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Trajectory Control of an Industrial Robot (4th Report)
Kenzo WADA, Tadahiro UENO and Nobuo HAYANO

Abstract

Industrial robots have been applied in many fields. So far, these robots have been controlled by the ”
Point to Point” or "Continuous Path” control methods.

Generally, industrial robots are non-linear, multivariable, time-varying systems and when the robot is
moving, an interaction between the arms exists. Therefore, we try to decouple the system using the
decouple control theory. At this time, the feedback law permits an arbitrary assignment of a specified
number of poles. Next we compose a servo-system for the decoupled system.

In computer simulations, an error of output between the robot system and the decoupled system
occurred. Therefore, we add the PI action to the system in order to compensate for errors between the
output of the robot system and a reference trajectory.

When the robot is in motion, parameters of the robot are changing because of load fluctuation and so
on. In this case, it isn’t always controlled well by using the fixed prameters control methods. Therefore,
an application of the model reference adaptive control method to the robot system was investigated. As
the results of computer simulations, the robot arms follow well the reference trajectory in spite of the

load fluctuation, and the availability of the proposed control methods was confirmed.

DBHIZ DT 2772, 22T, Y2572 %
1 F B JETHT 2 AN % ST BB, ZE(MEEELN T4 %
Mz, SORRIETIRY RF LDt T3
W, EEFAoRy MIFEFIZELOSTFTCRHITS LB LV F 200k LT F L ICA LT 1 R —
nTEY, Zoteien kg HiF L TEED @ - Sk RREZEL L T d720, J 2 7o EEdumiz L

FEAL R C SR E LT B, TUZERMEDE L 20 & 2 TAMNISAMEE LY 1551
FERDBIE LK (B —751E . PTP<C P EMOCAWANAREIT) 222k, ey 25
S TR, —Eo@fEr# TS UL, vk bR LEFRTHBL, ZOFTBINLEFLIZHLT
fERRAR. UBAD 12— HRL THUEES® 5 2 0n 5 SRIDY —KREWILL, ZDLEDL 2T LOIEE
FREEDZ 2L, bR ENED S OWE 2OV TRE 21T 72,
BEDEWMEH TV, L LEEREHL—7 RO TIE, B Ry b2 27 202468 LT E FBE
AU, oRy P EFACET I 24, #ulBas e &) K29 (MRAC @ Model Reference
PHEBNAEET 22 20T X 5, Adaptive Contorol) ?ERIIZHOWTHKE F -7 2
HIFRVTIZa Ry b o 25 20286 UTIE T84y R DHEF UL EMER L X ONELISK LT L nos g b
TINEDGLHND S LA L ILT W S, BIY T, JE
* 21 FERRML L At TSN 27 202400 LTl sliE 2 @M LT
* ok KPP A 2 K b, LoL, Sduliz s o 7KL 5, =57

W R T SR Fe i



108 (108) H s - LB

L BMENHDEAICE, JVRESELNLWILE
Dbhirotz, FITARNTY 2T o2l EEIL K Y
KREEAL, FORWEICOWTHRI2IT-72, 22T
SREfEy 2 3L —Ya it i NiToTe,

2 ETFHHEERPOL—-TTRIN~DER

2.1 L—=FTRFINDL AT LYY

KR THAT 5L —7 <R 1L, BIERYOTHWY
o rEic4) 7, AHES D=2 L —FT
Hoh, r—RLROBRAEFLLOIZ, 207
DHIIZONWTRE R IT-72, ST, 207809
NI, 4oDY > 7 ONTES, 4FHN) > 7 ZEE
LR EE L, 2RHNY v 7nA08ErH 272
LOTH b,

KIEEKRE LT, X, )7 1O&E, x, 1Y > 7
1M, X, 0 ) v 7 2ONE, X, ) ¥ 7 20K
bk, 20 A7 AOKEHFRRAEIRDN LIS
KbENns, 12770, B2 - & mETH
384, 2 )4 )5 RONOPEIEMUTS
e EINTWAEY, A—7=RZ DA, b
DIIRETH D BLEIITE Y 70 2 - 129D T, T DIRARIETH

PHEBL T 5,
x(t)=Ax({t)+Bu(t)+DEg(t)
Yy (t)=C x (t) (1)

X = [Xl,;(l,xz,;(z]]‘ CIRIER R b
= [91‘01,0%92]1‘

u= [u,u.]" CAJINZ B
g-= [g.gl" TENRT M
y = EYUYZ]T V) R 7 1%

SNYRFLIHLT, FETEHEERCL - TH
WKENBANUAX DEHCWD L, AT LDREH
BTSN RRD LY ickbah, ¥ 27 L33 8L
2.

