WD 2006/ 056738 PCT/ GB2005/004328 1 1 Control systemfor an

articul at W@ 249 08at or arm 2 3 The present invention rREITAGBYOY/4328
control system 4 for an articul ated mani pul ator arm the mani pul ator
5 arm having at |east three degrees of freedom 6 preferably
including at least two of a pivot axis, a- 7 rotational axis and a
transl ational axis. Every 8 joint or noveable axis on the
mani pul ator armis 9 referred to as a degree of freedom 10 11
Mani pul ator arnms are frequently used to perform 12 operations that a
person is unable to carry out 13 unassisted or in environnents that
are too hazardous 14 and/or inhospitable for the presence of a hunman
15 operator, such as in deep sea or offshore 16 operations, areas
exposed to high levels of 17 radiation or extra-terrestrial
environnments. Such 18 nmanipulator arns are usually controlled by a
human 19 operator working in a safe |location renote fromthe 20
mani pul ator arm wusually viewing the manipulator arm 21 and its
surroundings via a video link. 22 WD 2006/ 056738 PCT/ GB2005/ 004328 2
1 Mani pul ator arns are used on subsea vehicles knowmn 2 as ROVs
(renotely operated vehicles). ROVs are used 3 for a variety of

pur poses, including salvage and 4 rescue operations, pipeline |aying
and mai ntenance 5 operations and other subsea activities at depths
far 6 beyond that which can be reached by divers. Such

1 Control system for an articulated manipulator arm

2

3 The present invention relates to a control system
4 for an articulated manipulator arm, the manipulator
5 arm having at least three degrees of £freedom,
6 preferably including at least two of a pivot axis, a
7 rotational axis and a translational axis. Every
8 joint or moveable axis on the manipulator arm is
9 referred to as a degree of freedom.

10

11 Manipulator arms are frequently wused to perform
12 operations that a person is unable to carry out
i3 unassisted or in environments that are too hazardous
14 and/or inhospitable for the presence oﬁ a human
15 operator, such as in deep sea or offshore
16 operations, areas exposed to high levels of
17 radiation or extra-terrestrial enviromments. Such
18 manipulator arms are usually controlled by a human
19 operator working in a safe location remote from the
20 manipulator arm, usually viewing the manipulator arm
21 and its surroundings via a video link.

N
N



7 devices commonly operate at depths of 3000 netres or 8 nore. The

mani pul at B0 Pt564d ot her functions of 9 an ROV are udifdl$%§2005/004328
renotely controlled by an 10 operator on a surface vessel from which
the ROV is 11 deployed. 12 13 A typical _rmanipulator armis shown in
Figure 1. The 14 manipulator arm 1 conprfses a base 2 nountable on a
15 structure, such as the body of an ROV, an upper arm 16 segnent 3
pivotally attacheaipalcherbasen®? toe ukédr obat Buhsabowtehi@fmlld@@m
slew axis A and a shoulder 18 pitch axis B a first f rm seg S%%

4 pivotal | ¢ 193& CVFed TPAHEY HRGT ST SEGHEMSS) for 9 at¥on"

about an ehbow pihchy axjs e SCOPErHOSERT M1l KBGNENEadvhekat ahhY
mounted on the first forearm4 22 segnent for rotation about a

f or ear m r otdat i owescue2Ppetrataging, Dpivelinst bayheat a6dp N@tafegyance

d .24 h d f
25 wri st pPtoh SREAEIEHE ATDE AP TR B Uo bayed Far

mani pul ati mg t 0QleyeREPriisd thgwhipai rcaaf b@7 repphsed u)yav\sleeﬁgunt eguch
t hereon, the tool segnent 7 28 being rotatably connect ed to

wrist segmént 6dteé’10?§ FOMRAN Inb 1 ARGToH 2 | RIS @botit? %Iﬂ%%?es or
rotational g 30 g Hﬁ@ J[n@d 1attfaﬁ‘: %H?Ctaﬂﬁn@th'ég ol theidg 081

noveabl e bet vveen open an positions. Suc 32 arrangenent
provides si%x degreeR®i faredonsWol20064656788yPC@EB2005/gD4328 3nl

provi di ng | ar rati onal env opealo ng. a 2. wgde.ran f.
mani pul at ilca(fn g)lpa?tl%%r% tF bd SHTPEF VESR ]%mm AnftA® 9P is
1

deployed.

