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RESEARCH ON VIBRATION COUPLING
CHARACTERISTICS AND CONTROL STRATEGY OF
ROBOT GRINDING SYSTEM FOR ELASTIC
COMPONENTS

ABSTRACT

There are a large number of elastic components in aerospace, high-speed rail
body, wind power blade and other fields. Grinding and polishing is an important
process of surface coating removal in the manufacture and performance maintenance
of elastic components. Due to the low stiffness of elastic components, elastic vibration
is easy to occur during grinding and polishing. The grinding and polishing system of
elastic component based on robot technology is a typical multi-dimensional coupling
system, and there is dynamic interaction between the robot and the elastic component
through the grinding and polishing device. Therefore, it is necessary to reveal the
vibration coupling characteristics of the robot grinding and polishing system of elastic
components, based on which the research on vibration control and constant force
control of the robot grinding and polishing system is carried out. The research content
of this paper mainly includes:

(1) Flexible grinding and polishing device design of flexible component robot.
According to the analysis of the composition of the grinding and polishing system, a
flexible grinding and polishing device of an elastic component robot is designed. The
servo control system of the flexible grinding and polishing device is designed here.
By establishing the cylinder flow continuity equation, the gas mass flow equation of
the pneumatic servo valve and the aerodynamic balance equation, a theoretical model
between the control input and the output force of the cylinder is established. The
steady-state error of pneumatic servo control system for grinding and polishing robot

with elastic components is analyzed.
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(2) Analysis of vibration coupling characteristics of robot grinding and polishing
system for elastic components. The elastic constraint model of the equivalent stiffness
of the elastic member is established, and the rigid-flexible coupling dynamic model of
the grinding and polishing system of the elastic member is established on this basis.
Based on the rigid-flexible coupling dynamic model of the system, the elastic
vibration behavior of the elastic component in the grinding process and the fluctuation
characteristics of the grinding force under the vibration coupling of the elastic
component are analyzed, and the coupling relationship between the elastic vibration
and the grinding force is revealed, which provides the basis for the design of the robot
grinding and polishing control strategy of the elastic component.

(3) Design of grinding and polishing control strategy for elastic component robot.
PID controller and sliding mode variable structure controller for grinding constant
force control and vibration control of elastic component robot grinding and polishing
system were designed, and theoretical simulation model and co-simulation experiment
of control strategy were built. The vibration suppression characteristics of elastic
component under different grinding parameters were analyzed through virtual
prototype co-simulation experiment, and the effectiveness of control strategy was
verified.

(4) Experimental study on robot grinding and polishing of elastic components.
The experimental system of robot grinding and polishing of elastic components was
built, and the experimental test and analysis of robot grinding and polishing of elastic
components were carried out to verify the effectiveness of the constant force control
and vibration control strategies designed in this paper.

KEY WORDS: Elastic component, Robot grinding, Coupling dynamics,

Vibration characteristic, Constant force control
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JE SIS . RN AL AL AL R T SRR 1 B B e 7 45 1) P3RS

 WLE A
§ Z |
pa, N
i R E
Erof ] Pt i
v
o -
|k
| % - - i
Qo
V] 2-2 By R R

AR I e EE SR v T A1 g 4 2 T 0 A2 LA P A AR KR

(D fEEAIERE LSS Nizsh i B AL, 187 B B 4 th o
EE LA N LA AR Ak, DU B 75 2 AN RIS 3 2 25 T 5HE I 7T 1)
BN EATAME

(2) BEHIEREHALEST NS AREN T = SR s 5 A RIS, if5
VA AR 2R sl T R AR A R B A B A S AN A — 2, Ak
PR EAE . AR E R RS B oAt Ik, R R BRI
RAEER; ERt il S SBUEBIIAGIEAREEI R %
B RE MR A o 8 A 1 S ) A Ak g iR Bl S BRLAE T R
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2.2.2 £ENG T

