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Development of nonlinear robust input shaping and touch type

remote input shaping device
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ABSTRACT

Input Shaping Control and Remote Input Shaping Device

Kim, Myung-Soo
Advisor : Professor Sung, Yoon-Gyung, Ph. D.
Department of Mechanical Engineering

Graduate School of Chosun University

In this thesis, Input shaping commands are developed to reduce the transient and residual
deflection of flexible systems and remote input shaping devices that can remotely control
the system. Input Shaping technology is currently being applied to various flexible systems.
However, due to the external environment at the actual site, theoretical input shaping
techniques have low performance, So, input shaping techniques must take into account the
various nonlinear dynamics that occur in the field. In addition, the most important aspect
of the complex field is worker safety. However, to date, the operator performs dangerous
tasks by touching various equipment, Therefore, new interfaces are needed that improve
worker safety and task efficiency.

We discuss two examples in the field of nonlinear mechanics that take into account the
limits of acceleration and the case of first-order. The response from each case was
approximated and presented in the form of a Phasor vector and the vector diagram
approach was used. In addition, remote input shaping devices to increase worker safety and
task efficiency are based on Android, It also includes input shaping technology as well as
display images of cameras and control cranes,

The new input shapers are evaluated with Pendulum systems to analyze residual
deflection, robustness of system modeling, the remote input shaping device is evaluated to
reduce experiment time and number of collisions, new input shapers and remote input

shaping device are experimentally evaluated and verified with a mini-Bridge crane,

- ix -
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Table. 1-1 Input shaping time and sensitivity of input shaper
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@AY reaction zet, piezo TF7], A T FAANEEL AAFANAM A, A

A% OYS 9% vAD do 2 EE AdEFAA A 2&S Eolr 9@
ol &3} fIAo #E 101“ Al Fadth dHAFA S YU EA Y o]F I o
Fol Bd 9 WAE A FAMN2HAA TAHE IFAEAE AFsGE A
M otk ol ’&‘?ﬂ’ﬂ%ﬂ JHHA 24FR ¢U3to] system modeling error] wh
2 ZAREAAE A5l a8t 29 A AFEZAAME _a_Eib} 2E =do]H 9
des 2ehE 7HEES A &S A BEZE 2 AF e A8 § T fled 19
3 FElA AME Al REY EE Etelme] Ao A5l ‘30121‘3_% NHEEE A

st 97t BHh ZtS=rt AgE Tl 7]EY o] dH < square FEjo] £= =

2oQe o8 YHAPIHCl FEHE A AFEAYL WA Mol Ashar,
aHEE FE7)Y JIEE AFE n#HE ramp FE o £ T2adS o|&3dlx <
9} F Ao system modeling errorel] 3t S AFAHAF AL HS 8T,

B9 ARAA Azdel A G B ARG BE AT A% A
g=o] Kot Singere= A|2® Y IHFIg X oid ZAAHE fiste] Zero
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Vibration(zV) 9EAFAI Y DAEREE MR 4& o §3e] 379 AUx Y
B]e] Zero Vibration Derivate(ZVD)'" ¢Ja8A&x|o]7]& sttt E3F Singhose,
Seering® Singere FRWHY AL IFHSY HHZ  Yepfo]  Vector Diagram
Approach’E  Zg3 hump FHe YR WS HEdE=  BAY  Exm
Insensitivity(ED® QY& 0)7]1E A st} El shapere] A4S st AFHAYES
&3 Al AAAEE AAZ] AL=Z 7|Ee ZVD shaperBrt} system modeling
errore]] ois] o FAES Bl 9o F dHAFAe]7|= system modeling errore]]
dair e ZTs BEolAT 7tEx Aol noiHA Fop A AAd@GANA & Al
e Aol Zdgd g YEuA] @er.

AA AHEE FAANLEYY HAE FEZE LHE d7ER ATA AS IY
%ol glth. Lawrence'®s} Singhose= A& PP A7)0 HHY TF7)9 JFo=z
A E 7lEr @ zhawd 93 AR 9L 138ty closed-formd] 41 €] solutiond}
optimization ¥ AMg-3te] vl AY YHAFY A7 & AASc) Sorensen”E& ] A
FA2doz A dHAAGAN7Y FsHdhd d3tA deconvolution WP E o] &3
AP 9GA 0171 HeRAWYE AANSATE Kincelersdh Meckl®E H MY A 272
point-to-point ©]FS 98] inverse dynamics % open-loop optimal formulationg %3]
time-varying IfFatro]  oid ¥ FAWME=EE A= PEE AAEAEH.
Danielson'’&  nonlinear dynamicsZ kinematic formulation2 E3}eod T8k linearized
systemell sl 71E¢] dZA A IE S F718t At} Danielson”e 75719 7M&E
Age 18 8to] optimization ¥W'HS A AIBISIT  Singhose, Derezinskis} Singer’¥:=
reaction jet Al ZElo|A] ZbF WY el AL o]£3te] sensitivity curve?] hump Heje] 7
A& F&AZD El shaperg optimization WY& o]&3td AAFAY. A
Az Axde &3t A4 Alzke] Beol Zzly] didd AA
Chas o #Fo] St
ek AA AEAe] ZEHEtolB g BE A HTLE Qe AVE
HEEE 1HT ZA JEFZFANNE AARY. 28X HEEE A
pendulum systeme] AAMA E] @28 %3] phasor form© E YERH I vector diagram
approach® 2] 83}a] Zero Vibration Derivate acceleration limits(ZVD,; )3 ZFF¥ o] &
£ ¥E35E hump Feo] A3 A o]7]2] Extra Insensitivity acceleration limits( £7,;)
& AAZG, 3EoME oA AAT dFAFA P IF AF 2719} shaper
o] AA Wgo] wE shaperd] $9AE 31 FAA dis] ZHrgd. 48 A E A A

