W7 A=

A AW A23HE A63, pp. 903~911, 1999 903

TELRYE 7IAZ & ARHYE FRF XY

Ao A" AA

of & &" .

2 ehojd ZEAY

ok
4 ol

(1998 1¥ 2u1¢d A

Model-Based Control System Design and Sliding Mode Control of Stewart
Platform Manipulator

Chong-Won Lee and Nag-In Kim

Key Words :

Stewart Platform Manipulator(Z= ¥ E

*E53A)), Joint-axis Sliding Mode

Control(£8}¢] 3 B Z=A|9]), Forward K1nemat1cs(-r7] 8}, Tracking Control(F3 A

1), Control System(A] ©] A] 2 ¥},

Abstract

A high speed tracking control system for 6-6 Stewart platform manipulator is designed for performing the
model based joint-axis sliding mode control. Because of the complex dynamics and kinematics of the Stewart
platform manipulator, two computer systems, consisting of a PC and a DSP, are adopted, so that real time
tasks are run in synchronous and asynchronous modes. It is experimentally proven that the proposed control
system makes the convenience in implementation of model based tracking control, so that it can achieve
effective tracking control under relatively high speed and additional payload conditions.
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10.2°
Fig. 1 Stewart platform manipulator and the coordinates.
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Fig. 3 Control block diagram of SPM system .
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Fig. 4 Control structure of the SPM control system.
(Rectangular corner boxes and solid lines: Running at every sampling time
Round corner boxes and dotted lines: Asynchronous tasks
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£ Abglojth Table 1 Specification of the control system.

asBE B dPdie EAEFAA g
tAg A AoAA 28 T3 Al & AY
PC 8} o] AZAF DSP(DDigital signal processor)E
ZEe 2709 AAFAE AEATh Fig 39
Mo} ol 2709 4R & DSP ol AR E 9]
£ FYXE#(dual port RAM)E F3l9 235 1
o3 ARE FEE F Uk AZdAANLEE
TE87] e AdN2ELE 4% Ho=m &
A Y AL, & 7178 € 9UFEe A4l
EABXE Aot Alold NIE ¢ 54 F
RNE 71Fol /3t B A7 HFololH
Aol MAR FEABAANA FS 9 F
2 4 %1 ADC(Analog to digital converter), A%
2o oA AXE AHE AC MREH TF
7ol AE3l7] ¢ DAC(Digital to analog converter),
dzgelr] A A3 E ojfdte HAY A
dojg] Aojg ¢lo] EY ¢ Ue FILEL DSP
of ztz} AZA=o] glo], AANTeE REFA g
ANZTE 28 4 vk DSPE FHEANA glo]
EQ HFoojg] Zo|HNEE PCo HEdH, o
A5 E o) &3, PCoAXE &778 & H7]7E
AdE AAER, A7 Fo LTH FEFTA
o) A9 NEF A AE), @A |m, ],
V.12 [6,]8 A28 % Adge a7 44
DSp o] AZ3ch DSPE PColA A2E ABE
o] &, Alde] HAE AoYA & AojH&
A4tsle] DACE F3l AC ¥ TE7)0] A%
ok A A 2] AMEE 2709 AxbgR € d4F
g A5 EAL Tablel I Fth

Parts Characteristics Parts | Characteristics
PC Intel Pentium DSP TMS320C40
133MHz 50MHz
ADCs 16 ch., 12bits, DACs 8ch., 12bits
48kSPS
Counter| 6ch., 24bits, Timer 18bits
Programmable

32 dMzz

SPM &8 FZAE T3y A8 dad A
FRAT APF2 L 5718 54 A 2 7Y
9 dAaFAdE 3709 SHE T2 aWo] A3
Hr) AR 2R DSP AN AHEE A4
ZEIZIAFRTHLEAN &FLR4Y AL A
gEoe AL Aged 9w OAg Ao)7]
o BY3 75 E #xm gk o] R T2
£ Fig. 4o AR uie} Fo] PCA dEE 4
#BFHY) 2T BE o] §3] HFoolg] Zo], £
T 2 7t&Es A E At Add . 3AE
¢} FHEEAA 9] dFoolE o] ATE ol &
e QAAZTE WE PCoM PHE Y&
SFRAY ANAAG AojHA L o] fd] Aoy
& Ao} o] R 2L DSPo UiF
HojdE Bl & ol &3] dAI A7ttt DSP
o AEPES TAYNA BEF NS FAT)
FHA AL A3 TZIBRT)E PColA A
8 =]m], DSP & F7iEe] Aasr), o] TR TP
YL DSP & PC 79 AR RS HHEA ALE
A 2 PpCFEAAANA 2AH SPM g 8 7H 9



