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Abstract: This study aims to propose a crane-tip control method to intuitively control the end-effector vertically or
horizontally for improving the crane work efficiency and to confirm the control performance. To verify the control
performance based on experimental variables, a laboratory-scale crane was manufactured using an electric cylinder.
Through a forward and reverse kinematics analysis, the crane was configured to output the position coordinates of
the current crane-tip and the joint angle at each target point. Furthermore, a method of generating waypoints was
used, and a dead band using lateral boundary offset (LBO) was set. Appropriate parameters were selected using bang-bang
control, which confirmed that the number of waypoints and LBO radius were associated with positioning error, and
the cylinder speed was related to the lead time. With increased number of waypoints and decreased LBO radius, the
positioning error and the lead time also decreased as the cylinder speed decreased. Using the proportional control,
when the cylinder velocity was changed at every control cycle, the lead time was greatly reduced; however, the actual
control pattern was controlled by repeating over and undershoot in a large range. Therefore, proportional control was
performed by additionally applying velocity gain that can relatively change the speed of each cylinder. Since the control
performed within a range of 10 mm, it was verified that the crane-tip control can be achieved with only the proportional
control to which the velocity gain was applied in a control cycle of 20 ms.

Key words: crane-tip control, LBO, waypoint, forward and inverse kinematics, manipulator
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Figure 1. Lab-scale crane used in the study.

(@D Slewing plate, @ Boom, & Boom cylinder,
@ Arm, ® Arm cylinder).

Table 1. Specifications of cylinders used in cranes.

Items Specification
Spindle Type ACME Screw
Operating Voltage (V) 24V DC
Load Push 1,500
™) Pull 1,500
Typical Speed No Load 29.5
(mm/s) With Load 27
Typical Current No Load 5
A) With Load 7.7
Slewing 100
Boom 140
Stroke (mm)
Arm 190
Telescopic arm 225
Slewing 295
Retracted Length Boom 335
(mm) Arm 385
Telescopic arm 420

wel BCUZ Agreth. Wl ECUL Qe AlA
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Z] I
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> o 2 Ok o
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2ES 24| 7ICHFigure 2)

2) 219 7]k 24
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Figure 3¢] 7|5 4.2 9Jat 717814 EA4L 745
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CAN Bus
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Slewing Boom Arm Tellex‘srﬁplc
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DC Motor Driver

Figure 2. Diagram of electronic control system in crane.

Figure 3. Coordinates of crane manipulator for kinematics.

Table 2. D-H parameters of manipulators.

Joint i 6; 0 d; a
O(R) 0 0 0 0
I(R) 01 90 422.2247 -51.8427
2(R) 02 0 0 803.6246
3(P*) 03 90 0 59.5
4(P) 0 0 412 0
where, 0, : the angle between z, , and z; measured about z;, variable.

o : the angle between z; and z,,, measured about x;, constant.

d,; : the distance from z, , to x; measured along z;, constant.

a; : the distance from 2, and z;,, measured along x;, constant.

*

: fixed prismatic joint due to linkage.
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Figure 4. Working area of crane manipulator.
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Figure 5. Control pattern of crane-tip using two points.
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Figure 6. Control pattern of waypoint control method.
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Figure 9. Displacement of each cylinder about duty ratio.
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Figure 10. Crane-tip control algorithm.

Table 3. Lead time and error according to LBO radius and number of waypoints (forward direction).

LBO radius (mm) No. of waypoints Lead time (ms) Error (mm)
20 8,460.000 17.976
5 30 14,726.667 12.915
40 23,680.000 11.659
20 5,973.333 19.888
7 30 8,580.000 14.521

40 7,900.000 12.028
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Table 4. Lead time and error according to LBO radius and number of waypoints (backward direction).