12

13 A typical manipulator arm is shown in Figure 1. The
14 manipulator arm 1 comprises a base 2 mountable on a
15 structure, such as the body of an ROV, an upper arm
16 segment 3 pivotally attached to the base 2 for
17 rotation about a shoulder slew axis A and a shoulder
18 pitch axis B, a first forearm segment 4 pivotally
19 attached to the upper arm segment 3 for rotation
20 about an elbow pitch axis C, a second forearm
21 segment 5 rotatably mounted on the first forearm 4
22 segment for rotation about a forearm rotation or
23 roll axis D, a wrist segment 6 pivotally connected
24 to the second forearm segment 5 for rotation about a
25 wrist pitch axis E and a tool segment 7, having an
26 object manipulating tool comprising a pair of
27 opposed jaws 8 mounted thereon, the tool segment 7
28 being rotatably connected to the wrist segment 6 to
29 permit rotation of the tool about a tool rotatiomal
30 axis F, the jaws of the object handling tool being
31 moveable between open and closed positions. Such

32 arrangement provides gix degrees of freedom



5 Movenent of the manipulator armis usually driven by 6 hydraulic
act uat or sSYOIPO/EHG ), commonly a 7 conbination of douBngﬁﬁwWW@4ns
hydraulic cylinders and 8 rotary actuators connectable to a source
of 9 pressurised hydraulic fluid by nmeans of electrically 10
operat ed hydraulic sol enoid val ves. Each ﬁydraulic 11 actuator is
usual |y associated with a pair of 12 valves, one for each direction
of novenentl of mheviﬁ3r@mtaaﬂanxxihephydtauhaé smh&ﬂmnﬁavaﬂ&ewiage a
usually 14 nount, on a valve mapifold, Wen th .mani pul 15. arm
S ot ed fon. iAoy T A vt VB RGHT Lo HonGBera tABaRco oS catRis
pressurised hydiggl.ic fluid is usually 17 nmounted on the ROV

adj acent the manifold. 18 19 There are two main known control
systens fort 20 controlling the operation of such manipul ator arns.

21 22 Afirst c yst c r | Led
or "bang- ba5flg cgd:?t‘fregllen% feq% ma%%qi%togﬁ%ﬁsnolg vlaﬁecgpfak?éeﬁ ﬂjﬁ?
control | ed gy Om@@EEUSﬂKiChé&tu&ﬁoﬁéOVldﬁdtat ahoepgr at ocomonhiol a
station. Actuatlon 26 of a switch causes, a sel ected val ve, t o en,

27 suppl yi g hy&P@@PP@tHQE(Pﬁ(ﬁQH?¥%§%EPé¥é&W§§?Eﬁ%ﬁ Cyll and
causi ng the assqgig gd ngeﬁaeéréhe AR 28 argm tgom%\e% inoa

sel ected direction at afixed speed 30 (limted by the flow rate of
the val ve &nd swb]eesurmzad dlycdwui:a@aﬁmad @ean%mrsy)oﬁmlqacthecally

switch is. 32 rel eas | osi t he val ve. to p|n e
2006/ 056738 PCTP@@%S‘%@POS%%? 3 speedidc) Sﬁ & oi bt ‘tlch
are usual liy 2 previeded i Agaidsialdssotaiasiaad avisdmmple Jpeyfs-rl ckf

12 valves, one for each direction of movement of the
13 actuator. The hydraulic solenoid valves are usually
14 mounted on a valve manifold. When the manipulator
15 arm is mounted on an ROV, the valve manifold and
16 source of pressurised hydraulic fluid i1s usually
17 mounted on the ROV adjacent the manifold.

18 ’

19 There are two main known control systems for
20 controlling the operation of such manipulator arms.
21

22 A first control system is commonly known as rate
23 controlled or “bang-bang control”. Simple hydraulic
24 solenoid valves are controlled by on-off switches
25 provided at an operator control station. Aétuation
26 of a switch causes a selected wvalve to open,
27 supplying hydraulic fluid to an associated actuator
28 and causing the associated joint of the manipulator
29 arm to move in a selected direction at a fixed speed
30 (limited by the flow rate of the valve and subject
31 to the mechanical geometry) until the switch is

32 released, closing the valve and stopping movement of



3 or toggle, each pair of switches controlling a pair 4 of valves
associ at g\?%“?ﬂ%ﬁgi ngl e actuator such 5 that novenent P&T/GBR05/004328
joystick or toggle in one 6 direction causes novenent of the
associated joint in 7 a first direction and novenent of the joystick
or 8 toggle in the opposite direction calses novenent of 9 the
valve in a second direction, opposite to said 10 first direction. 11
12 Control 1syst efe otstbeibarg: banintype Movi deriskbws larendustatley
control of the manipulator arm and are 14E%$sujtable Mhe%e accurate

