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Robust Controller Design based on Dynamic Sensitivity Analysis
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Throwing an object by powered robot system is an effective way for object manipulation in

long distance. The focus of the throwing is on the accuracy of the landing point with respect to

model uncertainties or disturbances. Moreover, the robot system sometimes has zero adjustment

error in the initial position on its joint angle. So far, we have proposed a sensitivity analysis

method of throwing with a feed-forward/back controlled manipulator. The sensitivity of the

landing point with respect to zero adjustment error has been calculated, and the robust throwing

with small sensitivity has been designed. In this paper we design robust controller with small

sensitivity by optimizing feed-back gain instead of robust throwing motion, and evaluate the

effectiveness of the proposed method using a prototyped three-link manipulator.

Key Words: Sensitivity analysis, Throwing motion, Robust controller design, Feed-back gain opti-

mization
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Fig.2 Throwing by planar 3-DOF manipulator

Pl 3 HHEY=Yalb—XZ2HWT Fig2 IZH b & 5o
WEITS. DL EHRBT D2MAERLTHTENS 2V, 2DOWS
O S ICRIEER R A TS, Thbb, PROMERE . =
[ e ye |7, FHROLKHE ¢, WEOERE M, % F =
[ F. F,]T&LT

-1 Fr(t)),_ 71< Ze(t) >
o) =t (E) = () W
PO DORBRENRDH L. ZDL EEHEHAEIIFLEOMED L
N ARIF S B, Lzhio T, Y=L —X2¥ 5D (phic
D 2 [EWD & TE) ICE S Uik % 89 2 720 12 B S
I3 % ¢, & LT

(0) = [

Te
Le

v ' met) =[ o o 17 (2)
e (0) e(0) = E(0) = Ec(0)=[0 0]" (3)
ge(tr) = [&r 917, @&t)=[0 —g]" ()

D 8DITIRD. Ko TYMREHINT 5 £ TOFLALEDHIEILLA
TORRIZEET 2 7T B TRIT DL T 5.

7
o) = [ @) yelt) | =3 Cut” (5)

BREME LT (2), B) BLU (4) 25225 Z L THREC »
—HIZEE D, PLROWBEIRET 2.

3 TZEa1lL—9DENY L BERERT

3.1 EMRIRERE R

ZITRY =Y al— X OO 5 Mko
HOBIEE KD, ST A— R L% & BT BB RIC
K BRI OH L LTIE, S [7) RS (8] %2ib 5
PBE QBRI U TN %15 > 72 BliZ b . 2 2Tl
Okada & DFHEIZHED T3k 3 I % M1 HEALE 12 [T 5 1%
RS D IR B D JE & HH DI O IRIERE 1 B 5 2 25 oD R
ORTET. HHET=E 2L —ZOMEBAEDORD S, HHE
IETEE & RO RD 5B SN,

3.2 H/BRICHIFBZI=ZE1L—YDREE
R (5) LB I FMNTTESNBEEE) M L2+ ZFWTERY
b DOEENHRERD ST OREBAERZE5. 72720 0 13X B
METHS.
q=f(q) +9(@)T (6)
q=1[6"7 671" (7)
InzRX (5) OPEE LY THREMAL, B ZHVWTUTD
ENFHERNE2E5.

Qi+1 = Arqr + Bemi + Ch (8)

FARMETIE T 4 = R 7+ 7= Nl 7« — KNy Tl %
PtHd 20T
T+ quefl
Agqi + B +C 9)
™~ + KQTefN

gNn =

ELUTHBAIZB 208y NOREE gy DEOND. 72U K
EPD 7 A vaRTIHITHD. £/, Al

N—-1
A= ] A« (10)
k=1

DES X8/ oh, B,CHEKIZLTHESNS. ZIZTH
WEZEE Aqu = [ AT 0 " BhHBedsre, Tva—4&
TN A E % F AN > TV A D THEMES grefr — Gresr +Aqu
DESITRD. T ABCHETNEFNA+AAB+AB,C+AC
DESIZETEZEEZOSNDD, AHETIRINS IZH0IT/N
W LULTERLE &Y, gn i

an +Agqn = A(Gres1 + Aqu)
71 + K(Qres1 + Aq1)
+B : +C
™~ + K(g@resnv + Aqi)
(11)

cLTkdDoNB.
3.3 WHER=ICET 2EMROBREDRE
1. WIHEERZE (B3 2 B R BHE O R
HIE DRSS AOy 2B S & S DIRTERETE Aqn DK
ZRkodD. XN (11) &0 ZOEET
K
=A+B]| : (12)
K

an
8q1

LLTROOND. T THIMIMEE 6, = 0 1ZIFEEN %
WODT, HIHIAE 6, [T 5 gy DIBE, TbbAIHHE
PRI BT B BB D IR TERE D R I

dgn _ Oqn | Es
391 B 8q1 0

(13)

LTS,

2. BB OIRIEINAIZE T 2 AN DR DR
B OARETE Aqn (2B 2 MR DA Az, DKE
RO D, EHFMNT S L OCBIFRD FRAD S Z OREE I

aCEe _ ame 3mr axg 8d:r

6qN o 8.’13T 8qN 8:1% an (14)
ELTRDODOENBZENTES.
KX (13), (14) & b HM L O PRI IZBE T 2 & E 1
Oxy _ Oxp Oqn (15)

80, — Ogn 06,

TROLSNE., ZOKEIX1T3FIORT ML LTRLNDS
TOREEA Ty 2 AL LT

dze (9ze\" _ || O
90, \ 96, )

20, (16)

I’Lnit =

BREETD.

