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gaaunasuliudn InafanuainsnlunisdpaumiA LN IANMNNEAenIg
LARBUEELATAIN17N 1A ML ENIRTNN9N9% (workspace) AN K1 NTHARLATRSON
Tnaansndesldauudngigann daqiulunipgaaiunasadbnasnanase Lanszuy LPS

1 a o . a o a o v 1 dl v Y o o v X o
L U319 Leica, U3 FARO La¥1i319% Romer WU waLiedAaedaa1inn1as1us1m1asii
Winn1sldeeinaanin

nsWau 1 PS - lutlaqiudadulinsansnanaeessun udna¥1e LPS uuumane

=i . . D ~ Vv v = = o
ani (Multi-station) Wuds1AYN Wavanluisesld Interferometer a9dsA NN 4 lwn1935
sely TARAIZATENNNNTRANKULLATE5NS LPS Wuvmaft&anil (Multi-Station) ainuunuwsniily

oA

= dgll % A dl a dl =® dl A
WWENFEULUNAZAULLANAY ABNIEEY 50 cm HATAINHARIAANELNY 0.2 mm [2] TI0831NAN
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dl o‘d‘ Y @ dld 1 o °I o £ % 1 o
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WULWANE AN (Multi-station) Waldlun139aanwiie 3 AR 299714911
2. AN WUz ULAYLANA YT LITLILAANARAILALIL LT (Laser Positioning

System) wuuuaa@nnil (Multi-station) LaZNAFELNTNNIWTIFU WA ANTINUS

1.3 AAULUAUDIINLNTINUS

o o 1

1. 9NTANHIDANLLL WU LAZAR 4319 S2UUTANTARLUULLLLALTA S (Laser

v
o

Positioning ~ System)  wiuua1edan (Multi-station) W%‘@um?tuumuQmw%’@u%\m%
flanngeiind
2 InsAneanuul Wi TsunsnaauanszuL Tunanasy
3.92UUARA AR LULNLLLLAKERS(Laser Positioning System) wuLMane@nnil (Multi-

station) RUTNIATNNIN19ULR992 UL (Work space) HauNm 4xdxd m



1.4 AUABWNITANLUINY

n3ALHNIAYsuieaniilu 6 Tunaundaninauaniot]lunnei 1.1

A9 1.1 TURaLN1ATHWINLASE

TURNDUNITATUINL FLEZINAN (lﬁ@u)

1-3 4-6 7-9 [ 10-12 ] 13-15|16-18

o

= a ndl dl v
1. ANINUIRLNLNLITDI ,!1

2 MudauLnI unsuAtloyun f/

-

3. @@ﬂLLUULL@ZW@Ju’WﬁﬁﬂQH@N

—

Al lunN1IMAAa4

[ a as]
4. WRIULUIAALAZAENNT bNAT

whtloyun

5. NAAAL NATIEH UAZIITIN

HA

6. AANIINLNINUS

15 Uszlandnlasu

1. A31994AAINT LUAI9BBNULL 9EULIANNARILALNILLILALTSS (Laser Positioning
System) wuuuaa@nni (Multi-station)

2. IduwrAnluniseaniuuszuy Tracking Control ARUANYNTIATEINTEAN

3. st e anAssar et i e nAdel U szendviemeunse &

4. annsounlildszgnsldlusauaselinanaadng iy nsdnatumislaauauaes

PLIUR

q



UNN 2
15nAI255UNSsH

2.1 AMNFIATYRITEUU LPS
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danauauaesiueaus wdaianisasuanlansuaugesiueusililgqanazina vaniniesn i
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AU A LaUBaI e UE A8 RN 13A WM Forward kinematics TNNMAUITUNIY
Forward kinematics tHunnslaugnemanu@uiugaadfuiieiaunaainn1s8 ey N eaus
azdasa(Joint) 14 Joint Space NWIUN1TE19BNTNAW 3 ARLNUW X Y, waz Z lu Cartesian

dl o 1 = a 1 o 1o dl
Space iavanA WMl aelIuNaELALg NI UEWs (Base Frame)  lagiAnsauls?
1Hn 14l Forward - kinematics  bisasannasatwanssaaangtingainsaiunléaasalinuny
UHUTBINDLADSUANTFA 111 Encoder WAAIAIWAUITLAA1NNITAIUIUE YW Forward
kinematics 11 AAuldidueunanalsznig 819 M axis misalignment, inertia change Laz
transmission backlash tilupi

1 1 dl % 1 2 L% o’ 0 1

annad iluduaunaigilssnsilananannludnediu nnsdnstunmlslasuanans

WUEUFAINNITAIUININIY Forward . kinematics HiuilAg 1 lausingin M lfinauuAanazmn
4 A Ax = o Mo o | @ ! . v |
LPFRNNENNANNATIBNZY uas AHnsndRlEna Arumds, (Aanade, orientation wazdiaslilyl
sunauiUNIINIueesjueud  iwataTasieiunndanuslansuauaesiueusfudonia
A lalddszunasansaudsnlaine iy T kinematics model iatinligaealunisasuan a9l
NMTAUAUUIAATEY TTULTANAARALULNLLLLALAS (Local Positioning  System) 438 LPS
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o

7LUY LPS %’gﬂﬁmuﬁumé\umﬂizmmﬂ .71, 1985 e ldlunaifin Avusugn
UBTTULYUEI UG %@ﬁmsﬁxﬁqLLmi\aﬂmmmLmu‘vjuﬂuﬁﬁﬂﬁ@qﬂma?ﬁmf;mmnm?lmﬁm”m
AWMU LT encoder ﬁLmumummmm'aﬂwimﬁq wAnnsAansitiiaclsinivenanilade
naetlszns i lddunisanfiazsausannn lunsAius At wniae resuanvue s
IHNAYINGNFRYge 1 AN backlash Tuszuuiies miLﬂ'ﬁﬂugﬂéNLmzmmmwmmuﬁuﬂuﬁ
ArsliuineumanEinnasuulaimags dufunisiuriuin fumesusazuda ua
LLN‘?IILﬁﬂ%ﬂ@ﬂﬂﬂﬁ?ﬁﬁﬂﬂu(load) T2Ul LPS 3\11@?@%@% TagazaIN1TIAALMLsa9lane
UDIUTUURIUE 161 Tmﬂiﬂ%uﬁ“um'sv‘iwmummuﬁuﬂuﬁTmﬂmiﬁmmizuumm?mqﬂié’ﬁqmfmq

2.1

A9 2.1 UAASITAININZTBINITANETZUL LPS

Year Research Activities

1981-3 Robotic control with joint control method and calculate the necessary joint angle

rotation (PID control)

1983-4 | Adaptive control method for increasing the accuracy by reducing effects of the

system variations

1985 LPS research started for robot end point measurements
Single station design which uses the interferometer for distance detection

Multi station design which uses the triangulation method for distance calculation

1990 Applications of LPS system for industrial objects such shipping measuring and

tools calibration

1991 Improving measurement accuracy. of end-point orientation

1992 Investigation on usage of mirror reflectors and ultra sensitive optical encoders

1993 Usage of 3D LPS kinematics to improve (tracking) stability of the LPS

1994 3D shape measurement applications of large industrial objects

1996 Improving LSP servo system (tracking performance)

2
o
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nsENWNIARaINNsnNNszg na ld i Ugmavnssnlsuds Tnaiaanainnsalunisdnsiums
fpouusdugnann Sauafiuanzsensaeuiitauazamnsaineldluliunsnimnnu
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21191 2.1 Laser Tracker LTD640
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717 2.2 FARQ Laser Tracker XI V2

[http://www.faro.com]

10



P3N 2.2 WAAINTFEUINELIAMANTTR8992 U Laser Tracking 184 Leica WAz FARO

Model Leica LTD640 Faro Xl
Measurement range 40 m 70m
Maximum Range
Horizontal 360° +270°
Vertical +45° +75° t0-50°

Measuring and Tracking

performance 3,000 point/second 10,000 sample/sec
Measure rate 1,000 point/second N/A

Measure rate output >4 m/s N/A

Tracking speed lateral >6 m/s >4 m/s
Tracking speed radial >29 N/A
Acceleration lateral Unlimited N/A
Acceleration radian 0.14 arcsec 2 arcsec
Angular resolution 101m+5bm/m 18 Um+3m/m
Angle accuracy 1m 0.5m
Distance resolution

Laser Interferometer sensor

Wave length 633.nm N/A

Safety Class 21 CFR: Safety Class | : | N/A

I[EC/EN : class 1

11

NMsWaLN Tz LPS luflaqiiniiy azdldaumtlsnginnsansnAua9s el lHasanIvLL

a yva o A

\aura st Single-station Mianslufesaainiaagedsdvlid i lduntn Fauileise
31932111 Multi-station: Teiilennafazsiaisindninazldsnduias e ddszunsnssazu
interferometer 1138 1211 ADM 34 Wudnanunso I Anuusiudnlunaness dasidanie 10°
wms InEANAINATIAEAa LAY tracking angle rotation WAz measurement beam offset ()
Ansvaesrzuuluunsall) LLrﬂ'sl,umifj“muuimﬁ%'ﬁﬁ%’@éﬁmﬁ@ TauIN ALALALTATHD
aunsndsaiianlufisn Retro-reflector via 7 tracking error sensor 18 8132UL tracking
control dAuliataazyinldisyu tracking Aanaamnlaiviu Ml ldasnsoauruszu s

v
daans namsumisrestansuauiuges anisannlilunanase Aatunig tracking waz N9
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[ o 1 ¥ Y o o aa a’l’ Y oA
AR WIS AaeldRAaU N0 EUEUNRULLLAAADA [Gander 94] UANANULAANNNIT

Ane3daiRgaiun1sdnAImIeyNda (orientation)  B9UABULUYU LW N191U9EUL vision

o o

system W M CCD camera  NN3ATIEHNIIFAANUIBIALALALTRSNALTIRUNT [NAUN
. . ~ . . W v Y o X o o X ~

orientation luszuuULMaNaanNl (Multi-station) AFREREMUNAL FanueszuLiAaarisan

seneln wWagannlidaqld interferometer lun199ATz8ly WATLLLAWMWNWNTI WAL

X 9 o g9 o A a a = < A
NARDULLIAIFU V]'\IMN@ﬂ']ﬁ"’J@ﬂl@\??g‘UUV]?:ﬂg 50 cm HATAMUNANAIANY 0.2 mm TINAINNIN

py o o 2 = s o vy
Lu'ﬂdﬂ’lﬂ’ﬂ Stepper N@Lﬁ]'ﬂﬂur]’]ﬁ‘?]ur]iﬁ@ﬂﬂQUﬂNGﬁ\?NﬂrJqN@:ﬁL@ﬂmmf] V]’ﬂ,ﬁmﬂqulﬂr]ﬁ'ﬁqu@ll

q

[

- ~ o o o = i A A A o w a \
WULN zero band LW@@%VIWIMﬂ?:@U@qu’ﬂ%ﬂUW Iuﬂﬁ‘m'ﬂ ANoffset Wﬂ@uﬂ@‘]_llﬂmll’] Nﬂ']llll

o~ = o qya dl R I
N’]ﬂW‘ﬂVI@ZMHuﬂ?Z@ﬂiﬂ’ﬂﬂL’ﬁﬁl GIN@?J‘VI’]GL‘VILﬂﬂﬂ’ﬁﬂ"ﬂ&lﬂ@qﬂLﬂ@ﬂu‘ﬂﬁﬂ“ﬁ‘ﬂ’J\WﬁJZero band



unin 3

UANNITNINULRITZUU LPS

N1IN19ULR9T2UL LPS azudsaanidu 2 Uszinm Ae wuL Single Station WA LUL
Multi-Station BANNNININIUUBINIABITLUL NANNARIEARITU WANAIMNLANANAL AL
Single Station Tl ADM (Absolute Distance Meter) 178 Interferometer lun139ATzels 491

UL Multi-station %14 16uannas Triangulation lunasAtuanimnszey avaznansuindesies

3.1 UANNITNIIBARNTZLY LPS

FLULNNININIULIDG LPS AZ81AEN13IANNAINNITATBNTLUL tracking AU 2 Hu
v
Af NN luluoueu (Azimuth)  LagnyulLiuass (Altitude) MUELYNNAINYANYUNTZANALAY

v

azviou (Retro-reflector) taginilnsnigal PSazEivauaslamas N1 Beam splitter liflanszan
d=7181 (Retro-reflector) AiRA 195 LazAIuANAzaziauaINnIvanasyiau (Retro-Reflector)
nduN TR Skasiasteundlniazgnuiidas Beam Splitter lulflegtinsal
PSD iilaldlunsinen offset 2aguasnnluazannau uas wasandauazgnaslileginsniin
st12 Vi1 interferometer 38 ADM (Absolute Distance Meter) vt 4 lunsfuansmszeznig
1095 tracker U Retro-reflector §17 3.1 1ugameszuiningasiiidfivaimefuuy He-Ne
laser Tnaanuasiaisasazgnislinagny Retro-reflector  auadiaLmasazaziaunauNIgisn

interferometer (178 Fn Absolute Distant Meter) ba i lWwnasdngzeiy antiuudofiviyuiinues

nsvan Ndnaingunsniingn wnisznalunisAiuauaIumle (coordinate) 199 Retro-reflector

1
2

dl 4 o a o o = o O 1
mmmu’ﬂﬂmmﬂm AOVABINTITIZIARATUNLN

Rectroreflector

. TrackingMirror

Mirror PSD

Semiconductor
laser

:I:] Detectors

ADMElectronics

Interferometer

317 3.1 szundpinsumdsuULLaLEes (Local Positioning System) 1198 LPS
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n1sdmszeztiu /@ Interferometer ugineniuimegudivlllueugpaivnssy inau
Tasandunisunsnasnaeduad 475U interferometer WU Michelson  AMUAINIAANNIATN
Fonnuunargnuiseaniiluaasdou dauusnaziuaiuasdneds dounmaeazlilannsznusn
azfiouuad udaEanaunniesNiuawasdneds M iiadangnisalumsnaenuesuasdu nig
o o , o - Y Y o O
HusIu9u fringe  MAnaINNIsUNINaandeduativazgnulasiiiuszazniamuasullain
AU BNAU(AIUA9E9)1H daw ADM ilugiinsainliasravduysnl uazlaisiasiinng
UFuiausAimdedneds wiasinlfsruudsnangeiunn

uanaINHRAfsrULATIazFasaINInilsAuliuasiamasansznuda Retro-reflector
naaAnAale Dauilfa Retro-reflector aziinnsLAaaw Gya1n1309nllnelddaya offset 1a
LALA LT SNASTIBUNALNT INTIZAIUEIATATTIOUNALINIAIN Retro-reflector TWuLMIIUALINNG
A A9lugn 3.2 Tnaifwntea99anaNandae9 Retro-reflector fazagANINAN9IE I 19UAN
imasunly uarnasviaunaunn @eianunsadnaliann ginsnd PSD (Position Sensing Diode)
palugiln 3.1 dayatlaunau (feed back) offset Hazldlunasiliunszanazfiauuas (rracking
mirror) W lfuaaamesnnsznusa Retro-reflector AAaALa1 N1sT9ALNTzANTUAZFaINNNT
AANUWULTUBENNA ININZANHUENNNAANARS 18932 ULNAZAUBL LT I¥NI19 Retro-

. . é’ & 2 o o 4 dl 9 o aa dl

reflector Wavtracking  mirror BANAINBUAL Aa1N19 AL I LAINaz A UNAUNINAANINTN
dauiuiunAnisassiuiiauasla il 3.3 faznnlinisauasiumniadanuiaugn
X o
AUENF9E

Retroreflector

TrackingMirror

917132 vnamEa AU 10UAY

Retroreflector

TrackingMirror

2119 3.3 NIUAUTUTIUADILAS

a
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o 1% o

o dl 1 % %’/ < o1 ¥ dl o ]
“’Q”Iﬂﬂ’]ﬁ‘ﬂ’?\‘ﬂuﬂ@\iﬁ‘zuu‘ﬂﬂ@’]‘ﬂ,ﬂLL@Quu "]5L1/11&16’1Q’1°1|@@’]ﬂ@1/]@’1 Q.J a NITNINIU
£ s o a 4‘ o £ [ % M v 4 IS
@xﬁl'ﬂﬂllmﬂﬂ’]ﬁ“ﬂﬂ‘ﬂ'ﬂﬂﬂﬁdL@H"IJ@\?LLZN 9N IHIZUL Interferometer qmzmimimumww

N9 setup Tud

3.2 UANNITATUIUAILIAUS 3 AR WU Triangulation

NITANUAUALIUIAATINNAI9T8Y Retro-reflector Huanunsnyinlitaamnsslilnsenn

o

Am5uszuy lu 2 ARlALAT triangulation NTATNALTRINEIINTIZILAYIIARIAZARIF AN LANE

aa o

w2 4R Iumuuww LL@@\‘Iﬂ’Wﬁ‘ﬂ’]uQm“]ﬂﬂ\‘iﬂ@’Nﬁlﬂ\‘] Retro-reflector Tu 3 & ﬁ@’]LL@\‘]L@LGﬁﬂﬁ:

8

ann tracker 11 2 fuenalaiiariy Lummﬂmmﬁmwmmﬁlumﬁmgu&iﬁﬂmmumummmm

miﬁmamﬁm:ﬁmﬁﬂL@'}%’@H@ﬂﬁimzﬁ@uﬂﬁuﬁié’@ﬁﬂ PSD wnARAfaY MANANATY A
3 DA fogmﬁlmmwm Retro-reflector %mﬂuumﬁqnmwwdwﬁﬁLLmL@Lsﬁﬂﬁfmﬂﬂﬁmq
nAL wwatenaneilanansovnldanniuadiuasiaigefanlulng nMzAUIAINYNTATRINIEAN,

FIUWMUNT89NIZAN WAy A1 offset aan PSD

/
Lase/r/ To Center of Retro.

Reflected //

Laser
m_, Normal

Tracking Mirror (Left-Side) PSD

ﬂﬁ 34 IF]'JLL’]J?[?]’N“]"II@QLLHQ @ TUNNIAI U UMIANLYLLRY Retro-reflector

EHMeAuaninszandreinesclugi 3.4 nsRuansTERAINNNTI 0 P WAY
wuinmefitianiag A, B2 qu&%ﬁwumLﬁumiqﬁmuamﬁmmwm Retro-reflector 43
A, aru3nunliainnisaziow aadnszananyy M uazuuoauasasafaniaaes (lu
fidwinu 1) AINNINHUTBINALFATURALFUD4 tracking mirror azléiys M, anyuanwinL

4 A %
yuaziiawaz w1 A, 1dain
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O D _ G i, 3.1)

2
o =X ¥

douan P wnldann an M A5A1 uaniuesenilaaasnees D wnwasd D, dinls

¥

AN "7 project vector d, AU plane AsaNAU nAas M, Ae

P.=M_+05(d, —d,_-mm) (3.2)

'
o

upsana31eannqge P iU wwaonimes A, aednszand1edneg azfafiunqaninanaaed
Retro-reflector fulduna3ngain qn P, AU uuanmes A, 289n3vandn9191 T9aztinun
Ausle welun1sneiuAaIT9daddun Eas AR uNa A 1HaIaINANNARIALAA DL

o & Y o v o A = PR = o A
Iuﬂq?Q@lqqqzm@ﬂﬂﬂqﬁﬁqﬂQWIﬂ@WQ@@QMﬁiﬂqﬂW@ﬁﬁﬂqzmLWHQﬁ@L@ﬂQ@QgﬂW 3.5

Approximated Center of

Retro-reflector

7171 3.5 AaudsdneelunisAuanmfuiees Retro-reflector

o

Aﬁl 4 v
TQVIWi@@’]ﬂﬂ’]?LLﬂ’&Nﬂ’]?