AN UR I % 2% v SR D 4 26 L 1) SR sl B, e 4 ) % o U OR 5K
BUSRVER PR AR 095 . i TR Bh IR se A L LT R i Tl B, 2 e g
AR, BARER, NMAIVEE) 2. et DA RRR ), nIARYE &
RPE R RN, JFHESEN T hiRsi BB RN, s AR
SE SRR MIHE ST o URLA 7 R K /N AT S N T P+ a7 B, 2 o /UL RE A i A
HIERE AT AR o SR B PTIR, B I e L OBl o ade 33 2% UL RE 6
RAE ) BE SR 1 N T 3 B

ASCHTT BRI R, SR A JJVE DY 0~200N,  SEBREEHIIN T /)
FERVEEE 2N LA BRI R, B E Nt > 8 mE T A gE,
AR A A2, HESIFTENLIE A T LA, Se s AEb.

PR D2 L IO 2R 5 AR A T i 1 ) AR s P I S 5, B I AR

T
SRR B T
T N2
SRR ER R IR Bl 77
T (N2 2
Fo = 4,7 (D*~d*)P (2.2)

X, DANHEER, HRENE; d NEIGEMATER; P RNSE TIE
JE70: g AR HE ) R EG pp 4 4 ) R

N B DR SL B AR L R R 2 e RE, TH R IURUGLYE 2E B
D=25mm. R4 5 il A b SE BRI 5 S GLIE ZE AP e i, BUETVR ZEATAE N 25mm.

AR P AR b T 0 SR AL A 5 U 35 DA S AR SRV RE B v HE ) B Y 3
i 2-3 FioanfE BB B MK, 2R E F AR T EZMREL. FrE .,
JE DRI . 5HLEE AMER 22, FTEBUEER .. S5 E %A
AR IR J& e 22 i B il ot i AR PP BOAR BN, JRLV R B e B L ReAE — AT Im) 4
GERTE. EHISECAA R, RER. R RSESsh ot B E L
I E = A G R A B I o ) A Bk B A e S A 3
(R B Ak 7y, 3 I A e S L R AR T SEI SO an P A, SR RS R AR
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(¥ Bt 5 TS B A XS L, Pl R LEXS (K iR 2 EREAT 4, 8
A AT, AME B EI SR R EU R R A s, SEIUE T .

BE oS s ==

S —_

_ AN
SRS
R
- HE &K
AL AT
WAk S
K] 2-3 A AR LA N B R

2.3 ZE|If EHh % B RIBRITHI R G 1T

NI BT N BRI IR R G, 7 XS A R R G r 4
FRA, BT AAARASGEEGSENAERZ TIREE, EE& AR
) 1R TR A — e R R, R SR TAE N E AR S . R RS
AR .

231 KREIREEEMHTE

AR M R EE NS N UL, BB UL A i SR OV B R, AR
R, ARELAAARTG R, AGLTEHE, RS AR AR T 1

PV =mRT 2.3)

X, POASMRLITE S VORARRIEE m SRR E; R OVHEARS AR 50T,
LR =287.1IN-m(kg-K); T ASEMLITIRE.
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H13(2.3) AT ek
PV
" RT (2.4)

AR o B ST AR E A, R P i AR B SRR O R Y AR B i R AR A
&,

— dml
O, = ot

_dm, (2.5)
C]m2 - dt

A, g, WRELTEFE AR AR TR g, AL AT RSB
iy mONARELEA S ST R m S EE A SR TR
¥ (2.4)1 A (2.5)75

dm, dv, dP RV, dT,
q, = P—1+V,—
mT gt RTL N dt dt T dt

dm, dv, dP, PV, dT, (2.6)
Q, = P,—2+V,—%
» " dt RT\ 2 dt dt T, dt

A, PRI PRI s PN SETA TR RIS s T v
IS T AR MO0 LI T, 9 G RS B UL

AR RE T, ARSI EEERUR, R AR R SR R
Ko LI A SARIE S SR IR, AR TR

PriT=C 27)
A, kK RNEMELINRE, SNBSS AADT, H k=14,
B (2.7) I i TE] R 545
T _k-1TdP
dt  k P dt (2.8)
#3X(2.8)71 AN (2.6) B HE 43 ) 15 HE UKL s P e e A Y
qml_RTl Ydt kodt
1 ( dv, Vv, de (2.9)
qm = PZ +
:RT, dt  k dt
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ABBE L ff P PR AR 5 A S T B AN S R AR R, IR 2 A A
AR AR AR, D AR IEE R, ATELHT &os, B

qm:_i_(aﬂﬁqﬁiﬂﬂj
" RT,U ' dt ok dt
1 ( dv, V, de (2.10)
Oy =—| PL—+—=
: RT, dt  k dt