and preci sé conPrOViged i B Tfani AU G T i reRATFRES  HoMeberk
such systernp 1Q.angdelativgly gheaposr ehiiaRhiRsand An® €8Sy 19 pdlr
mai ntain, requiring no wring or electrical 18 conponents wthin the
mani pul at or4 ar moft huslveducisgpci®cede widdpl exisinadfe t hetaemorhesedy
m nimsing the 20 sources of failu g within the arn1%nd chiLEFating
21 mint enahce SFAhe™SPVASS 953 ARPnptOURMERt &F t €S &7 ©1C
bang- bang ont r @i re24 i%s @ LpidERGerth e fiSehOfa s d Bt €dr gbent 25n
(proportional) valves in place of fixed rate 26 hydraulic valves
wher eby t he rat & ofi¥gpwigfrecrz iy iradil revererd (oF t hBCactUattords of™
t he mani pulat or 3., apf .t he S fs

can 29 beE%ontﬁgqagyr%%|Eﬂ%mggég%?g Igg?g¥gj§€§¥%ﬂ§£%%g£0%%ﬁéﬂénbf
vari abl e r& e vaheesvateeadiuah edebpnieahisreaftimil t i epBdsposi tiomnsaid
swi t ches qr. pot nti%ﬁgfers connected to joy 32 sticks whereby the
speed of novenedt-*6f &G Bt WO 2006/ 056738 PCT/ GB20051004328 5

11

12 Control systems of the bang-bang type provide slow
13 and crude control of the manipulator arm and are
14 unsuitable where accurate and precise control of the
15 manipulator arm is reguired. However, such systems
16 are relatively cheap, reliable and are easy to
17 maintain, requiring no wiring or electrical
18 components within the manipulator arm, thus reducing
19 the complexity of the arm thereby minimising the
20 sources of failure within the arm and facilitating
21 maintenance of the arm.

22

23 An improvement on the simple bang-bang control
24 system comprises the use of variable rate
25 (proportional) valves in place of fixed rate

26 hydraulic valves whereby the rate of flow of

27 hydraulic £luid to the actuators of the manipulator
28 arm, and thus the speed of movement of the arm, can
29 be controlled. In known variable rate systems the
30 variable rate valves are actuated by means of multi-
31 position switches or potentiometers connected to joy

32 sticks whereby the speed of movement o©f a joint of



1 the manipul ator armis proportional to the magnitude 2 of novenent
of the j oYStH4®W8y fromits home or 3 rest position. PETEFBA(MQ04338
are nore accurate than 4 the sinple bang-bang system but are still
difficult 5 and tinme consunming to use, requiring a separate 6
control input for each joint of the manipflator arm 7 8 A nore
accurate and intuitive systemfor controlling 9 a manipulator armis
t he use of lposi tihen rMaedghdck orl Groonts groddrtsicerdbl es Eheast@ni arde
to be used to 11 control the_manipulator.arm(often referred to as
12 the slave ar # TIRESTRY ePfarfs s?%ﬁ’?%ﬁ%v@%"?ya ﬂ:ﬁ“ rr?)(tjﬁl %cﬂme or
replica of #he pRRIPYRAQ A M SLOET bystbndsHakl o asi@td®E than
scale, the master armhaving a 15 nun%er of articulated segnents

i nterconneck ed e Edndientancedeng civittaet, thie mst esthkndifficult
corresponding 17 to,a_joint of the nanipul ator _armto be_co | .
18 19 Each éjﬁ'oi'ntarl Fﬁ rra%?%?u%“rﬁghatsoaupsoes’i tfgﬁu%é:%glgr,a 2%&#%%1%'
form of a ppt entdoaneicar imgutngckedadieretint 2E whey ey ithe iest tédran
of each segment of the nmaster 22 armw th respect to the adjacent
segnents can be 23 deternmined by a controller. Simlarly, each joint
24 of the mani pul gl0le aldB:% Y Aot W1k f RAN LMoL cSROS0L1 110y
determ ne the position of each segnent of 26 t'he mani pulator wth
respect to % he adjmaeipul2fosegmentiss 28e ABahheh each bimst efeedipack
joint is ved, a conputerjised 30.control system senses the nov nt
and contrﬁos thgon%frgﬁper a??‘ﬂ)ﬁ (?Patb‘rieespr%pg#l%ﬁala%dﬁ;%u ¢ oﬁ‘gﬁ?d
32 val ves 10 noveriheicorhesperdipnd 4@t sraf feen referred to as

12 the slave arm). The master arm is effectively a
13 model or replica of the manipulator arm, albeit
14 usually on a smaller scale, the master arm having a
15 number of articulated segments interconnected by
16 joints, each joint of the master arm corresponding
17 to a joint of the manipulator arm to be controlled.
18

19 Each joint of the master arm has a position sensor,
20 in the form of a potentiometer, connected thereto
21 whereby the position of each segment of the master
22 arm with respect to the adjacent segments can be
23 determined by a controller. Similarly, each joint
24 of the manipulator arm is provided with a position
25 sensor to determine the position of each segment of
26 the manipulator with respect to the adjacent

27 segments.