(PL =Pa):(Py=PF) =0 (3.3)

(Py—P;)-(P,—Pz)=0 (3.4)
Tned

P,=P + 0, (3.5)

P; = Py + 150 (3.6)

T9Q¥MAT Unknown 2 AR L UAY L, 1HAIN 2 aunng aIniuastinunAIuam 46

N4NA19289 Retro-reflector a1n 0.5(P, + P,)
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3.3 nann19lszanauAIAMNRANATIA AR9 LPS WUl Triangulation

N9UNUTZNNUATANNRANANA U89 LPS WU Triangulation {AINAANNIININIULAY
LU ATININAYNAZIBIATB9TXLIL HUAzTUaL U ANazIBEATedoptical encoderdlld Tag
N13AUIUEN9R9 1 optical encoder NRAINNAZIBEA 2048x64x4 = 524,288 pulses/rev LU

o

wan tngAAuEanaIAlun gAML LeE LT

3.3.1 ANNRNANAIA VDY X-y

a

TURINLTIALANUIUIATANNRANAN ALY T2 LeY TasduNRAd Il RAY AN

Hananaluuig wnu Tnadaudlsilduansatlugiln 3.6

L2=2000

Retro~reflector O,y

L4=5000

1000

mirror

L3=

L1=2000

717 3.6 urunwuazFaul s 14

AN 3.6 AMUIUMIA ANGLN 3.6 AWIIIAN O, uay 6, luglued x uazy
( y
|

L X
2

0, = arctan ) (3.7)
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6, = arctan( y ) (3.8)
l,
— =X
2
AMNANNIT 3.7 UAZ3.8 AT X Uay y azls
|, = y Y
tang, tang,
YE
I
y=—7 1 1 (3.9)
+
tang, tanég,
_ L NN
Ll AL
Y
1 tan 6
x=1 (5= L ) (3.10)
2 tang, +tané,

AMNANNITTNATNTORNANANRANAIATRIA LS Tnedunsn AN x uas y HA1ALD
¥ o | 31/ @ o 1 = i’/ 7
WAATUAITUNNAT O Uas 6, ANBUAAIUIINIAIE8Y x tazy anafsiatldAn @ anmu
= o 2 8 . o o A o
azidanIad encoder Tnaitiuiingn AnasisIasiANgINga1a1 13
o N aa o o o 2 . =< a
A1nNN19 1l 3ei 08 1AaNeA9Lar lANANITAIUAUANILN 3.7 WARIDNANIAINEANATA

434p ﬁ@qm (xy) Tned [, = 2000 mm, 1, =2000mm, I, = 1000mm, I, = 5000 Waz ANAAN
2w

(2048 x 64 x 4 x 2)

uasiaisesilanufianalil Lﬂummwifm@mmimnﬁmﬁ'ﬂuiﬂ

AzIBEAYRY encoder = AlY@dencoder ARIATIANLARY LHBIAINITEZ YR
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In plane ermror at (x,y,0) in mm

P ——— T T s — 5000

— e 4800
L - 4000
L _ —, 1 3500
- - e 000 y(mm)
LT T e T 4 00
- f 7 ¥ - 2000

L S . 1500

1 1 o 1 | 1000
Q 500 1000 1500 2000

®{rmm}

917 3.7 FhANHANAIAgeAn TLuLUIFAN Ha z = 0

a

3.3.2 ANNNANATIA FULUALNY Z

NITANUIUAIAIANIHRANAIA TN 7 LFIANNE LTANANNEANA1IATUILUILNY Z
HudaseUAIAMNEANAIA LUIZ UL X-y mnmwﬁﬁmﬁmmmmﬁﬂmmwamwmmlu
wnnu z - ldsanduAiAndanataleluaziny xy 18 M lFaiuisafansandiAtau
Aananaulsiuiu §a8 - ananfilndiunszananniign Taaansaudsiidlunnssuanuanseg
gl 3.8 ugnsluasmssielali

z =rtan(¢) (3.11)

Vgt wAgaIN A AL Ranaa lus UL Xy LALNINNIT WAaNAN Tunudn
ATUATUNNAN Z, ¢ AR 1A ¢ WinfiuAIazBYATad encoder: AZATNITOUNAITBIAN
ANRANAIAGIgA UMY Zz 14 ‘Emmmmﬁqgﬂ‘ﬁ' 3.9 AMNAIAMNRANAIATAY Encoder

ATNNINAIMIUNIAIAINHANAI AGIEA LALIFEHN 0.72 mm MR uststaLaesworkspace
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9117 3.8 uNuNWAZFR L 1

Errar in z direction at {rz) in mm

= FEp D T T R 3000
--‘-.--"h-_‘_‘
. e\ = 2500
F ‘-"-
. 5
o . - 2000
&
\ “
‘\_‘ Y
T% L —{ 1500 Z (mm}
kY
¥, \
X Y 4 too0
b k
Y ER
| : |
i sl i

0
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

rimmj

717 3.9 AR INRANATIA LWL Z

3.4 NSDANAYLULLTIRY

aa

n1snnneskuLEed(Linear Regression) lussillandain idmiunis s Anglaridu

¥ o o P dl o v dl ¥ dl % .
mumqmu@mmmm@mmmﬁumuﬂ‘wgﬂw 3.10 LL@ﬁx‘]ﬁﬁﬂlﬂﬂ‘ﬂ‘ﬂN’j@Wﬂ?zﬂﬂUWJH X Y, I

a i
v v
&

=1,2,..n HuAeNawIudeyaedn n days Tugluuuanninidunsaluaeaiaridu
g(x) =a,*ta,x (3.11)

[
= al

Tne a, uaz a, WuArpannlufauazanilugesnunmainieulandn aunisdunss

d’l 1 v a 1 a = dl v dl v dl o v
u%n@lmnmmmmmmwmm‘immmwu@wzsmmm@g@mmuumm%
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7171 3.10 nMsnanesuuuddulnanistlssAngieitudunseaingadeyaninvuand b

a

o~ -l 0 . Y . co S A |
"ﬂ’]ﬂgﬂ‘ﬂ 3.10 L1T1RZIUUY 0 AU X, ﬂﬂﬂﬂ@ﬂuﬂlm"] ANYRINI AT g(x) NANLLANATY

TlanArrasdieya y, wiaiudx) AR T gAaNndn AANRANa1n E Tanuai
Lﬁm'%umn%’mg@%wm ndoya aramanlviaglugluuy it
n
E :Z[d (Xi)]2 (3.))
i=1

4' dz o [ U ' < dl o o J dl = dl
9 U RLTININITENAIAIADILDIANLAN Y d(X‘) ANaniIanAINaIaNLATasNe Ll

D

Al AIANN3N3.11 Az lFANNTNNLIRIANNRANAIAYIINA ANNTTN 3.12 dnnnsaidaulsidn

E =YLy, - 9(x)] (313

unuaNn1 3.1 avlilluannian 3.3 azle

E= i[Yi _(ao +aX )]2 (3.14)

AMNANNTIAINIMAUIMEIIs ISR a, uava, NfasNslalaRBRNAvaes
o

HaeNgn (Least square) TWNAINATAIIUIAIAAA (Minimization) TRIANANNEANATALAE

q q
'

a v o o v oA
LﬂEIQ‘LI'ﬂQﬂUﬁ]QllﬁJgﬂqﬂ'ﬂ

E _, (3.15)
oa,
E _g (3.16)
oa,

o

1 ¥
anmanla 3.15 THNase

na, +(Q_x)a, = >y, (3.17)
i=1 i=1

anaula 3.16 Tuasail

(in)ao +(in2)a1 :inyi (3.18)
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ANIIABIANNNT 3.17uaz 3.18 aunsnilisuas lugtluuvaesussnd liaail

(3.19)

n .2:1: X {ao} _ ; Yi
z X Z Xi2 & Z X Yi
i=1 i=1 i=1

¥ c v d’l dl 1 o b4 di/
Lﬁ"]@qll"lﬁ‘ﬂﬁlﬂ]ﬂg‘ﬂﬂﬂﬂﬁ"]LN@ﬁ‘LLﬂﬁ‘ZUU@NﬂW?u NBUIATANRI g, AT a, llﬂ JU

X)Xy %)

a, — ! - (3.20)
) - (%)’
(X - (6 )

al — =L i=1 i (321>

(%)~ (%)
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nN9aanuuy LPS (liainu

TudautlaznanaianisaanuuLiAsesdnaIuue LPS Taaaznanafianiseanuuiansuy
wazlneadneae LPS sauivamaiflngsmuaesszuunow uazludousalinaans wannis

11911 ARANLTR n1seanuuy nsden’ld wazeanuuun1sduEnvegLnsniinuuads 19

4.1 aankUUANHULIATINBALIATIASI9 DI LPS

LFRNdnA UL LPS Hdauilsznaunan 2 dau Ae danaasginsniinuuas uazdauang

c dl v = 2 all £2 o 1 & 1 d‘ ) 1 Qi 1
gunsaiAuAn TegUnsaisnuiasiniinnasyianuadiaiiasiauglnsalsngg iwetinAneanu
Tunannlugaatunu Insgunsalinuuasilszneusiag gaviawa e BlaaN-aew 4a Beam
Splitter 10 Tracker LAz Retro-reflector Glumu“ﬂm’qﬂmtﬁﬁ’mmu@Nﬂ?tﬂ@‘ucsz LATR
PANTWIADTANUIU 2 1ATeY AfATuddayaluL Digital/Analog Converter (DAC) N1fafuids
dayauuy Analog/Digital Converter (ADC) Hazn13$Atill Encoder Ta11N30LAAS1HA91IN 4.1
TneldnsnmuaniFaasszuuldsne nnsaem 4.1

TunnseanuuLesesdnf WML LPS Hiilufiesinisuandga Tracker aaniilu 2 gadq
wanalugiil 4.1 @9luniseenuuniugILeIAENITAIAINATIEEA (resolution) 283A Laser
Tracker 184 Leica $1 LTD 640 WdAIA Naidta(resolution)iniy 0.14 arc second 1ia’ld

c I dl 6o o ] dl o v dg/ Vo o 1 v aca
91nsnd Interferometer WALE9aINQUNINITAAIUIALG LPS Nazanai1ell azlddnsnumianneis

. . = o § v 1 = a a_ o = o a
Triangulation T9aznnlfA1ANazIRanliANanaY BNTI9ANNAZIREATE9R Encoder HANaRAY
o X o A oy o o A o 6 o ~ - ~

arnnizeentuy iidessiu esaindeqarinrewudssanui i inldssuuimnnazidaalian
Windu 1.2 arc 0 second BAYAINNNTAIUAAILUNTS. | AENUIINITATILIURI LU LU L
Triangulation AzlAAHANAIAZIAALITNIUMATL 0.4 mm (resolution) NTeely 5 WNAT NTeals
TEWINNIZANFAARNNNARUNTL 2 LUAT

N138anuUULENIRINNT 9N (Working  Space)  azH1FNNATNNINININTUNG 4xdx4
gNUNAT-AT TesasaAuaauduaasuasaLte fAeswe uazaniaNiRaa9ga Tracker il
FonnuaANNEalunng Track  WAYNITUATINTBNAILAS TIN1T8BNULLTA Tracker  A9ayls

nanasalyl
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Terget PC
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Pasifion Brssarantit sy

Host PC

917 4.1 dautlszna uNeuNA933T UL LPS

F1979% 4.1 AruaNtRaag LPS e ldluniseanuuy

GRIGEGIE

=
TIERZLALEA

FNN9N9U (189 Retro-reflector)
N .
ANAZLALA (resolution)
Maximum Tracking Acceleration
Maximum Tracking Speed

Laser Class

QIMNANIMNIZAN

4 X4X5 a1l W.

1.2 arc second

2.9 (at 1 meter distance)
6.m/s-(at-1 meter distance)
llla

25°C

24
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4.2 msvaanailnsal

quUnnidmdu LPS  doulunjarinmuantiiniuuicand niuenu Laser  Tracking

v ¥
Tnaanny Auiupuanifvesglnaniavfadaniauiinnime fAadl

4.2.1 gavialaLtasaaaniiaan

va o

ol W v o vy = = = v > =
wavartasnanunn 1 liiuarfesinmuanifsiae nileazfaspauiduganeiay
a5199n289uasLugLnend PSD (Photo Sensitive Diode) AlAdNMdNNaNazmAwmMLI289qn
Toududn Tnamudayates 9unsnd PSD WIA18MIA WAL ASLAIANNIZNUALENYNFD

1

v al = ¥ . . - £ A rdl v 1
wndnuasiaiianudings (aan signal to noise ratio) usnBavABNLASALTATTNA NN g
o dl o i | | . . @ v 0 KR KR 9 {
1N WeAnlaendsvesyAaInswazsaPosition Sensing Diode TntififiadA1laNgAae LAY
Wwiresiuazfasinisutsaan 2 aselag Beam splitter @9aznin LA udN1094898AALUAD
25% UANANNULAITUIAUAIALAILAZAINITUIULAIA LAY (Divergence) Naasiaan i
wiNNzaNfuszaznsAunNaaduduaLies inailintsaziinqeaasuadlugndnsia PSD e
fia Retro-reflector innifulil SeazinlisunaunisAIuaMAIwILIqATRTaN1sALANNIZAN

v v :J/ dgl o‘d‘d :j/ 1 3 P b2
azviaunasle nallmmzugaattafniuiatuazldanunsoin lduuasawiuwlsd 100% wa
PUAUBIATBAIAZLLTHNEUAL ANNI3LIHA89IAES (principle of optical invariant) 211AEN
dniiuldAenarindunseseglnsaldielé uazanaazvinliiAipnnuidinaesuasudsiasuuin
AMNUATBITREFABTRINTZANUY Retro-reflector wanainieesagsanilanamnanngainisalunig
NauluszesinaNend (4-5 o8)  IesliinasanNdNLgs Lasaeasn 19l na Lt
LPS © aziflutiln He-Ne 18411319 Coherent §1 NHAUAU9INIAWINTU 2 HadTns 10L&
HIUALENANTBIAUAINTUA 0.79 HAAINAT UATAINITLNUIBNAILAS (Divergence) WL 1
Hanwmey dmiugaduvasefazdsznaudon 70 Adjustable Laser Mount 63 LS1 wazsin

Ly o o o

LS2 Tnegin Laser Mount Hazanunsniliussgudaasiaaitaslalnanisuyuangiiadu desieg

u

o 6

Uiulvaagudnansresdinasadidianaudnasres Beam splitter taz NIzanasyiauaedsn

Q a

b

Tracker IgATLALIAT AINNTOUAAILAAS 317 4.2 gaviniaime SaLATN-Haaw

a
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51lN 4.2 gaiinlaLasEIALN-Hoau

4.2.2 1i;m Beam splitter (BS)

n1taanuuugA (Laser Line) Non-Polarizing Cube Beam splitter 1199 BS AavAnilang
nstleanuasldiseaniuRinuassia BS iud1Any Seaiuasidiuaaniiain BS azifluuuiy Non-
Polarizing Beam TNHUUALAINAIRINIZUL S-P Auandlu 3171 4.3 SeaslinasianaNaunn

Tunnsdatiuauasiuanslugili 4.4 pauaidu

=
14‘
e
— L
i
— -_—:./ $p
_‘_"r:'_i‘_,.f— — d -
SE T
S r
o i

91I7 4.3 nnstiauiisanuasiagld Beam splitter
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Traner see & (5
n -
a
i
\
\

[ 1 I | |
6.0 a% (] i =
Homalned

717 4.4 nszenliauasinu Beam splitter

@ ¥ a

1 ¥ ]
ANgUN 4.4 wansliAuRUUILAIH AINFANRNA LRI04 BS  INALALNAT 1 T98A
dl c o 4 dl 1 v 1o A < & o ?a// o o
Ameniany sl azvinliuasiiiaulafiAnminiuae 50-50 afidus Aiunisaenuuusady
= o o 2 Y 4 o Ao i\ 4o = -
HAAZNINIIATUINUALEILATEIANINHAN U LIS UATAINEI1D95 U BS2 D99nAUENANY

184 BS AzfiolA1winiy guinaieuesaiuadiaiioines sauandlugli 4.5

I-l'
""‘-f—-.p.
{___ﬁ__r
Vel (@i
,“'_:-‘-'- - ;‘I’I A
i“--'m_ql“) | I
! HMJ’ -
7 ok
raat £
| =y A
F——

717 4.5 nsBlsauaINIUTA Beam splitter

4.2.3 {2 Photo Sensitive Diode

n19Mn9uaeeaLingnl Photo Sensitive Diode 178 PSD 183131% Pacific Sensor Az

'
Al

1 ¥ 1 L} ¥ 1
N139AANBNANUAITILERSAUENNNAINAT Retro-reflector Fugnazldandnlatiunnauludsls

o

7/ Tracker Wy uA1LASl1E9aAALENA19T99 Retro-reflector tagiia PSD Hanwue Aagil 4.6
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B R

717 4.6 PSD

www.pacific-sensor.com

4.3 gm Tracker
= tZ dl o 1 = dl o o L4 . . .

4m Tracker HUUINVAN 2 DEINAD NN NITLNALNTEANATNDULAY (dielectric mirror)
dl +% & 1 o a v o 2 r—‘ll o a
e liuasamasanunasnitasziieulilds Retro-reflector Ifnaanioan wazassivednyuin

4 o . T 4 o o

103n3zan NldlunnsAuiniAyNesLasarmasnaelilis  Retro-reflector tNatinuNAIMIT
o 1 a a o Z:/ ¥ o A
AUUeT84 Retro-reflectorandl pasiuniseanuuuazilszneulildiag 2 daundnAe n1seanuuy
srULdUAARY LAZN1TR8NLLLTZLLTA

AINNN3RBNULL uaziaanalnsaidnng wudi deaninuesniseaaniuuseuy LPS Wi

. . ?:/ a dp [ % all o 67\ dl rdld

triangulation U AziiAIUAINIZULIANH (W19 un1sA NN Taduadaimas) Tnaginenind

o > P~ X 9 aa N T
ANNNUHNUENAEUAZHTIANGININ WENAINTUAIARLUIA METINAzANANNTIAN LA TUIAT
srunduAausg annisuInuangLnsnifimnnzanma Encoder 184 UM Heidenhain §1

4 \ o 2 — | o ~

RON NAMNUNUENGIDN 0.2 arcsec @MMTULNUUL LALEEIAINTIATNEY LATIAAIINEINITD
1a9ginsnifianaazliainisntinnldldlnsanysal inszdesninuesnisuanglnanidutia
waz guUnsninne i dinesdasaus Aglfidenld optical ‘encoder M HsnmaAaINNAa optical
encoder 1841314 Optical Encoder Products, Inc. ﬁju CP-300 series Taaiiauau pulse LU
sine wave Winfil 2048 pulses/revolution Feazannnnaeny lang 524,288 pulses/revolution
138 § resolution WAL 2.4 arcsec @1 lE UL LPS WUy Triangulation NRszelsszning

tracker He@ainAL 2 m fazianuudugntiesfgn 0.72 mm Nszazilszanns 5 m
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dl v A L v =3 o ¥
Waldaengunenludafianisniiuieenuuuszuunienalsd lnaga Tracker
dsenaudog NawmeinFonsndnaumlays (Angular Encoder) a1uau 2 6o Aauanalugiil 4.8-

31l71 4.9

Weight Balance Azimuth

Mimror Holder

Mirror

Upper Motor and Encoder

Lower Motor and Encoder

T

Altitude

9119 4.8 7m Tracker 204 LPS 2

a4 Q
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Altitude Motor

L \\R&%Qﬁi\\\\x“ _Uptical Encoder

7 7]
0

317 4.9 N WERVE A Tracker 189 LPS 2

4.4 gilnsalAtuaN

NM9AILANTA Tracker W@ snasviauaIuasaimas LA umdeguananaaesn
Retro-reflector  InaiagnandsmauanissaznIsnazaniasguangauliainsa PSD  waztinnn
AYLIANUNUNNUTIDIED Tracker WIBNTINATUITIANIZEZABIFY Retro-reflector Tuiin X-v-Z il
wianT i lun1saquangUnsnldnAumilaLPS azinnsmILAN wazAUInIRaeTanilag xPC
Target Nlsznausaunaniiamasasuyara (Personal Computer) A119L 2 LAsaS TniLAZaqwLsn
= . A A = ' ' 4
(381141 Host computer: WaziATaaNaasizendl Target computer Insiusiazipzasiidaulsznay

