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DESIGN AND VIBRATION CONTROL OF ROBOTIC
COMPLIANT HANDLING SYSTEM FOR ELASTIC
THIN-WALLED PARTS

ABSTRACT

The robot handling system of elastic thin-wall parts is a rigid-flexible coupling
system composed of robot, end-effector and elastic thin-wall parts. Due to the low
stiffness characteristics of the robot body and elastic thin-wall parts, the system is
easy to produce elastic vibration and the vibration transfer behavior of the rigid-
flexible coupling system in the handling process. In this regard, this paper carries out
the design of compliant vibration damping device and vibration control research of
robot handling system for elastic thin-walled parts. The main research contents are as
follows:

(1) Vibration characteristics analysis of elastic thin-walled parts robot handling
system. Based on the equivalent stiffness model of the robot and the elastic thin-
walled part, the equivalent dynamic model of the robot-elastic thin-walled part as a
whole system is established by combining the simulation modal data of the virtual
prototype. The vibration characteristics of the robot handling system under different
poses and the vibration coupling relationship between the robot and the elastic thin-
walled part are analyzed. It provides a theoretical basis for the design of flexible
vibration damping device for the subsequent robot handling system of elastic thin-
walled parts.

(2) Design and performance analysis of flexible vibration damping device for
electromagnetic drive. According to the vibration transmission characteristics of
flexible thin-wall parts robot handling system, an electromagnetic drive flexible

vibration damping device with the functions of robot and flexible thin-wall parts

A%



connection and vibration transmission suppression was designed. The electromagnetic
coil-permanent magnet interaction dynamics model of the flexible vibration damping
device was established to analyze the amplitude-frequency characteristics and
vibration displacement transmission characteristics of the flexible vibration damping
device.

(3) Research on vibration control strategy of flexible thin-walled parts robot
handling system. Based on the designed and developed electromagnetic drive flexible
vibration damping device, the vibration control strategy of the robot handling system
of elastic thin-walled parts is designed. The active vibration control of the robot
handling system is realized through the electromagnetic force control of the
electromagnetic drive flexible vibration damping device, and the virtual prototype
joint simulation platform of the flexible thin-walled parts robot handling system is
built to simulate the vibration control effect and verify the performance.

(4) Experimental research on robot handling system of elastic thin-walled parts.
An experimental prototype of electromagnetic driven flexible vibration damping
device was developed, based on which an experimental platform for flexible handling
of flexible thin-walled parts robot was built, and the experimental test of flexible
handling system of flexible thin-walled parts robot was carried out to verify the active
and passive vibration control effect of flexible handling system of flexible thin-walled

parts robot.

Key words: elastic thin-walled parts, robot handling system, electromagnetic

drive, flexible damping device, vibration control
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b E I S R AR T AL N ISR B AR Y, T R AR AT
TERGPE N, Toyk TS 22 pLas N, Wod i B8 25 & 0 A HTidE AT ARk
£ SolidWorks H @ SZHLEE NI, #H 5 N ADAMS w1, EHLEE A&
ST Z IR INBELJE RN, EAREUE i3 2-2 FioR

FENLAS NASER A oy B 0 AN [5] A 78, 3@ 3t L8 K i bm 1 s (2
5 LR A A I R A5 RO B o DS B B R A, AR SOk a8 7 [ A
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P IT TRINAME S KR ESCARE S BRI DL f A AR 2-4 FToR o

*2-4 Wl N A1
% FE 1 FHRE 2
iz 1 60.9° -115.8°
A fri 2 70.8° -112.0°
I firiz 3 76.9° -103.7°
M 1 71.0° -112.0°
MR 2 70.1° -110.8°
M7 3 65.7° 101.7°

B 2-4 Hlas N da s £on s K
Nl 2-4 Pros bl AR A os A L on B, s AR AL as R S e 0 A ]
It M3 SIPLES AN K S AN A2 K 50 &, AR A ER 2-1 B3R 2-2 R
2-3 fo, Al LUE MR A RIS AR AL T, Hlas NoRinfE 52 B sy, fE
adams 1 MATLAB 43 20742 BB A& R B/, tsd s sE el AR, B
e NS IR A v B T AL as AR A BEZ 5T, LAy — %€ NI AR

e

2
15
=
S 1
I
10N 20N 30N
mAdams 0.46 0.92 14
mMATLAB 047 0.89 132

BIZE 2-1 BEF A28 1 HLas AR S A A% i )3
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2