28

29 When each master arm joint is moved, a computerised
30 control gystem senses the movement and controls the
31 operation of the proportional hydraulic solenoid

32 valves to move the corresponding joints of the



WO 2006/ 0@%7 § PCT/ GB2005/ 004328 6 1 mani pul ator or slave armpa/ a
cor r espondi n’f? Y0738 proportional amount, using the out plRCTHFBIOAYI04E28
position sensors of the manipulator armto determ ne 4 when
sufficient novenment has taken place. 5 Electronic scaling can be
used to vary the anount 6 the mani pul at o arm moves for a gi ven
novenent of 7 the master arm 8 9 Feedback control systens provide
faster and hore marpieickaFer e Contylgivef aie bvave meprp@sacodiagm amd
11 provide nore_| iti contraol.interf.ace for the .12 operato
However, thzzé1 ne@ﬁ:éﬁoéy%%éﬁ% onafsﬂglﬁrs%r‘s iungl%fs etg%% jé)lun ‘o t%jg the
mani pul at or3 ar mg@adsi 0 senddrs esifli tegenRiniwil Mt 6+ ngrandootiBeErmine
electrical devices 15 within the manipulator arm In sub-sea 16
appl i catiorfs, sUER| ecPREEAFIFRYI ceTONEEEE0 bdas17 pEdkaRt edPirERm:
the environyent pibdtiGly dN8calMhql- 808! 83l COMRLSY SEAL Safblnc
conpensation 'systens 19 (the |PI ing of any voids or Spaces wthin
the arm 20 withHhecoapipsdkbbe fdmm dspveFhiforgreagiyeamoncasesit 2T
t he cost of7the ni pul ator_arm creates nunmerous 22 sources of
unreliability (e%ﬁiee I iy needs to 23 pass though each joint
and continual flexing of the 24 joints |eads to breakage of such
wiring) and 25 increases the conplexity and cost of maintenance 26
procedur es.? The Feadirek comtrel syysepmey ppeavide 2t aseri r @S heouse
of hydraulie seryQ.yalves .omieh &P Bhe ML SXRenshus and 1658 ona
tolerant to 29 contam nation than the sinple on-0 val'ves used I'n
30 bang-bdrig sygimmneide a more intuitive control interface for the

12 operator. However, the need for position sensors in
13 each joint of the manipulator arm leads to a
14 requirement for wiring and other electrical devices
15 within the manipulator arm. In sub-gsea
16 applications, such electrical devices need to be
17 protected from the environment in which the arm
18 operates by complex seals and compensation 'systems
19 (the filling of any voids or spaces within the arm
20 with incompressible fluids). This greatly increases
21 the cost of the manipulator arm, creates numerous
22 sources of unreliability (extensive wiring needs to
23 pass though each joint and continual flexing of the
24 joints leads to ©breakage of such wiring) and
25 increases the complexity and cost of maintenance .
26 procedures. The feedback control system typicaly
27 requireg the use of hydraulic servo valves, which
28 are more - expensive and less tolerant to
29 contamination than the simple on-off wvalves used in
30 bang-bang systems.

31



31 WD 2006/ 056738 PCT/ 6B2005/ 004328 7 1 An object of theIpresent

i nvent i onYi%2%U0%Bvi de the 2 reliability and sinplici tRETEFBIOAY004328
bang-bang control 3 systemw th the accuracy and intuitive contro

4 interface of the feedback control system 5 6 According to the
present invention there is provided 7 a €ontrol systemfor an
articulated manipulator arm 8 the mani pul ator arm having at | east

t hree degrées ofn Difjresdom) thal ¢reaurolinsisstidnm anprisipwpal da st lee
10 control ler novegble to repljcate the at |east three 11 degrees of
fr eedom of 2t he ﬁﬁﬁﬂ&&%&ﬁﬁ? FEEASTFOTY 95 §8fe qﬂ?ﬁ?ﬁQmﬁ%Qﬁ%@%f
novement ok the RRSIEr WE3nCORHDO! l&fcircgAach i r ection: 18Pl i cati gl a
degree of 14 freedom of the mani pulator army and control neans 15
for controll i ngiaterdieicenobf thke femdbagkatrontaioh svetdver eby the rate
of movenent of the mani pulator arm 17 in each of said at |east three
degrees of freedomis 18 proportional to the rate of novenent of the
master 19scont peldBiding eachhdl aeddat riepldratdmoltetie i € epdvi 3

freedom of the mani pulator arm 21 22 Preferably said at |east three
degrees of 7f r ee@oRBF-T A3 Sy SHarfiul &t G i HeFU RABI P EHERT t3F" of

a pivot 24 axi %’rl%oeagfa?fi%t\flg@%E s 1A R Janslald ondle &Xisrass @6
In a preferred enbodi nent, the master controller 27 conprises an
articul at e@ mastfereegiom, havahg aco8rpl ursalsittepn ofcoapmisegwenss master

i nterconnected by joints, 29 each joint of,.the ter_ .arm
correspongﬁng tg%ﬁtr&Tier movea(ie to rep 1caten%%e at least three
1