LBO radius (mm) No. of waypoints Lead time (ms) Error (mm)
20 7,100.000 18.081
5 30 11,020.000 13.782
40 18,046.667 11.732
20 5,620.000 19.054
7 30 7,286.667 14.594
40 10,033.333 13.635
Bt 92 12915 mmollA) 14521 mm Z7}5}s0 3, B 9AR gashs A dehggion, ol 4
A2 N7 407 & W ARATRE 23680 msoll ] O] ATt Bokatel wet o B AlolE Sl
7,900 msZ 8k, FHat LA b= 11.659 mmeojA o Fof| WAEE Ao ® wotEch
12028 mm F7}519lct F48 8 29, LBO o] 7t 2R ARAe] el LBO wHdd] tiat Ak
5 mmojlA 7 mm=E F7peol| uhet H25o AH7t 2070 AE SRlstaral {o4E 5%0l A2 o] dujA] FAHEA]
A w= 28A1ZF 7,100 msojlA] 5,620 ms=2 AL, = AAIGE Aak= Table 59F Ar). Bt 228} A9 3
Hat 2= 18.081 mmol|A] 19.054 mm& F7Fskoich 7 W SAYFOR o] uf FRH ] e} LBO HE
249 /7t 3070 € wie 284172 11,020 msof| A g A2 o] nT A glal 47 Sy Ao R WA}
7,287 ms2 Asklal, b A= 13.782 mmojA e AR FAEAL, olF Fot] Hat LAE HAA
14.594 mm= Z7lsil o, Aol At 407 A W 717] 913 S Weem Fuge] el LBO wS
£ 2QATR 18,047 msof|A] 10,033 ms® ZHAdHglaL 247 o] 8% = U Ao ® wWdHh 2] AL
Wat A= 11732 mmojl A 13.635 mm= 78t A AAYF SAYFeR olsd o, F=H Tt
Ao dxu 220 7 4 2R LBO HH7go] 7ol LBO "7 mf @A 7F qlom] A=z 2ke] msakgo] Qe
thet £ QAT FAST B oA EAHe AT ACR BARQL, o2 oo 22 A7HS FAA|7]Y]
UWERH 1AL, ol= LBO RHgo] F7ietol me Al 424 sl A= H 22 7ot LBO w3 ake] AAlE +f
A Alo1E BHA] ¢h7] wizoll AR A= whekE. oAy SHE thE HeE o8 ToU S AR

w3, AR At F7Hl et 2247 F71)

Table 5. Two-way ANOVA for the number of waypoints and LBO radius by parameters(a=0.05).

Parameter Factor SS DF MS F p

Waypoint 7.552 1 7.552 19.582 0.001

Forward LBO 161.913 80.956 209.916 0.000

Error Interaction 2.001 1.001 2.595 0.116
Error 4.628 12 0.386

Waypoint 6.803 1 6.803 8.200 0.014

Backward LBO 112.131 56.066 67.582 0.000

Error Interaction 1.040 0.520 0.627 0.551
Error 9.955 12 0.830

Waypoint 298.005 1 298.005 28.169 0.000

Forward LBO 220.596 110.298 10.426 0.002

Lead time Interaction 141.455 70.727 6.685 0.011
Error 126.952 12 10.579

Waypoint 87.472 1 87.472 53.721 0.000

Backward LBO 181.329 90.665 55.682 0.000

Lead time Interaction 33.040 16.520 10.146 0.003
Error 19.539 12 1.628
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Table 6. Lead time and error according to LBO radius and cylinder velocity.
Direction Cylinder velocity (%) LBO radius (mm) Lead time (ms) Error (mm)
50 5 11,466.667 10.995
Forward 100 5 23,680.000 11.659
Variable 5 9,080.000 11.210
50 5 10,786.667 11.309
Backward 100 5 18,046.667 11.732
Variable 5 8,273.333 11.642
Table 7. One-way ANOVA for the error and lead time by cylinder velocity(a=0.05).
Parameter Factor SS DF MS F p
Forward Error 0.689 2 0.344 2.596 0.154
Lead time 368.022 2 184.011 12.654 0.007
Error 0.298 2 0.149 3.267 0.110
Backward
Lead time 154.542 2 77.271 98.611 0.000
2, A2id &zof 0E Molds 3t RIAIE Selskarat F24d 9] Jla= 4071, LBO
/570 LBO W33 A= 7ol whE Aol ds2 8-S 5 mme) 2oA o4 5% dLujA| B4
ZAofA Fat e27F AlY 22 LBO RHol 5 mm, A= AL A A7k Table 73 2ot Bt 9219 AL
Aol 77t 4071Q1 B-E Ad™ste] Ay Sx=(Fdi% AR-E Y] S PAZ gle Aoz FAFHUAL, 284
2] 50%, &, v Aloj=7]uieh Mahof| w2 Ao Ho] 5 ARE ] =8 #A7} shuEte Qe Aes
‘de= HaLstarAl sF3ith(Table 6). A E QA webA, &gkl AW AR 95 AEls)
U3 LBO ®HY oA HxS & A9, ARIEY of AA% ARHL 7Fo2 AN 3 Ao} TS
L&) 50%00 A &2 F7kghol| wheh &8 A7 o B 2]l " Alof siEle Eelstal o, A4
11,467 msof| A 23,680 ms= ZF7}8la, HAdAT= Ql WX = OF 12 mm o|Yjo| Rt BXH S 7|EFo =2
10.995 mmof| A} 11.659 mm= F7Fsk3iey. S35 & 75 QHFES} AT RES WHEshH W= FEZ Alof7}
ol AHE H=7F 50%A Hdi&E=g F7tel wet o] Fof AL Ql5S ISt th(Figure 11, Figure 12).
28 AI7HS 10,787 msofl Al 18,047 ms= F7F5HAAL, Hat AAA ez Axla £ 5 e 25 LBO ¥Hgo] 714
Q%= 11.309 mmojA] 11.732 mm= Z7}5Fch of g} AQA7FS A4St Hidt ex}= V)6 A
S YR LBO wH3 oA Axle & -9, v Ao < YR LA, o]i= LBO ¥H o] Ao uhel AA| A=

Zloth £S5 Astehe FEY oo A QA7ko] 9,080
ms2 7FF Hglon, B 9= 11210 mmE ol gl
o} 33 3 F9oll= wf AlojFrnitt 28 Wl
FefY wo] Qo] 8273 ms® 7MY ALl Bk
2= 11.642 mmZ BHIE|QiT).

