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Development of High Performance Universal Controller
Based on Multiprocessor

J. Y. Park*, P. H Chang*

ABSTRACT

In this paper, the development of a high performance flexible controller is described. The
hardware of the coniroller, based on VME-bus, consists of four M68020 single-board computers
(32-bit) with M68881 numerical coprocessors, two M68040 single board computers, I/Q devices
(such as A/D and D/A converters, parallel I/0, encoder counters), and bus-to-bus adaptor.
This software, written in C and based on X-window environment with Unix operating system,
includes : text editor, compiler, downloader, and plotter running in a host computer for
developing control program; device drivers, scheduler, and mathematical routines for the real
time control purpose; message passing, file server, source level debugger virtural terminal,
etc. The hardware and software are structured so that the controller might have both flexibility
and extensibility. In parallel to the controller, a three degrees of freedom kinematically redundant
robot has been developed at the same time. The development of the robot was undertaken
in order to provide, on the one hand, a computiationally intensive plant to which to apply
the controller, and on the other hand a research tool in the field of kinematically redundant
manipulator, which is, as such, an important area. By using the controller, dynamic control
of the redundant manipulator was successfully experimented, showing the effectiveness and
flexibility of the controller,

Key Words : Controller (#]¢}7)), Redundant Robot(dfAHE ZX), VMEbus(VMEWZ), Multi-
processor (353 €)7))

LN B o e 55 AHorlE TR 2ol shie Wl
ot g 2RE ACi¥Y R/ g O
FAGE ERT oW AoAdde] FojAY, 1 WA 8, AZlE AY FYF T7EE /Rx Uoke 94

* #SAEred AR3uH)

227



?'0] .

o] %1 PEA 5 Ao)y] tid Bl et
FA7F B Qlnk ol ¥, AHorle
98 A SR o 879, =R
%‘j‘& AolgmaFe A&y 99
b 875 BERAFES AdEy

ojEg FHRE BE A7)t d7Hn TEHA=,
I Fo g MIT tighe]A Adts Condor Al~H
o] Qohl), A)ARlL. Narasimhan $o] 9Jsle] 7
Ao2A PEANZE ARG AXE FL RS
Aokt AHEHADL o] AlAHE T ms A4t
& 93 uFAYrlg MEsHn, BFHAQ VME
Blag AMgsle BR4E ZRF En & XY=
o} ajd SAEQA T ALaRAH AEREE
et o)t A AAHOE Carnegie Mellon
T gte] Stewart Fof 93 /A2E® Chimera Al&Ho)
U@, o] A2 HA] VME BAE 7]uto2 WL
Aot &4 o8y A4 TE 2Esk AREdE,
58] slesiols) AREH0lY] ASH F2E FHIA
o AfelMs EFFoelA] AT -fi’:%‘iil*ﬂg- o] &3t
HE 2RA 0] dej9] Mde] by =E& ¢RIy
@), #H PC ¥AY AQLE AFE (personal
computer) & AHER BEA 7)Y Mg A GTE
FYPRn J=dl@W, PCE A4shs Ad7e Ads=
HojA Mol AT, PC B9 28 A$&id
A7} 7] M tHeAE 7RE TAsinA g€ o
T B Ago] Mart. o] Yol AX7E LAz
A1 Agow AEgHAE ViWork, Vrty, VMEexec =

2 VME 7)4te] AojA~gg FEs=d 83 7w
84 Azdch _

B dARAE MITY Condorsd 2 72 A|AH

£ TRIFEN, stodol] 71E3Q] TE= Condor

o BAY, ohe) F=oiE 57t T2 WARO RN

o Hdg sledelE MM 4 TAEE
M68020 1uke]l SUN3/260 thal ME0830 7)wke)
SUN3/470& Ar8sigli, =z E=e IM byte tf
Al 4M byte €79 REE ARslgen, Condord)
fd dzn FMEElE #8100 53] A AoE
gste vU/1d AFEE M68020 HFHLYY
M68040 HEFEE F7EIAT. webd, AMLEEE g
AgE 2ok olud 680x0 AEY 48 Ay
(processor) §& TE& + U 719E Ik

228

BEE

T3 Condor 4ZEHOE NZL s=gold @x=E
TR, AAZL Ao BAEY WAA AZE
A3 sxEQ AYS TANNT, A3 FEHE 9
g AATE7] (device driver) & FAstgct, =3
M68040S H3ted dAz] e FH 2 JEYE Hg
26, 9 geoly, Tt FHE PP 7
¥ AHol7lg 5L VME BAZ 7¥lexw FA4Eo
Nem2 BRHE zw T, 68040 ® 68020 M7
Bo] HEE HFgsHo| n&Y Aol b5t g2
AAZE A/D ¥HE7], D/A HEY), HE g2E,
A3FE FRRE7 FHEe] 2R YFHL P

