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Stability Analysis of Time Delay Controller for General Plants

Oh-Seok Kwon, Pyung-Hun Chang and Je Hyung Jung
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A YA FFA), Zero Dynamics(d 3 93}, Input Output Linearization(I0L: Y &3
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Abstract

Time Delay Control(TDC) is a robust nonlinear control scheme using Time Delay Estimation(TDE) and
also has a simple structure. To apply TDC to a real system, we must design Time Delay Controller to
guarantee stability. The earlier research stated sufficient stability condition of TDC for general plants. In that
research, it was assumed that time delay is infinitely small. But, it is impossible to implement infinitely small
time delay in a real system. So, in this research we propose a new sufficient stability condition of TDC for
general plants with finite time delay. And the simulation results indicate that the previous sufficient stability
condition does not work even for small time delay, while our proposed condition works well.
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58], <




1042 B4 .

£ e

o2 A (52)9 Zrh

o
A GDelM BhE p g 6 & gEH Zol A
g A & odoh A Dol A A @28yl A
get3lxol A=1-BB' olth
s, LK) 6,
S <Ljal, K, -K Ky, +4

(1)
r‘.—LIlAll K -K K, +er
8, < Lljaf, K., K., +e.
A2V, e, S THEFH ZTh
¢, =||-BB™' - LBg, ||,
¢, || BB"K, + LBg,K, —~ LBg, ~B§, ||,,
: (52)

¢, =|BB"'K _ +LBgK_, ~LBg,
¢, =|BB'K, + LBq,K, ~Bq. |,
A 5DE 4 @nd 23 3o digdstd A3}
d g #o.
“+po ++ 6,
<JAl, A +LA + LB A,
+'”+Lﬂr—lﬂ1r—l +Lﬂj~|’1\-)
+ey+ e+ + P,
mebx, 4 (53)e] 5 do] 1 B} Friw 4
@ns WHstA GALS HYL + AA €k
2 (53)2 & go] 1 B} AtheE 2A4E A
39, 4 (499 ZE AAFAE o]&F Ao~

dol ) AE B WAB FU F ok
O

- qu—( ”iZ

(53)

33 & St ¢
3.2 AejlA *]Z_} ]?i%
A4 715224 BY Hé-f]%
drE & T3t Ao
= dA4E A9ty o
dre)l A =1 mol B3 r=rd F,
28 AdArrt Adddaed 2L
25 2892 K, K, AT AT}
HES T8 ZE dizdEe] 255 F A5
&l G289, 228 Lemma 1 2 ZEEH
p=L--rol W3l g =1/nk ° ;a_]c} A71A &k,
K, 9 B8 EEe Jehllz g5, & AQAdA
roll o3 Z2AHE Asgkelth :LE]—’ A (50)
S ¢ ¥ c=cyt+o/nk v /nk 9 o] ®r}

9|

g A A 2= <
AAFRATE o]
2 B9 ¥H9E +3

L

Y

B

3BT -

A

A DA $E S=en)-er-L) & YUjFo
6(=%)7} AgEol YohA sxLs 02 hehd
& 9tk ol o188 A (DY g0 g G
5 gol A% A7 % ek

¢ < L|B), B, +lal.)

6= "iL"B".-z (8], +lall) + 18I, el +éill)

6t < koL B, (B, +hall,)+ L8], Qo) +hd-,)
¢, <k L[], 8], +lal..)+ LIBI, a1,

(54)
A7NM, k,e-ok, S TS} Fo] AABA
1 R
L KA RT®
1 . 55
ko> LB o, ) ©9)
1 R
kr > U—L"BHIZ ”qr "iZ
ct 2AHoz e Lol Agudh
c<(+ Z;)L 1B, ({|B" ”n +al,) (56)

4 49)25H ted 2o Ho] BEHES

1+L(2'|+ﬂl/1ll+'”+ﬂr—lj'lr-l+ﬁr]1/1r)
r 1 .‘l

> (4 2D Bl, (87, +lall.)