18
16
14
12
g 1
08
06
04
=
0
10N 20N 30N
mAdams 041 082 12
mMATLAB 042 078 114
B3R 2-2 R jaf 25 2 Hlas N AR um L A8 i B
2
18
16
14
1.2
= 1
S
08
0.6
04
0.2
0
10N 20N 30N
mAdams 04 0.8 12
mMATLAB 048 0.9 132

KIZ% 2-3 WEr A28 3 HLas AR S A 4% 0 )3

g

B 2-5 Hlas A1 e 2R
el 2-5 fros bl AR Ia o A Los s i, I8 I AR HL a8 N\ R S i in A 7]
g, M BIPLEE AR S AL A2 ok 2R . ISR 2-4 B3R 2-5 B3R 2-6
R LU AR R OE AN R AL R, Blas N ORI £ 32 27 30N, #E adams A1
MATLAB 453 2 A M BUE 2 LURGRIL K, iAo il IS, HLas AAERS
[ 0 R AR T HLE AN KE f A, B AN EE AR AR
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2
18
16
14
12
= 1
08
06

04
. .
0

10N 20N 30N

mAdams 0.41 0.82 12
m MATLAB 042 0.78 114

Kl 2-4 BEALE 1 HLAS AR b AR e B

2
18
16
14
1.2

1
0.8
0.6

04
.

0
10N 20N 30N

mAdams 0.43 0.85 13
m MATLAB 0.41 07T 1.3

mm

BIZ% 2-5 M7 28 2 HLas AR S A 4% 0 )3

2

18

16

14

1.2

1

= 0.8
0.6

04
.

0
10N 20N 30N

mAdams 0.4 0.79 12
m MATLAB 0.4 0.74 1.07

B3R 2-6 HEALE 3 125 A RimALFE M R
IS BSOS AR S A B PR T S S H TSR, TR
PR IR B R A2 SRR T B At AR A, HLALRS AN B0 &
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LVER R, WA TATEEE, T R i S RN BE I HE T . T IR T AR 3
(I AR iy 56 2 I B2 A2 475 R BE LS N BEAT T4 B — B R RENL 28 AHE S 11,
FIT CARIAT B 45 A S 72, E P 77 32 R Ak P AT 2 N R iy 56 255 D91 2 1) A8 A
A5, U T ER IR AT AT
223 B ARSESHATEKRE

£ BT 2 AN F) Adams BB IF N2 A0 LAl B b, XY BEAT B 0 AT
an A AN [F] PR 46, AT AR BINLAS N B AR I i 2k . 73 B HLES AN
[ fr 28— IS S B ] 2-6 Fio

-40.0

[ —VibrationAnalysis_1: Input_Channel_1 Qutput_Channel_1 Response l
-60.0
L -80.0
2
E
o
©
= -100.01
-120.01
-140.0 T
1.0 10.0 100.(
i VibrationAnalysis_1_analysis Frequency (Hz) 2024-04-01

2-6 Hlas ML RS M
bR STl IR SR IR PNEIE S 1 1 PN WD

M = K2
ZD-n
(2-69)
C— 2Ke
wn
* 25 R8s B
% EESE &S BHJE Lt SERNIFE N/mm
A fri 1 19.34 0.00033 21.6
I firis 2 18.71 0.00032 24.5
A fir 3 18.09 0.00031 25.0
L AmETAA 18.71 0.00032 24.5
MR A7 2 18.71 0.00034 23.5
MR 78 3 19.34 0.00032 25.1

W 2 A HLEE NALE AT S 0, AT EAE TS, S4ahlE Ak
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S P 2 45 20 A L o8 AR 3 55 S S 5N 3R 2-5 P, Blas AN oK i 55 28051 & A EH e

\\

W 2-6 Ao
# 2-6 HLas NS 2000 & A JE
YRS . (- )
IR r s 1 69.78 0.0046
N DA A) 69.98 0.0053
/N[ DAZAK] 76.39 0.0054
AEEVAA 69.99 0.0053
M7 5 2 67.13 0.0053
R A! 67.11 0.0052