% ¢ﬂl o tg
WAZUTINAaN

-Host computer Usznausaslilsunsunanaa Microsoft OS isa Windows Tilsunsu
Am Visual C++  wazldsunsu Matlab® 7.0 LeA7ed Host computer QsRUTinAIWmun
Tsunsupqupuineitultlsunsu xPC Target 2@4lisunsu Matlab® wazfuiufouaning

6o A | o

NFRUNAUALAI19INFN9T Aa1ngUnsnddn (sensors) bR ARLUNAINgUNIRlTARA LM

(Encoder) ,ANndeiLuand wmas Nenuanleann PSD

]
o=l o =< o

-Target computer {upanfiaimasansauiianniuinsaseiunfnsie a9ldmnsaiu

| ¥
NameslaenIaLATad Target HnauldlaeeanAanisn911Ls Real-time Operating System
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2193 Matlab® FesaLpsasnaniainef Target fasnisginsniuand miuniadle-ila uazuansuna

114 NUREIANAT (BE91iaE 8 MB) Ta98 ULNWAAT UTNABWAAINA WAZLIIUANA TN IRnsA

o o

‘Ll'aqﬂﬂmimﬂu@ﬂ (hardware) ”nampmmlﬁ?ﬁ (input  signal) Laz@tyaunuu1aan (output

v
o

signal) azgnderinuniiniudedeyauuvendenuazhanea NARGILL PCl slots  1849LATEY
Target 49uN138841371UWI19LATEN Host UAT Target AzgnanuNIga LAN visatasnwasn
ayYNIN (serial port) 1a9AaNNAAT TatLHIAsBANNIatindnldduiu LPS dsenausoy

Encoder card Signal input card wag Signal output card



UN? 5
AL LPS 1

LN EURHANNTA39IEIL LPS FULLURATINTN drufunageunsineuiinsdiaes
LPS Tmeasld LTS (Laser Tracker System) R TRT Sty RT YL TTAUE A AT AAIE PRT- SR
F2UU FIUFUATNNTUNANLMUGT8S Retro-reflector  TaaldaBn1sAMAMLLL Triangulation 6
wanaluunil 3 luuniiazinaueieninauaesszuy mi[%q@uﬁi:uu FTULAILAN LAY
ANAROLLE BIFUT0ITLLIL DN HANI200NLLILASY AR LI 91 14 1NN s AN F LY

LPSFNaaq d9aznannluundalyl

5.1 AU LPS 1

STUUAULLY LPS  NIHRBA1s AL Triangulation fuduazdedld Laser
Tracker (LTS) ﬁmqummﬁqﬁmmﬂugﬂﬁ 5.1 Tugﬂﬁ' 5.1 921111 LTS viasesiamdiag Module A
WaY B 92U LTS ﬁié’m?qﬁuﬁuummghgﬂﬁ 5.2 gilnsnindnuesssuu LTS dAwuandlugilpa
Laser source, Beam Splitter, PSD, Wag 3211l Tracking Mirror Taeinsinauldasuneudalu

UNNUAn 92UL Tracking Mirror iseiaz@entiuuansat gl 5.3

Retroref| ect or

317 5.1 nANNIMNBBIFULLIL LPS 1
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lugUlil 5.3% 189 1 wanenIzanaziauLas 189 2 wansmaimefuuyiFulsadnu Maxon
2U1A 80 W §1 EC32 Lﬂuqﬂmtﬁf*ﬁumﬁ'ﬂuqmmmﬂﬁmmwfmLLmi\ﬂuuqu Azimuth (Lmuﬁ'ﬂg'lu
uaa) 1ne 3 uansneimesuuLi3usennu 189 Optical Encoder 714 CM series 300 \ugtlnsnd
Tuindaunszanluya Altitude (unufiagluuuiuew) 1ae 4 &uﬂugﬂmnﬁﬁzﬁqﬁuﬁqﬁuiﬂﬁ
nszanuyunniiull dauiaa 5 uaz 6 Hugudanillunisdnuunesdudouuiazauldnse iy
m’qulugﬂ'ﬁ 5.4 ﬁuummgﬂﬂmﬁuﬁmmmnﬁﬁw%mmu@qﬂnmiﬁmw%wﬁummn Tnefiflein
Tnemfanudessnduaylfeanuuldanaa militelan dudesldusdnanuemesld

& dl ¥ 1 o 1 dl
tatfgalunispauanlvinsyanat luAduLaAsn

7117 5.2 Funul syUU LTS 289fuiuL LPS 1
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2119 5.4 gilnsnidutiangzan

a Q

drunilnsnidutin Beam Splitter uaz PSD Bunanslugilil 5.5 uazgilit 5.6Tnaniailnend
waasldeanuuuliarunsnuiulalaaldangiuanaiuee 3 uaz 1 2 Tugih 5.5ua31l7 5.6
¢£I o z o o 1 g o 1 4 [ o ]
Fen19UFunandulunasliuusdsusouasiavte fuazginandsaeinseiu nstfuusuuauas
i stiuazaNnsaTin lAR

1-neanszanansNean udqldeinanl audowuas 1 luguh 5.7 waldgaisdunszan

1 dl

agAan

[ o

2. fausaamas wdaliunsduaunaanuiinuasau uasdesinunaan Adlugili 5.8

[ 4
a ] g

Tneldgudoniwes 2 lugdi 5.5 uazdfuauuasieinuiinudugegn Aalugli 5.8 Tudouiues

2 Mifluuciulanyiazliinis 1 lun1mnenuasg
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3.a101u1N7zAN 14 LAy IFLAIE LY aUNAULUIANNINNgAAaUFUNTLaNaWLA9N

q

azfounduiuiuuaaiannIzny tnugdnuuasaes Beam Splitter 17a Aunaeniiilnuas Al

3171 5.9

4.15ugineni PSD Tuasmnuu PSD nansiign tnadruaiinléann PSD Tilnd 0 g

q

dnlsianunsonnle Aamauadtyaiasld el lududaame lussuuaauru

. -
/3 £\ = £\ -

917 5.5 1A4UEIA Beam Splitter 183g1/nand LTS wafuuuy LPS 1

91I7 5.6 gAALEIA PSD 18991N90T LTS Ba9siuuLIL LPS 1
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o o

317 5.7 gerTsAunszanfinau1e991inand LTS 909611 LPS 1 (F1unaa)

717 5.8 nstFuussunauaaitasud
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. S

Ysulitgaden

5119 5.9 ma?ﬂ'?uLLﬁiQLLuQLmelfﬁ@?"Mﬂﬁu

5.2 qinsalAtuAuaaAURLL LPS 1

ITULAULLL Local Positioning System meﬁﬂugﬂﬁl 5.10 Imaszuudsznaulldiog
aUnsnfudn 4 Tune

1. GANTEANAAANARELASLALTRS (Laser Tracking System, LTS) nana g ENN

2.‘1;&1’2@@?@11‘1@3&@@@5(Power Amplifier & Electronics)

3.ﬂ®MﬁQLﬂﬂ§ﬂunu LTS (1/1?‘@ Target Computer)

4.ANNLABFAANNT (Supervisor / User interface, %138 Host Computer, 13J@q'°lugﬂ)

TANTEANAAAINALIUANALTDF (Laser Tracking System, LTS) Pl g g uTiEnuan lu
duilazeiinefeguUnsnfnauTuiviae

g

717 5.11 wansgunandsne i ld uazszuuauannld (Meazi@enginsalrineiueglu

nmanwan n) lugliudulszuansszuuidullsunsuneniamas (Software) tnsaiunsnyiu
% dl k% I8 dl o :,/ a o 1 A 1 o o
Imnszuumuauild Inglunisasunnsawmasuilafatuazidtynimsne)pae Ayndniy
pouAN N e F IAAIHNTABINT LaZANANINAAIALAREUTIBIUALALIDFAN Retro-reflector
(Beam offset) Nl ln191/5unszanm1un1Teaauiead Retro-reflectorAnAanuAamLAa el g
871UAY PSD ’H1uN19N95A PCI-9112 daudnyniuldanuatinu Encoder card (PCI-8133) waz
PCI-9112 Encoder card tulddtynynns A/B wiil square wave i9aiiluazfasadialinainagas
de o X . Koons a e 4
Comparator ~ fidpvinGw usdoyryuilldlfuAruazidaainfudminaesgnAausesaUes
Encoder (2048x4) win nnsnazdnmyuliliaziaantuazsiosldaraesdoyoyiniuwuy Sine
wave 1ntin19811AY A/B A1n AID card (PCI-9112) n13ldeuazsestindayaiaasunsaniy
Imeldsunsy (Summing  Algorithm)  n13ldAnann AD  iesagnufgqazlianusana e

v v
ANHIEIGY uazNILanANTNaealaaasaf liaunsoni iinenzAtgudiuliasaiuainnig g
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94943 Comparator mﬂauﬁﬂmﬁmjﬁmmq@fﬂu nanuan A WelEAEe Ui fanunan
dszananalaeldszuunaunu (Control law) udadsllarupunaimes
msmﬁmmﬁmiﬂmuqumLﬁ@?ﬁu%mmu D/IA card (PCI-9112) 'luéfy Power
Amplifier (Maxon Des 50/5) IatinnsaduANNeLnasaIn Amplifier iufluuun Current mode
(Torqgue  mode) ﬁﬂﬁmm@ﬂLLumzuumuqmmmmﬁudﬁﬁu wewmaflg e funuy
Brushless ﬁa&uma‘muauﬁmﬁ%uﬂaﬁﬁLLmiwm Rotor weaneinediag Amplifier 114

o = o v g X Ao o X
Aatutu1d A/B LU square wave TN UAZABIAFINTUAINNAT Comparator NAAN1UY NAT

De

o

s Amplifier wazginsnianalnila (Power Supply) siulddna¥isausaniuiunasdngasd

wanalugin 5.12 ginsniivasstiuanailudunylugf 5.11

Power Amplifier

& Electronics

717 5.10 g2UAILANTDITTULRANN FULLL LPS 1
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717 511 szvysnelddmiuAILAN Sl LPS 1
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uNN 6

FTTUUAIUANLASNITNARDLU AULUL LPS 1

TUuMARAZNA19T NM3BBNULLITTULIATLANIBIFULLL LPS Fafindls wazn1svmage

220U AMNAINITD IUNNTRARAINUBITELL LATAINAINID 1NN A Teaznanaluasusialdl

6.1 FEULAIIANAINSL LTS 21R9AULLL LPS 1

o dl ¥ J Y o o I a
panlanananiudndn muaINIn lun199119UnANIe93T UL LTS AAN19ARRIN Retro-
reflector ludaullazianeszUINIZALANT FWRLILAZNAAA1ATY AUAINITDNINTAARATN

Retro-reflector 161

o

%I/ ?\// 2 o ¥ o = ¥ a d” ¥
IuﬂuLL?ﬂuuNQ@ﬂiﬂu”lL@W?ZUUQQU@NLLUU@M‘ULﬂEIQN’ﬂﬂ ??JU‘]JLL‘]_IUQ‘]JLQEI’JHSL?]ZQMDJ”IM

0] [

flaunduiiiuA1nanAaeLLadLEIAINAANNNAN Retro-reflector (beam offset) 814 lunng

ALANINENEE ALY wiaann1aasesLiuuasdueaiuu delinudnsrunazainnsninnig

o 1

AneN AR Teannisndeing gadewudinasldadnyains PSD Wienatinamanlunistlaunday

:j/ ' daal’ 9 o 1 d‘ A | a 'y dl o 4
uum@immmmﬂummu TAINIRENLANNBLABNATNITINFBTURITSULAILA (PD) ANl

u q
v v

seuLANeaIda Retro-reflector B8jil9ilid NIzanBRRNTULTFUATY U IIsUINAUTRENIN 61

a

1 v

HISARRNNBURTINIZANATWLISWIIAIUANITLLAILANTAA T NN TN szanagtiatiudl

'
ISP o

Ly = : <o o < 9 = - '
UBLININ GNHWQZL‘EHLW?’]::V’WLﬂuﬂlﬂ’m‘ﬂﬂﬁlﬁﬂ’)ﬂ@ﬂ PD TNADNHATANNTICTEULNANNUNGIDE]

TugUn19M19 U197 U UNAULAIAS NBAINHNTATAINIZANAAATN (YNUBINDLADT

a

Anpnw) lUNszasianan1e9a1uaIaInqAnenansaes Retro-reflector S9inannginsnl PSD

v ¥
o

fahmsznisianszanifaadntiaausiiefinaresrzazarninenszanfnnnlilss Retro-
reflector  1nunan AnnliTlnaszesiianataunnld Feuietiianldauaznudiussdod
nalmafaztiaauin auin IFdy o LNy usadaANI wIe LsiiARNANNEANAA Y
NNINAR NNAFDNNFAILANKIN

1 1 v 1
[HasannnnInAaeLszILAYLANA ATyt PSD tienataaneniiuliualiifunnala

D

2

napuzgade lavmuIszuuauan Ay iy nresnszanidndandas Inelddnssuy
ArupN luudazunuaanilugiilaundudauiuansgl Aagilludugiilaunduaesyuans
uewef uay quueniiluglaesnisfleundudaadoyniman PSD delugild 6.1 Imﬂlugﬂﬁ
LAPNTZULNINNNUTBIsTLILAYUAN IWMWINNL AZimuth (A13N0)

lu gl 6.1 HasAResnsie FeenslirAafianataTesuasaniananste Retro-

[ 3 |

reflector N9pannailngnd PSD luen x,, wazy,,, dHAndugued tasnisuUsuusslddnynn

[
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o

nszualWinngiasnig (i) Aldduglnsniaenanias (Power Amplifier) vivananainas Azimuth

. - . o o X i . 4
uaz Watmas Altitude  Ngilnsafaananidsil aziiasasarupunszualWiniduaundieaaiud
(bandwidth) Uszxnns 1k Hz Iaenisdamnnszwa i Afednnsdy azdanmanud 0.5 msec

(sampling time) TugUufugunlddnynrnuynaeseawesunistlaundu tneldgnsaiings

1 1 1
! a N ' = a

Encoder lunnsauan (MA9uD 0.5 msec wiuriu) qURRdnyn udgsnaAyunaeanisiay

q
¥
o/

] =l dl dl a o % a ) dl
dennanguuenanivile Tuguluiidynyndnede 0, azgniunauaindoyoioumui

[7g7) q

o

A s

0,) wdnih dudoyaurandaliunsapuguuuy PD dowlugiueniuidugilaesnisilaunay

¥ %

i &
soadryeunnsangiingnd PSD Aiileann PSD - s 4 lwiludnyynudraesdonaumuuiy

PID agfinnsAuanuaanuudnqanuyuisesnis O

e £ ; ; 1 Azimuth Maotor
Offset Signal =0 O ofd) 0 o) — ﬁ
. - . &ampliliar

-
ﬂ" Encoder
-
Laser & ————
PsD + Retro-reflector (i]
;*-*:;"“------------------‘--------u' Interaction e ]

To Altitude Loop
From Altitude Molor

77 6. 195Ut LN LLAe34L] 289TARILIANNTZAN WG AZimuth

6.2 NFUSUUANTEUUAILANLTS ARIAULLIL LPS1

Tunnsiaenldscuumuaudniu Ci(s) « waz C2(s) Aelugiin 6.1 Wuldnimaaas

%

v
uwsislaaldszuumauanuuy PID uuusne Inanimeasstfuwsiein 1995050 qulunewls

Ell

1
! % =

I allg; | A ] ¥ XK o ¥
IAnanauauasradyyIuaail (HuNABINNS, Gd) dunuanelawdnasiliuguaniing

(HARAUAUBIADAN offset NFHBINIT)
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6.2.1 wan1sUsuszuuAILANgUAILANNN (aUlu)

nsfuiuinsiuluglluden quluiuglfidarsuassuresnszanlfldyniiseanis
sluzqgﬂﬁizuumqu‘f{mmmuﬁmmu PD (Proportional and Derivative Controller) TaeA LA
Hurussiinfifasnisfinames iedlfiqunsalnsupuuewnasell (motor controller and
power amplifier) lunnsneaadldnan1sUFuAn proportional WAz derivative  tnuaulFEAn
namaUduRtsedy i uAiTesAyuiidansinela Tnananauauassiednyoiouud
FEINIIWINAL 5 89/ 289N Azimuth LLamqlugﬂﬁ 6.2 LL@%Q‘]J‘?]I 6.3 189N Altitude LAAIAS
Iugﬂﬁ' 6.4 Lngﬂﬁl 6.5 Tmﬂgﬂ‘ﬁ' 6.3 LL@Zgﬂ‘ﬁI 6.5 Lﬂumwmmmmgﬂ‘ﬁ' 6.2 LL@::E‘]J‘?II 6.4 lusia
mmgﬂ*ﬂw’q’uﬁumemguﬁiﬂrﬁmﬂlﬂ%ﬁma&mm sine wave 84 encoder FaulunNg
ANUIUATUNUITNY N BINDLADT LmzqmmﬂmwLL@@Qﬁﬁfﬁ“@ié’TmﬂHﬁmmﬁm square wave
@lHeasIniinareandoynyant sine wave 3nfi) AfilETARTIANE 1 msec.