AR Hrot P eaf, AT ek 49 A7t

425
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E3h, ARG SE7t ZKe] wret a7k Ha
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b mE SEE gAY ) AuhY wyHow Qs
AR WSS ol oHGE EL JduhE ¥y
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Figure 11. Control pattern of variable type cylinder velocity(forward direction).
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Figure 12. Control pattern of variable type cylinder velocity(backward direction).

o] WAYsLy| wizo] FRHer $7sy] 919k AlZte] ¢
£2Q5%S Zo|al T Abo] A7) A9 xfo] oJste] B
HeAE F7IeI S Al s woETh meEbA, o5 Bt
s17] fiske] uff AlojF=7utch AR 9] £5 HSHA]7]
+ HEAle] deES AEsAS dole 2847t
T Zo7 FolEx AFS FISIIANL Alo] HEe
FollA LHFESL AT|HE A l o] WAYstaL, o]
7§§7<4o§ E“’]” 'IH—‘] tE:'T Al
9] ‘%H'D‘U XPOW %01 A

i

oF L6v} HE wWEpgon, HFoAL
10.039 mm <k 13.77% 3F43}3ich
Bt 22H9] Zf-ofli= LBO9| ¥Hgof <
of AAZ Aoj7} o] FofR= 4 Q%é}‘ﬁt}(ﬂgure
13, Figure 14). &&= 7|Q1& 28314 ¢k-2 H9-ofl=
375 ~ 425 mm ¢ Yo QHGES} AUFES HhE
st A|o]7} o] FoJHARE &2 AQlS 283 2|9l §
Aol GarefEo] A9 P, 395~405 mm #] WollA A
o}7} o]Zo]R-& Bt FrtH o g T AUs A
A A0 o] Aol P, 740~760 mm W $] o] A]
A7) o] Fo] ]S &2l5I R th(Figure 15, Figure 16).

11.642 mmoj| A]

3. =89l B Mof YmaE M whebA), T2l e Aolsh] SIsiAE 71 TAel B4
B ARiieh o ARATE Aojgel glof Zzke MY o <lsl] AYle F A ghe] WS FUT Al
P EUT ARESL S Sl EHIA S| A HE Aol olpoldl 5 Uik £ Al Hgsh, Al
AdE A&3 2 | Ao} darelES Adste] LBO 7] 20 msof| A < Bl Aot o] & 4= Qe A=
H7go] 5 mmel oA /S E A AR Pt et ety 2 AgtollAs ofd = Bhd ] AF A =AlA
2 SHQI5H9tHTable 8). 2 ol gste] Fao] Ko 7|49 Wo|u} ko] 2e| G
HTHoR K= ARl FHiE A8k 29l ° Ao ©2 LBO ®H4o] 5 mm n|gtol A o] AFe AslA] &
ARE|He V)20 HEEA) gk AofREel 2 Aol7k  SpUAR A EFe] MAE o]§3lof ol 2] o
oS Shelstrh A e, BF 2847 9,080 & E9UrkH A4 LBO wHAS o £ 4 Qla, 1o whi
mselA] 5340 ms2 OF 176} A& Weppon], BReAE ARl 47h Zrleb] wjio] EA% A 44
11.210 mmof|A] 10.240 mm= 2F 8.65% 743}t =31 39S o] HHFex7} ¢ FolA=E AVE VA AoRE
o] Afolle Bt 284170 8,273 msoflA| 5,200 ms= of A=tk
Table 8. Lead time and error according to crane-tip control algorithm.
L. Lead time (ms) Error (mm)
Direction
Ist 2nd 3rd Average 1st 2nd 3rd Average
Forward 5,360 5,340 5,320 5,340 10.253 10.233 10.233 10.240
Backward 5,200 5,220 5,180 5,200 10.099 9911 10.108 10.039
405 Wi
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Figure 13. Control pattern of crane-tip control algorithm(forward direction).
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Figure 14. Control pattern of crane-tip control algorithm(backward direction).
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Figure 15. Control pattern of crane-tip control
algorithm(upward direction).
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Figure 16. Control pattern of crane-tip control
algorithm(downward direction).
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