2.2.4 HLE8 ARSI o i

o BSOS TS B AN R S I 4 S LA NS AR 2P NS
AR R, BVLEs NSEROY B E-E-TLE R4, 4560 HEE 5B HL
i NRGEBATHREN R 704 o a0 2-7 vt g AL d N R Jo B - 3 - PH e A A,
R b3 P A5 R AR i 25 PR I EE AT AL 8% AN IS8 Rs AT JE S 80N, RLas A
T E N, Blas AR LR /F vkt &

Pl 2-7 WL A PS5 AR
ANIIFITRES, AP TR £ =Acos(WORITE R, H A A R

TBE, RO OAIEN 1, AR R

mj)'c'j +cj)'cj +ijj =f
ot my Hlds NSERRTR, A ¢, o0 LR pILaR N B R s < RO S NI S5 B e
S e ANER TN RN T -

NP NAEARFALET, AFEPRILEE N R GRS FFE R0, X
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HAFMEAURFE 0o FH I 2-8 A& 2-9 AT LA Hi ML NAERR UG iR B 1 AT 2 [
RN, BRI N BO L, B SRR A A W BATK, A7 A% i R
B AR RS Be i THLER N B 5 A R, LA NN, A AR

AL
10”
102
i3 4_"
% 1074
108
108

Yl (rad/s)

B 2-8 Hlas A A s A7 22 a1k

=
|
{i
|
|
|

10°

bl ¥ (rad/s)

P 2-9 HL28 A LI o A
23t ARIBRGRENFIE DT

N T o B s BE LR A RS RIARS AR, AENLES A SE RN AR Y
(Rt b, SR A BROTIE SRS MR ERE O 1 S5 20 B, i ST A Bis R 48
FREN T TTRE, T ML as ANHOE RGEIIRBNRFIE . A SOR 3 AR A
OGP BE AR 34T 704
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2.3.1 EMESERE NI E

g
I
e
—_— N
§
1Y ?d
i
-
L ‘

P&l 2-10 FERR B 1 )
XTERIE, B 2-10 TLVEH, BN SRR

T =T ,T T.,T.. =T (2-35)

xy x> yz = zy? " zx Xz

XTI S, N ARSI B N

GX 8X
0}’ y
O &
lof=4 " hiet=1 "1, (2-36)
Txy 7/ Xy
T vz )/ vz
TZ‘C 7/ZX

TR R PR TSR B RS, DR PRIERSEE, ASCRI AT =
POTRECT ISR, R S AT R . B 2-11 5 1P T N IR
I RA RN A A, AR P TR PR T AR Z T A2 BIIER /7, ALK
FIARIRA NI Z 77 I BIIE R ), AH ) SCHA S0 AT R TG 18 2 1 T N ik
R T T NADIRES,  NAANAR AL AR B H R 3 4

R

— L e T

¥
? Tay
Gy dy T—w Oy x
tx]'

-
Tyx

v IJ,.

P&l 2-11 I 0 B4R A
BRI, P S ) RS AR N7 A B ) B )

28



Gx g.x
lol=10, ticj=1¢, |, (2-37)
Txy V xy

R YRR 10 L 70 R AR 5 28 N

{o}=[DRe} (2-38)
X AR IR S SRS
1 v 0
WFlEzvl 0 (2-39)
Vo o 1zv
2
LGS AR BT T B TR
p I-v v 0
Dl=——— 1- 0 2-40
0] 1+ v)(1-2v) (v) Ov I_Tv (2-40)

b e bt ¥ e T 1) TP e a U R RN = = T R W D A= e

WA= MR AN N EHE, WK 2-12 fs.

Ui

(X, V) |

Hen

i 3 |

Jx )

K] 2-12 BG H

ty

ui

@ahn |
=14 }r=1" (2-41)

