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Tab.1 Parameters of flexible manipulator system

28 5 B A BE
FELBIL A G 5 M,, /mNm 830
AR RA k,/(mNm + A™1) 147
MLAEE K [, /mm 664
ML o B t;,/mm 60
B R hy/mm 2.1
NAR FHEE AD
B R - . , | D/A
Eﬁﬁm%mi;\%%mﬁ&Héﬁ%%k ]
KRR ’ PCI PCHL
GiJild 6221 o
A us
Bl 1 ZEVIWE REEW R
Fig. 1 Schematic of the flexible manipulator system
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Fig. 2 Experimental setup of the flexible manipulator
system
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Tab.2 Current value of the motor in low speed mA

WEFE 425.61 425.40  424.93  428.12  426.24
S g —430.53 —427.41 —425.13 —424.82 —425.08




1200 P

g ol 5 & W

T IR AT B 0 2 A8 EE 45 ) A 0 E B L R
TBGIG N B BRI 7 2K Bl A AL, 1 3 A
Pl AZE BT LU M2 Y 0F ) siOR 1) A B R R 3 1B A
M 420mA B LA 2377 A A LR B s T 24
Jili B VR AEL G 31 430 mA B, B BLAE IF ) RS 1) #5A
B 00 f D B A . G2 TR G A 3 S 5 R A5 11
425 mA HEEEA B & —30E . R4E maxon A
AR L A R AL £, WEE 1L AT LU B B LAY
JEASEEAE S HE R AR T AIE M 0.062 3 N+ m,

0.5

420 mA
430 mA

B3 IE B BRI T B4 B il 22
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Fig. 4 Motor angular with a inverse step current
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Fig.5 Schematic of the harmonic joint
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Fig. 10  Angular displacement of the motor

FERCTY 560G S 56 P A 11 B B9 = IR 15K
LR A 5 1 o AL AL 4 o i TR 5

1.7
1.6 |

15}
14

1.3

MANES/V

12 |

1.1p
1.0

15 20 25 30 35 40
t/s

0 05 10

11 s EES
Fig. 11 Control voltage

S A5 R ARIT ERA B I R G SRR G ()
T ) AL F A0 RS 5 SE B A HLBLES AR LA TS R AT
B RGBT T BRI AT B Y kB U RS
A 22 1] A% 125 R RIS TR A ALY

3 REBRIEEHEIRA

3.1 BEEHFENMHEREH NFEER

St L 20 0 W0 T 4 2 U 40 2 1 B 3
RS TS0 4520 91 1420 . 7 L 45 2L
. P T B R L LR A AR R
WE 12 B

\Ir..,
Bl 12 ZME s sh A bros = A

Fig. 12 Coordinate diagram of the proposed system



1202 & Zh. W

w5 & W

%039 &

EIR AR ER B 0 Oryy iy [ 0P A bR 25 A
R 20y [ EEZ BRI IR ARIR R . 00 H
TR TR 5L 0. 0, (0 Sl 32 VEE K Ui 1 %%
w(ax,t) B R AR AR o b s st # .
R AT ER T . R RS B o B AT Rk
T 1) By 2 AT AT U] 22 P ML ) ik 2 A Y AT
PARR A

@%QMw+wm=%erﬂw»<@

Horfre put /3 0 Z2 8 45 250 31098 0 3K 8l AR S 119
SEREE BB 56, C T 3C, /1, 430 R PERE I B e
F B2 T EE R [ 2 I

TN R G IR B J1HE T, RIBAN

Lo, SC’

BeAr (D) T(S)%HT(IO)T%@%%@} W
P BE 8 L 22 1 O N RN R PR TR R 1 BRI gl ) e B
il

nk kb V() =]J0 + T, + T =

(0 (1) —0()) (9

Jo+r,+ el g ao

3.2 FUERARIERNEIRHIA

TEAFE] TR NS IR R G(HZIE. A T
FRIASE Sy 56 B 11 15 U R 2 22 R R R 5 1) A% 36 pR B
it ZXT R G W ARG R BEAT 00T . 3X BB E—
A3l ok S BRI S AR AL A AL RS 0 (o) A .
TR BN w(a0) hy iy 0 4% 326 pR BB Y

HY T 2 ML (4 B 1) P 30 02 88 o (e ) A X
FRE L BN B DRMA B T E R

w(l,l st)
lh

B O M AD BEIRSFE S 14 T N

Slclu(l,,t) (12)
h

TV N AR (S S e, 38 3 N AE 4 HF H BR R B
257 A LA R B oK AR AL Sk H TR L B
G5 RV,

V[(Z) :Suson -

Hrpr: s, ﬁ@@:ﬁ%!ﬁ’?%ﬁﬂ@iﬁi&%%ﬁw VST
HL 14 Ak B H P 5 0" (05 0) Oy 0 P AR B ARG 3 13 8 %
TALEA R o 1 2 B 2 EL.