optimization ¥

A gaped 3ol

B
e =

=
%
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3t YA A o]7] 2 mini-Bridge Crane2 53 sensitivity®} residual vibration 243 23}

g &3 A5dh
2.2 Robust Acceleration Limit Input Shaper Development

linear 7|¥ke] o] AFQl &&= Z2atdS o] &5t i dBHAH A7l ZVD shapers}
EI shapere 7H4 &7t A% #5704 HE4HAE o AFHAE LAA7IT dHA
gAoe] ATE AdAZIG. a522 &RV AR e 75719 system
modeling errorol] W&t ZA YHAY A7 ZVD,, shaperst EI,; shaperg& A go}.
pendulum system®] 7}& % AFE nejg AGFFE ot AAAH &7 A&
8}al phasor vector FEIZ ERY o] ZFRIS ] did W HAEE YeldY. ZVD,,
shapere] 75 HE ] go] 0, E,; shaper®] -9 #El TS & JFRENY =27
2 AR MEE AdS 2y 24 4P FAAE AA S

221 71E5 % AdL 233 zvp, B A EA 0]

ZVD,, shapere A% 48 4% AN=E A7) A8 ZVD shaperg 7|Wto 2
Aeraticl. ZVD shaper'’= thL3} o] zhEFalA QokFTh

1 2K K*
Ail _ | K2+2K+1 K*+2K+1 K24+2K+1 2.1)
2 T 7 '
0 2

AN T= FAN 2 Fr], K=e V1ot olg (=09 ASe F 2ZVD,,
shaperE& A A3ttt ZVD shapers AT LFHIF B A A]E 29 convolutiond 3
AAY A 438 BF Z2Hdz JEue Fig 2-19 o4HA 7€ 2F &
AA 2 FLHE o‘?‘ ZFHAY A7]E 022 WEY. Q7|4 ZVD shaperd] ¢
g g3Ho] 7i& W Z&o] AIE FEUIE ZE FAAN2" AEHE B¢ Fig
2-13%4 o] fx+ 6’3 2 Q& Aol 5ol Asdry. " TEY &R B
AEE7 BdEA 2L AL s FAS 9y 2y Hde] ¥

1
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A1TA
v I gt 50
t * iyt 111
0 P
As
t w® Vi
i()p Ideal a( )
Actuator e o ok
w(t) |Acceleration] v(f) Vj
> Limit —
Actuator 16 Gl

Fig. 2-1 Actuator effects to an ZVD shaper

W AdA AHAE Fig. 2-29) 2o ramp el 4z ==

o
a —
T AT 7HEEE A WS shapers] FHL 4 (22)9 2L T
g5 A=

2 gty dest g

AV,
tiva =t = .

(A¢7} ng“ﬁlgtq]ﬁa; %fl‘—?__lt[ﬂ fid)

i

(2.2)
Vd’ %(t) Acceleration (t)
— SIll:gu;r —> | Limit |—| Plant
0 tp P Actuator

(a) Original command process

"d[ [\ Toput | _%(®

0 tp Shaper Plant

(b) Equivalent command process

Fig. 2-2 Equivalent transformation

_']5...
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A7) A; stz YB2 A7) QW2 A, Ve Lote 5, & E AEE, «,
£ & Eo|T ol ZVD shper L A2WS F718 nese Yo 21g B2
S1'H ramp FEje] T ZHYS 71X = pendulum system@] phasor vector diagramS &-&
st EAFH] H S AAE

phasor vector diagram #{H-&
e gutd-g FX3EA o

/‘-ol

S AFE3st7] 98l Fig. 2-3¢] =4 3 48 A3
EZ2 FAA 282l pendulum systemS &30}

pendulum Systeme]] )3t 31FS RdHE WAL 4 (23)3 Zo] FHH Fol
A& Appendix A.13} 2t}

IO(t) + gsind (t) = u(t)cosO (t) (2.3)
A7 u(t) = v,(t) 2 &% 99 WHolm, LL& A29 & o] 281 g 59 7}
EEE Do, oln ¢(1)E vA A2 714, 4 (23)& laplace transform 3] T}

=3 o] 8E + AUk

sV(s) 1
L 32+wi

(2.4)
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o714 w, & pendulum system® 3f FFoli V,(s)= wv,(t)E laplace transformdt
Aoty Alx=®"leo] &8 0§(s)= phasor HElZ e Y] 913l A28 g8 H(s)9} sine
input Y2 YEFNH oS7 P

s.V.(s) w,
H(S)__ Lﬂ)n ‘S2+wi (2.5)

e 1,
H(s) Sine Input

A5 AEAN 98 4% g A4e 4 Q52HE A4AH $F AL gLy 2

+ 2 V,(jw,) (2.6)

A (2694 ZF FAEFe] glod, 4,,(t)2 Z7E 00]oof gt mEtA |V, (jw,)| &
Fig. 2-4 (b)9} o] input shaper®] YFA Alzhte] i3k £&% HH & 2HE
AT, A £ Z2dde g go] gAY

7)1A h(t)E Fig. 2-49] 7t 499 Ffoln TE71Y EEF IS 2 TS5 0L
3} o] A ste ramp FEl9] T2 TAEET,
AV, AV,
hi(t):ﬁit—(ni(t— ‘d)*a(t— d)) (2.8)
Ky %
- ’17 -

