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abstract

In this paper, simulation results of a robust
digital tracking controller on a robotic manipulator
are presented. The objective is to follow a ramp
reference input with zero steady state error in the
presence of a disturbance and system parameter
variations. Some of the difficulties are caused by
the Coulomb frictions, the disturbance due to the
gravitational pull, the spring effect of a link
between the drive motor and the manipulator arm.
Another difficulty is that, because of the
non~differentiable Coulomb friction, the digital
control system cannot be represented as a discrete
systenm, It is thus necessary to design the
controller based on a discrete-continuous hybrid
model. The controller is based on feeding back the
state variables and augmenting the system by addition
discrete integrators. The feedback gain parameters
are obtained by applying the quadratic optimal
control theory and then choosing the new weighting
matrices to eliminate the limit cycle by using the
describing function method for hybrid system.

1. M8
2 AEHo Uiy AsiM AU PAoe o%
A7 7185 stusd 2R oy Fe7FSFM
of glth. oleit Mol ZREMN 2FHE % F &
Uyt 2ol ol BEME 220 ¥ st 3}
d& 8 U Folrh.
W st Mol AtEsln ol BRES] HAYH
2 PIDAMI[ 1,2 18 Z&8 Agstz sted o) ¥Y &
TR AE 980 x]ol= XU =( feedforward ) F 2§ 7iz|
2 oome AAYog MY £ ( open-loop )Moivt
g0 odz] goloe YAY F 9= 4 ( disturbance
Yo ti#l 7telsta) Esich, =¥, PIDAo Wi A=
Takegaki 2} Saridis [ 3-8 ]§cl ALY Ao Yw2
clA g Aol7IE TRt} fistd AAse ME W AAAE
eyEg 29y stEd gloiM, 23 e UH AY
& Wrodshz) 42 glth. Sweet 2 Good [ 9,10 ]2 2R
ag Mol stEd gloA, AAE I ge) o A WA
of 2)g ujde odgrz, A PAE ol FEAEeR o
¢ o3% Wt gENAI FAAMY fFLd2e AT
odeb g © = steict. olsk BoU¥ WA =¥ Kiad
Lin{ 11,12 Jod 2} 23 Rch,
o] mEANE $2VA& 72l 2R UY

149

Mol W& thEgom, et Y FF BRE AA
gae wel SUBRE FTEF AM2RES Mz Peld
decouple Y9 # slow, Zelgeld o =AY ) 4
odele Talstm FEubAY Sof ¢ dVE 3IA ¥

siodeh., o FEUNUHL F=vt 0 o) A Hol HHE
2 wjAe 4z njEuyaos ®a Sl 2RE A9
&= A A et

e tlag Molr)|E FHste ¥ WFF AN 2EE
AlAde H By oA AAge e EAY 7 WA TF
Moz o AjAW o)at AlAedo] &4 ( hybrid )=l
o] ofat AMo] Aol <) FEFEHE wdY VS Y
o8 rFsjof ¥rl.

2R AAdo gy 7I¢ d™M( reference
input )o] 23 A %14 ( ramp function )2 Helg Foiy
w, ciAje Aojry] AA W2 chFH Ak, mRE
Al Ag Zglo) H4a deEld A 23tglel Fajstyl ¢
ERE FHZKol F 72 o4t i MEVIE AX V).
ERE AAge] AW LFES 25 HA stysiciz s
o)Ay Moyl g i Aol S wmeiely F2 b
e ol 23 Fapedxict, WA wlAdY REg AA
B F G AAE o4t AN o4t Ay xjAgdol )
stol S 702 ojat MEVF gAsta, =l 7HEWYE Q
& 4ttod Riccati ¥ A& D APolSE& A% 5
slth, utel o) FWoIFEE ol FojAl rlAg Mo
o] defe] A4 v RE AlAH A B, A
H HeEx AAde] 2lojedo]gg 7t £ ol=d Kinl
11 Jo] Argr adf-ojat B4 AlAdo] Uy &Y S(
describing function ) WYl & M £3led, 2ln|ERo]lg &
WA 5 A= MEE M5 AY QF Tk o] A EFH
2 33 APo)F & VA clAY Adris BERE F
sto] PAAdeNol M 22iglel Foial rFEad™ew A 3
e RodFgic),

o) =8 FAHL chgH} A, 24AME FABA
exree 2ol 3l 1%, 3FAME Y A
Hoj7) AA, el 4N E df-oj 4 ANAQA
Mol Zled+8 siAdsked eln) 2ol Foj AAEI ALY F
28 A Fo P UFw Boln o iy Ar)e} ¥
ele] 720l 2Po] FoAFE WAE FHexs o
& AEHIAE B8 RHgich uAYo e SPAME
o] 3o FUF AEstz Aelstgict,