1 degrees of freedom of the manipulator arm; means for
12 determining the rate of movement of the master
13 controller in each direction replicating a degree of
14 freedom of the manipulator arm; and control means
15 for controlling actuation of the manipulator arm
16 whereby the rate of movement of the manipulator arm
17 in each of said at least three degrees of freedom is
18 proportional to the rate of movement of the master
19 controller in each direction replicating a degree of
20 freedom of the manipulator arm.

21

22 Preferably said at least three degrees of freedom of
23 the manipulator arm include at least two of a pivot
24 axis, a rotational axis and a translational axis.

25

26 In a preferred embodiment, the master controller
27 comprises an articulated master arm having a
28 plurality of arm segments interconnected by joints,
29 each joint of the master arm corresponding to a
30 joint the manipulator arm, the master arm having at
31 least three degrees of freedom corresponding to said

32 at least three degrees of freedom of the manipulator



30 joint the mani pulator arm the naster armhaving at 31 |east

t hree degWQe@O%‘?“%seedom corresponding to said 32 at | PAYCRBRPEW328
degrees of freedom of the manipul ator WO 2006/ 056738

PCT/ GB200S/ 004328 8 1 arm such that novenment of the master arm can
2 replicate noverment of the nanipulator aPm The 3 neans for
determning the rate of novenent of the 4 master controller in each
di rection repli catd ngueh 5 tdegr eenwferfargedant of tihdle mant¢ul adon acan

may 6 conprise, far, each L@i nt of thg ster arm 7 corresponding to
a joint of 4he &M pRPor "AVAMCTE nBhnsHor KEHSTHF tHe Felati vet™e
position of3 the nRArgeof@Rt §c@lrid1SiMBSli8le aLaLRN &f t RevenbHde ff achbe
10 joint and conputing nmeans for calculating the rate 11 of novenent
of said sednent sasftarhecamsretlarmii t fach? diespetion o repd igadtimer &o
determne the rate of 13 noyvenent of the _paster arm-.abhout the joint

of the 14t5rrast2&}eg§:rene1 reop ica%?%(go% j%{f nt tg?e tﬁtéanr‘?ﬁ)rﬁlpau %t or® ™ 1574
Preferably & he cahgiald,ng A®aNs @i $e&bna bF di ther emisdisaledr farm
differentiating the position data 18 fromthe position sensing neans
to determ e t hEOTEESPRNEISH mbPenent 06Ftt hef sdgienflerdPul BEOfasRER

arm 20 abeut eqeh,j0i Bl Of <Lhe IRst ehoal PLEQLEGSPORdERg; LA 32 &p

j oi nt of t%e mani pu Sgtor ar r%te %%%E;P?efg%agl y theBc%ntJr"oﬁ systZ-Fne
further cof¥prisesgmerz4 pliurbhet pastehydrauldart attharossdrowdt ed the

the 25 i pul atar .to ve the nanipulator_in each of its 6 at
| east thr degrjéjé?tofaqrg)egaﬁlﬁ]utéﬁgh dfauttt © ;Céi@taﬁéflgr %ﬁ ng>te
connect abhig to »saudEMGt of said segments of the master arm with

12 regspect to one another to determine the rate of
13 movement of the master arm about the joint of the
14 master arm replicating a joint of the manipulator.
15

16 Preferably the calculating means comprises a
17 differentiator for differentiliating the position data
18 from the position sensing means to determine the
19 rate of movement of the segments of the master arm
20 about each joint of the master arm corresponding to
21 a joint of the manipulator arm.

22

23 Preferably the control system further comprises a
24 plurality of hydraulic actuators mounted on the
25 manipulator to move the manipulator in each of its
26 at least three degrees of freedom, each hydraulic
27 actuator being connectable to a source pf
28 pressurised hydraulic fluid wvia a variable rate
29 valve, the control means controlling the opening and
30 closing of the variable rate valves to control the