Collection @ chosun



(a) Range division

Tlme t2 Tlme t3 Time
hl(t) hy(t) hst)
(b) Segmented profiles

Fig, 2-4 Segmentation of a start command

q71M EE 7E7] ke 7IEE EE SR mg 235931 V,E 3579 Ay
$57h € + & AsE sxog

2 273 (28)& FE2 WEsla 4 (2.6)9] phasor FHE FLstozH 7 9
o] W WEE tgT go| AojA

PR ( A Vo, )
K,Sin
V= A Y P L. (2.9)
1 Lwi n"1 QK'a .
9 3 ( AZ Va.u"n )
K. SIn
— 2 2k A,V
Vo= e R e } (2.10)
Lwn a
9 ( A‘% Vd(‘un )
2K g sin| ———
= afiy A3 Vdﬂun
1/32 Lu)i ra [wntﬁ?‘ £s 2-’% :l (2.1 1)

ZVD,y shaperg AA gl S1o] wel diste] n &S o implicit formo 2 YERL}
exact solutiong T& 4 {10}, Fig. 2-5& ZA% YHAHY A o]7]1¢2l ZVD shapers}
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0
<

=ZVD Shaper
==-EI Shaper

o
<

Residual Vibration %
[\ S
<.D (=]

e, —
§..
L Bon®

8.6 0.8 1 12 1.4

Fig. 2-5 Sensitivity of ZVD shaper and EJ shaper

ET shaper®] 918~ =7|7} zFWH Yo nxE= 3L HAF} system modeling error
7} & W E7 shaperd] ZA-¢ ZFWEAV 8L HAT ZVD shapere] F$ FFHEH7}
0o Yebdth, ZVD,, shaper®] Z$ RAFHY7} 00] Hojok StBE A4,, A4,, A;E 7]
&9o] ZVD shaper?] =Z7|2 71A AT 4 299 didtd zF 3= AgE A 73 3
™, phasor vectors Th&3} Zo] F@EHT

V=11 2 [0] (2.12)
Vy=|ul £ |wt, + V;w“} (2.13)
8k,
Va= 1] £ [w,t,] (2.14)
71 A4
p=sin Iﬁ: /sin Igdr:”) (2.15)
19 -
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Fig. 2-6 Vector Diagram of an ZVD,; shaper

Aol A3l © phasor vector2] & vector diagrame| A AlRE 4 Q) JtEE A S
32§ ZVD,; shapere] ZAFW e A7]E= Fig. 2-604 A WEle &o 9z AARA
o 919 Fig. 2-6904 | V;| MEet B4 |V, MEY AAFE o, | V] HEt H

A 1?3’| HE o] ARSlZHE gEla © o) cosine lawE F g3 AAR o, 3 OGS

2,

. — _— b den

NI A A S Ak S e

o 1 — —i a
et e e V)| 0

sin
8K,
e -1 |71)|2F+"IT/;|2~|?5!|2 - -1 2 Vdmn

8 = cos [ 2|71)||_V;l = cos  [1—2cos B, (2.17)
Fig 2-63% 4 (213), 192 B8F ABS AYAL h,= bt 20 —ra

a

0= wnty = 1 +02 UEHE & 9om o ol ¥ JB2 A7 1,9 4= GE3} 2ol

AR d,
1 w, Vy
ty = —|m—
2 w, (7" ir, ) (2.18)
_ 20 5
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ty = wi{wrcos 1[1—2c032( - “)J} (2.19)

olmf JEXE ATt t; & AF7F Helok &1, cos”! Fio) ¥ Wasg A F
Ztol] )& switch time2 A2} T3 e ARE zton dIA =) BHa: H]Eﬂ
F Aoz wAdn. AX FF AE ;9% t,= ohgF o] xEP.

1 w, Vy -

ts‘%"‘;ﬂ“ ar, (2.20)
1 Vi,

to =t,+—1m+cos '|1—2cos® (2.21)
w, 8K,

o714 t;=t, 2 pulse durationg <]m|sln A2} Ezo] x&AzFL on|Eith o]y
ZVDyy shaperd] 5 W9 %o adE AT AsAE 4 2229 A%zAL
RHEof gt

A3V

t, =15+ (2.22)

P
a

4 (222)& ®REF3E, ZVD,, shaperes HOA 7t 2 Zdo] Qe FEIE HAE
FAAEFAA FFEY T ATl YvEhdth 4 (2182218 &8 4 A
e Az 9 A2 W@ e ZVD,, shapers th&a Zo] A HT

A [0.25 0.5 0.25—0.25—-0.5—-0.25 (2.23)
t,] L0 b oty b, oty :
A9 4 (223)2 A 4 BH] dE convolutiond] ) BAA 714 L A Fo

= TE71€ AHE-3H ramp EHQ] BES Adste o AH8EY. ZVD,; shaper]
24 % 242 $3ao wolgA TEV2 GFT FHe 44T & Ao
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222 7H&5E AdS 1H @ B, AFAAIA 7]

El,; shaper= ZH5 WY E 843 A ZA3 98 A8 AW=E AAs7)
918 EI shaperg 7]uto 2 H‘:““E}%l‘:} EI shaper™& th-&-3} o] 7hefalsl g ebgth

14 Vg, 1— Vg 1+ Vi

A, :
[ tf] = 4 % 4 (2.24)
0 - T

Aq714 T FAAN2EY Frlolx, Vi, € YAl FEHA %L unshaped
e BRWUG 2719 HAEEIT. B shapers AR 4 QW2 Az
convolutiong &3 4] 7H—-] AT oY B4 Z2ad2 ey o] dEQl faA2d
9 AF AFL V(%) HFY 27)E et

oldf (=0 75| Y& EI,; shaper® A SHTE o] AAHQl ES shaperd] 18 Xz
o2 Fig. 2-7 ()¢ 22 Z=29d FHE vedth a4y 74 2 Z&o] Ad
TE71€ Z#E 8220 HEHE A9 Fig. 2-7 (0)9} 2] J38 BH oz 23
Aol Aol Astdrt. wetA TFIY &R B AF Ade] FUHA ¥ AS
st A 98 Ry WHo Fr12 Pasd