2 3(2.10) T4 UL P IR I 030 J1 52 07 RE N

R _KRT, kR Y,

dt Vv, O Vv, dt
dP, _KRT, | kP dV, @1)

dt oy, O Vv, dt
FENL & N B B ) ARl iR AR G, A e ) 432 fik 7 48 e 3o 42 ) Uk
By oRSEBL, HLES N SEILEE PP . IS HLEE NBEALIRZE, AT NP
5 TR &M . fEBEHI SR R AR T, BB e B e T B AR g 1) AR
ARV, ] 220 3 B 7 1) b UL JE A ALRS A i sh AR AL, UL i i Y AR I

LA R R RA AR LA

1V, dR
O ZRT Kk dt

1 V,dR, (2.12)
O T RT K dt

232 8 5ERRRERESTE

R 2-4 AT B AR, R AR S o, P
BB, PRI F, -

SHE Sy

frl i i

——q

Py

q

|

|

| W = F, -
— bt o o — e S e $TH L

|

|

|

|

J

P 2-4 SRR I S A i i P
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AR T AR T R P 1R 1T BRI B R AR R A . — kU, A IE I LA 4]
I R0 10 I 4 98 2t R A A A A BRI — B S IR o R R I A
AL HAE SRR I DN K. AR Sanvile i AP, —AM
1] 1 1 (0 o it A 2K

2 (P,
On = 4AR, \/;CD (;J (2.13)

2
k. i)“ 0< P <0508
P kK+1{k+1 P,
CD[Ed]: PR ket (2.14)
u k k )
KR [ R 0.528< 8 <1
k-1 u I:>u I:>u

X, AR om TRl s R NSRS EG Py EAFI R T I < 0 B %0
JE 775 Pa A EGAGR 5 H A B 4E 060 T 7T
R 1] () FF J X3k R
A =ox, (2.15)
A, X AR IR OIS s o N LB R G O RTTHAEREE, w=2D -

¥~ 3R(2.15) 1 AN A(2.13) 3

2 (P
— uzDx P /—q> d
Oy = 4ZDX,P oo [Puj (2.16)

il R FR < T VAR B R S LR R AT 20 A s A

RT (P

S

> (p (2.17)
= uDx P /—cp K
qm2 HTT Xv 2 RT [sz

A PONRIRE s POV E NSRS 15 P oy U A A AR 75
PN RAEST
H1 T LA I S 8% S AN LU u RSk R BT

X, =K,u

Oy, = 17 DX,P, iCI) (ﬂj

(2.18)
KA, Ky R EL i 3 25 R 2L
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443X(2.28) 15 A (2.07) T LS

2 P
= ur DK uP. /—cp L
R T [PJ
5 (p (2.19)
= un DK UP. /—q> &
qm2 H u-t 2 RT (PZJ

M (2.19) AT LLA H, IR T A SE Bt 5 XU B8 s 70 A0 Ha ) ) e )92 )
HUEA K, BRI E 2 AT Uit

Gn = f(0.P) (2.20)

MK (Q2.20) T LEH, HEARZSEHEE u R ES O ER P A RK K

B FHrdou i s s, R AL TR 2 AL, AT DL 3 A R 1R

{qml = K,Au—-K,AP,

U, = K;AU = K, AP, (2.21)
2 kt
0 k k
K =Sml =D P2 /L BF_[R]" |Co1se2
ou | u=0 RT Vk-1{| P, P.
R=Ry
9]
K, = h =0
ou | u=0
ﬁ':F' R=Ry
2 k+l
0 k k
K, _ S, =u7rDKuP2,’i L R _[R =0.134
ou | u=0 RT Vk-1|\ R, P,
P=Py
0
K, = O =0
OU | u=0
R=Py

Hrh, Piov Poo NIHZEA T FAAL BN SEL LA IEMAEFERE S Au HEE
B84k AR CHSRELTCHE A A4k AR, RS ELA FF 1 A I A2 1k .