908 o]
N5 pspol Agdtt of Z21W3} psp
209 £718l= DSPrl PC Al JEHYPE A5 E
HuUo] B718A 70, A-A L2338 (Asynchro-
nous task)> PC oA A&PHM, oj= AAG Z2
O35} )50 Agsx] g o] T2
a3 Fuis AA ZEaPd oA Agd
dZofolg] HolAZE o] 83ld SPM Y &7|F
3 HE FASA ) A FIL o]F

L, my, Vj) GJ

Fig. 5 Timing chart and running sequences.
—» Interrupt request, -~#» Polling, —: M, V, G flow)

ol g3t FEFHGAL AT} o] TRIOFLS
22 AN} a} ukE AL X3 U7 HE
o DSP 9 ATA 9 FriHo APHA Rt
3 A3 dFoolg HolAZE AHEsiM HFA
oz $EWAAL Ase DSPol AEs7|7t
A DSPYA ARZIIL B A AP Foly]
B A7+ X Qe] o3 EFHAHA AR oA
£ HAE 4 Utk

Fig. 5= A<€d 3709 T2 i3 Azt
2gx ol) pCoAME 2712 EYd T2 TH0]
Al2g8S S3td Agsu], RT20] H[F7] X2
o)) iy SMES RS ¢ F Uk 2 A
3 Rz TzaAd fye Tum dg FHL
N &et7] A7 Alzro] Hlgy] ZEage] 4
P 4 Y Aot =F RT2 ZEIPL
RT1 Z2ae] Asfo] & Fo DSPo 93
pCol JEHEY &FH7] WE RTI T2
9] 43 A7ba RT2 TR 3 XY g
o] DSPAA FPHE AZFIY WEY AR
o ool gHE &4 4 qdch

33 &zlojg 2= Hoj7] MA

BgaA4e uEd E5UAA 62 vEH
Zol ®¥E + Ut

6 N i
{(ﬁ'jk +4amy, )lk}+Vj +A4V;+G; +AG, +d,

k=]

uj=

9.

4

o

el

j=12,6 )

A7104 A e tEH FesM dASFH R

233d Ao o3 Add g sz, am,,

av, R AG,E Ay, V, R 6o WE g4

22 gujsn, 4, £FAA desE 4
297 & 3e ond

Faold B4 5 & 83} Pol AU
s;=¢é;+Ae;, j=12,-,6 (8)
A7NNH ¢, =1, -1, & A%} e3tolm, F| 3k

2,8 AEFAA &Ehold ER(liding surface)
o 7Agreln I I, A" Aoy
dols} 2 7HE AFd ol Zojoith &eteld
2z APA L g3 Zol 7t Ay, H
o] Mol mu,, Fo2 FAE
e TAU;

A7 F7F Aol u,  E 5;=09 234 o
A o3} go) TR

ug, =3 e ~hd 7, +6

k=1

aga B e ALgR AoPPHAA o=

w3 P4 v, & T3 2ol Aew

Vv, =05) 5]

=

ul
-7:

®

uj=u

109

(1)

Aoi2ge] dEzAoRA opZeT P4
o Az Rl gol B 2e 2AS WEsol
"o

v, =505, 5,) 2)

A71oA 0, ¥ #o2A H(1)E WEE
E 2494 dHol AAFH A, & T &)
9 2o Aojyie & ZArh

=26,{’;‘jk (ldk ~ A8 )}" kng"(sj )+ ‘;j +éj s

j=L2,-,6 (13)

o 7]l A

6 ..
k; 2 maxj~ AV, ~ AG, +2{71v,jk(ld,k"lkék )1'”71'
=

(14)

[;,k] [Am,klm +Amjk]_l[’;ljk]