LB E AAVYR F, kk & ARV

Y 1% &, %87 9% B W9
o] At AF gk

-8B < !
2 A+ LA+ A+ + B A+ BAA)
(58)

Z, kynk s A 559 4 (DE BEIHES
AASH AR 7S A (58)F o] vEerd
T th

r1=2¢ A% p=p=1° AL 4=k, 4=k,

A, =075k 0] Bk bk E A 99 A g
D EE A r=22 ¢ IFAY 7Fe
053 Zo] vErd & o

-85, <
iz " 1+2.75k L

=4/3y3

(59

n,=2/3 .



Yl TAEC] @ ALAAL o8 AolrHe) WA HA

m=4/33 , n=10° HIL A=k, A=k,

5 5
=k, A=k, aga }‘n:gklzs ﬂ'lzzgklkZ’

A3=%k]k3 74 B k,k B A (5% A (5T)

S BEHEE AR r=4Q A$ BBA 7
Ze tew 2ol Uehd £+
1

Ji-BB], “Trs29TiL (60)

4, 2ol A¥

3 FolA durEd ZHES fdiF AxAdL
o} &% AArIEE HE3e AF AN ANS
B3] A A FRZAL FrEsta oz
FH dF4E 71 AAEA

°of Folde & FrHA R HAYPE T3
o 3 ZAA AAG A NNES WEHES B
ARzt ADADE ol & AAVEE A
°lg WY SUE HEIHUS o ¢HF
Bole A& AHRES Aot
o F717] 5o AYPAME 33 - d2E
i=1,,m o W3t ZH 2% Adotert
et 23y, =r) K, K, HHEEgE

dARAZE Ha BE dAEE S 2EF £ 4
ol qaiN dEtk 283 b,k & 2 (559 4]
(= BVHIEE AAstd AR 71E &, ¢As
71 1% B HARA 4 (58)% o] &eth

4.16 Alsr o E2olE]

o] oM 6 AFE =& o Bl (PUMAS60)®
g W EHEZ 3o 3 FolA ANT A
128 HF3te] @t
I 6 ARE wjUEHolH HAIEAYEH
reR = EHES YFHo] Hu FIEY ZHo
24 AEUNHE s & HASNAS W Y&y
dg3etd SWEY 97 9% XA &
oml i=1--6° E r=r=27} = %P4
NELEA A (59)E °l§ T

B'-al, 2 318 % ool oA BB,
g BUES ATWANY RE  Jeys
«=(0 ) ol Wi =N} Fig. 3 o AN
It

71 B € Y& H¥ A0S 9 ojuE

ofo ot i
B
i go e

~

o

o rlo Bv I
oy

N
[

1043

puma560

o 005 01

015 02 0% 03 0% 04
alpha

Fig. 3 “I—Bl_?f' ILZ plot for PUMAS60 manipulator

golelo] A4PE M) o JFH s}
23 M(8) & Brian Amstrong et al. o] =EO&
Fx a3t Fig .39 FAL 4 (590 Az
A L=0001sec °]3iL k=102 A% tAd 7] 9
g B o ¥HH9 AARS g F
“1-13(x)1§-'“52 <0.97322 AAZE Yebdo}h 123,
Fig. 4 £ ANZAAE o]&3 Aof7Igols dsl=
AMn 3 v ERE] L, I xS =,
YoVoVe€ly © HEZ =" Dsin(r1/2)
(=1,...60 % 2 WEFER y,.y,.9, & Adn A
ZHAd L=0.001sec o3 k =10,k =25¢) A9
o3 2o AgAIott A7)A, Youcef-Toumi =
A3 AR FEZHAOEA ||1-B(x)1§-‘|]n<1—§—
AABRTE 2#AU, Fig. 4(a)8) 24 A¥ AT A

b5l o <l € s e,

(@=0.01) © WA BT - H(unstable

responsesyS  HolE AL & F Yrh &
Q

Youcef-Toumi 7} A|rgt <+As7] 43 &=
"1-13.()()173“”,_2 <lE AZRAE L5019 23 3hoA
T A A FEEZACEA AMEE £ Q)

mEoltt. F, Fig. 42) B9 APoA ALE A
ZAD L=0001sec & FE3] 2 A7 Ao
o 22 oly@} Youcef-Toumi 7} A3t ¢tA 7]
AY FE2AE WS=SF BE AFsUSE
ST EAAT THE BATh ek A7kR
A Lol e Y Y e 2E AL =