A =g M g APL NE ZE TR aWo|

Unix8} XS #4004 AFdrk

T, %‘-ﬁé?} WEA0719) 5Byt 2 JR4E B
o]7] Y3l o] AHol7|g AMgEl 7P AfAFE
2X9 JAAE sk VA F1TEE &A%
E RRORNT HY 3A{E EZRE ol &8k o
ol g2zl uie} Zo] d{ARE ERL d{AHEES
ol &s] Folg Hu, FHold IHuFTL YFFoux of
2AHEZ g ASES | 538 Ay 9L 55
A 8 3 4 itk oA dRARE 2R
We B2 A7/ Asse gout, WREe) o2
AEHelA dAoln AEE P o7} FHoh APY
d7t AL olfE, AAL 7B EXFAA /A
E 2208 ¥8Y W 2Xe] A7 wiRelm, EH
£ dfAHE ER o]20] 878 B3 AML &
g Aol717h H7] gjEely, I ZE B ApdME
9 3ZRE ZEE AFstn, WEAY)E AHEale
AFARE 2R o2 H 83 YA g A
ok

=9 AL i 2ok 23NN nAs YEA
0}718] st=dojst AZEJS dFstu IFNAE A
A3 AFAFE ZRY IY 2 dHRRE 2R 9
7178 tElA A71E Fch 4FolAl e Add)
& hstn 576A AL Aerh

. HEX0{7]

2.1 =49
d8A0719 SEgole Fig. 13 2& 722 99

gk BE sldols VME uvlAdkd] MR 93,
A Aolg @dsls 2ES VME Biadd 9= 670



LA A10R A4z

| VME bus |

Fig. 1 Hardware architecture
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Table ). The speed of various bus

Bus Data Transfer Rate
{(Mbyte/sec)
PC bus 5
Multi bus I 10
VME bus 40

2.1.2 W]~ Ao}7](bus controller)

M Aoj7le VME Hage 24 sl=golst 87
= WA ALLTANE, QEYE (Interrupt) AE50|
HE 2ERC 43" 7 =S o AIsg BT
o}, '

2.1.3 2718 #AFE (single board computer)
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Unix%} X9=$ 84004 =239 g J4stn A
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<SUN End> «<Real Time End:»
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Compiler: gee Device driver
Downloader
Plotting tool Control program
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Virtual terminal
Message passing
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«Common:
o v,

Fig. 2 Software architecture
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« A, NG TLEGH HAFdls AZEJOR
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2039 AL 2 A9 azln AR AAAE
g & A st FRolrk. #BA7) (editor), B}
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« BT Aol ZROE YA AEHE TolBy
A2A, Ao7lojn d¥gHe Fron. dEHY
A TE7] (device drwer) A7k AR
(scheduler), g Fol Stk
« A B89 ZEo9L SUNEJJ- Aof7l8 F
Al g5 Aoz, dAR g (message
passing) 2%, 71Aeey] (virtual terminal), #
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| o7l &gt
A2 SlEdold =T FHT UELEs,
7} dAAoEnE AL Aor|gl FAES AR
Aeg 98 s2E9 AdE vAHYR, AW AL
BE AME3l7) 98 AR 1E7 (device driver) & ZA
3IE0 M68040S Sistd WA Hg F4 % AdEQ
E Ay 9, 95 HolZ, 688817 IgHRA U=
B sin( ), cos(), sqrt(), exp(), log()&
AAa9t. =, CondordlME= Unix C compiler&
AgE, 2= 9 dgg=e A7) FHD I Fo
GNU C compilerE AHE3IEE 7w 332 P48
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2.2.1 g2 (downloader)

tE2ge SUNY #HadHg B3 Avyy 49
BYUE Aore wRele] BAFLER o]Folzh
SUN9] stzd~3d Qe A& HATLT 9371 S
A Ao sZde HF 27] fie, =Y A
7o} Sod2dA Wo| EAlshs Az B 4893

gk

2.2.2 EE® ET(plotting tool)

F2Y =T AoAle Wale dTEY e A%
HoZ B F YA 8 FE ZEayelry o]& AE
a7 QM= Aol ZRah S YR o, L 9
F9 & 9e7Iw AREY Wzy £ oRe)s)d
o AFANES AT AAS YT T, XY= ¢
AN FFsle EEY TRIRE oEs5io 4d
AAAE oA TdZe) Yz £ £ 9ok

2.2.3 Ql&8R% T%7)(device driver)

A28 g A% FA7F FohEE, Ao TEaPAE
JRE AEs7] 98 FF7] (driver) 7} ZRskch @)
Condordl= D/A HE7], A/D ¥WEr), HHEYEY
A%, 439 7REE A% TE7I7H A" AUk

Condordld AFsh= 7E71€ 4 9428 FAg &
YNY HFL 5 A AAYHS ok was, AR
T 399 deEn 22 e R o FEHY Y&
4 8 5 o FNY 248, Ao #HA2H
(control register) ] 1%, zZE =R A~ (data
register) 8] F4F dt=9oie] AANE AYL HEIE
Aol Fhasint.