@l |

um

um

b5l a1 I DI AT NS G A AT SR A I

u(x,y)=a,+a,x+a,y (2-42)

v(x,y)=a,+ax+agy
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N RALES SO A bRl 13
u, =u(x,y,)=a,+a,x, +a,y,
u, =u(x,y,)=a,+a,x, +a,y,

u, =u(x,,y,)=a +a,x, +a,y,

(2-43)
v, =v(x,y,)=a,+asx, +agy,
v, =v(x;,y;)=a,+a;x,+agy,;
v, =v(x,,y,)=a,+ax, +a.y,
GEINAT R oy
N—L(a+[5’x+ )
YA XYY
1
szﬁ(aj+ﬂjx+}/jy) (2—44)
1
N, =—/(a,+pB,x+
m 2A(m ﬂlﬂ ymy)
/\I:P
Q=X = ViXps & = VX =X Vs & =X,V — VX
:Bi:yi_ymaﬂj:ym_yiaﬂm:yi_y_; (2-45)
Vi=X, =XV =X XY, =X, X,
L FE 37 3R I XN
ui
vi
N O N, 0O N, 0 [lu
bw}= | / (2-46)
0O N 0 N, 0O N,|v,
um
vm
ARG N
(V] Ne 008, 0N, O 2-47
o N 0 N, 0 N, 4D
X TR B REAR T3
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8_u

£, ox

ov

e=o 1= 2
Vi ou Ov
_+_

oy Ox

BUIE, B RAR 8 iy N FE 3 RaA U] 45

=& = 5

~.

< &
3

5E SRR L R

£ LA LR X R A9
to}=p]Bld}
AR AT, R GERE R

~tay [[[8] [DBlav{a}~{a} {1}

14

R B /N5 e R

| (e Tt -ty

0

i
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(2-48)

(2-49)

(2-50)

(2-51)

(2-52)

(2-53)

(2-54)

(2-55)



m [DIBlavid}=1{r} (2-56)
A F G NI S R
(k1= [[[(8] [D]Blv (2-57)

X T LA A2 BB = f T, BT NN AL, R AERE N A5 TT
ROHAE, TR TTHI R A] 5 0y

[k]=1t4[B] [D]B] (2-58)
HITHIEHRE TR A
Six _kn ki, ks ko kg km_ U
fly ky ky ko ky ks k||
S _ ky ky ko ky ks ke ||uy (2-59)
fzy ky ko ko kg ks kg || v
Six ks, ks, kg kg o ks ks ||us
f3y _k6] kg ke ke ks k66_ V3

W EMREEAT T SRy, AR K 2-13 B, ARSI 2-7 s, H
I:':ljl__!f){_i 2345 yg%)ﬁ:’ jl_—*lk){_:_( ljjﬁjj){_io

10 9 13
E 2-13 T Akl EE
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2R 2-7 i ARk

i 1 2 3 4 5 6
X 2 1 3 3 1 0
y 2 3 3 1 1 2
7 8 9 10 11 12 13
2 4 2 0 0 4 4
4 2 0 0 4 4 0

H T ARAH T A O BN, 2B R B A5 A A ar AR AR, OO 5 44 1) DY
TR, BB E ANSYS Hk AT N TN A A, TR
ARATYE . B BEARPOAREAT 2 — P 1Ry, B 2 — B AT Y SR Ay, R
Fan P 2-14 o

[~

10 9 13
2-14 Wy 2z — T hrEE

ZERE BRI N T = AT R FRIT R R ARARE LR 2-8.

% 2-8 WU 22— i ALK

REP= 1 2 3 4 5
X 3 2 4 4 2
y 3 4 4 2 2
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(2-60)

kxx kx
(K., 1= ’
kyx kyy rs
1-v* I-v
E*h [b,bs + aa, vba, +Tarbs]
— 2 -
4d=vHA va.b, + ba, a,a, +lTvbrbg

AH (=i k feHe; s=ij ki) , =W A= AT RITNIEHEREZ 6 X6 [

e, A

b =y,=y;b,

=y = Yby =y =y,

a, =—(x, —x3),a, = —(x; = x,),a, = —(x; —x,);

1
A= E(bz% —byc,);

AT SRAG B e B W

[k, T
[k]éxe = [[k21]1
[y, ]
[k T
(k156 =k, T
ks, T

[k12]1 [k13]1 [kll]2 [k12]2 [k13]2
[kn] [hnl Lkl =k T [kl ThsT']
[k, Thss] (ka1 [k T [T
[k, T [k T (k1" Tho1" Tk T

[1‘722]3 [k23]3]’[k]2><6:[[k21]4 [k22]4 [k23]4]
[k sy L VNS

(2-61)

(2-62)