Lol B33 e B9t obd ALelE 4 (59
ANA AAG (G NEE WFA A i
A% Fig 49 29 A9AF2RE ¢+ Uok
o714, Fig. 40)% o 24 A8 9% B
o] MYl AAR F, “I—B(x)ﬁ""iz<0.9732?l 737

& SAANAN B'=al,(@=02,a=035 3 A3

=



1044 AOA -
alpha=0.01
4
9
g
H]
£
o
c
2
G
=]
o
-ﬁmek’-sec)‘
=i _
(a) B'=al_, (a =001 case)
alpha=0.2
oms
e
ol e e T e
b
G.»oms,‘(, :
Bl i
T oanj |
[ i
° i
§aos l !
G v
8 .
& cu-t
.
005},
\

15 2 25 3
time(sec)

(b) B'=al, (a=0.2 case)

) 10° alpha=0.35
of ke TR
./
.;l‘/. /
k=)
;5,4] /
g i
] i
g ofi |
g !
84” H
& |
af] !
T
-14 \}
g5 1 15 2 28 3
time(sec)
-t
(¢) B'=al, (a =0.35 case)
o 10° alpha=0.3
ok P
a
ol
g N7/
B
£4
E [
o i H
c
Sawfl |
[ i
g | o
l — jont2
sp | --- Jont3
I oy
jont 6

15 2 25 3
time(sec)

(d) B'=al, (a =03 case)
Fig. 4 Simulation for PUMAS560 manipulator

ATZRY
AR AL
o) 2=

4 4 Ao
BB, <09732 & wZ3

A9 =o
B'=al, (@ =02,a=035)
23 AojAj2dlo] LA

w3 Fig. 4(d)=

Aot
o] 7

“

@ 2

ol

[
T
KR

=

- BAHE

doje B'=al
solr}. o] A% |-BxB “ <09732 &
o2 dg3 Zeo] AAQA
o} LR3I

422 3 gAUE E%

o] AolME 2 A FHETE ZE( link flexible
jointrobot)e HAZAHEER 3t A 71Ee A
F3ahe @t

fAaad 2319 F
ehd & Yok?
M(6)9+N(0,0)=K(6, ~6)
J6, +CO,+K(@,-0)=u

Tes(@=0.3) o WE 2o HA¥A
Sy
o188 AN

(o)

=2

a8 4L ggst go v

(61)

q71M, uE nxl YHAH, 0& axl F3 ¥4
HE, 9 & axl FE7] A9 HHE Uiz
M@ = nxn B3 BAPE, N0 2 IS

24, 4A4d, 4, 748 agln npeE g el
L px1 gEolth a8x, KE nxn WAAT

FH2A F3HA(positive-definite) TH FIA 3
g JE axn AAAsgEERA S FE7I
BAYE 23 CE nxn WAEFIPEEAN @F
A 757 #HPHEE Yepdoh

o] e ASASE 2 B KAVY BRO
24 4 6nelA A 329 Sd% AL ¥
2 ARE  dUBdcHME AN

J=051,, Kg-m* , C=l,Nms/rad 3331
K =101, Nm/rad & ZtZ} F33ith

o] ZUEY YHLE yeR ol 8oz ¥
augl geR S AT 9 4&8 AF3
3n ZTPee 9d FY3e EAFA w¥oH
i=1209] 3l r=r=47} Ho 4B 7IELR
A A 60y o4
B'=al, 2 FU¢ W adl BaA BB

Zyee FAFHAUY S E
=8 6 6, 6,) ol dslN =S Fig. 5 9
143 2t 4714 Bx)E 9&EH A¥st &9l
S w Bx)=M(@)'KJ oItk Fig. 5 & AL 4
(60)°ﬂ*1 ANzZEAE L=0.0005 sec )i k=20 ¢
7A%9 Ay 4% B WA AAUE e
ok &, BB, <0959 AARE verdth