A3 3T 2(2.12) A11(2.21) 34T M i AR e 15

1V,
Qn, (5)=ﬁ?53(5)

1V,

2.22)
Qn, (5)=R—T0?5P1(5)
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Q. (5)=KU (s) (2.23)
1 #0(2.22) f1(2.23) 15

P.(s) RTKK,

U(s) Vs

P,(s) RTkK, (2.24)

U(s) Vs

AR 7 (2.24) R 0 S T2 3 2 7o A s PAY b N 5 5 ] I 42 ) R s ) 5
A, 2R S IRIRSEL RR RS B R

233 8B NFEHE

K] 2-5 HLas N ARS8 1 B e B 52 7 73 # e 1
Wk 2-5 PR, 0 SR IE B 2 b, AR AR e, % gy
B

d’z _dz
M +C o +Kz=RA-PA —F F,

(2.25)
b, MOYEIAR RS E, CREMREENSEMILE, C=Ch+2c; c, N
ERERT LS R ¢ ABRIIHIE RE. K NP2k 8 1 5 RN B,

K=Kp+2ke, K, A TELAHTENIRE SR8 k s st 248 B Oy EL AT g
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W5 Ay 9 ELTERHI S AR PO LA AT A s A, LA
Mz iR F, LA NI EEE 75 Fp 0t 71 2 /LS 2E

BENIAH .
R G LG ZE e B AR BE Y ), 20(2.25) AT Ron
d’z . dz
M- +C+KI=RA-PA -F, (2.26)
X 20(2.26) 347 hr 3y W A e v 45
Ms?Z (s)+CsZ(s)+KZ(s)=P,(s)A—P,(s)A,—F,(s) 2.27)

4 Fp(s)=0, HH 3 (2.20)~(2.25)75 21| 1)< HL v FEAL % FLL A5 IR S N\ B s 1 A%
16 PR BN

) b,

Z(s
U(s) as’+as’+as (2.28)

Ht, a =(K,+2k )V\V,5 a,=(C,+2c)VV,5 a,=MVV,;
by = RTok (K,AV, —K;AV, )+ K =4kRA /1.
A U(s)=0, JURELIE ZEALH% SIS 70 2 8] (i 33 eR H0CH

Z(s) _ 1
F,(s) Ms?+Cs+K (2.29)

BB R RGN JMESE T IR R Gt 18, BPiE I Ts
I RE B, U B 4R 5 0 AT 0 5 L A8 I P N P P 2 ] PR A 328 BR S
Fo(s) F,(s)Z(s) (Ms®+Cs+K)b,
U(s) Z(s)U(s) as’+a,s’+as (2.30)
P 9t 2 B <l ] i 2R e A s bR BT ME PR N ] 2-6 s

VAL RS
U(s) RT, kK, A, + 1 Y (s) F,
o Vis Ms*+Cs+ K g . >
+
| RTiK, 4,
o st

P 2-6 FE il BT 30 e o T HE 1A
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E R SUTE A CIE VS|
(Ms? +Cs+K )b
a,s° +a,5> +a,5 (2.31)
P 2 B ) i A\ S i ) 2 TR AR R a0 (2.31) o, I R G AL i ki
HOTHL, RGN A= RS
MRAE Hurwitz #E, K 30(2.31) HEAE 77 72 R ZHES 2 Hurwitz 56RF, 13

G(s)=

a‘n—l an—3 an—5 0 0
a, a,, a4 -0 0
H - 0O a, a, - 0 0
|0 a a, - 00 (2.32)
| 0 0 0 0 0 a]
MR B il e 22 G0 4% 34 RSS2 R SEIR R T R, )
det(H,)>0(n=12,3) (2.33)

W T R GURE TR BB B R AL Hurwitz FE R 5B £ 7 A SR T
%z, PR ERER.

