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A Study on the Modeling and Control of a Flexible One-Link Manipulator
Moving in a Vertical Plane

Jongdae Kim,* Seokhyung Oh,** Kiho Kim,*** Chaeyoun Oh,****

ABSTRACT

This paper presents a technique to model and control a manipulator which has a flexible link and moves
in a vertical plane. The flexible link is modeled as an Euler-Bernoulli Beam. Elastic deformation of the
flexible link is represented using the assumed modes method. A comparison function which satisfies all
geometric and natural boundary conditions of a cantilever beam with an end mass is used as an assumed
mode shape. Lagrange’s equation is utilized for the development of a discretized model. This paper pre-
sents a simple technique to improve the correctness of the developed model. The final model including the
shortening effect due to elastic deformation correlates very well with experimental results. The free body
motion simulation shows that two assumed modes for the representation of the elastic deformation is prop-
er in terms of the model size and correctness. A control algorithm is developed using PID control technique.
The proportional. integral and derivative control gains are determined based on dominant pole placement
method with a rigid one-link manipulator. A position control simulation shows that the control algorithm
can be used to control the position and residual oscillation of the flexible one-link manipulator effectively,

Key Words : assumed mode(7}4 8 B4%) elastic deformation(Fd8 %), comparison function (¥ E5),
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Table 1 Physical and mechanical property of the flexible
one link manipulator

Property Unit
1 L=10 m
Length 2 L =08 m
3 L=06 m
Density o=790000x10° | Kem®
Modulus of elasticity E =193000x10" |Kg'm™s™
Area moment of inertia | J=6.61330x 107" m'
Area A=037230x10™ m
Thickness t=0.15%107% m
Mass moment of inertia(Hub)| /i =650810X10™ | Kgm'
1 32640x10™ Kg
End mass 2 7.30463 X 10" Kg
(Mo 3 1,03964 X 10™ K
4 1.34860 % 10”1 Ky
1 280346 x10™ Kg-m®
Massirr\r:;trﬁ;ant of 5 1075 %10 Ke- m‘
3 203970 % 107 Kgm™
(End Mass. Jo) ) 346092 X 10~ Kant
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Table 2 Comparison of measured and computed natural
frequencies(without shortening effect) (L.=0.6m)

L=06m

End mass | Measured | Computed {rel. err, (34)
1 2.88 278 347
1st nat. 2 2.30 2.22 348
freq. 3 2.08 1.96 5.77
4 191 1.78 6.81
1 15.08 19.26 -0.94
ond nat. | 2 17.25 17.93 -394
frea. 3 16.75 17.45 -4.18
4 16.25 17.11 -5.20
1 56.25 56.46 -0.37
3rd nat. 2 52.50 54.12 -3.09
freq. 3 51.75 52.99 -2.40
4 50.75 51.8) -2.00
1 112,50 113.56 ~0.94
4th nat, 2 103.75 100.24 -5.29
freq. 3 101.25 105.90 -4.59
4 98.25 101.42 ~-3.23

Table 3 Comparison of measured and computed natural
frequencies(without shortening effect) (L=0.8m)

L =0.8m

End mass | Measured | Computad |rel. err. (%5)
1 1.75 1.60 857
1st nat. 2 1.48 1.32 10.81
freq. 3 1.35 1.19 11.85
4 1.25 1.08 13.60
1 1083 10.76 1.10
2nd nat 2 9.85 10.00 -1.52
freq. 3 9.55 9.72 -1.78
4 9.38 9.53 -1.60
1 32.10 31.20 2.80
3rd nat. 2 30.25 29.93 1.06
freq. 3 29.83 20.44 1.30
4 29.48 20.04 149
1 64.00 62.53 2.30
4th nat. 2 60.75 60.67 0.13
freq. 3 60.05 50.69 0.60
4 59.20 58,60 1.01
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Table 4 Comparison of measured and computed natural
frequencies(without shortening effect) (L=1.0m)

L=10m
End mass | Measured | Computed | rel. err, (%)
1 1.23 105 1463
1st nat. 2 1.08 0.88 1852
freq. 3 1.00 0.80 20.00
4 0.94 0.74 21.28
1 7.00 6.89 1.57
2nd nat. 2 6.48 6.40 1.23
freq. 3 6.28 6.21 1.08
4 6.16 6.08 1,22
1 20.50 19.82 3.33
3rd nat. 2 19.44 18.99 2.30
freq. 3 19.19 18.69 2.61
4 19.00 18.47 2.80
1 40.75 39.57 2.89
4th nat. 2 39.10 38.44 1.69
freq. 3 3R75 37.96 2.03
4 38.38 3153 2.21
r T
r
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7
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v
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Fig. 2 A schematic diagram showing shortening effect
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Table 5 Comparison of measured and computed natural
frequencies(with shortening effect) (L=1.0m)

L=10m

End mass | Measured | Computed |rel. err. (38)
1 1.23 1.19 3.25
1st nat. 2 1.08 1.04 370
freq. 3 1.00 0.96 4.00
4 0.94 0.90 423
1 7.00 6,89 1.57
2nd nat. 2 6.48 640 1.23
freq, 3 6.28 621 111
4 6.16 6.08 1.30
1 20.50 19.82 332
3rd nat. 2 19.44 18.99 2.31
freq. 3 19.19 18.69 261
) 4 19.00 18.47 279
1 40.75 39.57 2.0
4th nat. 2 39.10 38.44 1.69
freq. 3 3875 37.96 204
4 38.38 3153 2.21

o 2de] 377 AdeES 2de P40 Frlsh,
Aol 71 o2 A8l AAZE A7} o2 AL, &
do] 2717k V% Zom Alage] AHE 48 a5
A B goz Qs HAZE Ao Al kg4 AA
= B3] oedAe A$7F A < $7] gtk
weiy 2 4 glow 2l AFYE AA E4AT1A
S HAGA AL 209 BdS AAs] A 2 F
7% Aold o) ot RAo] ot

9Pt dR4=e AALEL o RoQ¥S ¥
8 4248 =Y 3718 A8} R E 3.22%10%ke
o 214 A%E /1A E Aol 1m 9 B4 Ay EHolH
g o] &atgrt. @4 BEE vehyy) 9% ReE #E
U (F 2de =715 FeldA) F28 Mxde
& ¥R Fed B A/ s fAse &E 27
8 2dE et 99 SHAA A Byl dg &
ol% &7} naE A¥YstE 5 B E ol 83A 2o
ARE P}, Fig.3¢ ZAEF BLEE Husta,
Fig. 4-5& &4 2 2439 X9 YAZEE vnd Ao
o} Fig. 3-5004 Bz wie} o] 27 ool AAgH 24
EE 0|83 319 -2 HReEg nde A€ Ft
NAR AdFE S/ BEe FEd Fd EAE 7R
77} st & A9 JE Eeeie o8y Age
2% o139} 7P BREE 088 AFET ARY Aol
7t ol A2wls) JHE AAs &) BETHE R
£ ¢ & Ik wEA $A49) g E ReE o 88k 2
7+ mdo] 3719 A& SAAN A4EE ¢ 7 At

=
Ly
k=3
)

il

138

2

7

oo w2

]

3
g
g
Wy 8z o5 08 88 1 1 14 1s 1f
Time ( second )
Fig. 3 Time response of rigid mode
[H
04k
0l
PR
H
8 01
é )
E .01
§
® 02r — : | mode shupe
a5k .= i 2 mode shapes
o ¢ 3 Mode $hapes
04 ___+ 4 mode shapes
04 0z 04 06 DR 1 12 14 16 18 F3

Tune: ( second )
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