FE /NGRS TR B4 (B e A4 T o S R ) AR S
AR5 A v AR B R AR OC AR L A (13D T A

() =0, () — (1D

F(‘Uup -

h’s Yo 0,)  (13)

V.(t) (D

w(l, 7t) — aqw (O t) -

BENCS IO S i 8 S N
£
BeSr X Q) F= (15) , 15 2 i 28 487 e 3% 10 S
HHEEV, SHEHRDNE T BB W TLEXR
V(o) :—SCfKHF
WRENFR G I Toouy FIEL S AL 0 Z 18] 1A% 2

PREOEAL H ()
2

I () ) kaw?
oup =’ : z - 1
0Cs) ' 252—0—2&0;5—0—& (16)

Hrr.e hEE i B oI Sh A
EIOR;

T AR 30 8 A 18 oo () IR 25 B M1 A TR
VO REMERR, 454605 MK 16), 15 5 H bl
EEF RS 0O TNV, (0 Z 8] B AL 33 s %k H (s)

H<s>=‘€/<(?>)=s2;s +2’;T:’ ~ an

P13 25 T Sl 2 N AR (SO 4 A7 Ha 6 A T 3 2%
PERE B AR L E V(o . AR L LUE 7 BT
AL AL 0o Ry AL B 13 N A TR
V. (OFE R, i Matlab 2 48 #0155 % i
Kt S35 B AT A% 3 R IO R BRI

10

S, hUO
e el 1 S o € ek

=Ko Doow (15)

i RSB s w0 5

5_

0

L VR AY

_5_

-10
0
t/s
13 7% g He i

Fig. 13 Strain output voltage

B 14 25 T BRI H o) i T 4 o1 45 52 B
SE R B RO LL B R . AR AT LA W, I
R 55 2 G0 52 MR A S A W) G o B R PR LD %) A8 05
MR AE 0~ 10rad/s BRI X (0] 55 2R 45 o) 1 A7 78
H AR R ARRAE 1 B A 0% A AT
SE T MR S PR AR Ry 2 B AT 4R
(10 A S H BB 8 S I TSRS RN 1 A 1 . AE TR
B LRSS S E AR OLT  Ab B
B 1 B B Sl BT AT A% 3 ek BRI BRI B 3R
PERERY 1 By B A A ZE N 3.8 Hz(23. 85 rad/s), H



BT WD S RN R G 3y R R SN 1203

H(s)
SEMAE

10"
f/(rad = s)
P 14 BRRBIR H(s) 5 52 B 45 SR I ORI A3 Jel Le 42 P
Fig. 14 Comparison between identified model H (s) and
experimental results in the time and frequency
domain
&3 R H(s) Ny
—0.007 45* —0.31s+0.154 4
s 4+0.289 35+ 535.2
5T AARE R T35 4 3 52 VR 1 IR Bl 4
w; N 23.13 rad/s (3.8 Ho) . RGN EMHIE & A
0.006 25,

H(s) =

(18)

3.3 ZMEBARIEREIE

N T kA B RS 2 4% 13 o RO R X S
B 22 G5 1 UG F R 32 52 56 vl ok — S B TR flL T 4 A
TR 0COVE RS L AE F i LR V, (O fF
ol s EAT A AL E

B15 45 T HE R AL 5 S R 2 LA 5 3 0 AR
SR i R X RS S ol AR AR — o T R 25
Mot s 15 25, TR R S 56 45 IR AR 58 4 — B (R A
FARILA FREAE S R G IR SRR . IR BEE S
KT, BARPEFI H (s) 5 52 bR 45 46 IR A7 8 X ] Py
ey 1 R LA — 2 I 25 S AR — R R
B S EPHRELTY H o) I BFIRE BT R H )2 H(s)
T [ A5 950 25 B 3T Ak 5 552 Bk 5% A ) B 56 i) 7 AR T
B B e K b 2 T T 2 R R AR IR G T IR B R
1B 3% sl 1k 3 78 40 UE W T I A5 3 10 7 2 o AR A
R H () X F 5L bR R G000 A 30

3T HEIR AR B B9 A AL 38 bR R T AR
H(HF GCs) 5 5PR RGEM W) £ 5, 56N H 0 b 35

H(s)
SEPIE

B 15 PHABR H () 552 Prah R 5 b &
Fig. 15 Verified comparison between identified model H

(s) and experimental results

W7 R A5 R B0 IR
R3 REMEEEFITER

Tab.3 Comparison of fitness of the identified models

%
1 32 pFR B A5E 7 B S I 6 3iF 52 5
IR By 8 A5 Al 90. 23 93.42
P gl i A B 82.78 80. 85
4 LERIE

DA 0 BIX 30 22 1R B 2R 08 A 1 2l g o A L
WBFFET 5 0 1T BT RO IR Bl S EE SRR
I S HRIE SR TH GRS ot T RS
(19 P S e P a5 36 9 PR 5 3k A S T A i v
HLEE 2l #5055 M SNk B A 6 I 3l 0 =2 1) 1) £ 3 oA
RO, SRS R R W1 B IRAT 2 A R B gy o 5 5
P2t Al BAT B 1) — bk BT 1 o BT ik i AT
Fitk . ASWFFE NS5 B R A BE . S T RS
5 R 1) A2 138 o JSCHE TR Ay i D8 K Bl 1Y S A BIL AR
ARG R AL T

z % X ik

[1] He Wei, Ouyang Yuncheng, Hong Jie. Vibration con-

trol of a flexible robotic manipulator in the presence of



1204 P

gy

R

i %39 %

[2]

(3]

[4]

[5]

[6]

7]

(8]

[9]

input deadzone[ J]. TEEE Transactions on Industrial
Informatics, 2017, 99.1-1.