234 EHI RGIRRSIRES T

SEPERI R N B A IR R GRS IRZEE T RGHERRTE, 1%4%
il R REVE S A B I ES R S HOMANAE R XA k. R ORsEVER AL A%
NG BBz R G RIARENE, s ik R G RIAa 2 MR = AT 70
£(s)

Y (s)

G(s)

Y

H(s) =

&l 2-7 [ R G T AE
EXRGNMER SN e (s), WK 2-7 o
£(s)=U(s)=B(s)=U(s)=H(s)Y(s) (2.34)

E SR GHIREE 5N E@S), W
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E(s)=Y.(s)-Y(s) (2.35)
A, Y (s) AfEf R GRS

€ 2(s)=0, WY, (s)=Y(s), AN (2.32)7F

H (s) (2:36)

H(s) H(s) (237)
BRI RGNS IR LM es R RAREE T e(t) WFaS o &, 0
e, =lime(t) (2.38)
R 48 3t 7 07 AR 4 1) R v (e 2, M(2.38) 15 2]
e, =lime(t)=limsE(s)

t—0 t—0 (239)
AL R ECH
_E(®)
G.(s)= U (s) (2.40)
BK37.(2.34). (2.37)F1(2.40)%%
1 1
&) e )R (2.41)
M4 A R(2.39)~(2.41) 15
i i U (s)
% =1 G, (S)u(s)= g H(s)(1+G(s)H(s)) (2.42)
B AT DLE H, BH RAMRESIREZEIR T H4MSEG(s)FH(s),

DK RGNS B U (s)

B2 L A B 1 PR ) R 2 T, 35 R G
5 SRS, FILU(s)= 20 Jeh A BHIE S IR, W0
B RGN

20



o N 2 T e A 'S

e, =lims U(S) =lim A
* 0 H(s)(L+G(s)H(s)) =9 H(s)(1+G(s)H(s)) (2.43)

FERTE R RS, WLUH (5) =173

e, =lim =0

>01+G(s
i TR RS RETUE N, [ENEMEE R 2R LRRER.

(2.44)

N—"

2.4 BN

A BB N B R AL A N B JOAR Bl 4% ) A B e P mI DI RE R ok, Wt T
SAVERI RS NSRBI B, b 1 B I RE B ) A S B, AT 1 SR
FEAMFARAGRE, o 7S N E SR R g faett, AvE
SRR PR s NAE 742 8] S AR 3] B9 S
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BT BHEMHINSEABRARRIRIBESFE D

SRVERI DL a8 N B R ST B as N oK i FEF 2 B N 590 A A Rl 22 A A
BARG, WERAHRED S B HIR I ) 2 AR AR R AN Tl LSRR
TEEID R SRR 5 3 S AR, A s A PR AL & NP I 2 S aiR sl & R 1k
CAR ARSI G T SRR R B s ek, #s SE A 1 B I 2R A AE I B S
MEEAT N, SRVER L AR NP OAE 7 42 fl R 380 A 1 I 20 42 ) 52 (AL B M 3

3.1 BB RGBS T N FIRE

e 3-1 frow, HAEMPELE NI RGO — R 2 iR G R 58, BRI
FER T S A B ARSI BAR R, SRR RS B ) BT sh A
ZNAEF S B B 70 B Sl SR A IR A RV B I 70 O e 5 ) 2
TRUERE Al B ) S R 3K . AEBE A RE T, W dpLas AS2 il BB BL, Kin
PO BRI BRI 7, DMESEILARGE 0 0 AR R AT AR SR AVE R AL A
NEW A GRS B, S VR O B R SR & 3l 2R, s i fa
VB FU S B A IR S R T DA S SRR P IR SR 5 R B ) T s e, R
SRR SRR B 5 P ) Z IR AERE B R R

LIRCIN

o RETHL
HHER A “FE SR

3-1 FAER PENLAS N R e 1
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3.1.1 MM FEE

WRAE AL ERL 3 N E IR & R GTM I, 45 & SRR R 1 P P Ik 3 5 11 43
fih 2 MRS E R AR, WK 3-2 Pow, fE s 1F i R SE NI & 8 4
PR ARSOR I AVE R AL AR, Oy 1 RAEFAER PR IR B X BE 1 0 3t 8h
TERY, S SE SR AR 1 AR 55k 200 RO AR DUSRAE LG B ) A (s e sl A S Bk

SRR AP B T T JE B O A A L M A, LSRN R R e k() » LR
AL E AR AL, MBI RoR i, BEEIASEN ne, R
£ t=0 I, B4 E e S, BRI A PR LR v, i LA 1 5],
2ot Z S, FRAIansmER B d.