LRIZHANER 2-9 P, Ho o ARIE L, h ORI IEEE, D BRI 2
WIEE, E MBI IR &, v OARPRIIIAAR b, 275 sl AR bR fE sk 2-10 Fir

7N
* 29 4l BH
2R S E (BKERE) VvV GARE) H (m) M (kg) o
HfH 3.5%10"9pa 0.35 0.0005 0.117 1350kg/m"3
F 2-10 5 fUAAAR
W 5 1 4 5 I 4 1 2 5
BT 3 4 2 ¥ 3 2 2
1 3 2 2 2 3 4 2
W 5 1 2 3 W5 1 3 4
L 3 2 4 LT 3 4 4
3 3 4 4 4 3 4 2

i AR S N R R, A5 BT AR R R I EE AR R D
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kss+hss ks s + ks, ks, 0

kis kit iy + k3, 0 ki
K=[k+kis ky+hky kg +kl +hy +hy kS kS kG +ks] (2-63)
Jexs 0 ey, + sy, by +hky ks
0 ks ks, + ke, ky ks

NI, R WIFETT AT SRR, A A DI 7 R oK R a5 i hr
RFTTIEIRAU K, T A ARy 0 Frxs BLRTHIATAIF, LRy, R4
R

kssthss k0 kg 0
kis  kythky 00 ks
K=[ 0 O 0 0 0 ] (2-64)
ks 0 0 ki, +k k3,
0 sy 0 ks ksytk
BRI, FEST RS AN IN ), JIsEREaR
Fd = [F15x FvSy F4x F4y Ex Fiy F2x F2y F'3x F;y]T (2-65)

X, Fso Fs, N INIA, R EARZTT, KANNEAEN SRENIE,
A LA B2 S ALRS

u,=lUu, U U, U, U, U, U U, U; U] (2-66)
3 7 5
F,=KU, (2-67)
)32 IR
U,=[K]"'F, (2-68)

JHITTE MATLAB F AT 2 b3, AR 1052 0 B AN B 2B an 58 2-11 By

7N
K 2-11 Z5 R0 BE Ul
TR 71 (ND g (mm) NI EEEE (N/mm)
IN 0.29 3.45
2N 0.58 3.45
3N 0.87 3.45
232 BIRTAERIUE

7 ANSYS 7B R e fi B b, #HAT X ELIeE, 19 23m8s R an i 2-15
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B, PN AR AN 2-12 Fro, SR AT LAE Y, 1 BB BN R

K 2-15 ANSYS 1 B 45 R
% 2-12 TN A%

TN ) (ND g (mm) i EAF (mm)
IN 0.29 0.30818
2N 0.58 0.61019
3N 0.87 0.90375

2.3.3 188 AT RGEIRINAF I 57 17

AR AT 21 HI AL &8 N A i 55 2 D1 BE AN G BE S RN BE , R AL NS5 R NI E
N ks TR m R R ARG, RSO NI ks RN my
SRR RS, LN NS R G AR S AN ] 2-16 F.

Ly NI sl I FE 52 BB AR T8 fi=-Aw 2cos(wt), TR¥EBNF154 77

m; x,+(c,+c,)x;—c, xp+(k; +k,)x, —k,x, = f, @71

m, xb+cb(xb—xj)+kb(xb —xj):O

R B3R5 pdn R R
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M x(t)+ C x() + Kx(1) = F(£) (2-72)
KA, M, CHI K53 mIFR A B P (mass matrix).  FHJE #iF4 (damping
matrix ) F1 R FEE 5[4 (stiffness matrix), AR R0

| 0 C= ¢, te;, —¢, K- k,+k, —k, @7
0 m, -c, c, -k, k,

SR
X, 0

WAEN
x; =X cos(wr)
: (2-75)
x, = X, cos(wt)
AN
[— w’m, +w(c, +c,)+k, +k, —we, —kb}{XJ} _ {fo} 276
—we, —k, —w'm, +wc, +k, X, 0
oy, fo AREh e, EAEERERHER T, AR
Z . (wy=-w'M, +K, rs=12 (2-77)
M _Edk A
[Zw]x =F (2-78)
_ Z,(w) Z,(w) A _ X, _ fo
[z(w)]= [ L 7 (WJ = BLHURRE, X = {Xb},F - { ; }
X=[zw|'F (2-79)
X (W) — ZZz(W)f;) .
Z11(W)ZZzz(W)_le(W) (2-80)
X, (w) = —Z,(W) f, . :
Z,,(W)Zy (W)= Z,(w)
wAR (2-77) 15
X (w) = (_WZmb +k,) /o
! (—wzmj +k, +k)(—w’m, +k,)—k;
: (2-81)
X, (w)= Kl