Actuator ti6
0 t1 & 4 17253

(a) Ideal Actuator

o *ms_‘é_(t), Ideal E@,Vd,_l_'_

— ¥ Limit

0 6t & Actuator tihty

(b) Acceleration Limit Actuator

Ay .
M T 3T g

Fig. 2-7 Actuator effects to an £7 shaper
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Vdf v(t) |Acceleration
5 (t)
—>| ot | 25 Limi 25| Plant
0 tp P Actuator

(a) Original command process

le/ | —p [ oot | Q[0

0 tp Shaper

(b) Equivalent command process
Fig. 2-8 Equivalent transform

B3 A FRE Fig 2-8% 2o] ramp Fele ¢ WHo2 WS was D
& itk FHEEES ABSE shpers] FHL 4 (2299 2A¢ BEFIY @) g
& A,

Ly~ = (A1 7} OOE—)"—%ELHKG, % Oérq] h‘d) (2.25)

A71A A4; & t,v d¥29 F3719 YEA AL VE 98E &5, k. E IEE, &,
T #EEolt. o] 4HQl ET shaper @ Al2dle] 78 mu sl 9o AL B3}
H oramp FEje] Z29AS 7}X]+= pendulum system®] phasor vector diagrame &-£-3}
o EAHU HT BAS AT F sk

phasor vector diagram HIH-2 Al&37] Y& Fig. 2-3¢] T4 & 48 48 7)<
Mol dtdE FASHA EAA FAA 2R pendulum systeme g},
pendulum systemol] T3t &5& mdalg BAAL A (2267 o] THIH Zo|z}
AL Appendix A 13 2t}

IB(t) + gsinf(t) = u(t)cosd (t) (2.26)
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Payloéd — ([l

Fig. 2-9 Pendulum System

A7)A ult) = v,(t) 2 £% Q48 wWaoln LL Aad & Zo] T g= =8 7}

&g Ut ol 4(¢)E nlAk Zt=E 7} S AL laplace transformdto] Th&3 2o},

sVi(s) 1
0(s)=G,(s)V,(s)=— T i (2.27)

n

o]7]4 w,& pendulum system®] - AFFoli V,(s)= wv,(t)E laplace transformh
Ao}, Alx®e] &7 4(s): phasor Fe|2 Jelg7] 98] Al=d 98 H(s)9} sine
input FEj22 YeElA G- 2o},

9(s) =—— ! (2.28)

sin|w,t— %+ 2V (jw,) (2.29)
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A" _____'r--"
Ty

t1 b @
(a) Range division

\A V V
di_'l' d‘i

T1me t2 Time t3 Time

hl(t) hy(t) hy(t)
(b) Segmented profiles

Fig. 2-10 Segmentation of a start command

4 (22994 ZF ATl feH, 6,,) 7= 00]ojoF drh BEAA |V, (jw,)| &
Fig. 2-10 (b)¢} o] input shaper®] PP Azt did E8E HHo] o= ZF=
T A AA = Z299L g3 o] EHET

v, (t) =Y b (t)*8(t—t,) (2.30)
i=1
o714 h(t)E Fig. 2-108] Z+ 499 Ffoln] 3579 E%F 715 2 AF AdE
e Zol A rmp FH Y B4z FAFAT
AV, AV,
hi(t):nit—(mi(t— ' d)*é(t— - d)) (2.31)
H’i K‘i

AN HE F87] ke HEE Ex 25 gd 2HHDL Ve 7529 Ao
£E7 8 ¢ Y& Aot x0T

4 @30% 23D FEes Was TAAT 4] (22909 phasor FHHE FEFO
2H HEE ARS AT 59 4 99 38 UHE Y e 2.
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9 . A'l deﬂ

s KgSIn K, A1 den

V= i £ ety + 5.0 (2.32)
9 i AZ Va’wn

?g K,S1n —_‘ a B +A2Va{dn 3

o T o 23

9 ( A'! den ]
K Slﬂ

_,’ ZH{I AS Vd“"’n

Vim o 2 |ents+ 5 ] (2.34)

Ely; shaperE AAF] Qo] well thale] vE89-E o implicit formo & el
exact solutiong T& 4 it} Fig, 2-5% ZAs AFAE Ao7]¢0 ZVD shapers} E7
shaper®] "2 A7]7} FFPH ] PIXE 4TS BAFT system modeling error7}
1= " EJ shapere] 7% ZFHL 7} H LR 9 ZVD shapers] A5 ZFWY 7} 09]
LR T El,p shapere] 79 ZFWYE F]&5tE EA o 91335 Ay, Ay, AgE 7]
&9| ET7 shapere] 27|12 7HASATH 4] (232)9] ety zZt B8 WE S HF93s A
phasor vectore TS o] FHE T,

— A, Vyw,
V= sm(l 7 ) 2 [0] (2.35)
2 Kg
— 1 Ay Vyw, 1 Vaw, |
Vo= SEH(E B, ) L |wpyty + 5 Py (AQ = A])d (2.36)
— 1 A Vw 1 Vaw, |
V3: Sln(? Py ) £ [u} f3+ 5 K, (Ag_Al)i (237)