R, PME . BRSO & LR H, WEEE
/AR AL B LT ). R 3 K 5 12 . 2016, 36
(1) :49-55.

Lou Jungiang, Wei Yanding, Yang Yiling, et al. Op-
timization of piezoelectric actuated/sensors placement
using synthetic modal H, norm[]]. Journal of Vibra-
tion, Measurement &. Diagnosis, 2016,36(1):49-55.
(in Chinese)

WA, BRHEE, WRE. 5. LI FZ
B Rt W e m LT ] W R E o m ke AR B2
fiZ. 2013,53(4) :482-486.

Zhao Jieliang, Gu Yongxia, Yan Shaoze, et al. Influ-
ence of harmonic drive on dynamic characteristics of
flexible manipulator[J]. Journal of Tsinghua Universi-
ty :Science and Technology,2013, 53(4):482-486. (in
Chinese)

fkAr, XIAR. AT, L HA I R A 0 e
WHBHEAIT]. HLE A, 2014, 36(2).164-170.
Zhang Qi, Liu Zhen, Xie Zongwu, et al. Parameters
identification of flexible joints with harmonic driver
[J]. Robot, 2014, 36(2):164-170. (in Chinese)

Choi S, Seong M, Ha S H. Accurate position control
of a flexible arm using a piezoactuator associated with a
hysteresis compensator [ J ]. Smart Materials and
Structures, 2013, 22(4):0450094.

Shitole C, Sumathi P. Sliding DFT-based vibration
mode estimator for single-link flexible manipulator[J].
IEEE/ASME Transactions on Mechatronics, 2015, 20
(6):3249-3256.

Lou Junqgiang, Wei Yanding, Yang Yiling, et al. Hy-
brid PD and effective multi-mode positive position
feedback control for slewing and vibration suppression
of a smart flexible manipulator [J]. Smart Materials
and Structures, 2015, 24 (3):035007.

XIBEHR, AE2SR, BRIR . 5. 45 BURS T 3 B 1 T
FHR AR =352 W, 2017,37
(1):126-133.

Liu Xiaoxiao, Ren Xingmin, Chen Hu, et al. Optimal
control of flexible beams under the action of moving
mass with constant speed[ ] ]. Journal of Vibration,
Measurement & Diagnosis, 2017,37(1):126-133. (in
Chinese)

Feliu-Talegon D, Feliu-Batlle V. Improving the posi-

[10]

[11]

[12]

[13]

[14]

tion control of a two degrees of freedom robotic sens-
ing antenna using fractional-order controllers[J]. In-
ternational Journal of Control, 2017, 90 (6). 1256-
1281.
Sharma S K. Local model and controller network de-
sign for a single-link flexible manipulator[J]. Journal
of Intelligent & Robotic Systems, 2014, 74 (3/4).
605-623.

Bk qu it Ay, B AR LS OB E T A IR RS S
FREBESZEHRT] el L. 2015.23(2) .
477-484.

Liao Hongbo, Fan Shixun, Hei Mo, et al. Modeling
and parameter identification for electro-optical stabi-
lized platform servo systems [J]. Optics and Precision
Engineer.2015, 23(2):477-484. (in Chinese)

Chu Ming, Chen Gang, Jia Qingxuan, et al. Simulta-
neous positioning and non-minimum phase vibration
suppression of slewing flexible-link manipulator using
only jointactuator[ ] |. Journal of Vibration and Con-
trol, 2014, 20(10):1488-1497.

Ahmad M A, Tumari M Z M, Nasir A N K. Compos-
ite fuzzy logic control approach to a flexible joint ma-
nipulator[ J]. International Journal of Advanced Ro-
botic Systems, 2013, 10(58):1-9.

B R, S A5 fd. AT LU A O B0 e A WU E P E T-S
BORIR S 4 H L) ). Hk3h. ik 52 W, 2016, 36 (4) .
764-770.

Qiu Zhicheng, Wu Chuanjian. T-S fuzzy vibration con-
trol of rotating double flexible beams driven by plane-
tary reducer[J]. Journal of Vibration, Measurement

&. Diagnosis, 2016,36(4):764-770. (in Chinese)

F—EEB N LER.H 1986 47 A
AL RIEER . FEB R DT kRS £ 3
Pl F N R A o AL S kR R
CERARBAS Hy 80T 808 2 /1% s 11
PEA L ) (CHR 3 I 5 12 7 ) 2016 4F
5036 B 1 WD FR I,

E-mail : loujunqiang@zju. edu. cn

BIEEEE N FRAEEW, H,1988 4 11
A, FEPR T 1 R TS
Bl AT il B AR A g il .

E-mail ; chentehuan@nbu. edu. cn