=
2=

o

o m*

83, Fig. 6-& AR AL o] &3 Aoj7IHA
Qe A™D T BERE] [FNA AES
=, YaorYararys vs € L o] HEE



Yz

o

ya=e " Psin(zt/2) (=1,2) & 2 WEHFER
YooV VoyOoys & At AZAA L =0.0005 sec
O|3L k =20,k =150, k, =500, k, =625¢% 7%
o g 2] Aol

Fig. 4@)°] 2o A¥AAY} fFAlSHA AzkA A
L=0.0005sec 7 Zo] &3] & Az A Yol
7383 Fig 64 BXo] [-BB| <1

ft

BEFE Bl=al,, (=0001) o TiE|Aq 2oHA

% H(unstable responses)S Hol: AL ¢ F

ATt o]ZRE oA W Youcef-Toumi 7} A+

o

A L0 AT ey A FRERL
24 AH8d & UsE ¢ & Stk 28z

6b)sh ()= 22 A3tr) A% B WA A
A =, |1BeoB| <095 & AAR FANA

B'=al,,,(@=00328,0=00469) & XA3 7o
29 d¥Zoltt. Fig. 4 o A% fAHA

(o]
Y
B'=al,,,(a =0.0328,0 =0.0469) ) A% <
< ol &% AoJr2Flo] [T AL & F 9
o} 3§ Fig 6(d)= ||1-B(x)1§-'[|_2 <095 ¥

A9l B'=al,,(@=004) ¢ A9 2o} A¥A
FHolt}. o] ALE o3 Zo] ANAFE ol
g |5 At K A=) 2 =

o] o] AdoME AZFAA L=0.0005sec I}
2ol 83 22 AR AN E Youcef-Toumi 7}
At Ay A3} FEZAL V=EHEE B
£ MAHALAE BFdn B9 23S B
ol BAYE E F UNUTh wEtA o] "o xn9
AHAARZHEE AAE Lo] &Are s
48 w@s e F, NIXG Lo F33 Fo
A97) obd AJolE A (60)oll A AAF AAA
71EE s ot ke AL & £ Yt

2 link flexible joint robot

norm(l-B*invBbar)

[1}:7]
0 0065 001 0015 002 0025 003 005 004 0045 005

alpha

Fig.5 [I-BB"|  plot for 2 link flexible joint robot

SRE dg ADAAL o] &F Ao7IPe *AHA

14 1045

wetd, F A%l We me dAgddzny
of ATAA ANE AFH 1ES MDA L o]
BHE % 2E A9 F9o) ARAE o &
& AI7EE A HA @ & Y= T1Eol
2 ¢ 4 9o

alpha=0.001
1
i1
:’! :
os AR
G‘ P
g /,\‘1 A
B ofeet et SN
£ AN A N i
< VoW i
208 > '. 1 .’:\‘
b Yo
a Pl
£ ¥
a )
— ik 1 i
— link2 Y
15
0 05 1 15 2 25 3 35 4 45 5
time(sec)
=, B
(a) B =al,,,(a =0.001 case)
x1o? alpha=0.0328

w
o

~ = hok 1
/™

N
N W

link position error (rad)
o

RN N\
TN
osf s / \\\
I
o/ N ]
£5
0 0s 1 15 2 25 3 35 4 45 5
time(sec)
(b) B'=al,,(a =0.0328 case)
«10° alpha=0.0469

25

N — link 1
-
2 N

g A
g 15 ,' N
-0 AN
s ! }! —~ \.\
05t | >
TN
= . ; / \\\\_WV”_A
050 05 1 15 2 25 El 35 4 45 5
time(sec)
(¢) B'=al,,(a =0.0469 case)
et alpha=0.04

3

25 I -m

g A
& \
gl )
i
5 \
§ 1/ 5
s b !~ ‘\\
8 ,-' / NN
-8 H
208}/ NN
£ i / ANy
I o
ol \‘\-,__ - e i ey