ANBIUZIBINIFDLANEIIDITZUL A AD

1. @ﬂmLmu\mN Azimuth: settling time (t,) = 0.12 sec, rise time (t) = 0.035 sec, %

overshoot = 0% WAy A" steady-state error < 0.1°

2. @ﬂmmumu Altitude: settling time (t.) = 0.04 sec, rise time (t) = 0.011 sec %

overshoot = 0% WALAN steady-state error = 0.1 y,

sruuAMuANLUY PD #ldalug
T=K, (0,6)+K, D) 0,0)

Sa T AeAusslangesnis, K. Pap1 proportional gain, 0, AaAynfisesns, O Aeen

34‘1'71' nl&, K, ABA1 Derivative gain, D(z) tlu ﬁﬁumﬂiﬂuﬁlﬁumaﬂi:mmmar‘mmfawﬁuﬁr
asdnyynndlusyuuiuy digital ANTlU Azimuth PD Controller Ae K, =500, K, =10, D(z) =
(8002-800)/(z-0.6) uaz AN1F1u Altitide PD_ Controllef in K, = 200, K, =1, D(z) = (1333z-

1333)/(z-0.333) (sampling time = 0.5 msec)



43

Azimuth Angle Step Response

Angle(Deg)
w
L

0 L L L L i L L L L
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 009 0.1
Time(s)

917 6.2 HARBLANAIABATYTNUNNNFBINIWIAN 5 89A 18N AZimuth

Q

Azimuth Angle Step Response

Angle(Deg)

4.5+ B

L L L L 1 L
0.05 0.06 0.07 0.08 0.09 0.1
Time(s)

317 6.3 HARBUANBEDATY U UNNNFBINITWINGL 5 B9ANTBUNY Azimuth (gU87E

21993117 6.2)
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Altitude Angle Step Resoponse

Angle(Deg)
w
L

O Il Il Il I Il I It Il Il
0 0.01 0.02 003 0.04 005 006 007 0.08 009 0.1
time(s)

717 6.4 naReUALEIARANITINDINTSBINI9WIANL 5 B9ANLDIUNU Altitude

3

Altitude Angle Step Resoponse

T T
X SO SR SRSOL S X X X X X X

X X X X X

o

Angle(Deg)
O A T
N w B al (2} ~ (*2] o

‘3
-

4 L L L L L L L
0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
time(s)

9171 6.5 NaRALALDIAAATYYIUNNTFBINIIWINAL 5 B9AT8UNY Altitude (FUBNE

U

19931/7 6.4)

6.2.2 uan1sUsuszuuAIUANgLAILANAULUUILEILY PSD (giuan)

Tudouiliilunisl funsegiuenseainludaunudn Inemnnsil5uidnang Retro-reflector
Nezay dszanns 25cm  wazdnonglianuasiaimesnasiaunduunan Retro-reflector ANAIT

1 v
=X o

MNNAN9 PSD wan (8 1upAsuuieanls 0 Volts) andulidnyoynusiuwlsannsgnuisasnig
duArasimingu 0.1 Taadl visalunisanaasnisiadaun lilaas Retro-reflector  1flugvers
Uszdnu 025 mm U9 6.6  uaz 317 6.7usnINanaLALBIAAATYY 1 DIAITITBIATLAUIAN

NITNLUBIUALATDFNABINNT LBILNY AZimuth WA TBILNU Altitude ANANGL



Azimuth (PSD X) Step Resoponse

0.12 o
X X
XX >§S<
o X x x
0.1 B x, R e I I o KX X w&’;;x%’@‘
e 0
x % x
X %
0.08 - x g
x
. x
j2}
£ 006 1
2 x
x x
fa)
2 o004l |
[2 x
x
x
0.02} x 4
x
x
x
O%x R
&
_002 Il Il Il I Il L L L L
0 0.02 0.04 006 008 01 012 014 016 0.18 02
time(s)

45

717 6.6 HaRBUANBIABAIIIYIIASH 0.1 Volts TBIAIUULNANNIZNLITBILASLALTD T

AR9IN1T 2RILNY Azimuth

Altitude (PSD Y) Step Resoponse

0.12 ;
b X X g x % x
0.1f R R B xR R B T k]
X o % x x X %
)e(x}‘” X x
0.08 * f
X X
= &
m 4
£ oosr f
>
> X
3 0.04f x ]
o X
>x)(
0.02" B
x
Oy f
_002 L L L L L L
0 002 004 006 008 01 012 014 016 018 0.2

time(s)

317 6.7 HanaUAWBIHRATYLIIEIAST 0.1 Volts IBNANWULNANNIZNLITBILASLALTD T

AR9IN1T 29N Altitude

AN UFUANLIN S ZULAILANTLANIZANADLLIL Pl (Proportional and Integral) gl

ANNNTU5U A AN UL UANNIIAD L ALAIURITLLLAD

1. quUAuMaN Azimuth: settling time (1) = 0.1 sec, rise time () = 0.014 sec, %

overshoot = 20% LAY AN steady-state error = 0 volts

2. @uﬂﬁ’umﬂmm Altitude: settling time (t,) = 0.06 sec, rise time (t) = 0.03 sec %

overshoot = 0% WALAN steady-state error = 0 volts

srULAILANULL Pl Wildag Tugil
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T=K, (0,0)+K D 0,0

'
A 1

P A Ay A . . A Py A

e T Aerussdinfifednns, K AsAn proportional gain, O, AeAyuiisiasnis, O Aae
NuNdnlH, K, A1 Derivative gain, D(z)= 1/(z-1) 1lu fedudneTaunldlunisaunies lusyuy
UL digital AT lW Azimuth PI Controller An K, = 0.1, K, =50 uay A1#iflu Altitude Pl

Controller A2 K, = 0.1, K, =50

6.3 ANMNAINITO LUNITAAANN Retro-reflector

Tugdouiniadu 3 doutas Inggesdouusniiunisdnanuidalunazununa L
Azimuth WaY Altitude TININIITANIZEIL 1 1UMT, 32812 5.8 LUAT LA IUgIuN AN UANTIARS

ANNANNINR LTS lUn3AARIN Retro-reflector MNaBUAUNTaN Y

6.3.1 ANLsluNIsRRAINTISZES 1 m

1
g

Tudaulluaninsfinnu Retro-reflector Nszelz 1 m InafiAyN Azimuth HALszann
45 @970, uazyd Altitude Hszanny 10 891 s lunisnaaauil Anuldanas 2 win (Audae
0.5)
© a .
n. AT lUNITAAAIN UL Azimuth

ANIF luNsAnmAN LN AZimuth ﬁizﬂz 1 WAT Aa 0.19 m/sec ¥i9a 19 cm/sec
Tmﬂﬁlugﬂﬁ' 6.10 AN Azimuth lugdazarsnsadunalidnszuuiannliaiunsofiasiunsean
187 3 Aulanan deudadlugiil 6.10 Aaqm A, B waz C annisdiurniAiaasduaaensm
Elugﬂ‘ﬁl 6.10 azlfmonuisaniansuaesss Azimuth U3zdnd -13.6, 12.1, 7.53 a9ppedui 7
an A, B, uaz C auai Tvaglideiee 11 asrseRund viatlszunn 0.19 mis Feiild

NANTHILAD

Azimuth Tracking Speed

Azimuth motion (degree)

Time(s)

31I7 6.8 Ayu Azimuth TunamegauANEN 1 m
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2. aAnaFalumsiamalunug Altitude

A unaRamnluunu Altitude fiszes 1 wms Ae 0.22 misec vida 22 cm/sec Tag
slugﬂﬁ 6.9 LaAY ATYN Altitude ﬁmmﬁm Tugdazanisndaunalddnszuufnniulaiaisnsm
Famunazand 3 sumibainan feuandlugil 6.9 Aeqn A B, uaz C A1nMMIAIUINIANAY Y

duraans W lugihn 6.9 arldaanuianimyuaeays Altitude Uszdnni-12.0, 14.0, uay -11.4

a q
1 '

AR NAm A, B, ey C AMNA1L T9azliAaan@a 12.5 a9ATFaiuii vizallszannd

q
1

0.22 m/s AN LFNAIHILAD

Altitude Tracking Speed

/B

Altitude motion (degree)

Time(s)

717 6.9 Asw Altitude TunnImagaLANMGIT 1 m

6.3.2 Anadalunshnmafiszas 5.8 m

Iumuﬁmmmiﬁmmu Retro-reflector 17';?5%13 58 m ‘Emﬂﬁ'm"mqm Azimuth  #
AUszN0l 30 B9AN (f‘f@ﬁmmﬂ‘ﬂmfa‘?‘mm Beam Splitter), wasyn-Altitude (fi;“m%ummzmu
Tuwuaseay) Uszannd 20 a9A TurmmaaaLLLle Retro-reflector “aunmuiiniTlaRtidueing
AULINAN9 0,875 i (ludnumnld 0.25 *ﬁfs) fi0997n9¥8IZ999 Retro-reflector AINNILANAARY
HnasiaszuLIAYLAN ‘Ium@mmmuﬂﬁqmuh@ﬂ Pl (gtluan) 3@&’@4@@@@Lﬁ@qu§ﬂLﬂulﬁmQﬁ
Taelunnmaaasi Annuldanas 5 wi (ARUAnE 0.2)

namageLANMEEdnn39E Retro-reflector Tneldevnsgnasan Tnaluntmaaay
Tnnsediluuuaun Azimuth uas Altitude fiazuusiilenageysnaaufagegaluusazun

TaeANLTIg9gAa119031 LAAINN1INIAINFUTBINTINLBIYNTA T UAUILIA N AT LA

WEasANaanann PSD
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n. aAnuFalunsinealuwus Azimuth

s lunsianaluuny Azimuth fiszez 5.8 A3 Ae 0.12 misec 1138 12 cmisec
Tnelugif 6.10 uazgulii 611 uamsAusssulnfinluunu x  (Azimuth)  uaz s Azimuth
AINATAL Iugﬂ%mm%mmmﬁqmmiﬁrjﬁa‘wuﬁmmuisimmmﬁmmmmmﬂiﬁﬁ 3
Fumibainnn fauansluglf 6.10 #eqn AB, uaz C uazlugild 6.11 azanunsndanalddn
suaaaesldnneanain PSD udafishumiaiaansil AINNNTANUIRIANAINTUIIN TN Tug
7l 6.11 agl@rnadannsvaunessn Azimuth szanas -1.13, -1.39, -0.99 a4ANFaIWT Tiqm A,
B, uaz C Aud L Seagldriadaie 1.17 asmsiedund sidatlszanns 0.12 mis fefildnand
uud TneRdedaunminAnansdafilfiduafnauiomn Feradulldrdumiasaies
duBuiifumielinans PSD

0.25

0.2+ Maximum Tracking 7
A B
0.15 Speed Exceeded 7
0.1t S
z
S 005¢ b
x
a 0 ‘
o
-0.05 \ 7
0.1t Tracking -
-0.15+ No Laser on PSD Resumed -
0.2 b
-0.25 1 1 1 1 1 1 1 | 1
0 1 2 3 4 5 6 7 8 9 10

Time(s)

3117 6.10 AugasulnRN TN x (Azimuth) Tun1smagaLA NG N 5.8 m

Azimuth Tracking Speed

0.8

0.6 -

0.4

0.2

0

Azimuth motion (degree)

-0.2

041

-0.6

0.8 | | | L | | | | |
0 1 2 3 4 5 6 7 8 9 10

Time(s)

91071 6.11 Ay Azimuth TunNsnAaaLIANNEIN 5.8 m
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2. ANLEaluNgAnENI UL Altitude

s lunsiianaluun Altitude fisvez 5.8 wms A 0.2 misec 13a 20 cmisec
Tnelugifl 612 uazgUfl 6.13 wansAuseiulninluuny y (Altitude) uaz Anaa Altitude
AINAIAL Elugﬂ%mm%mmmﬁqmmﬁdwzuuﬁmmmiﬂimmmﬁmmmimniﬁﬁ 3 AU
e Fauansluglil 6.12 Aean AB, uaz C uazlugf 6.13 azamnsndanmlédnduasames
#mneganann PSD udafisumisieanail annsRuamAn ARt luglil 6.13 azlé

ANHITANNINNLIBIHN Altitude Uszwnny 1.98, -2, 1.85 a4Ae3W 19A A, B, uar C

q
]

ANNANSL TaalGANRALAS 1.94 aIAIABIUIN 1FUTTNL 0.2 m/s AR IFNANINILAY

PSD Y Voltage

P o

PSD Y (Volts)

No Laser on PSD

0.4 I I | | I I | | |
0 ' 2 3 4 5 6 7 8 9 10

Time(s)

3117 6.12 Ausasulnfnluunu v (Altitude) lunnsnaaauanugai 5.8 m

Altitude Tracking Speed

0.8

Altitude motion (degree)

Time(s)

6.13 ATYH Altitude Tun1smAgaLAIINLETIN 5.8 m

©ap
[l
=
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6.3.3 N19AARATN Retro-reflector TUABILNUNTAN )11

1
a

Tudautuananisina I Retro-reflector  Msztiz 4.5 m  IaediAiyu Azimuth 8

ALlazanns 30 890, wazyw Alitude Uszunnd 20 a3mn Inglunmaseuil Avnulianas 5

Win (ATusaE 0.2) NaneaauANialildnisaei Retro reflector Tnaldianesinaaay Tnalu

u
o

nemageuldnisaduluiuIun Azimuth Az Altitude wieaniuiienagaudiszuuaunsani
m@ﬁmmﬂmuﬁmmLmuw%‘@mﬁu TPEAZINLAUBNANNTNARBIABNTA AONANNTNAAEITLIE
naRama Retro reflector uviu wasfifinafinanalaivi

Elugﬂﬁ' 6.14 uaz gﬂﬁ' 6.15 (KA IIARETA szILANNTORAAY Retro-reflector 'L
naaansnaaes e lugLiil 6,14 uansuniayiedasesnszanfinau (0.1 sec sampling
time) Lmﬂugﬂﬁ' 6.15 LL@mﬁmmuﬁfwmgu%mmﬁ InenizA A N3 lEAYyN 100 90
(0.13u17) Tunnstsennupaaniiann 20 - msec Geanngaziiuinpanuifagegnazeri

Uszanns 1.2 89ANFAWNTNI 0.094 WATEBFUINDN ldannndnAgegan i luidanudo

2 T
position
O start
x  stop

15+ R
=)
j9
e

€ 1r i
(5]
£
8
Q
)
a

o 051 1
°
=
<

oL 4

_05 Il Il Il Il Il L
-2.5 =2 -1.5 -1 -0.5 0 0.5 1

Azimuth Displacment (Deg)

24N Azimuth sz Altitude Tun1aegaLNNIAARINTIIAIUNY (Toyatah

£ap
=
=b.
(&)}
~
.
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Free Hand Tracking Speed at 4.5 meters

0.5

0.5+

Altitude Speed (Deg/sec)

L Il L
-1.5 -1 -0.5 0 0.5 1 15
Azimuth Speed(Deg/sec)

-1.5 1

917 6.15 ANANIEAUTINM AZimuth waz Altitude TUN1INAABLNNIAAAINTIADIUNY

lugil 6.16 uazgulil 6.17 memrﬁ’]Lmumu%mmmmﬂimﬂﬁmfﬁrm LAZAIAIINITY
mﬂmm%mmﬁ AUANAL LA e s 1A ST ArnaEates Retro-reflector tuSandnTiszuy
azanansnRanaly Tneastiuldimums x Tugdi 6.16 Tnefsnumisi nszanAnnaings
wynetfiranudaezinn 4 uaz 0.3 @AIReIuTiluun Alitude  kazuNY Azimuth
PR sisaszinns 0.082 mis (HazanA S lusaesn) taefiAnaaaidalunshans
qugnRe 1.5 BeAReIunT siselszns 0.12 mis BvrnaediilndiAaeiuARldRne TRl

Tuiadanuan

Free Hand Tracking at 4.5 meters

1.5+ A

Altitude Displacment (Deg)

0.5 B

position | |
O  start
x  stop

05 | | | | | |
-2 -1.5 -1 -0.5 0 0.5 1 1.5

Azimuth Displacment (Deg)

4

717 6.16 Ayn Azimuth waz Altitude TunnmagaunIsfnnNisaeIuny (Tayagad

A84)
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Free Hand Tracking Speed at 4.5 meters
1.5

0.5

Altitude Speed (Deg/sec)
o

05+

7

_15 Il Il Il 1 Il
-1.5 = -0.5 0 0.5 1 15

Azimuth Speed(Deg/sec)

9171 6.17 AnANENTIRN Azimuth waz Altitude TUnN1IAAELNNIRAARINTIIABIUNY

(Hoyamanans)

6.4 ANMNAINITD LUNITIARILUUIARY Retro-reflector

Tudautiilunisuaninan meaaun13dnA1UYLeIas Retro-reflector  taaldailnsnl

LTS #1a%19au taen193aildaanns Triangulation Tneidpauaasuuanadiaaaing i Retro-
o ! til/ k73 o oA % d‘ c

reflector ANLTS aassa wailunammaaauilldnisanaesdnd LTS aasgasaenisiaaugiinan

A

PRy = ' [y A o P = o
LTS VIN@EILWEI\WJ@L@ﬂqblﬂﬂxl']ﬁ‘gﬁﬂqq\i"ﬁm@’ﬂﬂ“gm m@Nﬂ@W‘ﬂzu’]L@uﬂN@ﬂ\‘]ﬂﬁﬂﬂ ﬁmmmﬂummm

u 9

a

rfmmeﬂgmwm@mimﬂﬁmﬂ'&"@ugﬂmtﬁ LTS )n°]Anu11da284 Retro-reflector finneTn wanaa
mmm@ﬂuﬁmﬁm@ﬁmsmﬂdﬂLflumiwmmm:um“mﬁﬁmeLmu‘lmﬁﬁ LTS tWepaReaus
Mnsasiu LPs e lanansndainumielfannds Triangulation doudiayalugafiaesldng
\AREUAYRS LTS iflenpfaifiuadinsunisdaiiumiares Retro-reflector viavina Aeiflunnsin
uuauadli Retrosaflector ‘ﬁlnﬂqm"ﬁmeﬁﬁmmﬁm%\mm e LTS Fsusmiauanrion udn
Awnstesiiumds LTS iledanieTauuauadi Retro-reflector finnsnukifidnliuda ua
nemaaaLialn AR LTS e linnsiasauis Retroreflector snfidnlunseiuen
NIARBLYIARMARIUILY  Retro-reflector pinefiszeizaNnnIzanRARLYed LTS
1/3v3104 1000 mm (1 m) IPBINILELUI9TENINIAUUITDY LTS Faaeawiniu 500mm Auvis
9184 Retro-reflector #1H1un39014 nsideauaadll x-y AfANuazAsAWingL 20 luAsai
(0.02mm) TAgIANNLAUATS (accuracy) Uszanadld? atinatfae 10 winAe 0.2 mm aaaadiadld
T Fuviies Retro-reflector nnsda dudlunindewiiaz 20 mm Wienanauduuniing

o o

anvsay Miugtdmaandniaarisuanawiniy 100 mm dsuanslugiy 6.18

q
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Experimental Setups

600 F=———— T —————— T T =
I I I
I I I
I I I
400 - - - - -+ - ! o [N i
| | I
I I I
Y 4 Gumiadn |
2001 - - - - S N [ S
~—~ ”_ - N, 4 ! !
E | et |
o OF =~ Sxooex¥ ——p 1 Lo L ___2S
=2 . | | I
3 N I, X |
o -7 I I
> I I I
200 - - - - — 1 ___ | L
| I I
I I I
I | |
I | |
400k - - - - = 1 ARaw miyr . &
| I |
| I I
I I |
| I I
-600 | | |
-200 0 200 400

X Position(mm)

ﬂﬁ 6.18 ﬂ’iﬁ‘@ﬂ’)’]\?[ﬂ’]LLM%\W]'N"‘II‘L&T]’W?VI@@@\‘]’Jﬁﬁl’]LL‘VI‘LA\‘I Retro-reflector

=2

4N "mluﬂﬁimm'auuﬂ@ Tunnsnage LI lE s AT LAY WWALNUFNT Fusiusi
32379 91ngnl LTS uay AumdeueRetro-reflector 1138 AU Wi lunNTAReUTIIeY Retro-
1 4 . T o o 4 4
reflector  fUKUINITLARRUNTRRLINTAI LTS sveiziingnuuiueuAesraslunIsAaaunaes
Retro-reflector gILN13ALIaLINHANTL doulunisdaniundalagld LTS siuaziilunnumia
984 Retro-reflector MUAUAILMLNEI LTS 91 1 wazluluiunuaesnalnafliunszanfinmnis
Maged AITTUNILTeURNaUAINSA IR LA939 aXRAe9Rn1915U (translation and rotation) 284AN

qasnedn e uAuwnuees LTS adldununuaealsiz xy LLé’ﬁqmmmﬁﬁm@Lﬂ?ﬂuLﬁﬂﬂ@i

LALRNAINAN T UATHNFNIBIUNUENENLU LTS AT M xy  Wulailip

1 o =X
’1 LLﬁJuEI'W G\
c:{ o L dl % o ! !
ATl ﬂﬂwmﬂ@mmmmm Retro-reflector Vliﬂ@’]ﬂﬂ’]’m@NWI"]?LMﬂ’W?ﬂ?%N’]Mﬂ”Iﬂ’]?ZﬁEI%LL@Z
] ¥ a = o (24
HNANTIBILNLRNAILU LTS Wauiu sy X-y

dayanliarnnasdniy azainisntinn sz uaeslis x-y Waufuunuaes LTS 14

v

(Normal Vector) tne/l435 Least-Square e liNATRA LUWUALNY Z (F9ainiuun X-Y) 184
LTS tauign a9nuuagiang project qANIMNARILLIZUI UL LATANNIUIUUILNUY X UAT Y

o = J ey ol = &
18415 X-y Tmﬂﬂizmmmn&gm’tuuuwm mnuuimmwmam, LUANUILUIU LAE normal

vector 4993xuNUH NN AEBUNUENIBIDI9ANIUNAAINUNLLBT LTS (N1 X-Y) 1nflupn
o . o o X Y o o o dwse 4 e de
Wauduwnueed IHe x-y Ndszanndunn aniduasinanisundseuineuiuaiasendnldann