2. 29
FARNE %2 YT BERE ANAYEE FEAY

Bel zeln 2% Aole) MEY Axgor 2@y A%
# ojon Fig. 2.1 3}



+
Ca

Fig.2.1

2HE 3§ AMAq

#H2) ooy 4 WL ES bR Yol e ¢}

U 3%7)9 a9,
t Reje] qle,

D : ¢ &3

Vo odaAe) &9,

on i Bole) AXNUT
wm : H8le] &g
& : REe iAx.
« H .‘P.E"'-ﬂ 7—)-’%5_

: A2t A2l A ( =4.8 Volt/rad ).
R :+ =e} ¥ A& ( =8.19 ohm ).

Co : 2el 47|y« 3 ( =0,0388 Volt-sec/rad )
Cv : Re] €3 44 ( =0.0388 N-m/A )
Ca : 357 43 ¢ =6)

N 7} &7)oju] ( =437)

Ca : A28l A5 ( =200)
Fu : 28] % 504 ( =0.004264 N-m )
Ia : 28 24 ( =0,000003 Kg~a2 )

F : B3}% EF ubal ( =0.207 N-m)
1 : B3t (0.15 - 0.3 Kg~u2)

Lot AehuS We x@ hgB Yol Ay B

X
X1

(1)

x3, x4 1T
Gw/N, X4 = wn/N

[ x1. xz,
V, x2 = @, X3 =

(3]

MY M2 kg gl

0 Cp O 0

~Ca Cs
x(t)=| Cel I x(t)
0O 0 0 1
Ca —Ca =CbCt
ImCpN IaN2 Rla
(2)
rﬂ 0 0
0 F(x2)| [_1_
+ uft)+ I |-| I (e
(o] (o] 0
CaCe Fm(x4> 0
RIaN NIm

3. Tl £ Moly) 4 A

tizlgl Molvl @ AN AEY St g A
oJof slf B T EoAME 20 Hz F 0.0522 AFY
Al g A} spgict, WA ALY S( step functoin )
B ANYSFE FojalE Y Eldg zel ¥},

150

Hol7) A4 BHS 2 23 D2 YPdME HA
Ao 22atgie]l Fojzl 7Y At Ae|c).
T 2% AAAGZ 52, L FEE= 200U ghr},

Kin{ 11 1& 2o} ojdajafiof A2 cjx|g 212}
HE7E AN A VAN A Ade) FH2 V29 Y 2
4 324 g8 B 29, wrelM AlAY( 2 )0} 3
Ao Med AUPS x520 xe® thEFH ol He

W

x5(k+1)
xs(k+1)

xs5(k) + 0.05x¢(k)
xe(k) + 0,05[x1(k)-z(k)]

(3)

DM, AAR( 2)e g3 FE d&-ola
ANAggee b},

4

0 4.8 0 0

-138.9 0 866.67 0

0 0 0o 1
72.8 0 -349,.57 -61.27

x(t)= x(t)

(4)

0 0 0
+1 0 [u(t)+|-3.33|D(t)+| 3.33F(x2)
0 0 0
21.69 0 763.3Fa(x4)

x5 (k+1)
x6(k+1)
x5(k+1)
xs(k+1)

x5(k) + 0.05x6(k)

xe(k) + 0.05[xy1(k)-z(k)}]
xs(k),  kst<k+1

x6(k), k<td{k+1

A 404N FaPyg 1= APl 0.3Kg-m3 g M slg
ow F=Fu=D=02 2 o t}53 o] R},

. 0 4.8 0 0
x(t)= |-138.9 0 666.67 (o] x(t)

0 (V] 0 1

72.8 0 -349.57 ~61.27
(5)
0
« 0 u(t)
21.69

whebA A2®( 5 ) A3etE oA AL ofenz)
Fo) FolAn

0.29
0.01
-0.004

x(k)
(86)

u(k)

A3 P xs52 xe & F7hsi



0.31 0,18 3.32 0.03 O
4.74 0.31 22.765 0.29 ©
x(k+1)=| 0.03 0.003 0.847 0.01 O x(k)
0.54 0

COO00
>

1 0.05
0.05 0 0 o 01

(7)

+{ 0,12 | u(k)+ z(k)