2.2.4 N+ A&7 (scheduler)

At A AoFx7 AP AFeE NF
HEE & b W, shig ATrld Ao £=
(loop) AS}t ¥ £= B7 Az 3l& m, A=
AFE A7 HEYE 9} Aot dHE das
I, BE A7} AYHA g o AYHAAN AHEzIeHY
43 Aojrle AN 2¥F L IR (Fig.3).

2,2.5 dAA A F¥ (message passing routine)
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loop A

loop B

Fig.3 Scheduling
loop A : Control loop
loop B : Background loop
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A #g]7](handler) 7} A&HO A7t EUE wMz S
A7l 9909 $R(reply) AETE NHuiEch

N,

send
Processor Processor
A B
reply
shared
memory

Fig. 4 Message passing

2.2.6 7V f—&‘&?] (virtual terminal)

M @7l SUNS 4%¢ shizt 2 ALy
BWNY F2T 4+ A 8 Fe Tadeln
(Fig.5). W 9271& B8 Agae- 74 AHg79
g ZAE £ A A7 J&EE PY 5
et

2.2.7 2% %%7)(debugger)
Aol ZE2IWE] AFPA 2B (run time error) 8
AL 7 98 2F #4977 AFdk o]RAL Unix



gzo -

SUN Virlual c
terrningt
of A
 WUUNINESUSISIIUOG RNIIIUISUFIUINEI [, P

Controller AlBlec

Fig.5 Virtual terminal

9 X9z odr APe= 715 25 A7) (symbolic
debugger) 8} & 7158 Ferh AMSAE SUNOA
AP0 e LF FYNE Agsto] Ao7IAA A9
He ZRoUE gAEcE ARATIAG FYE (break
point) 8 HFog TP 5EL BWEY T AT,
Hege g B Adistack) ] JEL B $ Yok

2.2.8 8l A7 {file server)

Helg g X9 A¥930E sledaao] [FstA
Y St A2 R ARE ¢o] £ g27) g Ao
ok #Y AQ7)7} o1 Sa) FulEe] gloiA, Ao
7k SUNg wdig slzoiAzg AMgE £ U4 8
Foh HoirlY g9 AguEe dHx Age PEe
£ SUNd #gdn SUNS sldzgris 8% Unix
89 2%g ok weld, SUNGA d8s =2
I¥E ALY o AgelE Bl YeEude AT
Aoz L NLY s aE A48 £ Utk

Fig. 6 Redundant robot
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Fig.7 3-DOF Planar robot

3. KiRARE B8

31 GRARE 22 oY

£ d7oA AZE AfAEE 2R 9¥2 Fig. b
3 2ot %9 2xARE 2918HSCARA) Y ER9
94 gol ¥ s U8 BY 3RHE 2Re
2 UEY o] RS d4ASE REOEN BT
Y77} Fold o ge) YRS AEAIIUME T4
Be o g e 4 A Bd(Fig 7).

7 linkd deol 2 HAZFE ¥FS 7AZHY AL
Hé29 Zrh

Table 2. Mechanical Demension

Link 1| Link 2 | Link 3
length (mm) 350 200 150
mass (kg) 1.2 6.8 2
center of mass
from joint {mm) 283 174 E
moment of
inertia kg m?) 1.03 0.224 0. 015

3.2 CiRARE 2xel ¥y

AfARE 2RO £F2 EHo Y= HER F
A2 §7] 93 Y &F(operational motion) T
249 2 dFR gouA e 4&%
{null motion) £.2 }HCl6E 8, <AL LTI
{resolved motion rated control} 8] do2 FEsid

e

b=JX + (I - J*)\VH (1)
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7oA, & ¥4 AL 2R AHEE 0, F
4o AYUL molat & o], f=Rm, XERm, JeRmxn
oy, B =E9 A% n& o)z, THY YA (x, y)
ot 7]&3teE me 20tk (1)49 Yujs Abasw,
Jtxe 69 AYLEL Yodls £RARely, o]+
JVHE 9 £52 999l £xA4Ro, o, J+
=JT(JJN 1 AzN)gt FEe g4 gY¥doln, He
g 230 ostd FANFNAL LA nR S AT
A4 ojtk. HE AHgEE AFATY d2& 5043
, RFE3y 2zn AEIA FH5E A AFE
o] gitt. VHE HY o] tjgt T8I E (gradient)
g i