1B x-y

1
14 oA

zgmmﬂﬁf%ﬁl,ﬂu%ﬁﬂuﬁummmmu%’mnmmmmmﬂ Ae HN Azimuth Ay ¥¥

=

Altitude  azlaildynaaunanasi 3117 Retro-reflector 71 lUN9A WA LMY Retro-
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4 X o s i 4 C e dna
reflector TN1FAWIMUWIKAIHAzA M TN RN TR L uandluund 3 uazAsumienlfay
M duiundan indngatsuuinanaigasain LTS Aaeaiunis aedsnisauasluuni 3

EiiNagh

6.4.1 AMNAINITO IUNMFIAAILUUGUDS Retro-reflector LladN1sIaauaLngnl LTS 9n e

ATLUUTRY Retro-reflector NYINN19IA (HATAN 1)
- . 4: b = X
317 6.19 uaRININANITIATAASIAELAIAIULMINENBIRLIUNUABS LTS (X-Y) a1nguil
ALIWIN 72U 184 Retro-reflector HululAannufussuny X-Y 9a9 LTS saazisiulsgainnis

AN Z TURANLANFNSLszNn0s 2 mm (gNAILNLNY 2)

Retroreflector Positions

Z Position(mm)

16
16
16

240 220

X Position(mm)

260
940 390300 280
340 Y Position(mm)

3117 6.19 Aumils Retro-reflector MEIALLNYW X-Y (Hagail 1)

= o 1 a dla/ % a o 7 o dl % 1 v [ :// =)
AT TUUPEUAUANAIATALLBEARENES xey Az lfean AR linaNaNuLan AeTiuag
adusaainszuntx-y Weaudu X-Y lnelunidldaunis

Z=aX +bY +c
TpaAn X, Y, Z Wuarauniiandalaluinu X-Y uas A1 a, b, ¢ iluAasnnldns e

! A~

patiaraNInlszinniAn a, b, ¢ AMlANTNTe (Z —Z)? sngaida Z ludnseann
2199 Z NATUINIAINANLIZHNUEDN 2, b, ¢ AINUUAZAINITAAIUINL normal vector 1899211
x-y Waniuun X-Y 16 Araouuwanssluinu z aasusazqainesn (Z —Z) des Aildgn

uwansag gl 6.20 InefuunresARaNaIANNINNgARS 0.34 mm  uazIUIALRARYINAL

0.12 mm



55

Z-Direction (Table) Error
2 T T T T

[
T
I

Z-Direction Error (mm)
o
(&)
L

_0 3 5 Il Il Il Il I Il
0 5 10 15 20 25 30 35 40 45

Measuring Point Number

3117 6.20 AIRANAIATUNNITAAINIZWIL X-y (NATAT 1)

Ay o ’ o Aol | Ho @ e
ANTZLN L azgannTn project ammummumm’mwi U AnddaluAndamey
o/ % a ?x// ¥ dl 1 £73 3| e N o dl
AULNUAINRY X-Y mnuu‘lﬂnf‘gwm (b1d sl‘i]'ﬂﬂLL?ﬂL‘]Ju"ﬂﬂ origin UBILNL X-y ) BATLUINITIANLN

1 173 o 3l tﬂl o ¥ U dl U % a o
wun  (auldunanisdaunousniduuny y) swednnisdnaananuliuuenu X-Yumeuiuwnu
81989 x-y A ldnansaguugilil 6.21 Tasifaunia x WuAndalduazatums o luanass

1 '
=

antuazansauA AN luszunuRlauanslugln 6.22 uar 317 6.23 Taalugiusn

1
ar

LAPNARANANANDELAURALIDI9ANIA TINAANEABET 2.2 mm uATANLRRELYINGAL 0.94

mm dulugih 6.23 uansAIAERaNA A amELALAUNATA Insuanausananid
FadifudndouiuAianA i) uiainnasiatsan linudansundednalnaann LTS az
AAfannnImeidaduauiuly  wenaaninudadilianainluuuwn x-y - 1nnalu

WUIFARIN (2) NINDN 8 1917 (0.94/0.12)

Position.Comparison on x-y Table coordinate

120

100 - b

80 B

—— Measured
O Actual
40+ B

y Position(mm)

20 B

_20 Il Il Il Il Il Il
-120 -100 -80 -60 -40 -20 0 20
x Position(mm)

{ o

7171 6.21 ArsunendnlAinauiua Uz x-y (nagad 1)
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In Plane Distance Error
25

o

2 o i
T o
E 15¢ o o 1
§ O O
] ¢} o 00 ]
8 o )
§ 1l o o o - |
i) o le)
[a)

o © o
o O o o 0o
o o © o
0.5+ ©o 4
fe)
o
o o o fe)
0 L L L L L L L L
0 5 10 15 20 25 30 35 40 45

Measuring Point Number

7171 6.22 ArRANAIATUNNITRTUIZUND X-y (NaTAT 1)

Position Comparison on x-y Table coordinate
120 T T T T

100 - B
80 i B

60 B
——— Measured

O  Actual
40+ B

y Position(mm)

20 B

_20 I ! I I I L
-120 -100 -80 -60 -40 -20 0 20
x Position(mm)

o

9117 6.23 AndanaalunsdaTuszwAL Xy INBLRUATMISAR (Hata? 1)

6.4.2 AMINANNFOIUNITIRAILIUY aRNsRaualngal LTS Asafan (nagah 2)

Tudouilnansnalugiuuupeafuludounudo udnisinaaunaes LTS duniinasnis

v ! ! !
\PENAMILINIeIRAIUMIN T84 Retro-reflector WIaunm 71176.24-31l7 6.28 1ansnad lFa1nnIs

'
1 a =

naaasil aIngLN 6.24 uay 317 6.25 aziulddnAianatalfiudeandnla ludsunudonin

A

B ANRANANIAAINIZWNLANEA(lUUWIZ) AR 0.2 mm UATARAETB4WIABET 0.066 mm LAY

= o o A P = =< . X
ATNANANA LUTZUL X-y SN X-y HINNgav 1.3 mm WaENARagn 0.53 mm GIANNIARIN

aztiaandnAn e lwdaunudoneilszinn 1 winsa doulugild 6.26 uassAIANRANATALES

¥ [ 1 =

= [ o 1 dla/ dy a dld? [ o 1 dla/ '
NEIUNUANENLNNAA mﬂgﬂummmmmwwgﬂLLummmwmmwmmmunummmmmm bb1

a

o o

dudsliannmnesunals
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R Y- a ~ v o 4 Ay o o
ailaA AT Aedgazinn IndAe T UANA IFRINN1TANUINIAILARAT M NTARUAN
A IneaUfuANazi@em 189 Encoder wlu 81920 pulse fasau (Aanlddman il nnmnuan
a1 a

A) azlfdnARanaNANsTalsznnny 1000 m NAINEszdne 150 mm AzlARANAIA LS
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Position Comparison on x-y Table coordinate
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Altitude-L Angle Sine Response
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Q9 I |
D | |
g: | |
-0.4—————}——————————————————‘—\ ———————————————————— - -
l |
060~ — 1 e v R U -
| |
| |
-0.8F---- R e e e e T -
|
|
|
|

1
2.4 2.45 25 2.55 2.6 2.65 2.7 2.75
Time(s)

91191 8.17 nanauauassadrynnilod Amplitude = 5 89120 f = 0.2 Hz TB9WNY

u

Altitude Module-L (gUaenea431171 8.16)

8.2.2 wan1sUfuszuuAIuANgUAILANFILYLaLEILU PSD (glluan)
Tudouthfunistiuudegiuanseainludaunuds Inanisdfuildnang Retro-
reflector  Misveiy Usgunms 25cm  wazAAI N IRAILASIAEASNAZ TaUNAUNIAN Retro-
reflector ANAINNINAN PSD Wah (dumraumlsnn s 0 Volts) anniulidnycynmumnums
dl 1% < ! all (P e A | o dll dl
Xoor WAZ . ANNsENUNsiadninduAimsivingy 0.1 Taas vizaillunisenassnisndeunly
194 Retro-reflector luszazalseaans 0.25 ‘mm: 3U% 8.:18-71118.21 uanuanavauadse
ATYrYIUAITITBI AT UAUIANNIENLTBILASLALTOFTFBINTT TBIUNY Azimuth LAY TBIWNY

Altitude RATINLALEIAINANALL ANHAAL
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(S1OA) JolB A

1.8

1.6

1.4

1.2

Time(s)

Volts  2RIANLUUIANNTENLUDIUEAS

o

7 0.1

o

217 8.20 NARBLALEIARATUINAIN

a7

a

Azimuth Module-L

ALIRTNABNINIT UBILNU

0.12
0.08 -

(sy0) Jouax

2.5

15

0.5

Time(s)

2117 8.21 HARALAUAIAD

a

o

Volts  229ALUUIANNTIENLURILEAN

104ANN 0.1

iy

of

AR FNFERINNT VBIWNY

Altitude Module-L
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mﬂm@ﬁumwudﬁi:uumuawﬁmmmuﬁmmu Pl (Proportional and Integral)
TnaannsUfulddnenizaaen1sneaLaueI09sLILAR

1. @Jﬂ[ﬁi’umumu Azimuth Module-R : settling time (t) = 0.5 sec, rise time (t,) =
0.3 sec, % overshoot = 0% WAL AN steady-state error = 0 volts

2. Qﬂfﬁ’l’umﬁ\n{m Altitude Module-R: settling time (t,) = 0.25 sec, rise time (t,) =
0.1 sec % overshoot = 0% WALAN steady-state error = 0 volts

3. @uﬂlﬁ'umﬂwu Azimuth Module-L: settling time (t,) = 0.5 sec, rise time (t) = 0.3
sec, % overshoot = 25% LAY AN steady-state error = 0 volts

4. Qﬂ[ﬁ’umﬁ\ﬁgm Altitude Module-L: setiling time (t,) = 0.25 sec, rise time (t) =

0.1 sec % overshoot = 0% WAZAT steady-state error = 0.05 volts

STULAILANUIN Pl 7 Liag lugi]
T'= Kp(d, - 0) + KiD(2)(0, - 6)
&l A 1 a c:ll ¥ A { . . I ' dl ¥
\Hla T AeAusediafidesnns, K, A1 proportional gain, 6, ABAYNAARINNS, O
PaAyNNdRld, K AaA] Integral, D)= 1/(z-1) vl Wsfunralaunldlunsauiienly
ITULULUL digital A7l lW Azimuth Pl Controller A K, = 0.75 , K =0.2 uaz A1#t il

Altitude PI Controller Aia K, = 0.5, K, =0.2

8.3 ANNAINITOLUNITAAAIN Retro-reflector
Tudquiiutiafly 2 dausias Taggasdounsniiunisdnninuii luiazununa wnw
Azimuth Way Altitude TNNINNTIANILES 0.5 AT LAZAIUNADLTIUNNTLAAIAINNAINID

284 LTS lun"35aRIa Retro-reflector MNaB9unUnsaniu

8.3.1 ANNLElUASAARINTISZEZ 1 m

Tudauiiuaninasfinmay Retro-reflector ~Aszaiz 1 m taandyy Azimuth &
ANUszants 0 89A1 (ApNnszanine3uann Beam  Splitter), uazyN Altitude (FRAuan
[ dgj in/ ¥ Y A nlld

s luuiaszAL) Uil 30 a9pn lunnmasauiltiuld Retro-reflector aunmantinilang
Eurnugugnan 0.875 Ua 1He3aNIzazaed Retro-reflector  aNNszanfnfNANase
suumauax lunmeasuildnnulugl Pl (giluen) Assasanaaiansgiinuling Tnaly

nsnaaaLil Avnulianas 6 W (Anusiae 0.1667)
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nsnAgeuANEIE1EnsEL Retro-reflector Tnelddanasgnaann Tnalunis
naaauldniseduluiuiunu Azimuth waz Altitude ﬁaummﬂ'@mmmummmL?ngngmiu
wiazunu IgpanuGagegaanansam ldannisnansduresnsvlaesyufisnumiaan
reuflugaiaimafaneanann PSD
n. aAnaiFalunisAnemaluwus Azimuth 289 LTS Module-R

posiEalunnsinm Ny Azimuth Niszaz 1 WA Ae 15.08 cmisec Tnalugiln

8.22,31/% 8.23 uay 3191 8.24 uansAusssuWd N luunu x . v, 48T AYH Azimuth

error,

pananAy Tuglisanazanisadanalidnszuufannliauisafiamunszantan 3
AU Aauandluglin 8.22 uazgi 8.23 heqm AB, uar C uazlugiil 8.24 ay
annnsndanalidnauasameilaaneanain PSD wdalfuneieauil a1nniaAuang

AANFuaeIns Wlugtn 8.24 azlinrniFan anyuaesyy Azimuth  Uszunn -8.31,

U

|
o

9.51, 8.14 A4ATARIUIT N1aA A, B, laz C AMNAsL F9azl@AlantAe 8.65 a9A6ARIUIT

q

Vaatlsvanny 15.08 cmfs AanlENa19udn IneilfedanadnaAraanusai tgilusfnay

Favan aeeradilUEEn wtere A e LGN wititlinane PSD

AAAAPAAAAAAAAAA

ol ol
i

HI!

,,,,,, H -

PSDx(Volts)

R - — — — =

N

Time(s)

3117 8.22 AL UINHIPSDluuNY X 199 LTS Module-R Tunsmagauaauizan 1 m
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(swop)Aasd

Time(s)

8.23 Awsasu i PSDlNY y 289 LTS Module-R lun1smagauaanuisad 1 m

2119

a

(sa1ba@)yinwizy

Time(s)

92119 8.24 AN Azimuth 2849LTS Module-Rlun13madauAui5a N 1 m

a

q
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2. ANLEaluNgARENTULUA Altitude U89 LTS Module-R

b

ArRiEluNsRan N luLN Altitude N9zaz 0.5 WwRs Aa 12.06 cmi/sec tnelugtli

8.25 ,31/71 8.26 uazgiln 8.27 uansAusaAulWANluuNU X, V. WAE AN Altitude

error?
AINAIAL Tugﬂ%\mm%mmmzﬁ“\imm%’dw:uuﬁmmuim’]mmﬁmmmmmﬂ%"ﬁ' 3
ATUUUNLIAN ﬁqLmeﬂugﬂﬁ' 8.25Lngﬂ€7i 8.26 AAAA AB, uar C LL@:“Lugﬂﬁ' 8.27 Ay
annsodunaldinguasaisesidnnaenan PSD udaisumimieansil aannisiuans
ﬁhmmﬁmmm‘ﬁwslugﬂﬁ 8.27 axl@iAaIian19uyuIBNNN Altitude Uszann 6.31, 8.14,
6.31 B3R T Tin A, B, uaz C muasu Tazlirnadafe 6.92 asrsieiund vie

Q

1lsza10d 12.06 cm/s AT IBNAIINILAD

i
w

PSDx(Volts)

IN-- - -

Time(s)

3117 8.25 AR UINANTUPSD Unws x 189 LTS Module-R Tun1snaaatiaanuizai 1 m
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(snon)Aasd

Time(s)

FulilfnluPSD wnuy 289 LTS Module-R Tunnmmagauaanudan 1 m

2119 8.26 AL

a

(saiba@)yinwizy

Time(s)

Altitude-184 LTS Module-R Tun1magauiaduizai 1 m

8.27

ATHN

71

u

q
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A. ANLElUNTEAAINlULYEY Azimuth 984 LTS Module-L

ArREluNsRan N luLNY Azimuth Niszay 1 WRs Ae 15.78 cmisec taelugili

8.28, 317 8.29 uargi 8.30 uansAussA WA WU X, V.., WAT ANYN Azimuth

error?

pananau Tugisannazanisndanalddnszuufannliauisofaaunszanlean 3
Auntanan Auanalugiln 8.28 uargiln 8.29 Aaqn AB, war C  uazlugiln 8.30 az

AN1704UNA AR LAULALTAT IFANAANANIN PSD  WAMNIANLMLNTI4INE a1NN19ATWI L

d

mmﬁmummmﬂwﬁlugﬂw 8.30 %1@@3’1mmmmmm@mm Azimuth  Uszunnd -9. 514,

]
o a

8.14, 9.51 a3AFEIWY 1am A, B, Az C AINATAL FeazlFAnianaie 9.05 a9AAeIUNT

Ny o

visalsrann 15.78 cm/s ﬂ\‘i‘Vli@ﬂ@’]QN’]LL@"J IHET @ZNLﬂﬁl’l"’lﬁl’]ﬂ'l’]llL?’JVI1®L‘1JLLV’]"]§®@‘].I

Favun seanadulUE R i esage fuGuRRwLdling e PSD

j
"

!
|

|

PSDx(Volts)

Time(s)

7117 8.28 AusaARINHIPSDIUuNY X 199 LTS Module-L Tlun1snagaaiiag1xizan 1 m
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3. ANEluNsEnANlULUa Altitude U89 LTS Module-L

D

Armdrlumsfinanaluunu Altitude fiszes 1 s Ao 12.52 cm/sec Tne/lugiln
8.31, gﬂﬁ' 8.32 Lngﬂﬁ' 8.33 wanaAusaAulWAN N x, . v, W8T AW Altitude
AINAAL ‘Lugﬂ%mm%mmmﬁqmmié’dﬁi:‘uuﬁmmuiu’mmmﬁmmmimﬂ%‘ﬁ' 3
INIIN[LRE ﬁummﬂugﬂﬁ' 8.31 LL@::gﬂﬁl 8.32 AAan AB, uaxr C Lmﬂugﬂﬁ' 8.33 Ay
anansndanalédnduaciaitesldnneanain PSD udaRmumibeansi aann1siuany
ﬁﬁmqquﬁum@JQﬂ?ﬁWIugﬂﬁ 8.33 azlAPa1MI3aN 19N UIRINN Altitude Uszunng -6.51,-7.11,
9.14 a9AnFeduTl Tian A, B, uaz C auddu Teaslfradiae 7.18 avrnseiund vie

13runnl 12.52 m/s AN lANAIINLAD

PSDy (Volts)

Time(s)

7117 8.31 AusaARINHNIWPSD unw y 299 LTS Module-L Tlun1snaaauaa1uizan 1 m
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8.3.2 N9AARATN Retro-reflector TUABILNUNTAN 11

!
a

Tudoutiuananisfinan Retro-reflector Niszaz 1 m TnadAyn Azimuth &

ANLlsTaNns 0 896, Az Altitude Uszann 30 a9 Tnalunimasauil Avnulianas 6
I 4 < d” ¥ o v v

Win (ATFRE 0.1667) NsnadaANiFallEn13uEL Retro reflector Ineldiaresgnaaay
Tnaluntamagenldnisaduluwuunu Azimuth uaz Altitude WiasriuNeNAgaLTTELL
A11190%N13AARN 1A ieaedunundan) il ian1anaesazuanenIAINaINsa lung
AARNYRY LTS ¥19 Module-R uazModule-L

TP 8.34-31/7 8.37 LflunaN19MAARINITLLANNNIOAARAN Retro-reflector b6

win gl o ST/ -

RAaANIINAaed Inenlugili 8.34 Lazgii 8.36 LARIANUNUNHNTINARIUBINTEANAAMIN
199 LTS Module-R wazLTS Module-L (0.001 sec sampling time) lugi#l 8.35 uazgi
8.37 LAPNAIANNIFITDINNIIARE Tnan19AuIniA G Tae 1d ABnNsuLtiaeLLILATS
Na (Central divided-difference) Ine/ld4e3ann? 100 Sample time a1ngUazifiug
ANHITIQNEAAT Y NLUEHIN 12,44 B9ANERIWNTNNTE 0.2171 WAFFRIUINTIINNINNG

disn o o B
ANgaqaT L luindanuda

36

-
- Position

35.5 1

35

345

Altitude (Degree)
w

w w w

w (& S

w
N
3

Azimuth (Degree)