(—wzmj +k; +k, Y—w'm, +k,)—k;
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BT L HHL A AN RGSE R 1R, X HLas A Es R ST e ARy
VEREAT 08T, A KR P A S5 RN BE 2R AT I S5 28I e,

U 2-17 Fros ablas N5z SIS0, Hlds AR i A EE R 3R 3h 252
WEAE, AT AT LA W, AR B g AR A 32 BIREh A, K
PR R EEAE AR AR OSBRI, FE R BL,  MERECF R IRBD LA B, (R AR
WZEAZ, L LW, REAERGE R T iR 2 B2 R pLas AR 2, i
HERRROK B L N RS (IR, wtn] LASE I BE R (1 RS E #H0E -

20 T T T T T T T T

- - -THEE(F
— A
0r 2l
-54.2 7
\
54.3 >
-20 - -54.4 “ -
o S 4
=l 546 \‘
m
T 401 l 547 Y 7
AY
-54.8 <
L
-54.9 s
60 [ 164 195 196 107 198 190 )
w(rad/s)
-80
_1 00 1 1 |
0 10 20 30 40 50 60 70 80 90 100
w(rad/s)

2-17 ML28 ANz &R Se i s A 1
2.4 KRE N,

AREANE T HNEEEEE LA AN OE RGN, IR T UL N2 sl AT
W R A B LA AR S S5 I, R HIAT R T I T 1 i P Y R A
ISR NI R . I J T LA AR RE SRR LB I 5L, 45 G B SRR LR 2505 32
By e S AL N\ -SEEE  BE AR R G SRl 1A, r i AN RIS T HLES
ANHOE RGARENFFE, AL NS R CE 2 [ IR &k &, 15 il
BEPHAE O R T AR B ORIR 32 B LA A oK 24, 38 b B L As AR S 14
ez, Ay LUE SRR IR SN HI I RCR Oy e S UL B T S R R
WAL .
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5 3 F BRI RIUR IR R BRI R RS 4

MR _ECRIRD, SRR AE O R T AR S A LEE AN R i R 3 B
MG KRR, HLEEAIEE R G BRVE R v = AR (4R 3h 32 Bt BL A8 A oK o %
o B EEAE E o AT BT A 0 LIRS SRR IR B, TS
A I IRAAL I HIRARE REHEAT 2 H

3.1 B RAIR BN IR 4 B it

3.1.1 Z549i% 1

AR SCVETE A HURE IR B R R AR 2 B AR SRR B G . ERIR G, T
PRV = AN, N IR 22 20 T 2 A A SRR B T 1 R o, SRR
S TR SRR TN, URRIE T e A . il 3-1 R v E
il 3K 3 2 Uk AT 2 B P o Pl o RO SR W i 2% 8 o e R 2 B R R
SRR, WRARIEER, JRIRIE LSRR HR TR R R 2 B I SR R, R
MK R RE A, FRE @ PEm RS, TSR IR KN, S s
(RIRAN, A8 22 B HE T FEFR R R I 7K Bk 52 AN TR /N LG 77, AT 2 )
kPR BN A1 o
(1) BEBhEIRETT

WeEhiRiR s et FIRAR . 2. BBk, . IRAIR. SrR. 2
PEIRMZH R, BRAAR AL T 22 B AORT SCPE TR 2 18] o Fe b 22 3 iR (M AR T S T T
BRI T ui AT ) A0 A0 1) R URARIE 22 e AL, BRI R a4 [ 4y T
JE) 1) 3 A (R R 22 2 0, 22 BT T i PAY [0 70 A 222 2 S B IHIR B0 T 14 22 2
1L, BERHAREER& BN, BRHK e EERES. S -
S 5 1 7 22 2 PR ) SR B AR e Ak, i 5 RS ARURE 4
(2) FFhIRHIT

F B RAR 0 2R P e R IR AR BRI K AR A A, U2 Bl e R E
LRl e R L, kB 2 e R BRE A BT AR B S5 i el K
T 22 e HE SCPE SRR I TR Bk 22 B8 PRI, 15 2 ) 2 3 i R T 2 B 2 [B) BR AT — i€ 1)
FRES
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BRI W% 3-1 Fis.

