHHE - P 2

- WEESIR RS MR8 E S ) F AT

A om, MRS QTR &, R SORFERAINIEE ¢, 3
AR AR 5 IR ah 5 1132 2 4 Pl (4 F Rl 7

E1 HEMIRSE ET-160 &1 R = E

FL R 1 R R
f=BInI=K1I (2)
KA. B MR 1 R BT L B A s n S SR B TR 1
AT LI s K, R 0 H I R
FH RS IR 25 DR SR BBl () LU R R I Bl 1 = 5 R R
RI+L %Hg}cu:U (3)
K ROVERBE BB L R B B IR R B U AT
AR 25 5 R Ko, N E R TR K, S HUE %, H
K=K,
1S E L REHARAH LA SR AL — A A RS .

e | e R
+ + =

o o7 ||k ¢ll; | Lo rRILI] LU

(4)

s H RS IR A AL R B 3l ) 2 AR S R X

3 b I I

(5)
B R B 2 B VU S IR ) 2 (BT A C AR AN
E ]lw+R JK,»
f K, -m, * +Howe, +k, (6)

1.2 HBEHIREE ET-160 S %30

X B R IRAS ET-160 EATREA I L, un &l 2 B
TN RBCHAESE, TE MR A AN 220 G 00T, R
FAEY T — A B R G, R X iR 3h & 1 AT A
o BRBUR 20 £ T 04 T AT ) o AR, B R R R A
ET- 160N S5 (Fiit WIE BH)2) o

B2 HiResEES

i

T A ) T 2 A0 R AR ) LT B 45 2R X
FeaniE 3 piis
IIRAE R ELA R MM EAU S RAF , IS B

- 10 -

20

0

5 {4/(dB,m/Ns?)
5 8

&
S

-80

0 20 40 60 80 100
B2 /Hz

3 HREH& TN B ST

PREFHUMSEC N :m, =0.5kg  k, =4 150N/m,c, =14.5 Ns/m,

TESIR Al FR R AR PF T EA RS I X ) o
BN ZGR AN G 25 )5 W LR U 5330 7 f R Saie R 4L
TG, SR O ELTH X L An 1B 4 Jir 7R (4= T2 B
il AHSCEE R HAEE ) o

2.5 . . .
! ---U=05V
---U=10V
---U=15V
— f
AZ.O ,I LS
S
= |
= 5] |
1.0 . . . .
20 40 60 80 100

P Hz
4  EBJE/BHR 7155006 o

I A G O U A R 2l R PR
WUy AR 45 LS8 R=21.0Q, L =0.004H, K, =
18.5 N/A,K,=18.5Vs/m,

2 KMEHESREHIRSFEBE SN

XF—NER i EEERAESSH SR L B AR & ET- 160 X
ST SRR AR [ P S R S
JEN—A = HMERGE, MRS £ 8T HEA A HE RS
NERAHEAERT  BEIIR SRR U WA S HL,
F B AMEAE SRARA R G S 1 AN AT 5

B5 BEHERSSHIRS
MmERE

kom e A R EELR RS RINIEE i BHLJE sk, I
PR TURFWIRE | R AR S5 48 sk, o, e, IR 2R 1
frsh G mNIEE i e, HdRds S 0 f i B2



JE L WEDRIRE B MBS BH RS

- MU SIS - & 3%
*’J%%Aijm%ﬂ%ﬁ
m 0 0 ¢ 0 0%
0 m, ﬂ 0 ¢, Oflx, |+
o 0 0 0 K, L]|;

k+k,  —k, 0 x ] [0 (7)
—k, k+k, -K ||x,|=|0
0 0 R |/ U

HBERIR 2 ET- 160 2%
m,=0.5 kg,k,=4 150 N/m,c=14.5 N + s/m,
K, =K,=18.5 N/A,R=21 Q,1=0.004 H
TR E

k,=3%x10° N/m

HH R ELESENSEH.