91/71 8.34 Anyw Azimuth uaz Altitude TUNNIMARDUNIIRARINTIIABIUNULEY LTS

Module-R
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RANTNNAD

a

Azimuth uaz Altitude Tun1snaaaunig
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N
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=

N

(o
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<
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6 d | i

((oss/Baq) peads epninly 1=

=

Gox

N 28N LTS Module-R

- Positoin

(e3162Q) apnuv

Azimuth (Degree)

AAAININADILNUUDY

2119

LTS

v Altitude lWUn1IMNAZALNTH

3

N 8.36 ANNU Azimuth WA

a

Module-L
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Altitude Speed (Deg/sec))

Azimuth Speed (Deg/sec)

1
=

719 8.37 ANAINFATINN Azimuth UAZ Altitude TWN19IMAARUNIIAAMINTINADY

bNUURN LTS Module-L

8.4 AMNAINTD I UNNTIARILUUIURY Retro-reflector
udauiidunisuaninanisnagennisdasumies Retro-reflector Tneldaiinend
LTS fia¥etu Tnen1eniil4asnas Triangulation TAEARNNUBILUILALA e 5713117 Retro-
reflector ANLTS Module RUAZLTS Module-L NMaNARBLALT 17A uitbesnge] i ums
Retro-reflector rﬁmjﬁa‘zﬂ:mnmmnﬁmmmm LTS 1szanne 2500 mm (2.5 m) Tnef
9LLWINTENINAMUUILTS Module-R az Module-L 17111500 mm ALMLT8d Retro-
reflector HIFluAN#5AlE Ans@aUaals: x-y AAHadenwiaiy 20 TuAsaw (0.02mm)
TAaANLNLAT (accuracy) szl aginetian 10 WiAe 0.2 mm Anangaedilda
Futlitad Retroeflector wanisdn diilunadeudiag 20 mm luiAmiwiauduuniing

wikisay Miugdmaasdniaardsinuanamiaiy 100 mm Aeuanslugiy 8.38
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Experiment Setup

i 5 . LTS-Module-R

-750

-250

y Pasition (mm)
g o

750

2500 2000 1500 1000 500 0
x Position (mm)
717 8.38 n3dnenaAumtesneTlun1mMAaeinfA Ml Retro-reflector

3 ¥
=

¥ o [ % = aay yva o 1
1041 mlumwmm@uum@ ‘1umiwmmuumimum‘mmxmLLa:LLmLmumm N

b

D

wxugingEndng giingnd LTS uaz ArunisaadRetro-reflector 1iga Aunisuunlunisindaui
- PR = 4 L
994 Retro-reflector TUuWANIsARLTa4RUNIOl LTS seaiziinsuuiueupasyeylunig
\AARUAURY Retro-reflector eN1ANLALaLINWNTY doulunisdaauuelaeld LTS T
auifluALLaaY Retro-reflector MELITUATLULNAAY LTS wiazModule wazluuuann
6 | o a :// %3 gaJ/ a 1 dla/ Y o 1 a U a
Ia9NaLRafliINszanfnnINiNd e faiunn suFu e nA N IR le A UuANIA T AazARIHNIg
Ufu(translation and rotation) 289ANAFNTALANBLALLNLLES LTS asliuuunuaes
Wiz xy, udsReamnsnsinmadFenneuld uiiiesananssazuasyupneeaunudags
. 4 .

U LTS waz Ife x-y tulifiAnudiuen asanduseslddayaniumnianes Retro-reflector 7

u

2 |3 1 1 1 v a = o (2
1mmﬂmmmmlﬂuﬂ’]ﬁ‘ﬂ?zmmmmﬁfzﬁﬁlzLLmHNmmmmLmu@’mﬂ\mu LTS tnmeuny Tm
x-y

% dl v o ?:/ o Y = o
mﬂaﬂ@wimmﬂmmmuu %mw?auﬁmm‘i:mumﬂm X-y  PNEUNULNUARN LTS
18 (Normal Vector) Tneld35 Least-Square wial#lA1EaluuwIunY Z (Feainiuwnu X-Y)

199 LTS Hasiign Antiuaeyionig project AAMNMNAAILUIZWNILE WAVINITUILUILNL X
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o 4 A 4 X
waz y 10417y x-y Inadszanniainqaluuuanils antuldqandnuiean, tuinilauuoil uay
v 1 v
normal vector Wﬂq@::muﬁsluﬂWiLﬂ'&'ﬂuLmuéw'ﬁmmmﬁwmmmmumm LTS (LN X-Y)

I =

wfuAnneuiuunuees e x-y Adsznnnaunn antiuasiiAldundsaudauiuen
a2 dla/ % (24
a5andmlaannify x-y
s Xo o v ¥ 4 A v 2

gavinatiafuazfesdudnAianulfainyuaenszan Ae yu Azimuth  waz §u

Altitude azlaildynaasunouasn@lili Retro-reflector Ndlun1sAUIMLFAIUMLISTDY Retro-
dl o d” o 14 dl 14 dl 1 o 1 dl

reflector FennsATUARILUILAIHAazaINNsavn IFAa un luansluumi 3 uazAdIumLeT
TiacldiiudumdianIndngadaunauasa imasann LTS Naasauniy Asaanisauansluum
71 3 iy

AN317 8.39 WARIN1INANNITANLAANIALAIAIUNLIEN9BITUUNUIRY LTS (X-Y)
anngiUlaziiiugn sxuatl 989 Retro-reflector Hulalliannuiuseuny X-y 1849 LTS Aeaziii

fannisfieAn Z duilaeuuansdnedsziins 20 mm (QNAUBLNY 2)

1965
1960

1955

z position(mm)

1950
850

2550

y position(mm) 650 s23%0 X position(mm)

gﬂﬁ 8.39 AN Retro-reflector ML LILNL X-Y

Ls'vLej ! o

= o 1 a dl‘v 2 a o 2 o
AT LN UAUANIRTATALRLNUEN9ES x-y Az ldann feRlFnanauud
patiuRsadusaenszunUx-y ety X-Y tnglunilldannis

Z=aX+DbY +c

TaaAn X, Y, Z Wuaraundansa lalunnu XY waz A1 a, b, ¢ tiuaA1asna ldnsu

v 1 1
o o = A

AN AIUAZAINNIDLSENNUAN &, b, ¢ I lRANsINaas AngaiNe WiuAnlszanuaes Z 7

v
ANUINUANN AN TENNTUTAY a, b, c AINUUAZAINITNATUANL normal vector UBITLUNL X-y
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= [ 2 ] ] oA 1 d” 4 '
WeunuNy X-Y 1@ ANANNLANAN LN Z TBSUAazaniAAT um\‘imuimgmmmﬂqiu

q

717 8.40 InenrunreeA iaNaIANNINTIgAAS 11.76 mm UAIUIARAEWNTL 2.13mm

Z-Direction Error
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Measuring Point Number

91171:8.40 ARANAdATUNIIRAINTEUNL X-y

o

Ay v . S Aol X g o A
mm:mumim EEINT0 project f-gmmwmmumzmuﬂmu At uA TR

WauAuunNuEede X-Y aantuldqantis (b ldqausniiuqs origin 199uN1 x-y ) uazIud

o

o 8y A o v oA v
NITIANLNILELA (mu%umnw puaatsniluuny ) memm@mammmu%ummu X-YdN

' [

WHUAUUNUENNET x-y AN lAkaAsetuugih 8.41 Tnedstumide x  fuAndnldiuay

o ' 1 a o A AU Y o dl
ALY 0 LTlWANA5 mﬂuu%mmmmmmmwmmiuixmuuimmLLmﬂugﬂm 8.42 Ay

nawaa! ladwuusasnasasds nelugtusnuanseanianainiadauiuanduaesqai

1
[

o THAGIgRaEH 7.01 mm UazANRALINAL 2.15 mm)

u q
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Nuddanliinaue Wuniseenuuy dnafgunsalinaiums 3 85 wuuaimes
NaEdanNl LaznAdauaNIInUs9TsuLanaZe Inaudailunnsdnasie szuu LPS 1y
NI 2 g Aa Local Positioning System 1 (LPS1) was Local Positioning System 2 (LPS

2) IneaLLAASEANIIVAREUAZNARDLANT TN UL FaNaznanme b

9.1 AULLUUURY Local Positioning System 1 (LPS 1)

gRae lann1simuILa Y apa319s LUl Local Positioning System (LPS 1) éilu

a

Nag5A IALTTUURINITDNINIRARNL Retro-reflector,  Mnn199AR MRS Als  svi

fuuuL Local Positioning System kanssielugilii 9.1 Tegszuvsenaslufangunsaingn 4
Tuhe

1) IANTTANAARINAIILAUALTDT (Laser Tracking System, LTS) a11431 1 1A

2) TANATAILANNBLADT

3) ABNNIABTATLAN LTS

4) panN9LARTAANIg (Supervisor / User interface, Tuagjlugt))

seuuldNuNIMAReUNIIAARAIN Retro-reflector, N1sMAdaLNNIRAULS The
nadaiine

1) NM3FARNN Retro-reflector TN BT 228z AN NI ANRARANLIL LTS 74
Retro-reflector lAnM41 5.8 wms finuiSageantas Retro-reflector ianunsainanlEd
3x82 5.8 1T (1 12 cm/sec UaY 20 cmisec ANMSINNTLARELTLILWITL (Azimuth) LAY
W94 (Altitude) ANASNEL LasTiTzes 1 1WRATAR 19 cm/sec LAY 22 cmisec Ul LU
(Azimuth) Waz TR (Altitude) ATNATAL

2)  Aukduga iR uueYed Retro-reflector - 2a9ginsal LPS  Tneinng
frurnsldwdnnng Triangulation  $aufunsiden guUnani LTS Tiunseudnsansmnums
(5222319 0.5 LUAT) Tnennssafisvaztlazanns 1 wns warmnuiadn 42 ALUTEUNL
AR Az liANNLNLEN189TTULWINAY 2.13 £ 0.2 mm AINTIUNL kAL 2.15 + 0.2 mm M

szl Waldnisinaauginenl LTS ienafumanlunnsdnmis 42 qm
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Power Amplifier

& Electronics

Controller
7
gﬂﬁ 9.1 ALWLY Local Positioning System 1 (LPS 1)

9.2 AULLLUDY Local Positioning System 2 (LPS 2)

gadulavinnnaimuanas 4pa319suiuy Local Positioning System 2 (LPS 2) 16
Hunadida laaszuuainnsanin1sfianmnIu Retro-reflector, NNNTIAATLULINAR Lazin
yudesluaufifld svuudiuuy Local Positioning System uasedialugLli 9.2 Tneszuy
dsznevldrngUnanivan 4 Tude

1) gANszANAARINALEUASLaLTas (Laser Tracking System, LTS) R119u 2 1A Aa
LTS-Module-R wag LTS-Module-L

2) TANATATLANNELADT

3) ABNRIARTAYLAN LTS

4) pauiowasannng (Supetvisor/ User interface, lalag/ligi)

sxuuAHNUNNMARELNNTAARIN Retro-reflector, NNIMARAUNITIARTWMLS LAt
1Enafsiian

1) NN9FARAN Retro-reflector P ldfsrezannnsyanAna LU LTS 74
Retro-reflector VLQJI;i’]ﬂ'J"] 2.5 LWHAT ﬁmﬁm%@d@mmﬂ Retro-reflector ‘ﬁmmmﬁmmﬂﬁﬁ
5282 0.5 WAT 184 LTS Module-R i1 15.08 cm/sec Lag 12.06 cm/sec LTS-Module-L
I 15.78 cm/sec uaz 12.52 cm/sec

2)  Auudugn U uALeTe9 Retro-reflector  189gUn3nl LPS  Tpeinnsg

AU lEuANNIS Triangulation  $aufunsaeu alnsal LTS Tilunsendnaaassnumis
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(sx82i19 0.5 wm9) Inanedpdiszazilozanne 1 was uagldanuniedn 21 qauuszuny

weanu azliAaulsugnreassuLWinG 0.2 + 0.2 mm MU way 1.3 + 0.2 mm u

bb147
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n.1 gunsalmuuas

N.1.1 Laser-line Dielectric Mirror ﬁimmz@ﬂm ﬁx‘lﬁ

W}i’mﬁ n.1 @mmmﬁﬁmm Laser-line Dielectric Mirror

ATUANTIG e EHGHE)

U 10D20DM.4 18913EN Newport

ARl eN 25.4 \IURNAT

ATHULN 6 NARLUAT

I40) Pyrex

Clear Aperture > central 80% of diameter

Durability MIL-C-675C

Cleaning Non-abrasive method, acetone or
isopropayl alcohol on lens tissue
recommended

Damage Threshold 1000 W/ecm® CW, 0.5 J/cm” with 10 nsec
pulses

Reflectivity RS, RP. > 99%

S1 Surface Figure A2

S1 Surface Quantity 15-5
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Laser-line dielectric mirror

Typical Mirror Surface Profile

RME: 0.337 nm RA: 0.274nm F: 1.80 nm

144

o=
o
@

048

Surface Microroughness (nm)
& o
T o
o =]

=)
[r=)
o

L
B
B

131 262 253 523 G54
Distance on Surface in Microns (20.2x)

Surface profile

- B3 B—a )
Q= oo o . Typical p
- ?’?r L \‘l ! | ]
B D4
= L E32.8 nm]
3 o :
& 0" 45 |
f a0 ]
3 s Rk
EDE | | | | E

[C«]

05 0.6 o7 (] Q.
Wawvelangth {umj

Reflectance

9119 n.1 AnaNITRARY Laser-line dielectric mirror

a qQ
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N.1.2 Laser-line Non-polarizing Cube Beam splitters ﬁ:u 16NP.4 289155 Newport Y

= o -éj
TIERZLALUA ANU

FN979% 1.2 31eazideAAuaNTAT8Y Laser-line Non-polarizing Cube Beam splittersgus

16NP.4 284LTEN Newport

Matarial BK 7, grade A, fine annealed optical glass

Wavefront Distartion =i/ at 632.8 nm ovar the clear aparture

Clear Aparturg Contral diamatar, =30% of dimansion

Surface Quality 20-10 scratch-dig

Transmission B0 +3%, independent of polanzation

Reflaction B0 +3%, independent of polanzation

Polanzation 3- and P-polanzation com ponents matc hed to within 3%,
IT,-T|=2%, IR, -R,|=3%

Transmitted Beam Deviation =5 arc min

Reflocted Beam Deviation 90° £5 arc min

Angle of Incideance 0° +2°

Dimenzion Tolerance +0.26 mm

Antireflection Coating Iultilayer coating, B <05%

Temperature Range -60PC to 90°C

Durability MIL-M-13508, MIL-C-675, MIL-C-142086

Oriantation To avoid dam age, heam should antar prism marked with a dot

Cleaning Mon-ahrasive method, acetone orisopropyl alcohaol

on lans tissue recommendad (ses page 564)
Comented optic, do not immersa in a solvent

Damage Thrashold 2 kWiem® CW. 1 J'em® with 10 nsac pulsas, typical

gﬂﬁ N.2 Laser-line Non-polarizing Cube Beam splitters



n.1.3 He-Ne Laser Power Supply N91eazifen Aail

109

[ %

F113199 1.3 AnANTR28 He-Ne Laser Power Supply

ATUANITR BRI EGHT
U 31205 2241759 Coherent
Temperature - Operating -20 to +40 °C
Temperature - Storage: -40 to +80 °C

Input Power:

115/230 VAC 50-400 Hz, rear panel switch,
|[EC socket for detachable cord (1.8 m

cord supplied)

Power Consumption - Style A

~25W

Power Consumption - Style B

30-50 W

Laser Safety: Key switch (3-7 s delay), on/off indicator
and safety interlock. Manual shutter on
lasers.

Certification: CE

Dimensions: See drawings

Weight - Style A 1.1 kg

Weight - Style B 1.5 kg

31/71 n.3 Power supply drawing
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v

n.1.4 He-Ne Laser Head H9sazidein fail

;13199 N.4 AnaNTRvas He-Ne Laser Head

ATUANITH PR EGHT
U 31-205 2841310 Coherent
Power (mW) 2
CDRH Class llla
Wavelength (nm) 632.8
Polarization >500:1
Beam Size (mm) 0.79
Beam Divergence (mrad) 1
Mode Spacing (MHz) 574
Length L (mm) 315
Mode Sweep (%) <5
8-hour Power Drift (%) <2.5
Power Supply 31-2462

8

laeias Maanldaniduamas Class A wasannluldunsasagaiani Tnead

o

= X
TEHUATLALAAIU

[

Class A HuLaINAN18992AUIUNAN 1.0-5.0 mW dnsnsadlusiumg 1A

AIN1INNAY AN IUNNANIE HARA U MIEULANINITUAN A DU LH NN 197U LAz

1 o ]

thenfiow Nnaniuiamaslussiuilddsunmasatoniiazldifu arme TAnwWaS



[ %

n.1.5 Photo Sensitive Diode Nsaazidein sail

;113199 1.5 AnENTRvas Photo Sensitive Diode

111

aa

GRIGEGN

=
TIERZLRER

PSS-DL 100-7PCBA 241i31% Pacific

Silicon Sensor

Power supply voltage Vs

Min10V,max18V, recommended 15V

Max output voltage

+Vs-3; -Vs+3

Max output current limit

25bma

Max external bias

-Vs-10V; +Vs+10V

Max slew rete 10 V/usec
Theoretical noise 15nvHz-1/2
Operating temperature 0-70°C
-3db bandwidth 257 kHz
Resolution(bias dependent) >0.25 uym

Linearity(bias dependent)

+ 1% of full scale

Max light intensity

1.5 W/em®

3107 n.4-Photo Sensitive Diode
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T FUNCTICH
B OPTIDNAL-BUE pency
D OPTIDHALEUS  CENTER =)
3 YWOLSAGE CUT
T EWOLTAGE CUT
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1 CATHODE 3UMGY] -,
5 H15NOLTE g 3
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-
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2119 1.6 LHUNIN29a7 TN
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n.1.6 Ball Mount Retro-reflector H98ia1aein il

FI1379% 1.6 AUANLIRYes Ball Mount Retro-reflector

ATUANTTE SIATLBEIN

U BMR — 0.5 184171 ATT Metrology
Services

Ball dia. 0.6”

Retro-reflector clear aperture 0.25”

Wave front over aperture P.V.@633nm 0.25

vinlal

Ball Material: 440C Stainless Steel with
sphericity better than 0.00005". Retro-
reflector Apex is positioned within .0001" of
the center of the ball. Retro-reflector Mirror

Coating: Over-protected silver.
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gﬂﬁ n.7 Ball Mount Retro-reflector

[ %

3
N.1.7 Laser Protective Spectacle saazidan Al

F1979% N.7 AruaNiiRuas Laser Protective Spectacle

ATUANLIR e EHGHT)
U LOTG-He-Ne 1241314 Newport
Wave Length 633 nm
Optical density 1-2
Lens color It. Blue
VLT% 41




n.2 gunsalauau g

[ %

n.2.1 agiitay 7022 H98azieen An*

F1379% 1.8 AruaNtiRvesaqiiHaN 7022

ATUANTTR ANLRAE
ANNUUIULL (g/cm3) 2.8
N NUABNUAT (°C) 485-640
nsinANEeuT 20-100 °C 165
&ulseAnanisnenasanieanaien 23.5
(um/m°K)
AN AR I (M/CD.mm2) 18.8
Tugaavaansfiangu i 20°C (103 Nimm2) | 71.5
ANqARHEBUS NN 20°C 963

P dayaanusEn e anasdiuanToaafiaiuines Anin




n.2.3 Card PCI-9112

115

f19797 1.9 ARANITRY99 Card Ad-link PCI-9112

ATUANITH e EGHT
i PCI-9112
A/D resolution 12 bit
Sampling rate 110 kS/s

A/D input 16-CH single-ended LWag 8-CH differential
Analog input ranges Unipolar
D/A resolution 12 bit ,2 CH

