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Abs血act： 出si p ect of fee&~k solⅡ优 锄佴岫tdng systemfor丘倍 IIlm捌 m衄 婶咖 e印k血al radio 

Ies棚pe(FAST)is 咖血 仙 州  is a n洲 tylJemodel oflh扛lle~blem加iptl 珂町g啪 A 5-m旧  0幻咖pe 

been~agned aI】d c 吼m删 ，Ⅱ．e c) 加∞衄l results sb 也丑tⅡ．e nff,wt~lJe offlexible e】m酬 栅 is危船 in 

nciple and e w in use． 
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悬索驱动的新型柔性并联机器人 
王文利 段宝岩 彭 勃 南仁东 

(西安电子科技大学机电工程学院机电研究所·西安．710071) (北京天文观测中心．中国科学院北京天文台-北京．100口12) 

摘要：舟绍了500米口径球面射电望远镜 FAST馈源支撑结构创新设计方案，该方案采用六根悬索和馈谭舱构 

成的新型柔性并联机器人系统 建立了柔性机器人系统的逆运动学模型．设计并制造了该系统的5米模型．实验结 

果表明这种新型柔性并联系统在原理上是可行的． 

关键词：并联机器人；柔索；大射电望远镜 ；s螂，毗 平台 

1 b∞d眦 don 

FAST (five—hmderd meter aperture spherical tele— 

SCOl~)is all advance engineering of the inkTnad0rIal 

largeIadiOteleseot~ plal1．Itwillbehlilt at a karst area 

in~ IiZ[IOU province of C瞌m．The scope of bandwidth 

l：~ver$from meter wave，deciraeterwave to 咖  rI ter 

wave(O．3～8．8Gttz)~t,2]． 

S0far．thelargest spherical radio telescopein the 

world is A~ecibo reflector with 305．~ r-diameter built 

in l970’s and】oc砷edinPuertoRico．UsA．Duetothe 

tecNfique limitation of that tirne．the feed control and 

啦她 system implemented with mechanical 

means．1tle weight of由e feed s~ cgk,'e suspe by 

sevcraI long cables is OVel"800 tons．"Illele exist three 

shortages ofAreeiboteleseot~：low positioning aca】ra- 

ey，single wave—band observation and c) pe1 ve cost ． 

om 嘶 Ilg the mechaaical， electmmc， optic and 

controltechnologiesmge~er。a completely different de- 

sign scberrIe from A~ecibo style codd be q蒯  

shown in Fig．1．In tllis project，the踟 咖 -wei 

A~：ibofeed systa~m is Ihlx3~rll away and replaced by a 

cabin ofonly出0I】t 2OtOllS andfeeds aIelaidinthe cab． 

in．T}嵋 cabinis susD啪d。dwith six cablesfrom six c衄 ． 

cr towers ollthe Ⅱ．1be six cables are dfiveaby出 

sets of servomechanism so that the∞ 血ng m ∞ t 

offeed along designtrajectory canbe realized． 

Consideringthe observation ency upto 8．8Gt-~， 

the di _锄 ∞ ofthefeed’s real∞sid锄 from theoretical 

t~itioa under e~emal k，ad，for imt~ee，w砌 ，can 

not be over4tmn．It is di伍cun to achieve such l】i曲 ∞一 

curacy with only cables．For吐Ie sake of tllis．a new 

type of macro-micro adjm'tme~ system is pmlx~sed in 

this atticle． cabin actuatedby six cablesis calledthe 

macro p毗 ．TIle micro part，which is mounted in me 

cabin．is aS把w砒 platform ．N'mefeedsfirefix．，d Onthe 

movable platform ofStewart platform ． 

* ：哪 删 by National of (59675O4O) 聊 州 日 of 

of她 0曲 Ac出  of sci嘲 (咻 曲 of L矗 Ra凼o Td娜 FAST) 

酬 d赴 ：2000一∞ 一27；Rc恤 。dd眦e：2∞ 1—01—15． 
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① MainReflecmr 