m=2.5 kg,c=4.8 N -
AR TT

s/m,k=3.6x10° N/m

J=hx] (a=x,) | (8)
SRR AR AT LA AR X5 p B Lk S 14 45 )
PRECH M , B il LR R S A A TR A 5 1 (8% 3
Wi PR ECANTET 6 BT 7 . o Sl A -5 AN R 2 1 B0 A Pl B2
LR ZE R (S A% A R — B, R 20 60.4 Ha (1A
HREZR MRS A A ) |

-60
TR
| S
-80
o -100
)
=
=z
= 120
-140

0 50 100 150 200
P/ Hz

B 6 {IFEI5NGEE FRF

AR R RS T AR U, 20 B pl B (5 B T R
PR WA 7 7w, PR iR AR TR AR b an &l 8 frw

-60
—uU-1v
—U=2V
—U=3V
-80[ —U=4V
~ —U=5V
Z ----U=6 V
g L U=TV
o -100
<2
i
E 120

.
=
)

S

50 100 150 200
i Hz

7 AEBWNBIE TSRS S E FRF

PR AR AN RN A R T B 1 el 2 R MR A B4 B R
B — 2, AR 60.4 Ha(FL A A E5H AR )
T A5 R A0 (IR W L, 7 B 1 PR 2 45 4 AR AR
AT RN T R BT T T v B B IR A 1
RN, S g At 2R B U fE R

FET, i ih e R B AIME AR — B H R S5
A9 [ A 3% 60.4 Hz,,

—U=1V
3.0, —u2v
K —U=3V
250 Uy
Z, AN —U=sV
= RN ---U=6V
R 20p00
E LSRS
1.0
05—
553595 600 605 610 615 620
B He

B8 ARMNRETHIRANEE

3 BRSNS R AREE A T

FIEIRARLEME LS 1 5 B TR A A S I AL AL e
I I SR AR A . Dh—A R R AR et A
o, Fegh J 2O e
ma +w.c+kx+f"|(x,9.c)=fcoswt (9)
Fu (G, x) =hye o [+, (10)
WOy B AR LRSS SR
m=2.5 kg,c=4.8 N - s/m,k=3.6x10° N/m,
k,=-1.52x10" N/m,k,=2.8x10"" N/m
B SR AR LRSS A S L RIR S S 1 2R 3

VALY X))

m 0 o][*] e o o]%

0 m, O 'aéu+00 0| x|+

0O 0 O 7 0 K, L 7

- (11)

ktk 2"+,

—k, k,+k, -K,

0

Klﬁlﬁ?ﬁ?&%ﬁm}\ﬁﬁET ,FF'- A Hﬂ&?ﬁﬂFﬁ‘fﬁéﬁ*@{ﬁZ
WAL ANEE O Bz, DA HR R R BB AR TR RS 0, 2R
— AR 2 M BOR BRI | 2 (DX 75 AR BBk

KGR ARG AR PSS A I B (B 42
(A AR A AL I T BN 1A IS
4107

T {E/m

0
i He
B9 HiIRSFZAEMNBETEIEL M
£E (5T 7 M iz

(T#HE 45 1)

- 11 -



- HUHIE -

kM, E - TEIBRRREE GATH

BABI SR SR, MHERE R 10C. T
YEG R 80m’/h B, 22 583k 3 &% K% 5 iR 80 °C it H
AFE] R 210, JRFEAE FEE+0.6 °C LA, IWHT R G AY IR T
RN, RS RIS RS T A B (R H A
MREAIRESE 4 min BB R TR A, H B A B4 0 2 1l
KEEE .

25 LR, ARG e B AR P R B LA 5 7 3 85 T
A T BT M il B, W R BRZSR T8 AR, HAT 52
I 1) g FH B

4 HiE

AR SCHIH 4 T AR T B XU b L S AL T B AR
/NGRS RRASE T LCD fl 53R S AR T R A TR TR
FEAH, 15 P R S IR R BOE R, MR IR
BER 25°C  TAERE K 40m’/h I, RE BRI KRR ER

J& 80 °C it IR [E] Ky 80's, M F= K5 EAE£0.4 C LA, 23
9 80m’/h FREEIR I 10°C AT, B8 & Kk E
IREE 80 °C KT 210 RFENE EAE£0.6 CLIN,, Wit
TR VI R | TR 1A S R B TR AR R B T Al A S B
ook, BA N AME,

Sk
(1] sRpiss, Tl RErEik gy M. dest. =By Tolk Hipiat:,
1982.