[o N oo Ne ol

0 -0.05

71 M %=(x1,x2,%3,%4,%5.X6>01 Tk, e} A YRAY
Aoy7) uw(k)?t 2z=0 o) AjAWM( 7 ) AN AP,
Kin[ 11 J1& %2 o1& & 72+ uw(k)@® D=z=0 2l ¥
B AAR( 4 )0 7 Ao dMor HI
M shAU, AlagEsdel slnjEelgd: A& R
gich, e} Fate) H eyt WAY doj: AXoIFE A
ZAtod 2lalEdtolg & AANY =% YITHog ¢
e Boch.uets V)M MNAH( 7 )& HHAY £
31 Moj7l u(k) = K x(k) @& F3lodo} §r},
de2$  J& g Aol Aesha.

0= 5 R0tz b ’ (8)
o

od7]A Q = QTol 2 positive semi-definite olc}. o]}
APolS gl K=(ki kz ks ka. ks ke)¥ Riccati 33 H
&« B ¥ 5 gk, et J1EWY Q8 by
o] ez

Q = diag(q11,922,933,944,955,966) 9)
= diag( 100, 0, 0, O, 3000, 100 )

M8 AN gsst 0w ML LW ojd, UNAY
g Aolr] wk)E g Aol Fojgrch

u(k)=-(-2.281x1 (k)+0.488x2(k)+52,668x3(k)+

0.801x4(k)+29.754x5(k)+24, 141xs(k)) ( 10)
Fig.3.12 t)jag Aol7] (100 ERE T F A2}
7t AP AoirjAadde|rt,

Fig.3.1 #AY Mol A2

Fig.3.194 M Z.0.H¥ <32} % 2] 7] (zero—order holder) &
1-e-0.058s

M AYYEF —— & e

Fig.3.2%} Fig .3.32 ulAd& 2RE AlAwdo 78
o] AAY Fgwe R Fch, v &, BASYS 23
dol A FAstaolAW MAYZIYoRME 2)ujEHo| Fo]
PAR e & 5 ek, ot Ao F & Az At
glulE ol gl 2AVIE HB3] Fol7v Aol & W

27 AF& o F Uth

X1
8.60

i

[ !
a.39 " QR O e VIR L W L o W o N e S
)
;
|
i

1
8.8 2.0 [N
Tinelsec}

Fig.3.2 Q=diag( 100, 0, 0, 0, 3000, 100) = g
AT 34

3.0

-3.8

0.8 40.9
Timelsec]

Fig.3.3 Q=diag( 100, 0, 0, 0, 3000, 100) «f=]
A2 &5t

4. AY ol{ z4

o] oM WA 1M Ah-olt T AR
tted Ve e AEsted, g 7o) olE el
ule atolgel 27E FAsZ AY o)F wsld o
AX el Vg sy, 284 7152 Q2 Wl
E AL oS W FAE viYor NER /3949 Q
& Y geoeHs znje slojge A7) E YA &2
3 &Y UFw AT

4.1 T4 M2ohAe Zlg ¢y

3ol Bl AL FgoiMe 2)elE alo]l g Kial
11 Jo] Mgt 49 AAWoMe via U+ ol &l
o} of&o| 7ttt

" 7w Y& olEstadW Fig. 3.12 ote) o
4] Fig. 4.13} o] wWisd x) 7o} Eld, old Rt H §
B oA Fasigch. At 2 HoM B Rat
8 R A4S Vo) ¢F dUw ol 2HEF A7)
(0.004264 Nm)ol w18 1/10o) ® I § 0.000414 Nmo) ¥ 7]
o §olc},



Fig.4.1 forward pathol u] 48 X &o)
AL AAq

TG ANAgAME BEFY K g8 zzx 4
¥ (harmonic component)o] W @stA El=d AlA® M
2] Mo e Rygow 7|& zxp4 A H(fundamental
frequency component)®t Zejsiwi, MEw Hajok o))
1/0.05 = 20 ©g 5% X<}, welM Fig. 4.1¢ 3 o
T A7z AP AJA™9) Fig.3.1& 2eistnl den
£ LGwE g2 o] FojAcl,

L{jw) =

90.91[ 491.4w2 . 4469.8sin(0.05w)

w2 (200-0. 3w?) 17 (200~0. 3w2)

_ g,1862.4 sin2(0.025w) _ | 4.66 sin(0.05w)
27 (200 - 0.3w2) 3 W

9.32 sin2(0.025w) __ 5.59 c0s(0.075w)
4 W *w(200~0.3w2) sin(0.025w)