No. 18-2 Proceedings of the 2018 JSME Conference on Robotics and Mechatronics, Kitakyushu, Japan, June 2-5, 2018
2P2-E11(2)



4 REICEDC 71— KNy o514 VvDFR#Eb

X TIREE Ly D7 4 — KN w 271 V2B 5 A0 %K
&, Lini 2HMET B0 1 0 %2FET B, 72770 Linge >0 &0,
HERERS T7201C 12, 2IMET 271 v EkDBZ LT,
Linir ZE/MET B 1 vk Tz, & (14) TR NZBERY
1 YOEEEERWI LIZERLT, X (16) & 12, OLHIT
1Y kpy IZEAT B AL

Ol _ o 0re 9 (an> (am)T a7)

8kp1 an kal 801 801
LUTHELND. kpy BHD 5 2D7 1 LU THRBRIZLT
Atz kDB ZENTELDT, RAKTEOT7ILIY XL%EH
WTC Ly 2B/NCT BT A VEBRRT LI LN TES. Fig3 2
HHEEEFNZB W, 71 v ORELET 728 EITEE Ling
MRS B k1% Figd TR

04 14

0.35 - 1 12

03

0.25

0.2

y[m)

0.15

01

0.05

—

0
0.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 0 20 40 60 80 100 120
1‘[m] Number of iteration

Fig.3 Throwing motion re- Fig.4 Convergence of I,

leasing at = —0.175 by gradient descent

5 SEERIREE
5.1 EREE

Fig.5 2R & 5 B %2 W CERRII 2177, ¥=Fa
L—RZDPRITIIVERZRFFT 203D Y, Tk %2E%EL
THEEIPTZ 2 L5125 TW5E. ZORIIMIMEEREIZ X 5
DN 2 ST-DORETH B, £V 271 DCE—XRIC
TOEREI S, Tya—RIZLY EEEMEINFHIESNS. E—
ZIXIELE 50 DN—F = I RI1 Te RIS, RV
40Nm, HK[EEEE 240rpm TV V7 2B#TE 5. 21 PD
TR %2 W CEREY bV 2 Ol &2 7572, 72, TV 3—-XIZ
1 [BHEY 72 © 1000 7SV ADDREREZ RO H D% 4 FEE L THW
THEY, ZhZE-> THEHORERA%Z 1.8 x 10" deg DKEET
RAMB I EMTE B,

X7, AAETIE T4 — R 747 =Rl 70— KX 2]
2P U 7AS, WIHMEZE BT 2 S S O E D& % B
IHEET 21232 THIfEShE A ML Z Iz &> THEDE
HPNEHTETCWBRIERREL RS, ZOEME 74— KNy
T VDPINESWE ERICIE b, 2T, —,
MHMEDEAEB IV T 4 — R 7 47— REZMATITEH T 1 >~
THREBZTV, ZTOLED ML ZESEEO—/SZAT 12 VX T
BMUZEDEUBEOEBRO 74— N7 47— NIEHE UTHW:.
BB, BE Lo WX MV 2EQEPFELR WD, 20X
SIZUTAN MV ZEHL THBEBTOBEIITHEL v

Fig.5 Throwing robot (3DOF manipulator)

5.2 EERFEMH

Fig6 {2h b L D1z, HES 1, 2izovwTENTNRE T 1
VEIERET A R AWTRIERZ T WEEOIXS D E 2 FHET
5. nE, HESIX 2z, =08 & U7, I ENEThora v
DWW THIME RS %2 B0 X 3702 50 [8], #IHAMEEEZE 22 T 100
EfFS. b, FHMEREFY I 2L —va vy eREUEE O, 4
BX (7/180)%rad® DIEMAMITHD 7 v X LREAETH D, A
EHAWTESFHAEEIT > 72BN A 72

0.4 -

s s
0.3 # % Release point 2""\\\ G
Release paint 1 AR
0.2 Y NN
*—o— \ \
01 N 5
— Initial:posture Ny
g o0 Ay
[ x AY
> AY
-0.1 \\\\
-0.2 “
R
.03 \\
\\
0.4 Target point \;
-0.2 0 0.2 0.4 0.6 0.8
[m]