TELANE 7IAR & 2FAE EAE 54 Aoaaw Hi F Fee)]d ZEA 909

sgnfs)=1 for s>0
=-1 for s<0
=0 for s=0

AHADAM AHEE sgn e Aol Al AoH
o AHLES TAANA AdA2Ee BELAHHA
$AY AFolole A2y RES opING 4
}fleng &eold EW FHol AS¥TE ¥
T T UE UES L LIPFE AU

sat(s, s, )= sgn(s) for |sl >s,

=
SO

for [sl <s,

g3 g
u; = 2{’;'17: (1.4,;: -Aé )}— kjsat(sj,soJ )+ f +éj ,

6
k=

>

j:l’ 2,4, 6 16)
34 SEUHAOIMS) EEHUN 34
SPM o] 35444 )M EFPAL &
7} Zol EAE F Q4.
Amjk(t)zAmm,jk(t_aAt)+A”1t.jk(t)

av,(t)=Aav, - 84t)+ Av, (t) an
AG,(t)= AG,, (- 8At)+ AG, ;1)
o] 7] el A

Am;,jk(t)-_";’jk(t)";’jk(t"am)
av,,(1)=V,(6)-V - 8ar)
4G, ,(t)=G6,()-G,(t-oar)

%o A4 6§ Fig. 5048 o] PCollA 1)
714902 $E WAL A W 2Ast
T #o=ZA, DSPUANAY MEH Azte] dgig
wgolth, EE Aaneld  am @) AV, () 2
AG, ()& N A Ate] o3 HAsE BY
A4 grolx,  Am, ,(-64t) AV, (t-56A) 2
AG, (t-oa)e 2 2 Afe 344 o)
71918l grolth, aEE B dAFoja gyt
o2 WA E EFAAA 4 ATA G o3
St B4 Fto) FHENAE

4. & ¥
Ad AR L AP o g B

Aol AzZE 66 SPM ol H-L3ld FF A0
AEE AAEGT 2 AgoA AAdd iz

9] zt Wik g & FAIZE SPM o A
S AT g2 U S8 AENE d54
o2 23y g8 47 & AFge, O vy
9 $F& FAFU adxn E dFd Algd
TERE AFA A EHoHE ez NLHR
7] W&o, FREge] AR nFoE FEA
o] EAEL #Flsdth £AYFL $FH A

1.0

|— Eig@bb)__

04r

Perturbations(%)

0.2

0 1 2
Time(sec)

Fig. 6 Perturbations caused by asynchronous
dynamic calculation.

HEl M2 Aol 5L A3 A AFgyR
B 2FRe7tA] 4430 #ElE e 49 38
ALE-3H %t

B Age Ao Argd Ao dAE
7Hed & FEA e 712 £ Jden &
< o5HE AHLERE HPFeE RYIHLh
I A A4 66 SPM o] 7R E Z1AH EA
7 ALEE AC MEEHSY AT 2 233 4 &
Sarg o] BN o] o] B E WAool
of W8t 1, =147 rad/sec, 5,,; =0.06 m/sec 4
k, =160 N &2 73 Hglow oluf SPM o] 43|
B B3 6dkgolth
AxHoz dREY QAN 28FHE BE
& SPM 9] 71738 2 EFHAA Y AL BN,
o] REL pCcoA H|FIIHoE Ail=o] DSP
of AEatr] wWE DSP O |4 AL imsec
ojZ £¥F 4 Uk PColA THHE HF
7] Z2OPL A wep I g2 Auk o
2-3msec oJWollA £ 1 Ay FEFWA
Aol Ak Azt DSPol e A 3-49A A
AZE olf3sld DSPo AAAINE AGEr) W
o, Aojd & Ader) A48 AN 2
38 = AR 245 XL UL ¢ F
At} Fig. 6 < ©|2 & vlE7] Aatel ols) A3}
T TEHANY A dF BFdAHdezA, 4
HA 7 ol olfel 2diAM B EFAA



910 o] 2

g £ dA7dMe
AN 2l B
3 Ao Al olg 13t

e
(o) _l),
30 0
i
I

2

o
N Mo

ot

Fig. 7& SPM 3@34 AIA B$Ige=z
2uF4H 0,9 W 8F4s @ FF o Apol)
AEZAY BE Wy gy aF Adse oig
A9 &AF FFAO HeE BRYFH glon,
SPM 9] F540] EE FHEA HFo=2 A4 H
ALoE BT Ao Al A IS @A &
2 A5 E HAFATh Fig. 8 & 4F )59
FFAR FAHE dFdolH 19 FFFH
o &gteld WREA A APTL oM &
go]d B A A FAS ool EAF
& & 9tk Fig. 9 € Fig. 7% 2& FZA 44
< HANY § gle dFdolH 19 AAH
22X, £gto|gd FUIA AAFE =YE Al
oAHA S AMEEAY] el AME YL FAY3A
sttt 1 A dAd &Ewd Fasdd d
& ddHez nRdoMT AUgE A2
SPM % ¥& 23] FF AJEgE ¢ 5 3,
AtE SPM 8 EFHAAL VAR T AfA A
g2 Aopide AHPLE S ¢ F AU

o olf o

&

Time, sec
(c}

Fig. 7 Commands and tracking errors.
( Command : , Error ;| ww——— )

9.