31/7 n.9 Card PCI-9112
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n.2.4 Card PCI-8133

19797 N.10 ARIANITRY99 Card Ad-link PCI-8133

ATUANITH PR EGHT
i PCI-8133
Counter resolution 16 bit
Number of channels 3
Encoder Counter A,B Phase and index input

71# .10 Card PCI-8133
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n.2.4 Card PCI-6308

19797 N.11 ARsANITRY99 Card Ad-link PCI-6308

ATUANITH PR EGHT
i PCI-6308
Counter resolution 16 bit
Number of channels 6
D/A Resolution 16 bit

L

SRR R [

317 n.11 Card PCI-6308




Nn.2.7 Kollmorgen Amplifier ﬁ;‘u SERVO STAR CD c¢x03

FIN31991 .12 AMANLRA124 Kollmorgen Amplifier $14 SERVO STAR CD ¢x03

ATUANTH BRI EGHT
i SERVO STAR CD
Motor current ripple frequency 32 kHz
Position loop update rate 2 kHz
Velocity loop update rate 4 kHz
Current loop update rate 16 kHz
Output Continuous Current Per Phase 3A

gﬂﬁ N.12 Servo star CD cx03




Nn.2.8 Kollmorgen Amplifier ﬁ;‘u SERVO STAR CD c¢cx06

F1131991 .13 AMANLRA124 Kollmorgen Amplifier $14 SERVO STAR CD ¢x03

ATUANTH BRI EGHT
i SERVO STAR CD
Motor current ripple frequency 32 kHz
Position loop update rate 2 kHz
Velocity loop update rate 4 kHz
Current loop update rate 16 kHz
Output Continuous Current Per Phase 6A

gﬂﬁ N.13 Servo star CD cx06
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n.2.9 Kollmorgen Motor §14 RBE 01210

FIN31991 N.14 ANANLRA28Y Kollmorgen Motor §14 RBE 01210

ADAANITR BRI EGHT
i Motor §1 RBE 01210
Stall torque 0.115 N-m
Max continuous current 541 A
Max continuous Torque 0.342 N-m

gﬂﬁ n.14 Kollmorgen Motor 3% RBE 01210

n.2.10 Kollmorgen Motor 93 RBE 02110

A13197 N.15 @mﬁu‘fl?mm Kollmorgen Motor qfu RBE 02110

ADUANLIA PIEAZIBEN
U Motor 314 RBE 02110
Stall torque 0.952 N-m
Max continuous current 6.34 A
Max continuous Torgue 1.72 N-m

31/71 n.15 Kolimorgen Motor $14 RBE 02110




n.2.11 Motor Encoder 1 CM-300 9184 1i31¥% computer Optical Product

;113199 N.16 AUANITRU8Y Motor Encoder $14 CM-300 1194 131 computer Optical

121

Product

ATUANTTR e EHGHE)
U CM-300
Cycles per revolution 2048

Output Format

A and B Channel in quadrature

Frequency Response 75 kHz
Max continuous stall torque 31 mN-m
Motor constant 8600 RPM
Maximum continuous output power 12 mNm/W

317 n.16 Encoder 31 CM-300
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n.2.12 Encoder 14 CP-300 284 1i31¥% computer Optical Product

F113199 N.17 AUANITRA8Y Encoder $14 CP-300 984 13" computer Optical Product

ADAANLTR PEazIBYA
i CP-300
Cycles per revolution 2048
Output Format A and B Channel in quadrature
Frequency Response 75 kHz

717 .17 Encoder $1 CP-300
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NANUIN A
Tusnsn Matlab®- Simulink®, xPC target

9.1 tn30

Tsunsu Matiab iulilsunsudnuanudesiniaafildlunisatiuayunisidusingg o
UAAINTTH LLaﬂmmmm?ﬁluj flesldsunsn Matlab® {ulilsunsufidresianisdine
afduanizannung LazNNIMNIULRIEL UL TRNT Windows Saifludoumilefianmnsn
yin13iisunsy Matlab gnansaldsanivliaunssauie fiudnaninluniavne

Simulink® Toolbox Iledasiianiislulilsingu Matiab 71411941809 nagaL
WAZALATIEEN TN ULRITZLLUNA AN AR T Ml Taan bretnsdaanente ldnsvnnenlu

3 ]

wrinFNNs@eNseuLIlaIN Aan1etia Block Diagram 1w Library Simulink wsiazduun
1 o/ dl b‘d‘ v Z’/ a ra

sefuieunuszuunamansnaula aunsaldlinalusruuidadunarldidadu szuvioan
saitlasuazlisieiied Ineluszny LTS ldlsunsuitlunisdnaesszuusine sanldfeldlu

o a

NINAIALAN uaziiudeyadImiunisAILANNamasINALYNTANTEAN

3

VATYTR9TLAIL XPC  AANNTUENIZNINATASAULLYL (Host PC) LazLATad

¥ A

A
= o
1anNg
d; % ¥ a oA . o £% )
iiunne (Target PC) Tnaazassiutuyldeuuusy iyl iimnag Windows inliaiunsniin
AINANNNTOATAILATLAYUTNeE NN IWIT LU RN Windows w14 lun1 e
svuuld uavAreailunnefldlunsacuanszul NeauuussuLl[iRn19799 xPC Real-
time @190 1 UNNAILAN KATNABBLNIUNFBINITAINLN NG 1S
xPC Target uarasdantislulilsunsy Matiab #ldlunnsai1esiunuy Auguuay
Mn1magaLsEUL Tuanase N19uet s Target PC ldsvuutfjiifinis xPC kemel gl
a 1 1 d‘ v Y A e Aa ] 1 2 a :j/ 1 dll
gUnsniRnmacIe] NazAealdidi AD, - DA - ¥7en1FARAMARAIST ALABIRARIRE LULATE
Target PC sruLiifeenisaeuiames 2 indadlunisinaiu Usznaudae Host PC 7R
Tsunsa Matlab® Simulink® e ldlunasa¥na Block -Diagram Tagr Simulink Toolbox La
WBaaR9TTULIAME Block Diagram walssuuanunsanadew i Host PC
Waldszuufanaeasag Block Diagram w&a Host PC aznnnsilasutasann
Block Diagram Wunenanunsa gl Target PC Ialae l4Tlsunsu real-time Workshop®
waz C/C++ Tunisa¥eldnlua uwazvinnisdainudeyaannieses Host PC lilg Target PC

AILAANFNaLNTELUALIANSTALITN UGN 9.1, 1.2, 9.3
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F! *pc_tankl_gui i |EI |£|

File Edit Wiew Simulation Format Tools Help

L water level o — Contraller
OnSwitchYalue

= | &

&0 -

40 . |

20

|:|_

PR

SetPoint
Walue

Controller
OffSwitch'alue

TankLewvel

-

00—
o

Gaini

Fump Switch
I Walue

pump_suitch

Gainz
Drainfalve
| Walue

drain_walve

Cantraller
Ondutputvalue

pump_flowrate

I =]
File Edt View Simulstion Format Tooks Help
D& HS| phelo o
| |
1 1
PurnpSwitz:h WaheSwitch  Gaing
- =
et embh e ol = >
5 =+ Lf i L s =
- . . COpe
SetPaint Contmlizr F B Fain Gain TankLawel
» fEmet Scops famet Scops
Lo d: 2 Id: 1
Scope BFG) Seope (PG
Tank Level Gontml System
Ready [100%% Jode 4

1 v
U7 2.2 A1aeesruLNsAILANEAUTNAaE Simulink Block Diagram
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=} ®¥PC Target Remote Control Tool - |I:I |£|
File Tools Help
|ge | w7 Lo » o=
- - ) — — Signal tracing
*PC Target 2.0 15200 Host and Target Scopes
Select scope hypes.. ™ Add Scope |
xpc_oscd Re R J
RT, Single S copes:
i
txyptet
0.20
0.000250 =l
0.000000
Add Signalz ... | Remove Scope |

stopped

Wiew Target Scopes: |1 'I

Application parameters — Loaoging
. — [ Time [T States
p 020 -
Stop tirme: I birimurn TET: 9995999.000000 P  TET

Sample time: I 0.000250 Mawimurn TET: - 0.000000 ]Dne figure j Plat Logging Data |

77 2.3 WA UAANNIIATLANNNININNIULEY XPC Lt Host PC

9.2 NAwWN1T M9

rauns 89200 XPC. 1PF84 Host PC %fé’f@qﬁmf?’iﬁixuuﬂﬁﬁﬁm@ Window
wazlsunsupng gaid

Matlab® l¥lunspaupuuasindeiusziy XPC TatsnuussvinAds viawinsing
pauan anansnldlunns Tuiindeyaaan Target PC &iSaiiazugansinenuzes Target
wWanuulasrnsulsiild ?QN1‘1J5<1T1’1?3"]‘].|§"334LL@%ELﬂ?’]Zﬁ%@Nﬂ@ﬁiﬁ@’]ﬂ Target PC ﬁ\‘igﬂ‘ﬁ'

1.3

Simulink. Library —14lun174519 Block Diagram  1NBAILANLATI1AATELIL

]
1 ¥ =

nafaninaulafnanuIudatnasu (JUN 2.1 Lag 2.2) uaraIunnaiie Block 9N
ATUANBIULIRNIZANNTFIN T WRLANAINT Simulink Library Hag] Tneinsld C-Code S-
, L 41F: 10 o
Function - Wanengadanatnisnaedlilsunsuaanly uacanutsgnuansaeniraulaly
Simulink Library A8 10 Diver Block Library @aiun1s9awmsen Diver amsLnisfnsa 10
1Hasine NHeNlduInNngn 400 alinAsuandlugli 2.4 s
Real-Time Workshop ldlunisulasugtuuudesyaain Block Diagram ligsiia

N1 C faeiAnds Build Auanalugiln 9.5
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C Compiler l4lun19a514 code aldlunnsdjrifin1sues xPC kernel lunisldeu
sR9FARN Host PC TaeTtsunsuiianunsaldlfine Microsoft Visual C++ version 5 6 438 7

Watcom C/C++ version 1.6 %38 11

m Simulink Library Browser & |EI |£|

File Edit View Help

[ & & Find ||
| PCIM-DAS1602 16 : FCIWM-DASTE0ZNE :I
=- W ®PC Target 4] -
: (CIO-DASTE 330 —
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Abstract

Laser Positioning System (LPS) is a type of coordinate
measuring systems that can measure positions of a small
and easily movable target generally mounted with a
retroreflector. LPS operates by orienting a motor-driven
mirror to direct a laser beam to the center of the
retroreflector. When the retroreflector moves the LPS
must keep the laser pointed at the center. This is done by
measuring the offset of the laser beam entering the
retroreflector and the reflected beam using a Photo
Sensitive Detector (PSD) and adjusting the mirror
orientation accordingly. This paper discusses control
systems and control laws for this tracking task used by an
LPS prototype built at Chulalongkorn University.  The
proposed controller composes of a PD inner-loop closed
with an encoder signal and a Pl outer-loop closed with
the PSD signal. Experimental results are given in terms
of tracking speed at 0.5 m and a maximum tracking
range. After a further investigation, however, it was
found that the open loop gain of the system is highly
affected by the distance of the retroreflector. To allow
full flexibility of the system, this paper also discusses
methods of adjusting the control gain without directly
measuring the retroreflector distance. Two methods were
proposed and preliminary simulation results are provided.
Keywords: Laser Positioning System, Control System
Designs, Tracking Controls

1. Introduction

In a typical robotic manufacturing, designand
production of jigs and fixtures constitute a significant
portion of the manufacturing cost. This is mainly
because, although motions of manufacturing robots are
highly repeatable, they - have low accuracy [1].
Workpieces must be hold rigidly ina fixed location to
exploit repeatability of the robots. “As a result, jigs and
fixtures, which are generally custom made for each
product, are essential.

In order to reduce the fixture cost, a manufacturing
technique called “Fixtureless Robotics Manufacturing” is
being developed at Chulalongkorn University. In the
study, a workpiece is assumed to be hold rigidly (by a
low cost universal fixture), however it will arrive at the
manufacturing cell with unknown position and
orientation. Once arrived, the position and orientation of
the workpiece will be measured using a Laser Positioning
System (LPS). This data allows the robot to work on the
workpiece regardless of the location of the workpiece.

The LPS was also proposed for measuring the robot’s
end-effector directly to improve the accuracy of the robot.
As such, the LPS system is the key component of the
fixtureless manufacturing technique. An example of the
fixtureless manufacturing cell is shown in Figure 1. The
system might employ a single station LPS (using
interferometer to measure distance) or a two station LPS.
A few LPS prototypes were made and are being made at
Chulalongkorn University [2].

\\n\:-‘\

;
_‘"f.-l.

Retroreflectors

Q‘i >3

Workpiece w suum.l. _
A

Industrial Robot
Laser Posmonmg System (LPS)

Figure 1, A fixtureless robotic manufacturing system.

This paper will focus on the control issues of this
LPS system. Laser Positioning System (LPS) is a type of
coordinate measuring systems that can measure positions
of a small-and easily movable target generally mounted
with a retroreflector.. For a continuous operation, LPS
must be able to keep the laser pointed at the retroreflector
as it moves to various measuring positions. This is done
by measuring. the offset of the laser beam entering the
retroreflector and the reflected beam using a Photo
Sensitive Detector (PSD) and adjusting the mirror
orientation accordingly. This paper discusses control
systems and control laws for this tracking task. Two
types of control laws were tuned experimentally using
PID controllers. The first use only the PSD signal to
close the loop while the second use both the PSD signal
and the mirror angle measurement to close the loop.

Furthermore, it is found that the open loop gain of
the system is highly affected by the distance of the
retroreflector. As the system operates, the open-loop gain
of the system can vary as much as 10 times of the
minimum value. The distance can be measured using an
interferometer and can be used to adjust to control gain
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[3]. The interferometer is, however, very expensive. If
LPS is used only to measure a stationary object such as
the workpieces, it is possible to use only one LPS system
without using the interferometer. Position of a stationary
retroreflector can be found by triangulation using only a
single movable LPS system, which is also under
development at Chulalongkorn University. Similarly, a
system with two LPSs (triangulation) may not have the
distance value at all times, especially at the beginning of
their operation where each LPS must be brought to point
at the retroreflector one system at a time. As a result, to
allow full flexibility of the LPS system, this paper also
discusses methods of adjusting the control gain without
directly measuring the retroreflector distance. Two
methods for adjusting the control gain are proposed.
Simulation results are given in this paper.

2. LPS prototype

Typical components of an LPS system required to
track a retroreflector are shown in Figure 2. To track the
retroreflector, the system adjusts the tracking mirror to
direct a laser beam to the center of the retroreflector.
When the retroreflector moves, the LPS must keep the
laser pointed at the center. This is done by measuring the
offset of the laser beam entering the retroreflector and the
reflected beam using a Photo Sensitive Detector (PSD)
and adjusting the mirror orientation accordingly.

Laser

Tracking Mirror

PSD
Figure 2, Tracking components of an LPS.

An LPS prototype is shown _in the Figure 3. The
followings are some details of the components (for more
information please see [2]). The mirror is adjusted using
two motors with no transmission. The azimuth motor is a
80W brushless DC- motor from-Maxon -motor(EC32)
with a maximum torque of 355 mN-m and the altitude
motor is a 17W brushless DC motor from Computer
Optical Product (CM335) with a maximum torque of 232
mN-m. The mirror and the altitude motor are mounted
on a platform that can be rotated by the azimuth motor.
Angular positions of the two motor are measured using
the CM335 motor/encoder sets. The encoders are sine
wave encoders with 2048 cycles/rev. Square waves are
generated from these signals at 2048 cycle/rev for
commutation by power amplifiers which are running in
current mode with a 1 KHz bandwidth.  With
interpolation, the sine wave signal is used to measure
position with accuracy around 8x10® degree or 47000

pulse/rev [2]. The retroreflector has an opening of 0.25
inch and the PSD have a working area of 10x10 mm.

~ Tracking mirror

Laser head

Figure 3, An LPS prototype.

3. Control design

Two types of control laws were studied: a single
loop system and a two-loop system. The schematic of the
control system is shown in Figure 4. For a single loop
system, the angular position encoder is not used, Cy(s) =
1 and Cy(s) is a PID controller. For the two-loop system,
the controller C,(s) and C,(s) are PID controllers.

Ref. Signal =0 O
1) iq | Azimuth Motor | &
! > & Amp.
Encoder
X error Tracki Laser &
PSD |'aCKING | Retroreflector
;TTTTTTsomsooooooes error ¢
i y error :

To Altitude Loop From Altitude Motor

Figure 4, Control system schematic.

3.1 The single loop controller

Evaluation of the single loop controller was
performed using only the azimuth motor (with the
altitude motor fixed). Performing a number of
experiments, it was found that a PD (C,(s)) controller
performs best. An experimental result is shown in Figure
5. In this experiment, the retroreflector was fixed at 1
meter and a reference signal asking for an azimuth offset
(x error in Figure 4) of the laser from the center point of
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the PSD was used instead. Note that the error at the
retroreflector is only half of this value. As seen in Figure
5, the rise time of the response is around 12 msec and the
settling time is 65 msec. However, the overshoot is 25%
and 75% depending on which way the movement was.

Position (mm) Step response of the PSD signal (mm)

o Ref. Response

0 I _f B ;
MP=25% |
143 1| i i
Tr=0.012s+ ! :
- L[} mp=7s% |
-2.86 W1° -

-4.28 B i

0 1 2 3 4 5

Time(s)
Figure 5, Step response of the PSD signal.

Using this PD controller, the maximum distance of
the retroreflector was found to be less than 2 m which is
significantly smaller than the 5 m goal. It was found that
the system is highly oscillatory at the distant around 2 m.
One of the reasons is that the PSD signal is rather noisy.
Hence, Kd, the derivative gain, in the PD controller
cannot be set higher to provide more damping. Hence
Kp, the proportional gain, must be kept small to avoid
excessive overshoot which is necessary to keep the laser
from falling off the retroreflector. As a result, the motor
in this system is quite sensitive and cannot hold the
mirror even against a small disturbance. When touch
lightly at the mirror, the mirror can be knock off the
desired orientation. One can feel that the motor does not
provide enough torque against disturbance to hold the
mirror in place. As a result, another type of controller
was investigated to reduce these shortcomings.

3.2 The two-loop system

The two-loop system is shown in Figure 4. Tuning
of the controller was done for the inner-loop first. Figure
6 and 7 are the step response of the azimuth-angle and-the
altitude angle to a 1 degree step command. A suitable
controller was found to be a PD controller (Cy(s)).
Again, the system still suffers from limited Kd (derivative
gain of the PD controller) due to the fact that only
position measurements: are available: - Then, the outer-
loop was tuned. Figure 8 and 9 show the step response of
the laser location on'the PSD (0.1 volts or approximately
0.5mm step). The outer-loop controller is a PI controller
where K, ( the integral gain) dominates. The tuning was
done with the retroreflector at the distance of 0.5m.

Tracking range and tracking speed were measured.
The maximum range was found to be 5 m (with
interpolated encoder signal). The maximum speed is 0.6
m/s when the retroreflector is moving primarily in the
azimuth direction at distance of 0.5m.  The tracking
speed is, however, significantly less then the goal of 4
m/s.

After a closer inspection, two problems were found.

The first is that the regulation performance of the altitude
motor is much worst than that of the azimuth motor. Asa
result, the tracking performance is limited by the
performance of the altitude loop. It was found that the
altitude regulation is oscillatory as shown in Figure 10.
In the figure, location of the return laser on the PSD when
the retroreflector is not moving is plotted (0.1 volt
corresponds to approximately 0.5mm). Clearly, the
altitude regulation is much more oscillatory (the y
direction). A new LPS prototype is being made to reduce
this problem.

Azimuth inner-loop step response

Azimuth Angle (Degree)

28 8 32 34 36 38
Time(s)
Figure 6, Step response of the azimuth inner-loop.