31 rate of movement of the manipulator arm in



28 pressurised hydraulic fluid via a variable rate 29 valve, the
control nA&P80&EATIol i ng the opening and 30 closing offCTHEBAEYG04EASe
rate valves to control the 31 rate of novenent of the manipul ator
armin WO 2006/ 056738 PCT/ GB2005/004328 9 1 proportion to the
determined rate of novenment of the 2 nmasPer controller. 3 4 The
master controller may include neans for 5 selectively deactivating

t he controll nmeapsoborpennl to Ghwvererinieled havmsifemsanidard |€f the
wi t hout causing 7 corresponding novenent of the manipulator arm 8
9 Pref erabPy th@aﬁﬁﬁFpGP§g6P1§|@ﬁrhas at least four 10 degrees of
freedom ig a preferred enbodi nent the 11 manipul ator arm has at

| east six degrees of freedom 12 conprising a shoul der yaw, a

shoul der p#tch, Tae Itastdow pidathroldefror emayn r atratlivgly ameenst pidch

and a 14 ist rotation, the ster .controller conprising.,an_ 15,
SrLi cul ated s FELCREIRLYI HO ALV ELLn0) (T8 (eGaed MEEl 1 M
correspondigng t @ot/BRetROU Herntawnas ddr Sk des: i cfi crbhew @idethg
and forearmrotation of 18 the manipulator arm 19 20 The control
syst em pr efler ablcprirrebgagsngeaeyehent 2f &bst PGILPHGa6PEr &LFon of an
obj ect manigpul ating tool 22 provided at a distal end of the

mani pul ator arm 23 Preferably the neans for controlling the

operation 924 ofrelierebjlect tivaninadigtulrgdoobral siea<onritr oleathe £Qh
wrist rotation qof the mani péjl ator arm_ The neans 26 for cqntrollineg

the oper allioon Ofiegﬁgeébjoefct reedom. In a preferred embodiment th
11 manipulator arm has at least six degrees of freedom
12 comprising a shoulder vaw, a shoulder pitch, an
13 elbow pitch, a forearm rotation, a wrist pitch and a
14 wrist rotation, the master controller comprising an
i5 articulated master arm having at least five degrees
16 of freedom corresponding to the shoulder vaw,
17 shoulder pitch, elbow pitch and forearm rotation of
18 the manipulator arm.
19
20 The control system preferably includes means for
21 controlling operation of an object manipulating tool
22 provided at a distal end of the manipulator arm.
23 Preferably the means for controlling the operation
24 of the object manipulating tool also controls the
25 wrist rotation of the manipulator arm. The means
26 for controlling the operation of the object
27 manipulating tool and wrist rotation of the
28 manipuiator arm may comprise a single Jjoystick
29 mounted on a distal end of the master arm to permit
30 one handed operation of the master arm.

31



27 mani pulating tool and wist rotation of the 28 manipulator arm
may correr@ezo%g‘éqﬁFﬂﬁl e joystick 29 nounted on a distal &&d/GH20pH 4328
master armto permt 30 one handed operation of the master arm 31
WO 2006/ 056738 PCT/ GR2005/ 004328 10 1 Sonewhat surprisingly, the
control systemaccording 2 to the presentOinvention, based on a
velocity master 3 slave relationship rather than a positional 4
rel ati onshilp as suridwHaedbackr CodgDy, hase heertrd fouddet oabeording
practically indistinguishable in 6 operatjion froma feedback contr ol

system The? 7 déhtlrlst RYRTEHr altoTt He ¢ oPeRedpPRs@nt el AGeRYi BASFST
8 actual |y 41or e J163RONSinG Jiham A steedhagh LOnt 1elhy O §YStEBERS1HRa1

cl osed position control | oops are 10 present. This has the effect of
renmovi ng andy 1Irssltabidighip ssges wilidt daedeak iconfeedbackasysbeas

12 and is ly Iimted in response by th init.e delay 13.inherent
in surface 1o s O&Eﬁfco%ni%gti &Fsaé,tfztcas ensl,n(ﬁﬁit&%*qu’:%s suaff'y
noti ceabl e @nd igpeds: idresemton Naal lfeHdldseak MadRHAL OEyEYeens. dhe

17 The system according to the present invention 18 provides fast,
accurate ant pr&EETort¥Diedfaqirdiyy napi pueaPBesartn WAVEBLAPEoLS

being as rejiabl 1?% 0 i ptain ang- e
22 An enbo |menta%o t l@; pfm g?é%ynt £§%€'§iﬁt§?g% vmeﬁ?ﬁno%\gv %%%%?%%sgrgflgéél
with referéhce taydtmn acconpenyicigse?d doavitigs: | conhiroh: 2bops are

10 present. This has the effect of removing any
11 stability issues that can occur in feedback systems
12 and is only limited in response by the finite delay
13 inherent in surface to subsea communications
14 systems, which is not usually noticeable and is
15 present in all subsea manipulator systems.

16

17 The system according to the present invention
18 provides fast, accurate and precise control of the
19 manipulator arm while also being as reliable and
20 easy to maintain as bang-bang systems.