@ StewartPlatform 

⑤ Suspended cable 

⑦ The concrete tower 

② Fccd 

④ C~tbin 

⑥ The pulley 

@ Thewinch andme s~rvo 
mechanism 

Fig 1 The systhetic design ofFAST 

DI】riIlg operation，tim desiIed positi~ and orientation 

ofthe cabin and feed will be affected b the iltndom 

loads forexample，wind．Inordertoknow the realP0 — 

tion and orientation of canbinandfeedin血l1e．a set of 

laser automatic positioning system is employed，which 

gives the real-time positions and orientations of cabin 

andfeeds．Inthis case，a hightracking accuracy ofthe 

feed c∞be obtained．In addition，thehi曲gerf~  

cost ratio can aIsO be  realized，for only 0ne tenth of 

Arecibofeed system ’s costis requiredtomaketiffs new 

feed system ． 

2 Thetrajectory offeed 

Considering the geogr~ ical position(Nolth latitude 

25 degree，East longitude 65degree)of Guiz21ou karst 

areaof a血m，thefixed coordinate system OXYZises- 

tabilished(showQ in Fig．2)． coordinate system 

OXYZ is given  wh~fe 0 is at the lowest point of the 

main spherical reflector， Z-coordinate pointing at 

zenith，X —coordinatetowardnolth and Y—coordinate to- 

wardwest．For sat~fyingthe need of astronomic obser- 

vation．吐letrajecU~y offeedis deducedwith reslx~ to 

the system 0硒 (as showi1in Fig．2) ： 

= 譬(cosdc。s c。s65o—s sin65~)， 
= 一 尝c i 

z = 一号(c神cc~Hain65~+ ‰ )+R 
(1) 

Inwhich，Risthell'ddillSof spI1erical reflector； isthe 

dl~．]Jnation of s bciIIg 0t ，Histhe hotr-magle． 

Sincethelimit of zenith an# of antenna，the view 

scopeis constrainedwithin(一l ，65。)．Comequenfly 

the useful scale ofhour angleH．for given 出血 一 

dond，is determined by 

I H I<I 8,1"ecos[(0．845—0．466sin#)／cos#]I． 

(2) 

If = 30~is concerned。the scale of houringle be — 

cqnes(一45。，45。)．Whthia this ，three picaJ 

positions with 0o，一45。and45。a ennsidered asDI，D2 

andD3iespe~vely(shownis Fig．2)．The coordinates 

ofthe abov~three typi~ points aI 

D1(一1355．9，0．0，15616．2)(crn)， 

D2(一3023．61，9526．82，19192．86)(Cn1)， 

D (一3023．61，一9526．82，19192．86)(cm) 

respectively．Sixfixed points are 

A(o⋯0 250oo．0，25000．0)(∞)， 

8(21650．64，12500．0，25000．0)(em)， 

C(一21650．64，12500．0，25000．0)(em)， 

E(21650．6，一12500．0，250OO．0)(em)， 

F(O．0，25OOO．0，25000．0)(cm)， 

G(一21650．6，一12500．0，25O0O．0)(cm) 

respectively．The real trajectory is the continuous ctll've 

D2D3 andthe darksome areaisthe accessiblewor~me 

of cabin(show~irtFig．2(b))． 

』 

F 

r 

／＼．  ■▲／＼ 

(a)The trajectory offeed (b)The planform ofthe trajectory 

Fig．2 Thetrajectory offeedwith respecttothefixed 

coordinate system 

3 Deduction of tile cable’s functio~ and 

cable’s tension 

For a cable shown in Fig．3，the flmction cm be 
math callv deduced as[ 

。 

( )=一 ch(詈+C2)+cl， (3) 
l1 ：旦

．膏isthe h【Ⅱi加 I佃】屺 0fcabk越 ： 
q 

gis 蝴 ofunitlength ofcable．Informula(4)， 

two uns own constants c1 mld c2 can be fomxtflvm 
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『C1一kch(c2)=0， 

