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Control tasks of flexible robotic manipulators involve problems on accurate position and vibration
suppression. The flexible robotic manipulator has fewer actuators than the degrees of freedom to be
controlled; it is a challenging work to obtain the control purposes compared with the existing rigid
robotic manipulators. The scheme of the controller is chosen on the basis of the dynamic model and
vibration analysis, so the modeling and vibration analysis are the prerequisite for the controller design.
Additionally, an experiment and simulation are required to verify the proposed controller.

This dissertation deals with the controller design for a flexible robotic manipulator, consisting of
the three tasks listed as follows: Firstly, the modeling and vibration analysis of the flexible robotic ma-
nipulator are investigated by considering the bending mechanism of a flexible beam exactly. The effect
of gravity is considered in the modeling, and the effect of joint flexibility is considered in the vibration
analysis. Secondly, a control scheme is proposed to design the controller of the flexible robotic manip-
ulator based on the modeling and vibration analysis. Finally, the simulation and experiment are carried
out to validate the theoretical derivation and determine the parameters of the pioposed controller.

In order to achieve the above control tasks, this thesis is organized in the following five chapters:

The research background about the flexible robotic manipulator was introduced in chapter 1. The
tasks of this work were presented and the brief outlines of this research were provided in this chapter.

In chapter 2, a new description of elastic deformation was presented and a comparison between
the conventional description and the new description of deformation was studied. The comparison
result implies that the new description is valid to calculate the flexible displacement in the case of fast
motion. A definition about the fast motion was presented to denote the scope of application. The new
description of elastic deformation on the flexible beam and Hamilton’ s principle were used to derive
the dynamic model of the flexible robotic manipulator. A forced vibration method was applied to
evaluate the characteristics of flexible vibration. In this research, the vibration analyses based on two
strategies were applied to analyze the flexible dynamics. In the first strategy (AIM, angle independent
method), angles of joints are assumed to be independent of the external forces. In the second strategy

(ADM, angle dependent method), the effect on the angular functions of joints is considered due to the
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external forces. On the basis of the vibration analyses, the following results are derived: the nonlinear
dynamic model includes more dynamic stiffness than the simplified model; and the inversion of the
inertia matrix of system dynamics is not globally stable, po.ssibly a singular problem.

To avoid the singularity, the system dynamics was decomposed into two subsystems. Based on
the decomposition, a decomposed dynamics control (DDC) was proposed to design a controller for
a flexible robotic manipulator in chapter 3. The DDC is composed of a flexible dynamic control
module and a rigid dynamic control module. The flexible dynamic control module involves developing
a desired trajectory through the considerations of the physical properties of the device based on a
feed-forward strategy; the rigid dynamic control module aims at tracking the desired trajectory and
further suppression of flexible vibration based on a feedback strategy. On the flexible dynamic control
module, a comparison between an input shaping technique (IST) and an optimization was studied.
The optimization can completely reduce the residual vibration by virtue of considering the whole
flexible dynamics rather than the partial consideration of flexible dynamics for the IST. Additionally,
the optimization is sensitive to the accuracy of the dynamic model, so the rigid dynamic control module
was adopted to compensate for the disadvantage.

In chapter 4, A Nelder-Mead simplex (NM) algorithm was applied in the optimization calculation
to determine the desired trajectory. The calculation results revealed that the optimization could be
employed for the extremely nonlinear problems. On the basis of the calculation results, a one-link
experiment and a two-link experiment were implemented to evaluate the tracking performance for the
desired trajectories and original trajectories. The experimental results imply that the optimization is
strongly dependent on the accuracy of the system dynamics, and that the hybrid sliding mode control
(HySMC) not only tracks the desired trajectory but also compensates for the shortage of the optimiza-
tion. Experimental results verified the validity of the proposed scheme.

Finally, the conclusions of the whole work are described and the further works are presented in

chapter 5.

- 103 -



FIim LEEDER

EFE OH B MK = @
B OE HBE OB OE & B
Blo&E #H B Om B F L
HOE OB B & T Kk — (EHBEEHER

FAL X E &

Controller Design Considering Nonlinearity of Flexible

Robotic Manipulator under Fast Motion

(BB SN HTRY be=Cal —5 ORI EL ZRL SRR

REORy vV a L— X OFEIC BN TR, BEEDOMERD & BV REHNFIEEOZES
ROENZ. FEORY bRV a L—2i, FETREGHECH U THATER7 ¥V Fax—%
BEADIN e, BEDR Y FRICHANTHRERIE S TREV. £, BEREHE W3 B8 K
ERHFERNE L, fBRAV SNBHWNEBICE I NBREFVTR, FOEHEERICIIEET
ERV. FERBFHIARET NV OBRL T ORBFEITICESV TITbNB1d, HFlhhEEF IV
DEADBETH . & bic, REREEMH T 2HEL LTE, AHBBIKEB T+ —R7+T—
REEPBE T «— FNy JHEROBENLEL k3. CTTH, ANBEOH O EEHEDR
FRETFIMERBICONRR F aFERRIIEENS.