Bl shaper®] 79 ZFANE d&3te AFPBA7IZ hump Feo] sensitivityS
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Jehzl A A 9oz treld MARG R AAE o cu, d W, T WA
T w,=w, 4@ 2D A RAE o, 2w, 4 el A AxAS A AR GG
o AFHAE 0 %ol F HA o, =w,, FGANNE ¥, %W FF H9E &
o} sensitivity curve®] AR E A3 6, = 20,8 HRST HAGY ¢le A7s A
phasor vector 2] 7{, I_/;, 1173'91 A7)} YAZHE o] &3] vector diagrame 2 JERH
Fig. 2-112 Yetd, ojvf] 3t AL v, =ow,, FF JAL o, 2w, TTT Hy
HAAE w, =0, YR,

Fig. 2-11 Vector Diagram of FI,; shaper
#1e] A3F38F ¥ phasor vectord] & vector diagramo|A] A}&= 4= gt} Fig, 2-119] A
A A4 v,=0,d BE B9 Fol unshiped AFAA V% 271E FAlol
S w, “w,, ¥ W] W HNI} w, =w,d W AT FHE HE Fo] 09
ZFHEAE 7HAoF o cosine lawsl 32bghe FA cos(260) = 2c0s(9)— 1L L35}
o w3 WA e YU AFUNES 002 WEW 4 39 2A4T 2k

il =%l 2.38)

AR Ped Adel AgAe ol gt ARYE nE T | V)| e o]
V| WEY AAAe o |V,] WEe azd |1;] W89 A0ze b @ o
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cosine lawg &3l AAH o, b G534 2.

s = o[BI 1)

2[V/[[V] >
R i A A L i
2[V,|1 ] -

Vw
Fig. 2-113} 4 (2.36), (237)& &8F ABZIE 0, = waty +

Vw
03 = w,ts+ ; =

(Ag—4)) =7n+32 Yepd & glon o]& o] &3 dH= AL 1,9

Kq

tye a3 Zo] 2P EH.

1 den
b= wi{”‘ 2w, 7 "‘1)} 240
o 1 den
£y = o] {27r o (A, Al)} (2.42)

BA FAo] e swich time A3 A3} g AAE gor, d¥a 379 3w
MY Hoz wRAn 28 A1 SAAAE A RN AEE kA 2

E£5 kg8 AHESHA] AR T g B2 AT 9 e g 2ol FEETh

rr

Vyw,
t = tﬁi{w— T (4 — AJ} (2.43)
n 2K‘d
1 den
tg = t4+w_n{2ﬂ__§f:;(A6_A4)} (2.44)

A7NM 1, =1, 2 pulse duationg WS A FRY A%AHE gH BT oy
Bl e A% ARt AuH AEEe] ARoE A% HA dEe] e} 2L A
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oF A ALg3oF Bt

(2.45)

2 (245)% =39, EI,; shaper= H|tl3 71 2 A S0l Y= FEIE AR
FAANEHAA HFAEY FLol Aol dEbdo. A (241)-244)E &3 74 Al
el Az R AR WRB g By, shapers T3 Zo] FTA|ETH

14 Vi) (1= Vi) (0 Vi) — (0 Vi) — (0= Vi) — (1 Vi)

a1
Ll = 4 2 4 4 2 4 (2.46)
¢ 0 ty tq L ts te
o] 4 (246)& 7Z1AT Ud=F W] g convolutiono] 23] ¥ldlH 71E 2 A Fo)

AE FE718 AHESF ramp ‘%‘FHE’J HE AAdse d AlEEY. El,; shapere] ¥
A g AAE A BlolA4EH FEE U HHL 4 = A

23 A5 H71

ZVD,y, shaper¥t El,, shaper®] ZRWY A3 52 A& A7), £ dol(L,)
OE dHAE A= SHd=9 system modeling erroro] ¥ FAde tidte] 7}
Stoy, ZVD,, shaper®} EI,; shaper?] Ao} &3+ Fig. 2-39 pendulum systemE o]&
gte]  7]&e] ZVD shaper®t ET shaperZ H]®w EA18t}  numerical simulation&
MATLAB®S o] §8tom JAYFAN71E AT ol Bod WF ke Table,
2-13} o] AU

231 zvp,, s H7}

ZVD,; shaper= Table, 2-19] ufj7j¥E A}-&35lo] Fig. 2-123} Fig, 2-139 4] ramp
FHZ s YA BHEY dHAHE Hrrsv). Fig, 2-122 pulse duration(t,)o] W&
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ZVD shaper$} ZVD,; shaper®] command?] €A = Z et 4AE Ao Uy
A& ALl W 3749 GHo= A 714 AGYS short commandE ramp
geje Wgo] HAE Y] Aol ALK} Aesd ke FRAAT BABT B
% % & interference command® short command®} long command Abe]of| A 2] &A1 ZH(t,)7}
Hg3te] 2FAA7 7HF 2A dEdTh C G4 long commandE ramp FeHe] 3

Bo| &A= ZVD,, shaper7} ZVD shaper Bt} 953 A5 S HoFr)

o)
-.I

25— - N—
[--ZVD
AfE € |-z,
20 !
7 ;
L
g f
215 . ;
. \ i
A % |
s 10- 1 |
g H |
g |
I L

- y, 3 .‘a- Tay, . '.-'
0 - a b ~....0'. .-'~.." 4
0 1 2 4 D 6
1 (sec)

Fig. 2-12 ZVD,, Command completeness effects to %,

Fig. 2-13& & o] L[, W& ZVD,, shaper®} ZVD shaper?] long commandoi] A
ZAHFEYIE Y gl Aoz 7i&x A S 183 ZVD,, shaper Z-$ 09
W E e long commande] 7