223.5 sin(0.05w)] .
(200-0. 3w2)w

90.91
w2

-k

+ K¢
8939. 52s1n2(0, 025w)
w(200-0. 3w2)

931.2 sin(0.05w) _ X 9.32 sin?(0.025w)
(200 - 0.3u?) 3 W

4.66 sin(0.05w) + K 5.59 sin{0.075w)
4 v *w(200~0. 3w2) sin(0, 025w}

223.5 cos(0.05w) ]
(200-0.3w2)w

[-0.658w + K4

- K2

-K

+ K¢ (11,

U, uAdy REL FE e vegF NeoM S
Tou % Shinner[ 13,14 1 Fol 23t giaid gt
Fig. 4.2 - 4.490M #AY o]F ki ks ke W2to} utd
Liiw 2k 1/NcoM) 2] AME& B 2 g},

9714 k& F7h ksE A, kew BV AW B,
L(jw) 2t 1/Neo(M) 2] 22130] $12 o] Fsld 2lujE Alo)
#2 2717 g4 Helete AE 34 5 ok

J80.9

1 X
~ TNeoth). \

150.9

[ A ]
-88.9 -40.0 0.0
Fig.4.2 AR o]F ky V¥ ot & AN

380.8

158.9

9.9
Fig.4.3 MY olS ks wW¥ol ©} & AN

3.0

158.9

a.8
-80.8 -48.9 (K]
Fig.4.4 A% olF ke W¥o} & HA

4.2 743 A% Q2 A«

Aoz Al EAo] gloiM 715 Q2 A
doj= A3 el Wol gl E5WYP QAM qi1,
qs55, Qe FACE 37 Y& AT AY oK) Wy
Zolg oF $ 9th. webd WE Y2 g2 A5 HE
Nelg Mol APolFEwe] WHLUE dH Howy,
zlu)e xolgel A7)F FoladdW qi1, q55, 966 F A=
A BN FaaA} st FAHY 5 Yt B
4.1 ¥ Q2] Wo) o} E AP oK) FP4&x refu 9l
d qi1 2, ass A, qes F7F A17IW 2ujE spo)

22 37 A slelel AFLrcl.

ki ks ke
Qs &7 A (A kA
qss 37t 37t 2 57t
s 37} L] A s

E 4.1, Q2 Weo) T QY oK) WH

22A Fig, 4.2 - 4.42} 2 4,18 ¥v] oJ2 22§ %
dz sia A 9y QF ¥usigrc),
o} s394y QF

Q = diag( 50, 0, 0, 0, 1000, 1000 ) (12)

152



2 RAAY A% 4% A5+ JE ML A7 AY 0% )
+ ¥ F Ydtd, old cAg A7 g Fcl. i |

(k) ==(~1.272x1 (k) +0. 435x2 (K) +46 . 089x3 (K) | N
+0.706x4 (k) +19. 02xs (k) +26 . 532x6 (k)) (13) ; - N
7 o~
8.0! s
Fig.4.5 - 4.12& Moj7] (13 )o| BR =} oJ® 9 | S |
w« o, iy Aviet el 71E Sl 9y 2lttol o) : i
A g 34 2 olgd& B Rz glch, l
| .
B |
" 3.8 7.9 [N ]
0.6 T T T T T Timelsec]
: : Fig.4.8 71& <ol 271 2 ¢4l o A A9 &y
...... ey S S “
. ; . 2.0
0 o’\ |
iy
1.8 { /
9.9 20.9 Y
Timelsec)
Fig.4.5 2=0.3 odd A¢ 3¢ T ' %9 0o
%1 Timeisec]
20 — Fig.4.9 =z=1, D=10.0, t210 2 @ A% gy
S a
5 z.ar
Laf[ _
A - 1.8 \ \//- )
0.0 20‘.0 ®.0
Timelsec} o
' X 20.9 9.9
Fig.4.6 z=1.0 oJu} A &g} Timelsec)

Fig.4.10 z=1, D=7 A} 8 5] o A 5}

3.0

8.0 ' we we

Timelsecl -3.8 : EK) @8
Fig.4.7 =10.0 oj o) b2 Timelsec)
ea1 =0 AT #d Fig.4.11 z=2 Al 4, D=10 t210 24 @ Al2¥W $%

153



3.0

3.8 20.0 0.0

L} Timelsec)

Fig.4.12 z=2 A%, =AY o 229 g¢

2 4248t e 5 7HA A2 @ Qo uHy
AMEeoldolx thepd 2l solg 37N/FY) o A%
Yol 28 2 202 Kolge A/ RV E w2
shol o,

Aol | Vads

k1 ks ke 7| 3| &)

Q1 |-2.281(29.754|24.141 5.0j0.018| 2.8

Qz|-1.272119.02 126,532 0.013] 1.9

% 2. zInl= Molge Avig F7) vz

#2l oM, Q = diag( 100, 0, 0, 0, 3000, 100 ) o]
2 Qz = diag( 50, 0, O, O, 1000, 1000 ) o)t}, Fig.
4.13. 4N Q2 Q) B9 ANEE B Fgc).