-

RS

B 3-2 SRR A BE A R G NI SRS & 3l ) 2R
N 3-2 s, ARYESCPEIOCR,  BEHIALE AL B I )R] AR A
F.=F —k(x)z(xt) (3.1)
A, FONBEHIAL B AL RAd V. Fp Dy BN HIHESys k(X) st
MFAE S HIALE x ARFISERRIRE s 2(x,t) Ay it o) A £ BB ) A AL ) s Tl iR B A 2
HATA S5 T2t Ly A2 A%, A SCH R 2% 8 B HI R P A TR iR 51
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MRAE 2B 1) AT 1, 23 A B A7 B AR 1 B 1 70 5 B 5 P A7 B AL s A £
IR B L A1 55 R E

Wk 3-2 o, MR R R EI R XA, Y [, Z BT IR

o, RBIVIEERIZ) B, RRERI F,, BRI R, EREE R,

B
P HI 150 70 F AR T BEHI I T B2 8. AR AR SRR AF L KB v 77 D i 1 %

77, AR A SR R BRI R R 0 e 3m
f(x,t)=Fe(x—v,t) (3.2)
A, v WIS TR, e(x—v,t) 2Lk b e . AR B 7 e 8uE &,
— RGO, BEENE R 2y 12 V)R 4y DI 1.5~3 £, HUE K/ 5 B ) RO A
PR G008, ARSRELE /R =2,
ARSI I S BORN S AT 258 SCRRISO: 02 SIS T S 1 2 A, BB I vl 5 SO
F, = Cea,"viv,=28282(a,, ) (v,) ™" (v,)™"

po0 s

(3.3)
A, Co NUIHILGI R HG  a), WEAEBEHIREE: v ONRbR 2

RAESN SRR SRR, LR B R IR 2 T BUBR BRI K&
Wz, EIXFMFOLR, KB A AR Y
F, =28282x(a, +2(xt)) " (v, )" (v, )"
TR AR X i
Fi(t):J. (x,1)Y; (x)dx = Fj (x=v,t)Y; (x)dx =FY; (v,t) (3.5)
Y, (v t) AFRPER AR SR § B iR A R B x=vat ALFIE .

5 RS A AR P o [, LR 2R B O o4

cosh 4 —cos A, (
sinh 4, —sin 4

(3.4)

Y, (x) =cosh 3 x—cos S x— sinh S x—sin 8 x)

(3.6)

X, 4 =g, FSHEIRKEA RN

i=”'—; ﬂf{ }F(iﬂ'“'“) (3.7)

A, E VHVER R PR RS s | SRR R PR R R p R
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PRIV A DBE R R AR T AR
PEH L0 N e A SRR IR B 0 T RE

ST ST ) PP
qi +(Ui qi _VI_TIFn (l —1,2,3, ) (38)
X, g A M, 20l R SR G A 28 | RS AL BR AN SRS | B T &
M, 7] LLRIR N
[ Ay2
M, = [, PAY? (x)dx 39)
IRAEFE AR 04, SR 15
q(t)= Fy .[tY.(v 7)sing, (t—7)dz +q; cosa;t+%sina).t
i MC() L w i i0 i i (310)

S Gig F Gy 73RN SCAERR I 30N T A R A AN 4a i JE
FELE E T2 N B HRN o, HR KRB REON ¢ (x), 51 HIEN

Mk g (6) HUEIRT B GRS, bR MR RS T A

t _ 6 (3.11)
J' Y, (v, 7)sin e, (t—7)dz +q,, cos mt + —2sin ot
0 .