J%_
g oz o|A&Ql ZVD shaper?] 7

7V&E7t A ramp FEje] HHo] ¢
L BEFEAFoE 0.1cm ~ 0.4em FHFHY
7 vehd,

Table. 2-1 System Parameters of ZVD,,; and E/,; shapers

B L Ko Kq Vy t,
r 0.8m 1m/sec? 1.5m/sec® | 0.2m/sec 3.5sec
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Fig. 2-13 ZVD,; Command completeness effects to L,
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Fig. 2-14 Residual Vibration of ZVD,,; shaper to x, and &,
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Fig. 2-15 Residual Vibration of ZVD,, shaper to x, and ¢,

Fig. 2-152 x,8 t,o diste] ZVD, 9 ZVD shaperd] T7HAH AP T2 ¥
& 2ot «,9 WE 03-5m/sec?, 1,9 HWE 2~5(sec)2 MAB] AgYsA).
ZVDy,y shaper®] 7% AA A PG J7F HH7F 00]R 7 ZVD shapere] 7Z§-
ZAFES aHE Aol F 02~1cm FAEL W7t BTG ZVD shapers ¢, 7kl
wE ZFE 77 F713420 5AE BRI ZVD,, shaper= long commandE A
AE o] ZFHL7 022 Y G

O
> (o))

o

Residual Deflection(cm)

Fig. 2-16 Sensitivity of ZVD,; shaper to L and &,
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A9 Fig. 2-162 k,% € o] Lo] Wsle] ZVD,, shaper®} ZVD shapere] Z7AA
< YEhln ok b5 AAL Table 2-13% FASHH k,,& 1, LS 082 4Fsz
QA8 QT ZVD,, shapers] A HAH GANNY ZF W7} ZVD shapers
o WA dehta Qv B8 sk, L/L,9 3ol 19w AFE e =77} 02
2 @A eI system modeling errorol] tjd 7+Ago] yebd),

232 FI,;, A5 ¥7}

Elyp shaper= Table. 2-18] vj7§ & AL8-8ke] Fig. 2-173} Fig, 2-189] ramp ¥ ¥
2 e AEE HRe] 4A4E Hrieo. Fig. 2-172 pulse duration(t,)o] w& E7
shaper$} E7,; shaper®] command®] $tJ =& YePdTh o714 A9 YL short command,
B @92 interference command2 ZFFWLA7} 7HF ZA deEldd ¢ 99L long
command® FEl,; shaper7} EI shaper HT} 958 H%& R4Fd. 383 IF 23
MY E s%oln Aed Aoz THsg.

200

—EI
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L
(=)

Percentage of Step Vibration
» )
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Fig. 2-17 EI,; Command completeness effects to ty
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Fig. 2-18 E/,; Command completeness effects to L

Fig. 2-18& & Zo|(L,,)d] EI,, shaper®} EI shaper?] interference command®} long
commando| A ZFFHYE Jez ¢t B 99 L interference command=4 7F& %7}
A& ramp Feje] HEHo] QAR ol ET shaperd] A 2 IAFHY7 Jeldu)
TS El,; shaper 2% 5%9] 34 ZFHYE 1% AX overshoot HE dAbo] JEMG
o C 992 long commandZ 4 7}&T7t AghE ramp el BWHo] SAFHE 9Y
o2 o]4AQl ET shapere] A% EqA Aoz ZFWst vehde}h A El,, shaper
o B4 ARFoR 4 AFHUAY Av|e 4T FFEHI YEIGT.

Residual Deflection(cm)

Fig. 2-19 Residual Vibration of E/,; shaper to s, and s,
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Fig. 2-19& 7145 % TEE k0l WE EI,, shaper$} ET shapere] FolE B o
I 9t &R ZEE9 HYAE 03m/s’ ~ sm/s’2 AASY O™, El,; shaper
2 Olem 9] HFWHNE &) 23R EJ shaperd] A$ 0.17cm ZE
JElg o), o]uﬂ tEEg FERe A7) oW FEV|Y &R AL 1
2%t Elyy shaperst EI shaperd] Z[FWY Az AHso] goldnh =3 71&E «,9 7
EE ro ol ADSFF linear 75719 AR FF& 817] W&o ex7F g g
mE FFEN AAE FelED. wEA JtEE AR 1AG HAN HEES B
To] 3718 3 oF o,

Residual Deflection(cm)

Ka(m/secz)

Fig. 2-20 Residual Vibration of EI,, shaper to x, and ¢,

Fig, 2-202 7}%E 5,9 A& Az 1,0 W& EI,, shapers} ET shaper®] x}o]& W
AFIL Tk k,E 0.5m/s® ~ 3m/s’, t,E 25 ~ 552 A|BHAL APsA}. EA
4 ™FLAE 383X EJ shaper?] 7% EI,; shapero] ¥]s] ZF ox}e] z7]|7}
AAEHA goen &R k5,71 BE FRgME R W9 =277} 0.25em 7 E7}
staL 7h&5k9 AZ|7F 45 linear TE57|9 AR F85€ 87 fEe) 2271 €&

Folgn .
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Fig. 2-21 Sensitivity of £/ ; shaper to L, and &,

Fig. 2-21& €4°] L,& 71E% k0 % FAAE BT OPo2H £40
E 08m, 71EEE 1m/s’2 AAS AT El,, shaperd] 73% hump HEje] E4E
A5 AExe 9xrt MAR ASEE YolRe W B @44 277 Z7hsHeT,
EI shaper®] 74 hump FE|e] Ro] YelR] grorm ZFHYL A7|7 0,029 =2
e #2153l