Yo ) [ A W, (s)
: _ 4S2+20’115+a01 0 l
S VR
Y, (s) 0 487+ 2 a8+ Wz (s)

(aij,lj . {’F%E%{) (2)

2.2 H—HLXFLOWR

2.2.1 AHDur(t)DER

KRN 7L 2T L FETHBLETWIZONTH —
KRBT 5, RQ@Q 2REFBRATELT &

Vol.40 No.1 (1989)

B - BE &R

;MU:EXM0+FWM} N
Y () =C xy(t)
L b, T,
0 1 0 0
£ | e/ —2an/4 0 0
0 0 0 1
0 0 —‘a’oz/4 ’_2&12/4
0 0
| C:{l 0 0 0
0 0 0o 0 1 0
0 A./4

FobREY, o) ZRAMr L LT AT A
DEEEERAKE HFER 2 KD B LR &% .
Xy(k+1)=P x (k) +Qw (k)
Yu(k+1)=C xy(k) (4)
VATAR DN

_ o Er _ TR
P=e ,Q~vf”e F dA

g L0, 7 v IR b LT EERRR
KEE R ERDLERRD LI IT% D,
x (k+1D)=P,x (k) +Qgzu (k) +Ry,8 (k)
y (k) =C x (k) (5)
721,

P,=er | Q= f’eAfEd 1
[}]

Ry= [ e*Dd 1,

0
JETHALT 220D AN AN, BIRVTIEQDH
MEERH T Q' 2 W Tir»72, LAALINTIE
QX Q' ST 2% 2DTHREHETBT LI LNT
X700, F2TAMIL, (CQy) D ERATINIZ A S 2 &
EH L TR L9 e AR EfT -~ 72,
Yy (k) =Yu(k)
C{Pxy(k)+Qw(k)}
=C{P,x (k) +Qzu*(k)+R,8 (k)}
cQu*(k)
=C{Pxuyk)+Qw(k)—P,(k)—R,8(k)}
Sur(k)= (CQy)PC{P x (k) +Qw (k)
~Pax(k)—R,g((k)} (6)
CHOANU K ET=EaL—FICANTAI LIS
Iy, EFLothteatal -3l -8
LI ENTE, BT THIENTEL,

2.2.2 H—R XF LD

KW TERLEND L AT LKL T —RRERIK
T4, 0TI L Mo —-KRAEER L7 70K
OB GRE S & B 720, 4 lid 2 RInH — KRRV 2 i



BE¥EA TRy F oBEHISE (U (109) 109

B L7z,
Xu(k+1) =P x (k) +Qw (k)
Yuk+1) =C xy(k)
Wk)=—Hx (k) +K,z,(k)+K,z,(k)} (7)
z,(k+1) =2 ,(k)+ z,(k)
z,k+D) =2,k + [R(k) —VY (k)]
T,
H D74 =8y 78575 (2 %X 4)
Ki, K, 7 A4 AAREKATH (2x2)
z,(k), z,(k) : 2 KRICHKHEEZ ATH
R (k) @ BEWME (HAZ(E) <7 b
Yuk) I EFLDMERZ P
DL RATLDT 8wy 7K % Fig. 1 12577,

2.3 aib—LargRbLuEs

2.3.1 BEMBECHT 3B
ARCERLIEIZEE400m /s, 1) > 7 1 0% Il 42 15 150
deg, Y ¥ 7 2 s faIE30deg & L, hsg|X R,
ERXR, BaRXE S 7% Tvb, L RF AT

7)) ¥ 70,01, 2 RIDH—RBAORRE0.1, 0.2,
0.3, 0.UITRELZ, ZOEANLZFEHEE L —T =
R Z UDMEXRPEEONE® Fig. 2, 3I5T. £
REDWED FRES Fig. 4. 515587,

7220 T AL T ADILEMEIL 6= 1D 2 KR
NRITED, w,=80& L7,

ljz - &)nz (8)
4SZ+2aq,-S+aq,,1,,- SZ+2&)nS+(A)n
(i=1,j=1,2)

Fig. 2, 312BWTA—7+2 5 IDIEITEEN
BICECBRLTBY, MELERELIZLAY 1AD
EMTERDLINT D, WEEHD & A X 210
CRESNE A D00 EFKETIHITRHEIT T
WMo TN 722N 7 ITORESPKELE
DENTHEH, ZHIZY > 27 10135 »1EMI A X
WHTH B,