FRAETE, BERBINZRRORY b= Va L— 207 V7 LEIERERE %, L FOIE
KRUTV3. E7, Yoo L— X OIFER 2 ERICER T 30EY FLEMAT B L LE
CENEERL CXEAERNEBH L, REMEIICE > TRYMERIEL TV 3. Xic, Bt FiE
ZRCTERER B O TICRAT AT ¢+ VI e— RIcB IS HIHRRH 21T o 7. BEIC, 1V
JBEBRTC2VUYIRZCa Lb—RCHT3YIal—Ya v e ERPERL TRESEOEHES
BEEL TV 3.

BRI S ETBEENTEIBBOBBERILUTOLED TH 3.

B1ETR, FRORY P aL—XICBT2MEERE ChE TOWE, & BICkRRED
HREBEERRTNS.

B2ETR, €7V VT LREBTICOVTARRNTVS. EFERORY =¥ a L— 40D
TERZ ERCRRT A2FEE2BAL 1V IBXT2 VY IR Cal—R20A%ET I EE
HLUTW3. 2R TRBEREI OB EUTOZDOFEICETNTIT> TV 3B, —Did Angle
Independent % TH Y, BBHAEZ AN L BMILICKET 3 FETH 3. &5 —DDHER, Angle

- 104 -



Dependent i TH 0, A NTVBEHOAEBERICEX 2B 2 ERT 255 TH 5. REMBITOBE,
TR ET VEEIRILE TV & D LHREIESENC &, YR T AOBETTIOBTFIHER
LHRBTHEEOHZCLERLEMCLTVS.

EIETE, AERFHICOVTARTVS. X$TREREZERT 2720, VAT LOS%EE
TFTIWERRY TV AT LEREY T AT LCHTZFEZRAL, X 5FEFEL LT DDC
(Decomposed Dynamics Control) 2$2% L T\ 5. DDC XRMY 7~ X7 LT B HIHEY 2 —
WERGEY TV AT LT BHEEY 2—NV5%3. FHY TV A7 LCHTBEY -V,
EESERENIC LD 7+ — F7 + 7 — FHIEITH D, ASTEFEE (IST) L R@(bic X 3 HEDHE
ZITEoTWVWA. lﬁjﬂ%ﬁjvx-?ucaaa%%*)n—wﬂi, 1\4’7’1). v RRAGAT 12 TE— Rl
H HySMC) Z8BRLTWVW3. Y3 alb—va VOBE, IST IKEXRTREIC X 3 F1ETIE, BY
REIRZFRSHFITEB T LER L. LU, BB K 2 HERHREF N OBEICERT
BB, BEY T Y AT LNCET BT Y a—Vic X 2HEEINZ 3 T LT, 03R MMERELHR
BTEZTLERLTVS. '

BABTR, BRFELE I VI al—ya Y EERIEODVTBRTWS, Y2 al—vaYy
T, B L EEPEC K D REREEHENCHRTESCLERLE. ERI 1V VI E
FU2VVIR=¥al— NG, ENOFERHELMCTE 2 RKES L BEHEICH LT
EHLTV3. RRICBV TR, BELE Wi BEHEE A0 TEETVEBEORBIC K VREIR
HERDIBIIFITERNWT LHREREI . UH L, HySMC X S EEREERECBNTVW3D
HTREL, L VBOREREIIHGEELR L, BELFEOREEHIBELETZ T L RRITL
V3.

ESBEKERTDHY, FAATHBONBREEZRIET S L LB ILSBROFRLELEL T3,

CNEET BRI BHIRZRRORY b~ _Ca l—X0OF ik hZ2eTI v 2 BRTBL LD
i, BEEREBT 2T FEERE L. & 5, BREIREE4E Uy BEHEOLRICHE OR
BEFEE2RATZ LI, HOANZ FMERBREBEODIINA Ty FRASA T2 TE—F
FlEzRA L. ZFLUT, YIal—ya VEeERICK > THEEFZOEABICEHL TERRTIES
BREDTHD, BB TEOEBICERT 2L AKEBLONHB. ko TESR, IhEEE
T (I%) ORMEBREE NI ERD 2L DLBD 3.

- 105 —