Altitude inner-loop step response

Altitude Angle (degree)

37 38 39 4 41 42 43 44 4.;_ 4.(6) 47
Ime(s,
Figure 7, Step response of the altitude inner-loop.

Azimuth PSD Step response

x position from PSD (volts)
o o o o
o o o o
) i > &

o

-0.02 . . . . . . . .
0.8 0.820.84 0.86 0.88 0.9 0.920.94 096 098 1
Time(s)

Figure 8, Step response of the azimuth PSD voltage.
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Altitude PSD step response

1.25 13

Time(s)
Figure 9, Step response of the altitude PSD voltage

1 1.05 11 1.15 1.2

Laser position on PSD

05 = 2 770

04 |
03 |
0.2 |

0.1 |

0
0.1 |

Y PSD (Volts)

0.2 |
-0.3 |
-0.4

+

-05 i i i b i
05 -04 -03 02 -01 O 01 02 03 04 05
X PSD (Volts)

Figure 10, Laser position of the PSD

The second problem found was that the open loop
gain of the system is highly affected by the distance of
the retroreflector. As the system operates the open-loop
gain of the system can vary as much as 10 times of the
minimum value. This results from the distance of the
retroreflector to the tracking mirror.which can vary from
near zero to 5 meters and the fact that a degree rotation of
the mirror causes the reflected laser beam to turn by two
degrees. In particular, the loop gain of the closed-loop
system has a factor of 2R, where R-is the distance of the
retroreflector to the tracking mirror. In the experiments,
it was convenient to-use a higher value of Kp (in C,(s))
when the retroreflector is closed and to use a smaller
value otherwise.

4. Distance adaptation

The distance of the retroreflector are generally used
in the control law to compensate for the difference of the
loop gain resulting from the distance of the retroreflector
[3-5]. As stated in the introduction, it is desirable to
design a system that can adjust the Kp automatically
without actually measuring the distance. This section
discusses two approaches to solve this problem.
However, only preliminary simulation results (with only

one degree of freedom mirror motion) are available at this
point.

4.1 Distance estimation

Standard recursive least-square technique was
applied to estimate the distance R of the retroreflector and
the tracking mirror. Figure 11 shows related parameter.
In the figure, the distance of the retroreflector from the
tracking mirror is R, the desired direction of the laser
beam is @, the actual direction is &, the mirror orientation
is &, (0= 26,), and the error of the laser from the center
of the retroreflector is d (twice of this error shows up on
PSD).

Retroreflector

=/

Tracking Mirror

Figure 11, Parameters related to the estimation fo the
distance (R).

Since the tracking mirror is controlled to keep &

close to @, it can be approximated that
d=R (& -6 @)

Assuming that R and 6, change only slowly, they can be

estimated by using d and 6. To apply a discrete-time
recursive estimator, Eq. (1) is written as

y(k) = ¢'(K) a(k) O]

where k is used to indicate the k™ time step, y(k) = d(k),
9'(K) = [1 - AK)], a(k) = [R6: (k), R(K]". LetA=[a, b]"
where a is-an estimate of Rg; and b is the estimate of R,
the! recursive -least-square estimator with exponential
forgetting factor is given by [6]

AK) = A(k-1) +K(K)(y(K) ~ ¢ (KA(k-1) )
K(K) = P(k=1) o(K)( 4 = ¢(K) P(k-1) (k) )™
P(K)= (1-K(K) ¢'(k) ) P(k-1)/-4

©)

where A is the exponential forgetting factor.

When R and @y are constants, it is easy to show that
the estimator in Eq. (3) can be used to estimate both R
and 6. Figure 12 shows the time trajectory of the
estimates of a simulation. In this simulation, At) is a
signal generated by passing a pulse train with the
amplitude of 0.01pi/180 and frequency of 1 rad/sec
through a filter F(s) = 1/(s/0.1+1), 4 = 0.9, P(0) =
[2,1;1,2], a(0) = b(0) =1, R = 3, & = 0, sampling time of
the estimator is 0.01 sec. Clearly, the estimate converged
as expected.
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In actual application, however, R and 6 are not
constants. Furthermore, @is controlled using d to follow
6y as much as possible. In simulation, it was found that R
and & can only vary very slowly. For example, if & is
assumed to be controlled such that 6, as &s) = F(S) & (),
R and @, can vary only as slowly as from 3 to 3.5 m and
from 0 to 0.1 degree in 50 second, respectively.
Furthermore, an excitation signal (a band limited white
noise filtered with F(s)) must also be added to At) to
allow the estimator to work as desired. Figure 13 shows
the time trajectory of the estimates in this case.

Time trajectory of the estimates

w
W o
T
L

a(t), b(t)

=
= ;1 N »

o
o »;
—

S
o
s

KN
o
oL
(62]
b
=L
ol
N
N [
o
w

Time(s)
Figure 12, Time trajectory of the estimates when R and 6
are constants

Time trajectory of a, b

a(t), b(t)

15 a)  ROxGO-
1; x | |
05t _—
O ¥ I ! 1 1 L

0 5 10 15 20 25 30 35 40 45 50

Time(s)
Figure 13, Time trajectory of the estimates when R and 6,
are not constants

In this figure, 4 = 0.7, P(0) = [2,1;1,2], a(0) = b(0) = 1,
sampling time of the estimator is 0.01 sec, and the band-
limited white noise added was generated at 0.01 sampling
time and with the power of le-7.

Based on this simulation results, this method based
on estimating R is not expected to perform well in actual
applications. While adding the excitation signal
improves the estimates, it is not desirable because it may
cause the laser to fall off the retroreflector. In fact, when

R is large, only small variation in the laser direction is
acceptable.
4.2 Direct adaptation

Another approach investigated is similar to the
direct adaptive control technique [6]. In particular, the
controller gain is adjusted to compensate for changes in
the distance of the retroreflector in order to fix the loop
gain at a fixed value. This is done by trying to set up an
indicator for the loop gain of the system and adjust the
control gain such that this indicator is at a desired value.

The following is proposed. By feeding the system
output to a lightly damp 2" order filter with poles around
the desired closed-loop pole of the system, the output of
this 2" order filter can be used to as an indicator of how
much the system’s loop gain differs from the desired
value. The controller’s gain is then adjusted in order to
move the loop gain closer to the desired value. The idea
is similar to that of [7] but is in a more simple form.

To show that the method can be applied, a
simulation is performed as follows. The two loop control
system in Figure 4 is used but only with the azimuth
motor. The motor transfer function is (K/d) / ( (s/7 +
1)(J/bs? + s) ) where Km = 0.0205, 7 = 1000x2x, J =
6x10* , b = 3.4x10°. The Laser and PSD are modeled
with a gain of 2R. The encoder is a unity gain. The
controller Cy(s) and C,(s) are tuned as described in
section 3.2. Cy(s) is a PD controller with Kp = 100 and
Kp =5 and C,(s) is a PI controller with Kr = 0.04 and K,
= 200. The inner-loop has rise time ~ 0.1 sec. (compared
to 0.13 in Figure 6) and %overshoot = 0% and the outer-
loop has rise time ~ 8 msec. (compared to 3.3 msec. in
Figure 8) and %overshoot ~ 30% (compared to 30% in
Figure 8). The tuning was done with 2R =1 m.

Using these gains, the closed-loop transfer function
can be found to have a pair of under damped poles at
—78.6 + 172i. The PSD signal is then feeds to a 2" order
filter with a unity DC gain and with two poles at -3 +
172i. The output of this system is squared and used as
the indicator, ind. Let’s factoring out a gain K to be
adapted from C,(s) and set its nominal value to be 5.
Figure 14 shows the maximum value of ind as a function
of the gain (Kx2R) when the reference signal is a pulse
train with amplitude of 0.005 m.

ind as a function of Kx2R
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Figure 14, ind as a function of Kx2R

The following adaptation rule was used for the gain
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K. Note that the desired value of Kx2R is 5.

Jifind <1.1x10™*

dK 0.1
= . . (4)
Jifind >1.1x10

dt |10

A number of simulations were done using various value
of R when the reference signal is a pulse train with
amplitude of 0.005 (m) and frequency of 1 Hz. In Figure
15, it can be easily seen that the adaptation law works as
desired and the value of Kx2R is close to 5 in all of the
cases. Figure 16 shows the difference between the
response of the PSD signal when the simulation was
started (solid line with K(0) = 3) and after 60 seconds
(dashed line when K(60) = 1). The solid line is the
desired response with %overshoot at around 30%. The
dashed line can also be used to show what might happen
if the system is designed with the nominal value Kx2R =
5 but the loop gain is increased by 3 times; e.g., R
increases 3 times. Large value of R can cause more
oscillatory and can cause the laser to fall off the
retroreflector in actual applications.

Time trajectory of K
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Figure 15, Trajectory K(t) with various R and K(0).

X 10'3 Response comparison for K = 3 and K = 1 (2R=5)
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Figure 16, PSD Response for K =3 and K = 1 (R=5)

5. Conclusion

This paper describes the tracking control issues of
the LPS system. Two control laws were studied. Tuning
of the controllers on the actual hardware was performed
and the two-loop system was found to be superior. One
of the problems found was the significant of the distance
of the retroreflector from the tracking mirror. To reduce
this problem without directly measures this distance, two
approaches were proposed. Base on simulation results,
the second method of adapting the controller’s gain using
an indicator of how much the system’s loop gain differs
from the desired value is more suitable for actual
implementations.
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Abstract

In a typical robotic manufacturing, significant manufacturing cost is on design and production of
jigs and fixtures required to hold workpieces in accurate positions relative to the robots. This paper
describes a new robotic manufacturing technique that can be used to cut the fixture cost. The main
component of this technique is the Laser Positioning System (LPS) that can be used to measure position of
the workpiece and to measure the robot’s end-effecter directly in real-time. In this paper, the development
of a Laser Positioning System (LPS) prototype is presented. Its designs, components, controller designs,
and preliminary experimental results are given, especially on the ability to track a moving target in real-
time.
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Abstract

The use of dedicated fixture to hold and align workpieces
in the manufacturing process is costly, time consuming
and inflexible. Therefore, the demonstration of
Fixtureless Robotic Manufacturing System is presented.
The manufacturing cell consists of an articulated robot,
an XY robot, and a positioning sensor (Fastrak®). The
system uses Fastrak® to determine the workpiece
position and orientation in real time. This information is
then sent to the robotic control unit. The trajectory of the
robotic end-effector is then adapted based on the real time
workpiece position/orientation, and thus a priori
knowledge of workpiece position/orientation is not
required. The control units of the commercial CRS
robotic system and the Roland XY plotter are modified so
that joint level control technique can be implemented.
Thus, all the machines in the cell system can be fully
controlled. The experiment also demonstrates a fully
integrated manufacturing cell that manufacturing
capability is improved through this integrity.

Keywords: Robot, Control, Manufacturing.

1. Introduction

Robotic  operation usually requires dedicated
fixtures to precisely secure workpiece in their right
position. The fixtures are part specific, and therefore must
be redesigned when parts changes. —The custom-made
fixtures are costly and time-consuming to build and
install. The flexible fixtureless assembly (FFA) [1] and
the robotic fixtureless assembly (RFA) [2] uses machine
vision to estimate the target pose so that the robot can
servo and grasp the part. The robot recognizes the part
and is able to grasp it when it has been placed in an
unstructured manner within the robot workspace.

In this project, a fixtureless robotic manufacturing
system is developed. In the paper, a position sensor is
used to sense the_position and orientation-of workpiece
frame. The motion of the robot is programmed based on
this movable workpiece frame. Thus, the workpiece can
be at any position within the workspace of the robot and
can be in motion. The aim is not only to assemble parts,
but also to process it. This is a very challenging task,
requiring innovation in many area of robotics.

Since the robot motion is programmed based on the
workpiece frame, a precise mathematic is used to map the
robot motion into joint space in real time. A real time
controller is then used this mapped motion in joint space
to simultaneously control all the robot’s joints. This is a
challenging task, requiring a much more difficult control
technique compared to the conventional PID controller.

In this project, we developed a fully integrated
robotic manufacturing cell. The controller of the CRS
articulated robot is modified such that joint level control
technique can be implemented. The Roland XY plotter is
also modified such that its motion can be programmed.
The TCP network is used to communicate between
machines in the cell.

The preliminary results demonstrate that the robot
can perform its task in floating workpiece frame. The
workpiece needs not to be fixed in operation. The
manufacturing workcell is more flexible.

2. The CRS Robotic System

The CRS robotic system is a 5 Degrees of freedom
articulated robot. Each joint is driven by DC servo motor
through harmonic drive and its position is sensed by
incremental encoder. The DH parameters of the robot are
as followings:

Table 1 DH parameter of the CRS robotic system

i Qi a1 di 0;
1 0 0 10" | e,
2 -90° 0 0 0,
3 0 L;=10" | O 0;
2 0 L,=10" | 0 0.
5 | -90° |0 27 |6

The forward kinematics can be expressed as [3]

Cl Sl 0 Cl(LICZ + LQCZS)

o7 - § -6 0 s(Lc,+L,cy) 1)
0+ 0 -1 Ls,+Ls,+10
0.0 O 1

The inverse kinematics of the: CRS robotics system is
found to be [3]

6, =atan2(Y,X)oratan 2(Y, X) + 7 2
6, =atan2(s,,c;) 3)
2, y2 2 12 2
where 03:x +Y +Z°-L -,
2LL,
s, = +y1-¢;
and ¢,=atan2(s,,c,) 4)
Where s =(L1+L2C3)X7(L233VXZ+YZ)
2 X2 4+Y?242°
o (L LeWXP+Y? —LsZ
: X2+Y24272
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b) Kinematics diagram
Figure 1 The CRS Robotic System

3. The Mapping

In general, position vector described with respect to
(wrt) some frame, {W} can be mapped or described wrt
another frame, {B}. In order to transform its description,
the position (origin) and orientation of frame {W} wrt
frame {B} is required. The origin of frame {W} wrt
frame {B} is usually called ®Pporg and the orientation of
frame {W} wrt frame {B} can be described by rotation
matrix ®wR. The general mapping can be expressed as
follows [2];

°P = 'R"P+ *Rjorc (5)

where  BP is the position vector described in {B}
WP is the position vector described in {W}
BeR is the rotation of {W} wrt {B}

BProrg is the origin of {W} wrt {B}

This mapping expression can be written in a
compact form as follows [4];

BP — V\lBR BI:)WORG WP (6)
1 0 00 1 1
or
"P=,T"P (7)

The 4x4 matrix operator, 8, T, in this equation is
called homogeneous transform.

Figure 2 Transformation

In the project, the position and orientation of
workpiece frame {P} wrt robot base frame {B} is sensed
by Fastrak® positioning sensor in real time. Thus, the
homogeneous transform at each servo time can be
determined and the trajectory described in frame {P} can
be transformed into its description in frame {B}. The
robot’s inverse kinematics is then used to mapped the
trajectory described in robot frame {B} into robot’s joint
space.

4. Manufacturing Cell Architecture

167

Plolkr Conboler

Robal C avkalkr

Figure 3' System Architecture

The Fixtureless Manufacturing Cell, shown in Fig
3., consists of the CRS robotics system, Roland plotter,
Fastrak® positioning sensor, the movable palette and
three computers. The CRS robotics and the Roland
plotter controllers are modified such that the joint level
control technique can be implemented. The Matlab-xPC
is used for real time control of both systems. Using the
XPC, the robot control is written in Matlab-simulink in
host computer and is then uploaded to the target xPC
where control cards are installed and is being used for
real time control. All the robot joints are simultaneously
controlled at 0.1 msec speed.




Fastrak® is used to sense the position of the
movable palette and then sending the position and
orientation of the palette to the target xPC via the host
PC. This host PC feeds the position information to the
target xPC through 10 Mbps TCP/UDP protocol. The
XPC then, maps the reference trajectory, which is defined
in movable workpiece frame into the fixed reference
frame, then performs the inversed kinematics calculation.
The trajectory is now mapped into robot’s joint space.
The xPC, again, simultaneously controls all joints to
follow the joint trajectory. The roughly designed PD
controller is used to control these joints. In the
experiment, the axes of the robot fixed reference frame
and the transmitter of Fastrak® are aligned but the
relative position is unknown.

The target xPC sends the results including joint
position, the joint position command, and the reference
position of the workpiece, back to the host PC through
TCP/UDP protocal. The host PC then displays the
graphic interpretation of the results without degrade the
speed of the real time control.

5. Experimental Results

Tracking Performance in
Teleaperation mode
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Figure 4 The performance in master-slave mode

In the first experiment, the system is tested in
master-slave mode. where the robot is to follow the
trajectory of Fastrak® which is fixed at the palette and is
manually translated “in XY plane. It is noted that the
origin of Fastrak® wrt to the origin of the robot frame is
unknown. Thus, the trajectory of the robot is shifted to
the trajectory of Fastrak® so that we are able to see the
following error as shown in Fig. 4.

The PD control, which the PD gains are roughly
tuned, is used for position based joint control. The result
demonstrates that the robot motion follows the motion of
Fastrak® quite well as shown in Fig. 4. However, the
robot motion is not very smooth since the point to point
control (PTP) technique is used to control the robot
motion.

The tip trajectory as mapped into
floating part reference frame
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Figure 5 The tip trajectory in part frame

In the second experiment, the robot is programmed
to draw a circle of radius 50 mm on a movable palette.
The palette is able to translate in XY horizontal plane.
The performance of the PD controller is shown in Fig 5.
The relative position between Fastrak®’s transmitter and
the robot fixed frame is unknown.

The trmjectory of the palette
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Figure 6 The position of the movable palette

After the robot drew a circle for a couple times, we
translate the palette in both X and Y directions as shown
in Fig 6. The robot is able to adapt its tip trajectory to
follow the circle as shown in Fig 5. The robot trajectory,
measured by joint’s encoders are shown in Fig 7., both in
joint space (Fig 7a) and in Catesian space (Fig. 7b). The
joint trajectory can be mapped into robot’s Cartesian
space using robot forward kinematics. It is obviously
seen that the tip trajectory, either in joint space or in
Cartesian space, has a response to Fastrak® receiver’s
position.
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The trajectory in joint space

a) The robot’s trajectory in joint space

The actual robot’s Hip trajectory
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a) The robot’s trajectory in catesian space
Figure 7 The trajectory of the robot

The trajectory as actually plotted
on moving palleta
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Figure 8 The tip’s trace on the movable palette

The Fastrak®’s receiver position, which is the
position of workpiece reference frame, is used to
compensate the tip trajectory in realtime, the result is
shown in Fig 5. It is demonstrated that the robot is able to
draw a circle on the movable palette as desired. The
actual tip trace on the palette is shown in Fig 8. We are
now able to demonstrate that the robot can perform its
task on a movable palette. The simulated plot, shown in
Fig 5., differs from the real plot, shown in Fig 8., since
the axes of Fastrak® transmitter, the movable palette,
and the robot are not perfectly aligned.

In fact, we need to know the position of Fastrak®’s
transmitter relative to the robot fixed frame in order to
demonstrate the performance of our technique when
rotation of the palette is involved. The result is not shown
in the paper.

6. Conclusion

In this project, the robot is able to perform its task
on movable workpiece. The proposed technique used
positioning sensor to sense workpiece position in real
time and also perform mapping and inverse kinematics
calculation in real time to map the motion defined in
workpiece frame to the robot joint space. The
manufacturing cell is then more flexible and can handle
more comprehensive manufacturing tasks.

7. Future Works

We are now developing a Laser Positioning System
(LPS) [5] to sense the robot’s end effector and workpiece
directly in real time. This device is designed to sense the
position faster and more accurate and thus enhance the
overall performance. The adaptive control is to be
developing for control the robot’s joints along with
control library to support a complicated control
technique. We aim to develop a new control strategy to
directly control the motion of the robot’s end effector
relative to the workpiece by using our developed LPS to
sense both the tip and the workpiece.
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