232 ETFYLCTREDOHIBEDERM
TN L TMEIIOWTHEL L0, HEES L
UH =R 2738 E%Y, a—7T=221T0H

Robot Ylk)
Manipulator

Fig. 1 Block diagram of the servo system

B0 Link 1
_100F
[®2}
@ 50 — (k)
S|l e - y(K)
o O
21507 Link2  HnHiz=7.01
<100k Hzy,H22=19.4x1073
Kn, K12 =0.997
50 K21,K22=4.81
0 -
0 10 20 |
Time (sec)

Fig. 2 Response of links (position)

Decoupled Yulky
Model
Xm(k)
& 50F
S Link 1
g 25t — (k)
~ - y(K)
> 0
S sob
g Link 2
25¢
O 1 L 1
0 10 20 30
Time (sec)

D

Fig. 3 Response of links (velocity)

I ETRAE LA TR e



110 (110) il - L
x1073
30t Max.error of link1=3.46x107
’ Max error of link2=0.690x107°
22 Link 1
v —— Link
zoq .t .
o Of Llnk._zxs
o
7
20F
10F
O 1 1 1
0 10 20 30

Time (sec)

Fig. 4 Errors between the position of links and
the reference trajectory

1501 Link 1

1501 Link2 - m= 0 kg
100+ — m=1.768 kg
—-- m=25 kg

Angle (deg)
o

Time (sec)
Fig. 6 Response of links for varied loads

fiEk R, 20ER Fig. 6 1087, HATEAL
3, FARHDO) L 7R EE2EZIELIEICE-
TH 2, FOEED O kg £2.5kg DHHADIRE & i~
72, (V> 7 4 OFIFEARIZL.768ke)

)2 7 1 DIEDRERZKICE ALY DR
TTWAWD, Yo7 2 TEMLPIZELILTWS
(m,=1.768kg M & 23T L A ERMEIIHL V) IS
L—T722 2 M%m,=1.768kg L LTANEAKLT
BY, Fra—-722 8 NAREDOHIEIZA—T 01—
T TnbDTHSL, Lk TINrSET

278, L—T7e2 8NN L EREHE L DOBIZP
[ i E A&, 2OMBE ANAGBICKEY 3 &
AL AT LREZ, FOT7 Oy 7HIXE Fig. 712
Y. F7, COREERICL->TARINSE AN
KADEIITh B
u**(k)=u*(k)

FRpet (04 K I 2 (e (kD) et ()} ()
p:

e*(k) =R (k) — Y (k)
u**(k) I "= Eal—Z DANNZ PL(2X])

Vol.40 No.1 (1989)

B - BE Y

Max.error of link 1=3.63x1072
Max.error of link2=0.733x10"2

—— Link1

— Link2 /\
v

1 A

10 20 30
Time (sec)

Fig.5 Errors between the velocity of links and
the reference velocity

Kp, K, @ P 1EMEY A 175 (2x2)
CDOVAFLIZOWT, BABHD) v 7 OERY
Okg ©2.5kg DB ADISE & F~72, FHADLED
* % Fig 8IORT. WER %rﬂmtfwé‘tﬁb#
L, COZEICIN L ATFAICET) VTR END D
BATY, RITR Lt%ﬁfa?‘éﬁ%bﬂzé_ itk
HEWEEHRLI LN TED,

3 EFARBEBECHES XT LYY

3.1 EFAMHABRETHESZAFLOTLIY XA
TRy bNY 2T LISEEREERRC BV TRk
KOBREFNTEDLTIENTES,

zB(z )

v (k)= Az u (k) (10)
d>0
IATARD
A(z Y)=1+a,z '+ + « « +a,z™" (1D
B(z ') =by+b z '+« « « +byz "
bex=0 (12)

d ;7S HRR
uk),vk :oXy be=tEaL—=5DAMN
S ToOREHKZe Ry b= Ea L —s D
EHRGEBUE T (K) EDB|EN, D(z YDIAF I T
TEICNWET 22X THE. ThbbRAELET

D(z-Y [V(k+d) —r (k+d)]
=D(z Y e (k+d)
=0 (k »o0)  (13)
72720, D(z2 VIERRTELEINDILEES 2L
T 5.