=3
n

0 05 1 15 2 25 3 35 4 45 &
time(sec)

d) B'=al,,(a =0.04 case)
Fig. 6 Simulation for 2 link flexible joint robot



1046 Ao - AH3F

5. & 8

Moo

1o, Mo o i

i do o g
oo

N
o
o
r [+
oX,
N
do
=S
o
e
PN
A
rlo
5
=1

3

-
5
=

g

o]

N
X
2
>
ot
w2
F
~
)
rir
piA
o
- 32
)
I
o
v

REE 49 2 st
‘E‘—] Ao B
[-BB!| <19 A& BSHATIHAE BAAHE 3
$5 2 4 AUtk wep AAA L o] R
Ze ZA7h obd AAe] Bfel= o] ATl
Aerst <rAA 7ES wEslooly AAAELE

o148 Ao}NzHo) YTiRE AE & & 9
gic
AEHoZ B AT7AN ALF AR 7Fo)

AZEAA Lo] B4 Fe e AAY A5 A
AAAE o] & AorIHE HAFA ’%1_741%} T
Ae 7IE v 2E 5 Utk ol 6 A= T
YEHCIHS 2 3 fd@dE 2R Zo4dd
AAR2RHE FFE 5 AU

7|

ol

E d3e AAHKOSER)ANA T4 o} g
ZH7jEYKAISTANA FPse AL B
A 2REA2Y  JFAE(Human-friendly Welfare
Robot System Engineering Research Center)®] A&

wo} FaAYEUT

re

n_)'|_|

ks

(1) Youcef-Toumi, K. and Osamu Ito, 1990, “A Time
Delay Controller for Systems with Unknown
Dynamics,” Trans. Of ASME, J. Dyn. Sys., Meas.,
Contr, Vol. 112, No. 1, pp. 133~142.

(2) Youcef-Toumi, K. and Reddy, S., 1992, “Analysis of
Linear Time Invariant System with Time Delay,” Trans.
Of ASME, J. Dyn. Sys., Meas., Contr , Vol. 114, pp.
544~555.

(3) Youcef-Toumi, K. and Bobbett, J., 1991, Stability
of Uncertain Linear Systems With Time Delay,” Trans.
Of ASME, J. Dyn. Sys., Meas., Contr, Vol. 113, pp.
558~567.

(4) Youcef-Toumi, K. and Wu, S.-T., 1992,
“Input/Output Linearization using Time Delay
Control,” Trans. Of ASME, J. Dyn. Sys., Meas., Contr,
Vol. 114, pp. 10~19.

(5) Jean-Jacques, E. Slotine and Weiping Li, 1991, Applied
Nonlinear Control, Prentice-Hall International, Inc.

(6) Vidyasagar, M., 1993, Nonlinear Systems analysis,
2ed, Prentice-Hall, Englewood Cliffs, New Jersey.

(7) Craig, John 1J., 1988, Adaptive Control of
Mechanical Manipulators, Addison-Wesley Publishing
Company.

(8) Spong, Mark W. and Vidyasagar, M., 1987, “Robust
Linear Compensator Design for Nonlinear Robotic
Control,” IEEE Journal of Robotics and Automation,
Vol. RA-3,NO. 4, pp. 345~351.

(9) Brian Armstrong, Oussama Khatib and Joel Burdick,
1986, “The Explicit Dynamic Model and Inertial
Parameters of the PUMA 560 arm,” [EEE Int
Conference on Robotics and Automations, pp. 510~518.

(10) Spong, Mark W., 1987, “Modeling and Control of
Elastic Joint Robots,” Trans. Of ASME, J. Dyn. Sys.,
Meas., Contr.,, Vol. 109, pp. 310~319.

(11) Hsia, T. C. and Gao, L. S., 1990, “Robot
Manipulator Control using Decentralized Linear Time-
Invariant Time-Delayed Joint Controllers,” IEEE Int.
Conference on Robotics and Automations, pp.
2070~2075.