#

g9

, m/sec¢

1

S

Force #1, N

do5 |

0.06

Time, sec

Fig. 8 Typical sliding function.

200 fy ]

2 4 6
Time, sec
Fig. 9 Typical control force.



TEEAAE VAR & 2FAE TRE 2FFAY AojA2E HA R Sdo|d EE=A0 a1

71 A EFRAYE o] 8T AA2E AAE
stglen], AAMNAY A FW 2EY FF F
AT 7 Y EFLAYL FEH) A &
3 EE Ao 7)1Ye] =Y Aok SPM 9] &5
S ARSI A 717 Ae SAHEA
E2HA 47 g Zdstn doidez me
HE 7 F e SR PEA NR & =Y
33lch. SPM 9 FFA ol B g &7|7s AN
#4& Este SPM 9 EHAAY At A
Ab AlZbol wol 857 WEd Aoy F ¢
AHE ALE EHe wa23n ZI3HA A4
29S HAE7] A8 279 dFAE =9
AAE Ao} ARG FEEFAT 249 AN
Ao Me 3749 F7), HE7] T2aHe] A
1, o2 g3 AT LAY Ase Y
€ tEge W EFddoz A FA
Aol dF sold EE AojE HEHFTh
colgd EE AYFe /e e AUdd
Ao 2E AP Azd 66 SPM 9] &F
FAA Hgstd FFA AYE AR en,
Adds AAd 2F8e P Hd el ol
Ao ARFAME FHE FFANE FEE
T ARSI AH & A7oAM ALE AAdAE
B3 AARH L FLRFHES AgseE SPM 9
Aol AAaES & F AU

e

AEF

(1) Stewart, D., 1965, A “Platform with Six Degree of
Freedom,” Proceedings of the Institution of
Mechanical Engineering, Vol. 180, Part 1, No. 5, pp.
371~386.

(2) Griffis, M. and Duffy, J. 1989, A Forward
Displacements Analysis of a Class of Stewart
Platforms, Journal of Robotic System, Vol. 6, No. 6, pp.
703~720.

@) A9s, F371 AEdHelw ¥ # A,
1994, A 23} 437 AE AEAY, pp. 185~194.

4 947, BAyd, 258, A, o4, BE
T2y AFLH DG YAst L B4,
1997, 35 AAFAH o &3], pp. 1481~1484.

- () ASE, olTA, ¥EH, A8A, 2FAE

HEH 65 TAVIAY HLA0|, 1997, a7
AsE) 1997 3% FA &3], pp. 714~719

6) &FH, A, oluy, A ERFoE
AHEE7] A 2RAE FHFY A7l HA,
1997, 71 AEe] 1997 Q& FA shEu3d, pp.
621626

(7) Bormann. J., and Ulbrich, H., 1996, Isolation of
Vibrations to Avoid Dynamic Interactions Between a
Telescope and Its Foundation by Active Control, Third
International Conference on Motion and Vibration
Control, Chiba, Japan, pp. 88~93

(8) Freman S, et al., 1995, The Iowa Driving Simulator:
an Implementation and Application Overview, SAE
950174, pp 1~10.

(9) Parrish, R. V., Dieudenne J.E. and Martin, D. J. Jr.,
1973, Motion Sofiware for a Synergistic Six-degree-
of-freedom Motion Base, NASA TN D-7350.

(10)Lee, C. W, Shin, J. C. and Kim, N. I, 1997,
Dynamic Modeling and Robust Planar Motion Control
of Parallel Manipulator, Asig-Pacific Vibration
Conference '97, Kyoungju, Korea pp. 336~340.

(11) Zhang C.-D. and Song, S.-N., 1993, An Efficient
Method for Inverse Dynamics of Manipulator Based
on Virtual Work Principle, Journal of Robotic System,
Vol. 10, No. 5, pp. 605~628.

(12) Wolfram, S., 1991, Mathematica: A System for
Doing Mathematics by Computer, Addison Wesley.

(13) Slotine, J.-J. E., 1984, Sliding Controller Design for
Non-linear Systems, International Journal of Control,
Vol. 40, No. 2, pp. 421~434.