ic。一 ch({+c )：̂， ‘ 
Obviously，it is hyperbolic equa~on ，which needs to 

be solved by numericalmethod． 

y 

Fig 3 A suspended cable ofFAST 

4 Inverse ki．1lea'rle~csmodel 0fcable system 

，Ihe basicidea ofStewartphtform parallellink rnanip- 

utatoris usedinthe synthetic‘It ofFAST．The dif- 

ference between F研 and StewarXplatfomais to use ca- 

bles astheparallellinks andto usewinchesas the acll~a． 

tom．Viewing flxan this point， six-cable stmctUre in 

R system cIgq．be consideredas a set offlexiblei~t1-- 

allel manipulator tll 6_D(】F similar to Stewart plat- 

form．Sothe adjustment systemofFASTistobe under- 

stood as amacro-micromaniputator system ． 

Based o11 the parand manipulator theory， the 80- 

calledinverse kinematics solutionisto calculatethein． 

putsfi'om the knownlocation and orientation of output． 

The cabin is the output and six cables ale inputs in 

FAST．1heinve~e solution  ofthe cabinis necess~-y to 

itr叫 ent camatmter-controlled motion ofthe cabin．We 

have IirI。dthetrackingtrajeetOly offeedfatal karstge- 

ographical position ofGui~oB province ofChinainthe 

Section 2 ofthis paper．Forthe sake of simplicity．we 

~ Lllne thatthefeedislocated atthe centerofcabin and 

the basyeenter of cabin system lies at the middle axis 

0l 02．From the electrical target requiranent of feed， 

the nil&lie axisOi 02mustbe overlappedwith radius of 

themain Ienect0r．1 carrier-based coordinate system 

O，](t z is esmbilisbed on  the cabin．The coordinate 

planeX o2Y lie．sin the bottom of cabin，z axis point 

to Oi．Thus ，the center of cabin 02 is located at the 

track~ point and the orientation of cabin is determined 

except如rthe rotalS~aal freedom with lespect to Z axis 

(sbowain Fig．4)．1hefixed c~rdinate sygtl~lll 0 z 

is as the姗 e as shownin Fig．2． 

Sothepo~ on ofthe movable cabin c be ∞ ： 

by02(JCO~，yD̂， D̂)with respecttothe coordinate sys。 

tern 0XYz andthe rot~ o1]matrix T．Now letus con sid- 

erhow to determine the rotational freedom with respect 

z axis． 

／ z 

，
r 

— 、 ．．

～  ——一， 

o 

Fig．4 The carrier-based coordinate system and the 

fixed coordinate system 

Three cables coan ect at thetop Ot andthe olherthree 

cables oonncet at po ints A1，Bt an d C●respective ly 

(showllinPig．4)．Becausethe cablemust beintension 

and can not be  slack，We utilize lheiterative method to 

searchtherotation al angle witll respecttoZ axis．Ifthe 

mtatioanl and with respect to z is given．cooldinat~ 

ofpo intsA1，Bt and C tll spccttoOXYZ Callbe ob- 

tained．Consideringthe static equilibrium aboutthe cabin 

g~ves 

∑ ：0，∑ ：0，∑ ：0． 
f l 

∑ ：0，∑ ：0，∑旭 ：0． 
Becausethe cable’s tension and cable’s length al in 

conpnng，to solve equa~on (5)，d1e length删 be 

solved flxnn the suspended equation (3)．There exist 

twelve in~gral constants in six cables．These constants 

canbe ∞ssedwi th the boundary conditions ofA，B， 

C， ，F，G，Ot，Al，Bt，Ct． 

From the traj~w equation (1)and rotational 

anglewith resp。ctto Z ，coordinates ofpoints Ot，02． 

AIjBtand C1 血 resp。ctto thefixed coordinate sys- 

tern 0XYz ca工Lbe obt,'~led as follows． 

[ 螂 (6) 
where ，yi and≈are the coordinates of∽ p0int of 

cabin with respectto OXYZ． 。 and aretheoo0r_ 
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diluates of the s锄 e point with respect to the sys把m 