=
=T

VE = (2)

oty e= 4 £ NEAE F= ALIM, ¢
o™ H7 27)ehs wEges 9 2% dojym &
9 Zold U7} pashs Wos 9 £30] dojyrh
4 A 3

41 NEUE

AR gL 2R B Fold A2g wei
dm, FAol 2R 22 4524 (manipulability)
7} 75k Wgon 9 §%o YIRS S Ho]
o.

411 B3Y %2

zHe AZe AXoz T, xHBHL x=
350mmE frAEEA yRHEFL 350mme)A Fdsto
7% Zcbd -350mm7t HES F@ch yE A od
52 F4oT Fol £&, JIEEI BF d&o] HES
A" gt

y(0) = 350mm

y(7) = -350mm
#9(0)=4(7) = Omm/sec
#(0) = §(7) = Omm/sec
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o2z, Toe A4 1 AEAY 45 U8 2
o] AR,

y()
#(t)

350 - 20.4¢% + 4.37t4 — 0.250¢°
—61.2t% + 17.5¢* — 1.25¢*

©3)
(4)

¥ (mm)

Fig. 8 Desired trajectory of y
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o 2@ J¥A4E 5oF g J¥ AsATE
shuialnl, 71&9] @PolA Bol el & AgolBRE
B Ag4A 2Ysign. 45Ase 2R Aavte
T2 @ o), det(JJ) 2 ALk ALY BAT AN
HE 29s) Fa9 Po] 19 AFL2 Wrd He

T
H = det (-{12—)
ll

oick. oW J& rh&d P

-

(8)

lac12s + laeyg

laer23 + lzers + ey
~l3s123 — la512.

—l3si03 = 3512 — L5y

{
) ©)
017101]}‘1. li= l‘iﬂ_'ﬂ] 533.91 Qo]i}.—], Iz 2011 ‘@A]E)
9 AL,
= bk
u I
_ b
v = I
Sij. = sin(0; +6;+-+)
Cije = cos(B; + 05+ 7)
ot uelA,
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VH = [2(caasat + $2230)v7 + Lsapauv + Sppu? )
(-’33"2 + sa33u + 32133)112 + 2¢q38puv

(7)

L

o VHE (4o tysha 68 78 % Ytk o
e wgoz 02 Tory, 67 SAREIWA 99
A7t TARE gdL AW, dfARE 2REY
9\FEF A1 HEACE AESE WRoEZ o
PRe BLARD.

4.1.3 BEFEY Ao

0, 67t ANER, BEFEY Aol: BT 2BYS
o] &8 X|7kx|¢A|o} (time delay control) 7ML
AR,

d7lo)A LL& FZA7H(sampling time) & UE T
Me 29 py Edeo 2HAE e,

Fig.9 Block diagram of TDC

4.1.4 Agne 47 L=

Aojg 48T b Ar|9 Ay PiE AEE
o Z Aare 98 Fig. 108 2t #7202
4} (4) o] mh} B AaIHRBAA AEE AR
A7 18 SFEAHS Al FnaFge] F2R
RE #29 £x9 AE Ads Aok Hey] 2=
AE 6, 08 2Ro| FFIEE AZRAA Aoj7IRel
me} FELE Aog fgo

zZt A7) Aojgl FAL FH WRHE Bl olFo
Atk &, ¥4EY 74449 97 (address) T A
2 gEFd, 229 HHe 1 9XE 4
AL Mzl e &L Fu ¢
gt
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Processor 0
Trajectory
SUN / generation
User |
Interface \ Processor 1
Inverse
Kinematics
Plotting
Processor 2
Joint
Control
Joipt angle Torque
command

Fig. 10 Task of each processor

4.2 MEZy

QoA A wpsh ol 7 A7} WFE
Ag W, A7 AFE | APsle AB2
2e

Table 3. Execution time

E 33

Execution time(msec)

Task —

68020 68040 ]

Trajectory generation 0.193 0. 037 |
Inverse Kinematics 6. 40 2. 44
Joint Control 1.14 0. 286

- o0 -2
g 1
" 200l _j
0
1]
¥ {tmm) ¥ Gum)
Fig.11 Change of configuration
l‘
r
% i1
i
Mﬂ 1 2 3 4 5 & [l
Lime (sac)

Fig.12 Change of manipulability
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Fig. 13 Position of endpoint
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