21

22 An embodiment of the present invention will now be
23 described with reference to the accompanying
24 drawings in which: -

25

26 Figure 1 1s a perspective view of a typical
27 manipulator arm, as discussed above;

28

29 Figure 2 1s a perspective view of a typical master
30 arm for use with an embodiment of the control system
31 of the present invention;

32



26 Figure 1 is a perspective view of a typical 27 manipulator arm
as di scus‘é’@dw%‘b\?g?s 28 29 Figure 2 is a perspective vi &GTEFBAR05/004328
typical nmaster 30 armfor use wth an enbodi nent of the contro
system 31 of the present invention; 32 WO 2006/ 056738
PCTI G B2005/ 004328 11 1 Figure 3 is a scddematic illustration of a
control 2 system according to an enbodi ment of the present 3
invention, 14 5rAsuskov LB B gutkRedatibe imasisetraarimnlOofsa Gcontrol
effectively a nodel or replica of the manipulator 7 arm 1, known as
the slave Brm THECRHSt@FCAFMAD ' hal ~CHRPHICH: &t | EhPardEsent
segnents 2Q, 30;,40,,+9@, 9 60 interconnected by joints, each joint
of the 10 nmaster arm 10 corresponding to a joint of the 11
mani pul at o# or slave arm1 to be controlled. in the 12 enbodi nent
described herein the master, arm 10 13 conprjses_a base 20, an upper
arm segment 30 %4 SAPSERI 1Y attHEHE t%’théhﬁas@aﬁ SFor & ati%n *°
about 15 g shoudkgertshewaxd Smbdeantha shoulidar ¢f t eheaxhsnighbl&or a
first forearm segnent 40 pivotally attached to 17 the upger arm
segnent 307f or R&WMatli.onkagweut agn tdlhow av8 pifich HHS WAStgrséEdnd O
f or ear m segnent .0 y 1 j,r.st, f orear 0
segnent for% r ot 1alglgor‘—i1 tf%ﬁ%!brogtf %ﬁ@é@%eﬁggtéﬂ oér#t(r)sf 2rd(c)’l Iéa(gkir@s(ﬂDS%’nd
a wist 2% segpent i6@epicoahatkydcobpectednts, t heaskcondifidr eaf mti
segnent 5 _for rotation about awrist gitcg,axis E . 23 Each og thne
1 0 the

pi vot and 1ot at MER&FTaxE8<TA 1B | gorpesponding to a joint
11 manipulator or glave arm 1 to be controlled. In the
12 embodiment described herein the master arm 10
13 comprises a Dbase 20, an upper arm segment 30

14 pivotally attached to the base 20 for rotation about

15 a shoulder slew axis A’ and a shoulder pitch axis
16 B’, a first forearm segment 40 pivotally attached to
17 the upper arm segment 30 for rotation about an elbow
18 pitch axis C’, a second forearm segment 50 rotatably
19 mounted on the first forearm 40 segment for rotation
20 about a forearm rotation or roll axis D’ and a wrist
21 segment 60 pivotally connected td the second forearm
22 segment 5 for rotation about a wrist pitch axis E’.
23 Fach of the pivot and rotational axes A’,B’,C',D’,E’
24 of the master arm correspond to an axis of movement
25 (i.e. a joint) of the manipulator arm.

26

27 The wrist segment 60 of the master arm 10 1is
28 provided with further control means for controlling
29 the rotation of the object manipulating tool of the
30 manipulator arm about the tool rotational axis F and
31 for controlling the operation of the jaws of the

32 object manipulating tool.



24 of the master arm correspond to an axis of nmovenent 25 (i.e. a
joint) of WOr0834Yul ator arm 26 27 The wist segment PET/GB20pHe04328
master arm 10 is 28 provided with further control neans for
controlling 29 the rotation of the object nmanipulating tool of the
30 mani pul ator arm about the tool rotatiokhal axis F and 31 for
controlling the operation of the jaws of the 32 object manipul ating
tool . WD 2006/ 056738 PCT/ GB2005/004328 12 1 2 Ooviously other
designs of master arm are envi saged, 3 depending on the type of

mani pul at or* ar mOGAVIEHS s t-her péegbPs oPfe 2 SEferr @t nd* g fraveded
di fferent ar IANQeNs j r lg@gf o reedaom ; d
may have on3<53 or nore t;}{gsﬁﬂaﬁ%ﬂﬁa%%% gﬁén no%‘gé:‘rren%r%ln addi t%%neg
to, or instlead dfe r atarrarled pi valtdleaxesrm® My A paset | dhf Sensot,
in the formpof a potentioneter, .11 is provi.ded on each joint_of the
master ar mrgl, tr"f‘é‘%af]? %%t?hg‘oé%?choﬁogieﬁsongggﬁ‘%ﬁ l?éin n{f?%‘éO%
a 13 conpuyer HMY (80§ Fhavee SheWMbELh vi desnaicenionell  d4:isi gpal
for the mani pul ator armcontroller 200 which 15 in turn controls
operation of th@&owaNP atBr ahtil®! acPuat®f 305teprl a8 Xogesvi i R
sensor oth th t iometer may be 19 used at each joint of

t he mastereg;rm %%iaot%% %E{aesn'aster arm 10 provides a particularly
intuitive 9

10 A position sensor, in the form of a potentiometer,
11 is provided on each joint of the master arm 1, the
12 output of the each position sensor being fed to a
13 computer 100 (see Figure 3) which provides a control
14 signal for the manipulator arm controller 200 which
15 in turn controls operation of the manipulator arm
16 actuator 300.