Fig.6 Set of release points for experimental evaluation

5.3 ZERER

Fig.7, 8 X5 1, 2128 WTHREYT 1 >, EFsET 1 v D
TNENTHEELIZL EOZMEERLTWE, 28, BIERIX
Fig6 IZhd LD oy iz L 2HGFRTHD. Ih6DFER &
D, 2 HANZEBEHEDIES DERH B eV on5d. Zhid, W
RERDEIZHEL TWS Z & H S BB BRI 1S RIRE D5
BT 2 D NEZITITWBILAFERTHEIEEZIS RS,
772U,z AHADTNIEHERKTHH 5em RETH DT 2 FHD
FREAEEIZHARNIENZIWE UT 2 AHICE U TIZERL TE X
5. 7z, 2 TOMBRTHHHEEHREIC L > TES D EDHIML T
WBERFD DB, Fig7, 8OELLIZBWTHEET 1 VD
FBESDEDHMANI N EH MR TE S,

0.95 0.95

0.9 09 (2 gl
e
0.85 0.85 -
< .
.

* with error
o * without error
N 8

2 [m]
°
©

0.8 U .

0.75 e -~ 075

0.7

0.7

optimal non-optimal
: 065 - .

005 0 005 005 0 005
2 [m] 2 [m]

0.65

Fig.7 Landing points throwing at release point 1

. .
0.9 . .
. . ad ® ey
#gr .15“
0.85}+—— 08 v a
. .
o (4
a il

o
= g oo g * with error
075 075
07 07
optimal _| non-optimal
| h |

0.
0.05 -005 0 0.05

5
005 0
2 [m] 2 [m]

Fig.8 Landing points throwing at release point 2

No. 18-2 Proceedings of the 2018 JSME Conference on Robotics and Mechatronics, Kitakyushu, Japan, June 2-5, 2018
2P2-E11(3)



Number of lan
Numbser of Lam

e 1 Mﬂmh”

a L& W85
Landing point [ra]

optimal

point 1

-"ﬂmf““r

Fig.10 Histogram of the landing points throwing at re-

he
e

Number of landing
Number of 1y

lease point 2

Fig.9, 10 351, 212BVWTHREBLZ L 2D ¢ HHDE
HEE LA NI ALATRLTVWS., ZNODFERED, WIHEM
ZEMZBL TEEHEADIZO DX H A LA TS, £
7z, YOFEBFEFIZBWTHEHSOEMEIZEHEMED 0.8m 12
BRskhrotz, Znsiduhy hOEFIMESIERT 2 E
DEEZSN, FO5O2FIZELTEIT A VIZLks T~ ARYE
L9, EHUEOEMEIZE L TRHEWA T Itk > TERBZ
EDNNB. R UAMETCIIESOSFIZERHLTE Y, K
EERP AT R DFERD 5 T TR L EEOMBI NS W
FEAZONDBDTIOMBEIEZERA RN L& LT,

Tablel, 2 IZ#85 1, 2 2B 2 EHADO DM 02 R EDE
BiERE2E DD, ol BOMOHEMTH Y, FEEEEDR
Pz & BEHTDIES D& L WIIMEEE I X 2 EHSAOIXS D&
NeHITMTTHBEE LTUTORTRES SN 5.

T 2
Oosti = 01 + (@Imit) (18)
nE, of FHEAELOBBOERERIVESNINHE T 5.
Tablel, 2 IZRT LIICBEEBIZRERENDHDHETE, o1
EERTIEDMOEFIRABEDOA —XOHPIZE EE 5. 277
U, {IHMEEE % R -3 B W TR 1 VY 2 W5ED
DEREIERGHYT 1 VB2 WG EO0ERE LT 5 &, a1
IZBWTHIZE DB D 53.6%DME, R 2128\ T 80.7%D
B> TBOREY 1V E2AWSZ &> TEADIES D
EWNEL o222 0h 5. DFD, KFEOFETREEN
INE KRB E DT 4= RN 71 VR TUIREBOKE
EEDBIENTEBLLNVRS.

Table 1 Experimental result of optimal gain and non-
optimal gain at release point 1

Feed-back gain Optimal Non-optimal

Linit 0.0812 1.102
without o3 1.73x 1077 | 2.22x 10717
error Meany 733 x 1071 8.47 x 1071
with o3 4.02x107% | 7.50 x 1077
error 02t 1.75x 107* | 5.92x 10~ *
Means 7.33x 1077 | 857 x 107 °

Table 2 Experimental result of optimal gain and non-
optimal gain at release point 2

Feed-back gain Optimal Non-optimal

Linit 0.0455 1.069
without o1 268 x107% | 818 x 107°
error Meani 8.55 x 1071 8.49 x 1071
with o3 430x107% | 5.33x 1077
error 02t 269x10"* | 430x 1071
Means 8.61 x 107 ' 8.47 x 107 T
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