HIZU(B.1L) AT EUE H, SRVER PR AE R ST B e A rh VAL (R IR 3 L5 v 1) B
NZBAFAEEM IR &R AR IR, Wt — D Wi sh 3 T s i 1

SR AR, Do MR s TOL T BRI I sh AR HE %

3.1.2 MM SN E R EY

MR B 3-2 Ffros (0 3 R R P 4R AR e ) SR 20 SRR TR, PR S P ) 54
VESR SIS FT B AL A /0 B P ah RN R B0 5 S B W AR (R 20 R 3, HEBE T I
R B AR . Oy T W E SR IE MBI B x ARSI k(x), Bk
SRS (0 P i ] RE 240 R

E SRR BER A P i [ 5 20 SR 2R AR 1, X SRR AR SR Bt 5 vh 082 Bl 48T
SR SRERE 1 (IR T i A 5 R T o
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1 M(x)
Pn El (3.12)
HH(3.12), R TR A AR B B Hh 2R AU 7 7 A2 AT R s N
d’0  M(X)
dx>  El (3.13)
Frih F, A rp
-t a - b -
7 Y
A B
C Z
/

P 3-3 [l s et 52 e b AR A

Wl 3-3 B, AEILFER) P BIMERTR, ARIESRIE R R I 0 T 2%
i, SCEARI AR 1T BLRIR

o=t 2
2 3.14
=fa%ﬁ o0

A, a NP AC BRI, b s B BC B
BRI, sbE 2Rt AC A1 BC B S 40 5 FE ] LLER R N

F, b2 2a
ﬂ-ﬂ

3.15
M(m—fﬁ4u%5&—ﬁufa> o

Ml(x) =

A xo AFRPERIIE AC BARIEI A&, xo NSRTERA 1 BC Btk A2 .
N A (B A8) AT M IR ARy, SRIERME AC B I REAI BRI
fth 287 F AT AR IR
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F b? 2a C
O,(x)==—— |14+ — |x°+=%
{(%) 2EII2[ | in El

2 (3.16)
Y, (%)= FDb (1 Za]xf ClX D,

= +— + =X +—=
2EII? I El El
[ 2, MR BC BT AT FEAIHR A th e 7 FEnT RN A

Fa’ . 2b o R +C,
000 = o 4 ) : e El
3.17
Yz(X): Fnaz( _) 2 F 23+ Fna )(22"‘(:2)(24_[)2 ( )
6EIl 6EI 2F| El
MR8 32 252 P 248 7]
6’1(3-) = 02 (a)
Y,(2) =Y, () (3.18)
FRYE L A 2544 7] 50
6,(0) =6,(1)
Y,(0) =, (1) (3.19)

43 9K :(3.16)~(3.17) i A B 23 70(3.18)~(3.19) H, 15 3|5 ML M 14 1 B2
BN

w(X) =

2 3 3.20
—5[3('_—Xj —2('_—’(] j,agxgl (520
b b

A rH SN HVER RPN T IE R B B K He %
N MR PERER PHAERS B 508 T ISR RN, F2 Bl 4 P AL 3 MRS £
FEEMEN, BHREKEN

v =52 2R a’h?
e 3El (3a+h)? (3.21)

MR Hooke &, U3k A4 1 14 S5 R B2 P 38

CF 3EI Ba+by
=0~ 2 b (3.22)

HF, @, = 0 JRTEVE R B I PR B b A KR
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H & 3-3 PR LU B E H a=x fl b=L-x , FEHHAFASIAR(3.22), kLR
R SR NN B m] DLt — 2D R oR A

3El (3x+L—-x)?

)= L%y (3.23)

o
12 °
L=0.5m; %S b=0.05m; &% h=0.002m.