02X'II'Z'． o1， o1and zo
1

∞：the~ oldinates ofpoint 

02with respect to the systeala OXYZ． is the rotation 

matrix．The coonfll~te system 02X'II'Z'is gamedfrom 

the eoorffmate system OXYZ asfollows： 

Step 1 Movethe coontinate system OXYZ parallelto 

the point 02； 

Step 2 Rotate at1tll anglc wittl respectto arJs， 

let theⅡcw l，axis verticalto Ol 02： 

Step 3 Rotate at∞ ∞g1e 0 with respect to file new 

l，arJs( )，letthenew axis veaticaltoOl 02； 

Step4 Thustheflewz axis( )pojnbto 01，02； 

theniDta~at∞ 咄  with respectto axis，gained 

the system 01 y，Z ． 

BasedOil the above rotation process，themanSx is： 

=  ( ) (8) ( )= 

r 一伽  册 ] 

l + ∞ cj5一 删 一s卿 I 
LS蚰  一 O 鲫 C 鳓 +S C毋 J 

(7) 

岫 syT S and C stmdfor c0 lle aDd sine of 

舭 删 e． 强d 0 are de妇min。d by∞伽din织 of 

p0iⅡb 01(xo，，Yo。，幻．)and D2( ， ，Zo
o
)in岫 

fon~ ire form： 

=  

臼 = 

0l — O2 

百 _=_ 
l

—

y02 

]I(8 
(9) 