(2] EWgH, W3, X m A, 55 BB A e PID REE#H R 4%
WSS R (1], JHHL T AR, 2012,38(7) :233-235,239.

[3] QIU Z C,WANG B,ZHANG X M, et al. Direct adaptive fuzzy
control of a translating piezoelectric flexible manipulator driven by
a pneumatic rodless cylinder[ J]. Mechanical Systems and Signal

Processing,2013,36(2) :290-316.

Kis HHA.2021 -01—-15

FWIWVIWVYVIVVVVIVIVIVWVIVIVIVIVIVIVIVIVIVIVIVIVIVIVAV VIV VIV VIV VIV PV IV WV VIV IVIVIVIV VIV VIV VIV VIV WV WV VIV IV VIV VIV VAV AV AV AV IV VAV AV AV

(EEE11R)

PR RTINS & 10 Fro , 26 RSN R4 A L
30 1 DR R SRR (60.4 Hz ) MFE & 42 T ik
SRR NG ENERERE W7 ST TP SX (1 = T =R 7 wal 2E
Mg th B0 T 38 G, A7 BN Uk 1) T 58 28 7 2k
TEING (B I DR ATl 2 R 32 XL ) UESE T 3 IR R R 2544
LIRS A WO R L I 2 MR I

Wi IN

iR /Hz

10 FHR=R A RN B E TR HRE

4 HiE

DL BEARAS ET-160 S5 3@ A0, B T %
PRARHLERSE (P NIEE B B s 25 L BH )
BT T FLREIARAS S B ) P AR RS R B R AR LR
PEEEMI TR G B 1 AR X TR a5 R a8 i A,
IR AR S F R AR B & A2 T 0 R IR G2, S8c il ht 451 fi
RS IS NG, RN 2 S 28 By 4 s % F
RIS S R IR AR A SR IR AR R I T A
TIWTEMG X T AR v R S A A,

B2k

[1] VAQUEIRO F J. Dynamic response analysis of structures with
nonlinear components [ D ]. London: Imperial College London,
1998.

[2] TOMLINSON G R. Force distortion in resonance testing of
structures with electro—dynamic vibration exciters[ J ]. Journal of
Sound and Vibration, 1979 ,63(3) :337-350.

[3] TOMLINSON G R. A simple theoretical and experimental study of
the force characteristics from electrodynamic exciters on linear
and nonlinear systems [ C]. [ S.1.]: Proceedings of the 5
International Modal, 1987.

[4] NOEL J P, RENSON L, KERSCHEN G. Complex dynamics of a
nonlinear aerospace structure; experimental identification and
modal interactions [ J ]. Journal of Sound and Vibration, 2014,
333(12) :2588-2607.

[5] SEN H. Dynamic analysis of assembled structures with
nonlinearity[ D]. London : Imperial College London,2007.

[6] ZHANG G B, ZANG C P, FRISWELL M 1. Measurement of the
multivalued phase curves of a strongly nonlinear system by fixed
frequency tests [ J ]. Archive of Applied Mechanics, 2020,
90(11) :2543-2560.

[7] MARTINO J, HARRI K. Virtual shaker modeling and simulation
parameters estimation of a high damped electrodynamic shaker[ J].
International Journal of Mechanical Sciences,2019,151.375-384.

[8] VAROTO P S, OLIVEIRA L P R D, LEOPOLEO P R. Interaction
between a vibration exciter and the structure under test[ D]. Sao
Carlos, Brazil :University of Sdo Paulo, 2002.

[9] LANG G F. Electrodynamic Shaker Fundamentals [ M ]. San
Jose:[s.n.], 1997.

i EHE 2021 - 0114

<45 .