D(z-Y)=1+d,z '+ + «+d, 2" (14)



BERR 0Ky L OBGESIE (FHH) 111 111

Robot Y(k)
Manipulator |

Pl compensator —

UX)=f(W(k))

Ym(k)
Model

Fig. 7 Block diagram of the servo system with Pl compensator

x1073
Max. error of link 1=-0.278x1073
10r Max. error of link 2=-1.80x10"3
i m= 0 kg ,Ke,Ki=4000 ----- Link2
2 Max.error of link1= 0.429x1073
@ 10p.  Max.error of link2= 0.840x10°?
< H .“\ﬁ,\’_-v_‘,.'. L
-10 m=2.5 kg ,Ke,Ki=4000
0 10 20 30
Time (sec)

Fig. 8 Errors between the position of links and
the reference trajectory

PDEEY, RADZWL T2 L5 eI A N, ¢
TA-SEWMEMTEERILETEDLTEAR L
3.

D(z-)r (k+d) —PI(k) D, (k)

u k)= by ()
(15)
PI(k)=[b,(k)...,bn(k),d,-8,(k)... dy-4n
(k)]
@ T(k)=[uk-1,..., u(k-m),
Y (k-1+d),.., Y (k-n+d)]
(16)

CDEEDFET N TN ZLIFKRATHZ HN5H
) 2 ik v B,

Pk)=P(k-1)+F (k-D@d(k-d) e*(k) (17

e*(k) . EBRELLS

FLBISTNT)ZLELTIE, BBETEFLND S
A= BT DHANTL &SRR NS L9 2,
KATRENDBIET A > D b L — 25 M8
TNALT) ZLEHGD,

r(k)
ek
/ u(k)  TRobot y(k)
Controller Manipulator
{ Adaptive
Mechanism
Fig. 9 Block diagram of MRACS for robot
manipulator
HFO= | & F(k—1)
A, (k)

F (k-D@(k-d) @ (k-d) F (k-1) (18)
a+®"(k-d) F (k-1)®(k-d)

0 <HLK=1, 022,(Kk)<2 , F(0)>0
a=0&k)/ LKDMEEH L2 LDIEEL, FRXIK
55912 4, (k) % S TH8RL LI12T 5,

CITERZRAN L L LITHWBEAICIETA D
Y X LD REEIHEEINT 5,

3.2 L—T7T XA IOBICHES X5 L
ABISHE S X T LMD T T 7 0% Fig. 9
WRT., 22T, 9iRy by 2T AT R
mr LN 2 KBENREPIRAT S, FBANE
ELT, REBEE RV,

Ry bOL AT LAERETEBHERG» LB LN
SRENREMEL, KRDLHICE W,

HI RS TR Fe 4



112 (112) fm &E - L%
Y ZAl(b01+b1lz‘l)
‘&)~1+mﬂﬂ+mﬂﬂ 0
a z '(bpptbypz ")
Y. (2) 0 1+a,, ;2—1_1_];22 7 -2
U,(z)
X (19)
U,(2)

CHLIITEL LTI NEY 7 T s E
A9 2 kit s, BETAT) XL, W) o7k
LML T2, 22TR(14) &) D(z )ik
%5,

D(z"Y)=1+d,z '+d,z?

2T L8 k)=d,—4,(k),8 (k) =d,— 4. (k) £ T3
HESEXFA— N7 AP ((K)BIU Ry f2=tEa
L= L 2F ADAMNRZ bV @K IZKRD &) 124k
b5,

WEI ST A—F T ML

Pr(k) = [bo(k),PT(k)]
= [by(k),b, (k) .8 (k) ,8 (k)]
DRy P22l —gDANRI~RI P
®T(k)= [u(k),®¥(k)]
= [u(k),uk-1,y(k),Y kD]

Fr@er A v Fk)iF4 X doEEMA2 M) 7R

b -

4 >ialb—2arBREJUVER

4.1 PLa3) XLDLEW

AR TIIREICE & LTk, @ik, B
DI DHFEEPEE H 272,

D(z HiID(EH=0-0.4z H2E L7 fEt~>T,
d,=-0.8, d,=0.16=27% 5,

IS5 A — 2 OWIMEIZ, b (0) =12 L, iz $XTO
L7 FEIETA COUMBEIEFO =8 1 (13
WALATH), B> 0)& L, a=0.7, =1042%E L 72,

HIsRO T, A LA 2Ry DL X T AIZA
JL, EFBLL 72 X7 Al 7L 7Y X4
WAL, SO RTLOEA, FTHLERIC
ENTVWAULE, 2XENRICHEICHEHEZERHT 2D
EELCAY, RUFLEE2HBHILANTED, L
LAMEFRETELET L ERR Yy FDL AT LD
MTEFY > Z7BEDVDLHHITENZ > TRED Y
2T LHERIC ), B A& Bl TER
Mot TR, AKROBEICHIHOMRE RE S 1L
LWl kil b,