372 9] numerical simulationo]] w}&}, ZVD,, shaper$} EI,; shaper= ZVD shaper$} EJ
shaper Rt} 1 Z@dstn AFHESH Ao 4%o] F7MEE BRlth 7M&E7) Agd F
719 A& Ao Heg 27 HAMAME shaperE AT o] vHAY FZHE &
&3of 3t} 4dA A= FtEEr) ATE FEVIR AR ¥|MY ZVD,, shapers}t El,
shaperE mini-Bridge Crane 438& 53 7AZ3%}

24 234 4F

38| A A AE input shaper?] AL F21&7] 98] Fig. 2-228 & mini-Bridge
Craned B850 Fig. 2-23¢ A¥ #AFo &85HE mini-Bridge Craned T4 3=
st=do] B AZEe] 74 245 veEdY =] F4 244 Programmable
Logic Controller(PLC)= At duz|ES R3] A3l F4 24 49 HEHIZ
ol HFE dZ2= 3 PLCY o8] AANE &= W 3H-L Bridge, Trolley BE Eilo]
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Fig. 2-22 mini-Bridge Crane

L;Sm;oh?r: Y-Motor%;
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WINCC A==, 1
System Controller
[P Y Spectation
| [1FK7922—| Hardware o [ s s
“———  |. CPU317T-2DP/ Digital IO : uspension Cable
)i'ﬂ’“’ Z-  |.CU320 Controller / Driver VS720A
otors - CP343-1 Lean Ethernet
s Software —aﬁfﬂu
- System Software w788
. - Input Shapers
4 Limit | . Android Communication .
Ca—— Payload

Fig. 2-23 Hardware Configuration

B2 HEEY =dgolBE PLCYA B0t HHEL FEHY &% AF xyoz i}
4%t 2B =& o]HE synchronous AC REE Al43sle 54 2 9 TE £ Ao
SgolHE FAHL AZES o] 4 249 CFC, SCL I8 3 WinCC AZEg| o=
4¥ dolHE d2= 3 fgEzEde A2d &9 T2 AMSHD VS 720 A
€9 ®Ad AAME Spectation AZE O] E T3 PP H|A T2IHPSZ payload A
9 A71E FAst=d AMgEH.
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Fig. 2-24 Experimental command accuracy

75719 2% 714 2 ATE 18 98 L 7153 AeA F4357] 98 =
B Aol =2ol¥dlA pi gainF 71E R AFE AT o)Wl AFA p gain
025 ZE 3 i gaind 10msZ A]AEl& A3}l Fig, 2-24L s wHzyz A
mini-Bridge Craneol|A] A 33l= MH2 2a7 +2em/s® Y U2 UYElGL RS
ot old A¥ FXelA ZVD,, shaper$t FEl,; shaper®] AA WFE x, = 1m/s?
kg =1.5m/s?, t,=3.5s, L=08m, V,=02m/s 2T V;, =5%)2 38e A%
B7ket vl xEA AR
ZVD,; shaper®t EI,; shapert mini-Bridge Craneg& A}-23} shaper uj7] ¥4 2 2
§ A9 WBE slvez d¥Hos AEAYT & ATAN AAHE shapers) A
o] A< X3 L A¥H BHo)A ZVD shaper®} EI shaper?] Aol M3} u]m e
G 4= 99 AREE 49 Aol 43 A4E SE B9 Ak AR WA
FEE PIAE Fig. 2-25 oA o]HT § Aok AA AY A oA APsts 5 EH oA
ZVD,;, shaper®] A|ZF $9& Fig 2-25¢] £A] ® H}9} Zo] ZVD shapers} &g AE
HY ZadH o Y& Ao vebdrh ZVD,, shaper®] A$ ZVD shapers} H]al 3§}
& A A% WA 2ok Aoz 0 o skl dehta gew g9 et
+ &2 Fig. 2-249] velocity errorel] whe} WA QT ZVD shapere] A$ Fr7)x oz
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Fig. 2-26 Sensitivity of ZVD,, and EI,; shapers to L/L,,
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Fig. 2-27 Sensitivity of ZVD,, and EI,, shapers to x,/k,,
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A7\ T fAN2RE Frl01n, K=~ /V1=Colth ZVD shaper:s AW 413
dE2 AlF29] convolutiong E3) A AL Ad 98 #H8 zagdz Jeh)s o
Ao gAN2de] BF AFL 002 wEh o (—09 Age] W¥ ZVD,
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T 948 BRHF AT £ Z2adS 48 5 JE VATE Y uAHY 54 54
o2 FHolE FAAEH H L A Fig 3-13 go] 939 HHoz A3 A
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Fig. 3-1 Actuator effects to an ZVD shaper
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t, = t3 3T,

(3.2)

FE7le H4Y $H 54¢ 2D shapers 4 (32)9 2AL BEFH FA

AHEE o Uk 9714 e A A 982 AL, e A WA g¥2e A4

P
+ pulse duration® 2 X & A|7HE o|m| gt} o] AbA| Q) ZVD shaper @ AlAEle] F7)E2

A
T, t

aEste] 9o =AE WEEH Ist-order® 13 3 pendulum system$] phasor vector&
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vector diagram HIZWHE AMESE Az ™o Ol FAF 29 <2 phasor
vector®] o] fFAAAHY FF JFE Fo|7] 93] 00] Hojok st} welr] Fig.
X
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Fig. 3-2 Pendulum System
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o] EdEHM Fo|FAS Appendix A 13} 7t}
LB(t) + gsind (t) = u(t)cosh (t)
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6

()& "4 =2 748, 2 (3.3)2 laplace transform
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Fig. 3-4 Senstivity of ZVD and EI shaper
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ZVD shapere] Z7]2 ZFASIGTE 4] (3.9)0] disly zZ+ Wy wWeE A3l sy,
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?3= Al 2 wnt3—tan'1( )+tan ]( ) (3.17)