35 43 W I B R A B B A 1 T S5 A BE A A i,
MATLAB ¥ 2 st PE R M E RS Zh kA T NI EEAL A% 2k, S U A 1
FEHI J34E F 5 A BE B 2 x=0.05m~0.45m Bt 47 /A, Wil 3-4 s, w] LLEH
T H P SR A O B i 2 R B L B P A 1, L R A T R i 4
SR AT, S0 R e 19 i 5 RO 38 e K, A v ) s A S B B ik, L
SRR AT, T A0 A x=0.25m SRR, 5 A SehriE .
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x 10
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SPEZE AR E AT O BIE, EEM RN S S, WE IR EE
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P 3-5 S PR A BROT O AR T S AR 45 2R
SRR A PSSR AT IRTe I B as R A 3-6 P, TLUE M, R 1
P S 1] RE LI AR AR A2 Bl B 1 T A PR IT 0 SRR S A 1 il ]
SR JEE BB A R H R SR AL A B A sl T TR AR A T AR AL, SR A 1 A ) 2
SO 2 5% B ) P s PR S X R, LA P A 1 e o s B 3l 1] M R A i A
BR 7o 0 FLEE 2R 5 R A o0 A &5 2R vl A9 S A 1 S5 SR P o A R I R A 5
T PR TC 5 FARR LR AT R R 70 D/ (1 DX AR S0 5 1 8 Y i i 57 240 R 5% A
{46 S B0 IR o7 545 REBUE A8 0 S BUE A — LE 72 1H .
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ERK, VLI HAEIRBI AR S M T oK o e AN 7] J5E PS8 S 2 Y ) 5 fi
TURRPERTUUE Y, SRR R, BRIl B s IR R, 5 R A
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TCi i A B I BRI I i S e L S BB N LR AR T
PID J il 15 7 1 2% S DL B e b B g 422

4.1.1 5% [R1E

PID il as BAT LI e, FRoEVhdy, SESCOlfa i, HAARORAEHE
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AU = Kp e(t)+?je(t)dt+Td T

(4.1)
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BE 5 SERRAE I 22 5
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SRR T B A P 0 O A 4-3 P, R0 AR S HUL R 4-1.

Ft

PID(s) 1
PID controller o num(s)

- den(s)
Expec tedi ree pneumatic servo system

5] 4-3 S PERGPFIR SRR 15 T B Hl Ak o) 07 AR Y
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I’ L L L L L L L L L L
0 1 2 3 4 5 6 7 8 9 10 11

L
- = = EERIPIDE

— R
B == = EERPIDEE]

%% (mm)

L L L L - L L L L L L L L L
7 8 9 10 11 0 1 2 3 4 5 6 7 8 9 10 11

5 6 5
i 17 (s) I 17 (s)
(c) 3mm (d) 4mm

K 4-6 A [FIAR S SAE R IR B2 R R

38



o N 2 T e A 'S

4.2 BEiE R E T E ST

42 1 XA MRS ARG

BT AR (7 E A5 0] DA A B MG R v s A A 4R 3 5 B e fid ) 2 1)
FAER G IR AR, I B vl A48 ) SR W R0 70 JE5 H) 5Ep M A A1 R v S IO 1) 4
JIRIAE S A I e sy, RIS, BB M) e o ME e I, SRt A 1 HR 50 B Sk )k
o N T RE IR BT BB iR SN, ASCHE T ADAMS AL R Sish A
PIE T ERAE, FERFAE LA NI RGBS 07 AR, 44 PID 42 SRag
5 ADAMS H PR LS N BB R GRS &, SR A R B R & 7 B 5K
KRG, K MATLAB HPEE 9% B 5t 70 A 0 (R4 T ADAMS 3ifidk:
P ASE Y, ASTADLBER M AL A B8 ) 52 0 A, RIS, R B e ) A 5 1) fh g S22
TR BB BT RS, WUFFSHIRIR

W T HIALEE N BE e B A L5 s M ) 15528 3 N3 ADAMS B 7
ADAMS ¥ 8 SVE R A BB YN B & 4, XTSRS e, B A
K H W EE AW, RSB SER0 BB B 78R e B T G 5 & 5
k5 s G i s R B sR e, LA IR B NI 5EE)E,  [EIn 45 B
FEBM AR, BPLEEN B, 75 RS B Foar s i
T 1a] BB 1 77 Fo R 255 B i A 7 s RS 0 T SR R A S M A 1 e —
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aF, +a,F,+F, =ayu 43)
RIS R, RABRZE N
e=F-F, (4.4)
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P B AR R SR AR DL V) S B 2 R
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Pneumatic servo system
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