499.0 T~ y; -
T oot /22 e LUW
..... i
!
300.0
\ .
\\ /"
0.0 :
-100.0 -58.9 X1
Fig 4.13 Q. Qz2] AM w2
5. 38

FRPAE A2 Y= 2nEAiAgo) 2jgo] AR
%« d FoiA & g 2%l A FAHY F Y&
THY VR A Ay A7l 44 Yy 42 s
st}

Aoj7le Vel ujMy 2um 2jAgd 5 A 1)
2 HEZIE EHF[l Fuistz, JUd s EFa AL

154

% ol %ol oM, AVFHES HAYA g Hie
o Fogdch. o W ZRE AAY TYAM 2luE 4
ol@ol A7, -0l T Alawol Y EYS
Haoh o8l I3y Q& MEo) WUt BWoISg
2ygoeM FYAMY eluE Alolgg B 4+ S5l

%
t}.

8. ¥ FY

—
—
[

J.Craig, Introduction to Robotics and : Mecha-
nics and Control, Addison-Wesley, Reading,MA,
1986,

H.Asada and J.J.e.Slotine, Robot Analysisand

Control, John Wiley & Sons, New York,1986.

Luh, J.Y.S., Walker, M.W., and Paul, R.P,”Res-

olved Acceleration Control of Mechanics

Freund,E:, ” Fast Nonlinear Control with Arbi-

trary Pole Placement for Industrial Robot and

Manipulators,” The Int.j.of Robotics Res, Vol.

1, Spring 1982,

Takegaki,M., and Arimoto,S., "A New Feedback

Method for Dynamic Control of Manipulators,

ASME Jounal of Dynamic Systems, Measurement,

and Control, Vol.102, pp. 119 - 125, June., 19

81,

Saridis, G.N., and Stephanou, H.E, "A Hierarc-

hical Approach to the Control of Prosthetic Ar

m, " IEEE Tran. on System, Man, and Cyberneti-

cs, June., 1977, pp. 407 - 420.

Vukobratovic, and Kirchanski,N, " Decoupled

Control of Robots via Asymptotic Regulators,”

IEEE Trans. Aut. Control, Vol. AC - 28, Oct.

1983, pp. 978 - 985.

Vukobratovic, and Stokic, D., "Contribution to

Subptimal Control of Manipulator,”IEEE Trans.

Aut. Contr., Vol, AC-28, Oct.1983, pp. 981 ~ 9

85.

Sweet,L,M., and Good,M.C., ” Re-Definition of

the Robot Motion Control Problom : Effects of

Plant Dynamics, Drive System Constraints, and

User Requirements,” Proc. 23rd IEEE Conf. on

Decision and Control, pp. 724-731, Las Vegas,

Nov.,Dec. 1984,

10 ] M.C.Good, L.M.Sweet, and K.L.Strobel, "Dyn-
amics Models for Control System Design of Inte
grated Robot and Derive Systems,” J.Dyn. Sys.
Meas. and Control, Vol. 107, pp. 53 - 59,
1985,

11 1 Xim, J. G, Design of A Digital Tracking Cont-

roller For Non-Linear Sampled-Data Systems, Ph

.D. Thesis, Electrical and Computer Engineerin
g, University of Iowa, 1988,

[ 12 ] Lim, D, J, and D. H. Chyung,. Robust optimal
tracking controller, IFAC World Congress, Muni
ch, Germany, 1987.

13 1 J. Tou.and P. M. Schulthesis, " Static and
Sliding Friction in Feedback System,” J. of Ap
plied Physics, Vol.24, No. 9, Sep. 1953.

14 1 Shinners, S. M. Mordern Control System theor
y and Application, Addison-Wesley Publishing
Co, N.Y. 1978.

—
“w
—

-
o
—

r—
o
—

-
o
—

~
@
—

-

—

-~

~