Cwn Tﬂ.wﬂ.
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= —— 3.18)
(wan)2+1
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Fig. 3-5 Vector Diagram of an ZVD, shaper
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)J (3.20)

—tan"l( L ) (3.21)
T W |

BA T2 o] N switch time A& F23 2 BAE zron,
EoHgy Hoz wAAD & Lo o8 2AHY JB2] AT 49 & de
Zrh
1 Laf 1]
ts =t,+—|7—a +tan™'|— |—tan (3.22)
Tyw T /]
1 _gf _af 1]
te =1, +— 7+ 4 +tan —tan (3.23)
w T T.W /|
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- _l[l 7 N e IJ
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TV ITV]

s e (B L7

2 Vil | 4]

[o4

ZVDp shaper 22 A% 2 3.16)3F G174 A& £ A%l 715 A3+ 1,9
77t 2™ 1,9 A|Zko] ZVD shapere} FLtAl verdth E=F 7.9 77 2L AS
o= 71&9] ZVD shaper?] t, A|Zta FYsA Jeldcl, 28 B2 ZVD, shaperE A
AT di 4 (3.24)9] zA4E wEgof g}
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Ty By 7 0, (3.24)

A (320) ~ (3.23)F HE3t Fd A=de] AF R AR PHe| e ZVDp shaper
© O3 2ol EAEH

A,  [0:25 05 0.25 —0.26—0.5—0.25

E1TL0 ot t, ot i (3.25)
el 4 (3.25)& 7% 48 HHo g convolutiono] ©ja] HHE F3Z EAe 7
5718 AFE3le HE S AAdstE o AMREth. ZVD, shaper®] A Aw HxE 3

Fotol vlol 4 M THoE Gge BUe AN & Ao

33 A% A7}

ZVDp shaperd] 79 A7 4% 7HEE AR, A% AZHE,), modeling eror o
W& Zdgel whete] Wrk@h ZVDp shapere] Ao} & Fig. 3-29] pendulum
systems &-§38o] 7]1E9 oA L lincar 7]4ke] §JE WA ZVD shaperd] Ao &
vte} Bl@FTh, MATLAB®E ©o]43 numerical simulationo]A] 7]EFHel Wy e
Table. 3-13% Zo] AAsATt. ol Adse RE A%l weh A A A|FSe
AlZrel 74 An AR} FolEA A3} A.

Fig. 3-6& A& A7k (t,)0] W& ZVD shaper®}t ZVDp shapere] AFwW9 wWsals
YEbAT 9o 22 long commando|A ZVD shaper®} ZVDp shapere] zHF1$¢]
3718 YebdY. ZVD shaper®] ZA$ 022cme] 714 =& AHFHYs Fr18o0=z U
Bl ¥tde] ZVD, shaper® long commanddl A= A Z o2 09 FHY7 Jek

fagsy
Table 3-1. System Parameters of Z1 D, shaper
Ha L T Ty oA ¥, t,
Ay 0.8m 0.517sec | 0.317sec | 0.117sec | 0.2m/sec 3.5sec
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Fig. 3-7 Residual Deflection ZVD, and ZVD shaper to L
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Fig. 3-12 Experimental command accuracy
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Fig. 3-14 Sensitivity of ZVD, and ZVD shapers to L/L,,
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Fig. 4-9 Operator Driving the Crane with Android Control
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APPENDIX A

A. Pendulum System

Payloéd — {1l

Fig. A-1 Pendulum modeling

Fig, A-13 & gut& 9] Pendulum 2 9ef] tfgt 28 Lagrange equationg ©]-g3}4
LEg A4std 953 2.

1 . 1 . . 1 . . .
T=—M?+ fm(a:f,-f— yi) = E(MH— m)x*+mLzbcos (t9)+%7rn._l/26’2

2 2

V= —mglcos(f)

Les e %(M—I— m):}éer mLafcos(0) + %mLzéﬁ—r- mgLcos(0)

Payloade] W¢le] tiste] Rdd3y] g x HFo| i =85 $4& Agsin
Lagrange L& o]&3t] g wiste] =S Attehd o&3 2o

Collection @ chosun



d 9L 9L
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APPENDIX B

B. Vector Diagram Approach
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(a) Impulse Sequence (b) Vector Diagram (¢) Vector Diagram

Fig. B-1 Vector Diagram Approach
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(a) Vector Diagram (b) Response of Impulse

Fig. B-2 Response of Vector Diagram Approach

Fig. B-2 (a)9} o] 1,9 Z7]e| we} Impulse Sequenceo] o3 ZEM 9= Fig. B-2 (b)
2 Uehdoh MRS HelY g0 gig 9 NeFoR 27 ssn guye
022 WEo] FFAES AASE Wdoz AFFANE AAT ol £85
A AH&-HEH. Fig. B-3 ()8} (b)E ZV, ZVD shaper® Vector Diagrame.2 ¥ @3s Hog
ME S el 0o] HE 68 PEbE, d™ae AV} A0S 44 AH ¥4 A Fig
B-3 (2) EI shaper= #JE|9] o] & 0Foxel 1y, 7} Holek @b v o] o] 27}
E 0, 9 07F 2ok Fig B-3 (e £9 JUAZ 89 PG o7 2N
A7 Fo|BZ S Fe] Wako] widjo|t,

(a) Vector Diagram of ZV shaper (b) Vector Diagram of ZVD shaper

_80_

Collection @ chosun



Ay

(c) Vector Diagram of EI shaper (d) Vector Diagram of UMZV shaper
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Fig. B-3 Vector Diagram Approach
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