Vol.40 No.1 (1989)

B RE S

22T, Alldu KRy oy RT L% R TEHHIEE
W LML 2 KBRRERELL, LIELY AT
LT T, oKy PO RT LI, SE
HB & @A L7,

4.2 AFEBICNT EE

o Ry M SESEE SR 2 L, B f
BEE G L ANV I L—a YERE Fig.10,11
IR, BATEENIEERR%LI01T > 7 ) v 7 H (B
27 L ZRE0.01s) B4 BHD) v I DES R

150
100t
50

-50}
150}
100F

50

Angle (deg)

=50t L L
20

30
Time (sec)

Fig.10 Response of links (position)

Dot \Do@=100  Ha(300)= 0.100x10"?
Bﬂ(k)\j 6u(0)=0 51(300)= 85.3x10°°
<
5 ()} 81(0)=-0.800,_8u(30Q)=21.63
P S
Q™ 4 0)<0760 T Ea(300)= 0,637
0 10 20 .
Time(sec)
Bosol\Do(0)=1.00  ba(300)= 32.6x10°
~ B12(0)= 0 b12(300) = 21.8x10 76
, Batyy
£ cuol 82(0)=-0800 au(300)=-157
) '
GZZ(“"AEE;Z'@S 2760 G000 0871
0 10 20 30
Time(sec)
Fig.11 Behavior of estimated of parameters with

time



E¥EHo Ry F o@EE (EH®) (113) 113

1.768kg 7 H5kg ISR T v 7 HRICEILZ R B EI2 k-
TH 272,

Fig . 10i3M ) > 2 DLEDISETH 5. MER T
PN DEEN B DX FDRIZAFEIHNE 2 LNT
WHIZL LT, L REREICBRLT
Vw5,

Fig.11 3afRy DL 27 4% 2 RBAREKEL
R2EED, VRATLNDWENTA - FERLT VD,
MER TIED % ) DBEEFDH 205, FOKITLEL,
BE—EExR L > T3, 72720 272D 4,(K), 4,5,
(k) (FRMEINC L > TELL, 2O TELL T
Vd U, BMEEL Y ONELR, SuEN &b
MLTH, HhERESFBICBETLEOBET LT
JRLAWEIATWB I ER2RELTW S,

PUbafe LTGEST VT ) 2 L5552 E8) T v
52 bbb,

5 & W

1 vy bezEab—9nL 272 %ETFHHIE
H@ctH bl itihsAhghor 2 70%
TLAN LTI 7o 2 F 20258, &Y 272
W 2 KENR GETFSILETNL) TEDbLTZ &t
T&7:,

2 FETHBETNIC2HOY-RBEZHERTLIE
ICENERXMOD 5 BEBHICEIES L2 LA
T&7C,

3 HETFWMLINA L RTFAalZEFT) L rBENE D
BECHLTL, e=Fal—3nih L REil
EDRICP I REEREMZ 52 L2k ) BIF4S
BEEMBIEHNTEL,

4 BRy P2l —2DLRFAESHET
NI ZXLEEHTHILI2LD, BMERICEEE
SR RF LI LT Y BELIEDES R,
WILHIEOH IR E N,

2 £ X W

1) FMIHEE, &FI0Es, SHE—M, ST " Exm
2Ry PO L BGERE (BITH) 7, TKET
EEREFR R, Vol.38.No 1.pp29-34, (1987)

2) EEEEE, OB AER oKy FE— 3211”7, CBS
tihie, (1985)

3) FMIHEE, FIlEs, FHES  EEHo Ky F ol
feth CBUERIE (8D 7 A TR B ey,
Vol.38,No 2.pp247-252, (1987)

4) I.D. 557 BIRBE  EISHEL R FLAOMB L E
BR7, A — 24k, (1981)

5) R.P.Paul F(#HNIHHKR) "oKy b - 2=bBal—
27, anot4t, (1985)

6) FIHEE, FilgE2, FEFEY  "EEHoXy o
fEHE X BUERIE GBE—8) », (K L ar s g,
Vol.37,No 2.pp221-232, (1987)

7) EER T T VEEHBGR” WS (1984)

CPEILH 4 H15A 28)

WA TR A F i