] 3-1 0K 1) 3 M i 4 2 . 4 )
(1-BJRAR. 2-BZRHAR ., -2 4-LRIB 3K RE . S-IROIAR . 6-F AT, 7-26FE
8- MR 9-HEBk 22 2% e e )
*3-1 KELSMWSH

SRR HfH
28 Mt Re 30mm
AP N AT 1 10mm
AL L. 20mm
KGR R 25mm
TKHEREE 1 10mm
LG ER 10mm
2 e I %y 1000 [

312 B FRE

T HERIER R30I F0MNE, BRI M, KHE R
HLE RIS RGUORH R . A 3-2 o Ay FURE R G R 4R R Gt 1 sl iR
RGMEERL, B ma N TR, ka1 ca 73 )2 LR OR 30 22 I 3 25 2 11 1)
FEFIBR)E, fr e thahidk 7y, foy imi IR s IR 3 & = AR MG 7T, x L
RO L IR A s i T
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™

ka

Cyq

eeeocccoee

o
. g

RN

Tw(t)

3-2 HURLSRIBRIR 2 Gps Y
e, ARE B 3-2 s B R G SK AN SRR R 2 B 13 A, HL T

YRS TR IR 5 BRI A P T OB 705 7Ry, e /B e, T
WIS 950 135 5y T g™

my X(0)+ ¢, X0+ (0) = £,0+ £, G-
Xf b AHEAT H R A 5 43
£.(s) =ms’x(s) +c sx(s)+k,x(s) (3-2)

YU A FX) N2 A Wi L5 118 280 0 2 T A 3 R K80N

Gls)= ;((SS)) B m,s’ +ids +k, =)
&R VRTINS,
x =X cos(at — ¢) (3-4)
A, XTSRRI, AT
X ft (3-5)

) \/(k —m’) +c’w’
R, Fo IR AR, s S s = 0/wn, o, HREIRE TR
BIEG R, AR
R (3-5) I ARG TE [ PR3 1 I
Fy+f,
(3-6)
k(1= 1) +(2&)°
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N0 W KRG RRIREE S, 2 NN, 5IANFETVE R »
m, e, (= y)+k,(x—) =0 (3-7)

y(t) = Asin(wt) (3-8)

o
=
4im

m, x+c, x+k,x =k, Asin(wt) + cwA cos(wt)
= F, sin(wt)

(3-9)

X, Fo NBdRAIIEME, o NIRshiiR

Fy = Ak} +(c,w)’ (3-10)

N ZR G B IR AR N5 R ] 45

X Ak +(c,w)?

= 3-11
\/(k —mw®)? +c’w’ 1D
RIGEFTFF, ML ERB R MR 3 & R85
_X 1+(28r)° ]
7= \/<1—r2)2+<2«:r>2 o

3.2 FE AR BN SRR i e B R BN 11 A

3.2.1 BB EIRIABE TR

e BB UK B R B 2 I B A E B, R AR . B R UR
SEFE (Biot-Savart Law) i 1 HL U TG 7E 2% [B)AF & 0 A2 PR R IR S 588 B2 1R R/
AT7w] . MRARIX AN E R, AEFRGT R, B AR AR T r I AR 2
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BT AR IGAE p s A B 5 S Ay R o s 2 A, )
B - 27 UoIR-(R—7sinf) 10 (3-17)
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X T RARIEAE L, BN 2 A R B S R R N &, Wl 3-5 B
o MR K NG n JRERRE . IRIEATSCARE, RN dh (IRFEZ R
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24 Pl 2 111 e ] e 2 5 2 AT (R R O -
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H T nr M1 na 5 LK F40 L F LRGN E LA G, ABRERKLT,
24 Pl o I 8

N=2I(R -r),,E=nn, (3-20)
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TE FE 2R BBl BT a2 B B ELRE SN

F=[aH-dg (3-24)
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rR-(R—rsind) 3
3 2 _ 1 2
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A, YRRERE; VRIHAR: w2 56D K& AR RS,
BREMINFIE: CRMHHAR; DA B HAL SRR, KN - H R R % -
BPE BRI B0y xas o FTE vy vas v BOWIRESE R, Blx=y. x:=xa
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(=) S O O O
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fmoz, WA LA
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(4-1)
X} L RHEAT B R 1
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