Ⅱ岫 mt~oml咄  with respect to zr wcre giv- 

％ ．岫 rotationmatrix is knm ．Thus∞e can c0rn- 

pllte ， and=‘． angle 讪 be de嘧 by岫  

i舡 adve method as follows： 

Stepl Give~ aIo叫 0nal at培le ，岫 m诅曲 口al ma- 

trix 舡1d 0D‘Ⅱdi埘嘧 ofA1，BI and C1 w洫 托q ctto 

the system o2X Yz couldbe obtained． 

2 Substitute曲m  into f~rrrmla(6)，one c∞ 

obl~ lthe∞a血 ofthese p。Ints w洫 respectto 岫  

system OXYZ． 

Step 3 Umtmgformula(5)～(7)，0∞ can solve a 

set oftcnsi0ns．If everyt廿Isi衄 islx~itive．血e cabinis 

in NltliC equilibrium and sta口．0世Ien ise let = + 

．solve(5)～(7)again unm se IIg a set ofp0si— 

rive“msioDs． 

Thus岫 P0si and 蛐 ofc蛐 and 咖- 

sj肌s of s讧cables at锄e∞ ∞∞ry p0jⅡtin鼬疵 cq - 

Ⅱbdmn h勰 bem 0e锄 bed． 

By岫 a method， l and 

血 cables are dl in侧 e 1 and Table 2 hen lhc 

呲盯ofc曲缸is l~ted啦typica】p0iⅡ船Dl，D2，D3 

Table1 Lenglh ofcable atDl，D2皿dD3 

Table 2 Temi~ra of c龇 end point atD1， aIId D3 

On岫 basis of 唧 砌  ofeabln．缸 ∞- 

tory c锄 be divi~ int。m缸 disc p Ⅱ仨．U蝴试丑g 

the above i~ live method ∞e can get岫 lcng血 and 

t廿Ision of re cable resp。c vcly。0n嘴p(mdI】喀to v_ 

ery disc p0iⅡt．Thelce~ion and o重证毗如 ofc蚰  

are controlled恤ough pulling Or releasing血 cables by 

目 0Ⅱlech 舢 ． 

5 erilnent On the tte~ble pE砌 el m - 

ml~lator aett~ted by cable 

In order to w 句 岫 出si idea and缸 key 

∞l0gi of岫 newtype offlexible~,allelm jpula衄 ， 

a 5-meier ap 衄衄伽 model has be吼 dcsi 。d and 

∞nsnl】c脚 ．The缸m oftl~II，0d is a six-l 窖cd 

smlc~lre Ies血lg On six 飘lppcln p( _扛．The le are 

2．5-meier high．The ca is selected as a印llc cal曲 一 

ject． is柏crn in diameter and 20aIl in height． 

The c龇 ’s w is 6kg．The sI]叩aId。d cable is a 

steelwirethatis 1．2ⅡⅡⅡ in di~aeter．Q 胡既ing 血is 

system is alow 单0。dfoⅡow-呷 system ，sixDC 呻 le 

motors a selected as scrvm∞ ．The pIlIse 衄l 

modulation(PwM)methodis usedto e~tml吐 ve】oc． 

of岫 scr岫 咖 ．In 0Td to 0bt血  蚴 胁  

control of岫 l哪gnls of吐le cables，six越gIe 0d∞ 

、●●●●，  
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arclocated oilthewinches．The generalframe ofthe 5一 

Ⅱ 甜 modelis shol~ninFig．5． 

tSg．5 Thefretwork ofthe 5-meter日pe ∞m咖 prototype 

Consideringthattheflexible parallelmanipulatoris a 

disuibuted system．the contaol system is designed as a 

distributed control architeclllre including a PC computer 

asthe hostcomputer and sixmicrocompu~ asthe sel-vo 

contaol computers．The host colalputer accomplishes the 

systemmanagement．the computatio~lofthe 8cantrajec— 

tory，the kinematicsplanning ofthe cable and cabin sys— 

tern，and so on．Them|cfD∞m l砣 are double closed- 

loop servo systems with position and velocity c~ntrol， 

which controlthe velocity and the position ofthe winch 

gi n bythe host computer． 

In l皿 s ofthe requillement ofthe aslxon~nical ob~T- 

-411~11．the feed support system works under two kinds 

of D，)des： r,e,~clling radio sollrc~ and tracking radio 

source．Whenthe system is searching the radio$oltlrce， 

the chief task is quickly to position the cabin(about 

50c~n／s)，butthe positioning acctlraeyis not required． 

But the positioning accuracy will be the fret-line re— 

ql血anem whenthe system is trackingthe radio SOlLrC~． 

Underthis condition， the velocity of the cabin ranges 

from lc~n／s的 2c~n／s．Based oll the distinct require- 

nl~ts ofthe two workmodes，the double control rdrate— 

gy of Fuzzy and Fuzzy-PID is employed intheflexible 

pa脚 lel m~ putator．The Fuzzy control method is used 

in ∞ c址鸣 radio ∞ and the Fuzzy-PID control 

methodis usedinlracking radio source． 

Inthe expeiJnlcnts．s0lne trajectories are followed by 

the c蛐 ．Themeas~ t resultsindicatethatthe po— 

sition e1．．ilorofthe cabin cenl~ is less than lcm and the 

orientation enDr ofthe cabin less than 0．5 degree．At 

the sallfltetimethe cabinisin a stable conditionwhenthe 

cabin is positioned atthe exU~ne position and orienta- 

tion．There existtwoi'e~OllS why the position precision 

cannotbeimpro'~ed．A asonisthatthe control system 

is not afull closed-loop system includingthe cal：in，in 

otherwords，the real—timemcasurerrlealt sig~ lofthepo— 

sifion andthe orientation ofthe cabinis notfeedback幻 

the host computer．Anotherl'eaSOilisthelow dcIn [ca_ 

fion precision ofthetotal system ． befuture expexin~ t 

willimprovethe position precisionofthe cabin by using 

In0re accurate devices and making a full clo~ -k,op 

contaol system incluaing the cabin． 

6 Conclusion 

This paperintroduces a new type offlexible parallel 

linkmanipulator employedinthe design project oflarge 

spherical radiotele~ pe(FAST)． bc cabin actuated by 

six cables c∞ be regarded as a flexible parallel nledla- 

nism similar幻 Stewaa'tplatform Theinversekinematics 

model of cabin has been deduced．A 5m prototype has 

been desi粤Icd and constructed，the results showthatthis 

ilew type of flexible parallel manipulator is feasible in 

principle and effectivein use． 
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