17

18 A position sensor other than a potentiometer may be
19 used at each joint of the master arm.

20

21 The master arm 10 provides a particularly intuitive
22 and easy to use control interface for the operator.
23 However, master arms have only been guitable in the
24 past for position feedback control devices. The
25 control system according to the present invention
26 permits the use of a master arm as shown in Figure 2
27 to control a manipulator arm of the type shown in
28 Figure 1, without requiring the manipulator arm to
29 be provided with any position determining means,
30 such as potentiometers or other position gensing
31 electronics (i.e. no position feedback from the

32 manipulator arm is required).



22 and easy to use control interface for the operator. 23 However,
mast er ar WO WAY/E6HH y been suitable in the 24 past for HOEGEBI0F004328
f eedback control devices. The 25 control system according to the
present invention 26 permts the use of a master armas shown in
Figure 2 27 to control a manipul ator arm2f the type shown in 28
Figure 1, without requiring the mani pulator armto 29 be provided
with any pasition determ ning neans, 30 such as potentioneters or
other position sensing 31 electronics (i.e, no position feedback
fromthe 32 naAisWrst or3armss Pequbfedatip 2006/ o8easgon ©of  a
PCT/ GB2005/,0043 : Fi e ' sgﬂgﬂﬁéﬂc ' rat i of

3 nanipulagor a%%?%‘ﬁ%ﬁ%F&éy§%2L1é%gg%5?hg to an ¢éé§ od?%%n?g%f ?ﬁe
present inventi embolieemistodt tarempieddhtancwonpuder 100: anes peovaded

at an operator _6 station 110. Wen the mani pulator arm 1l is nounted
7 on an RO? 22010 neBpar e ati ¥h 110 OTE BED & pr 3V dBI B
surface vegsel fiyQmpiwhi al o he RMLT $he9ndBRPHAYEBHort RE1ORErA Ghounted
station 110 being connected 7.0 to the 220 by a conmuni cati ons
link. 11 72 Mowenreat 8OVt he2@manithd atperaker 1sitstdiony ehl Hy weuly be
plurality of doubl e .acting hydrauldc a tars 4 e.ther . L

rotary as %pproﬁ’rrioéftlgd?edpr%bi%eé"%é:r?a%%q%ﬁlwégseﬁanglﬁ% a gkggr r%héang £5
connect ed t90 varietll®adgt echd 6 oppdiaavld G tsalienoi 81 ¢albessigroemiedcbada
valve 17 manifold 300. The valve manifold 300 is provided on 18 the
ROV, al ond%itht® <disr EOVoi % &96 dt i BN E Ay @l i i@ ui d (usual |y

an el ectrijg punp connected

12 Movement of the manipulator arm 1 is driven by a
13 plurality of double acting hydraulic actuators,
14 either linear or rotary as appropriate, provided on
15 the manipulator arm and connected to variable rate
16 hydraulic solenoid valves mounted on a valve
17 manifold 300. The valve manifold 300 is provided on
18 the ROV, along with a source of pressurised
19 hydraulic fluid (usually an electric pump connected
20 to a reservoir of hydraulic fluid). A manipulator or
21 slave arm controller 200 is provided adjacent the
22 valve manifold 300 for controlling the actuation of
23 each variable rate valve. With this arrangement,
24 there are no electronics or vulnerable wiring on the
25 manipulator arm itself, the actuation means of the
26 manipulator arm being similar to that of the known
27 variable rate systems described above, with the
28 inherent advantages of reliability, low cost and
29 ease of maintenance.

30

31 The computer 100 calculates the rate of change of

32 position of each joint of the master arm 10 by



20 to a reservoir of hydraulic fluid). A manipulator or 21 slave arm
control | eWOWIDE7Ir ovi ded adj acent the 22 val ve mani f ACI/GBRIOF/ 4328
controlling the actuation of 23 each variable rate valve. Wth this
arrangenent, 24 there are no electronics or vulnerable wiring on the
25 mani pul ator armitself, the actuation keans of the 26 manipul at or
armbeing simlar to that of the known 27 variable rate systens
descri bed above,dMifidrdts at2hd dres enitaoy agdl @geSss of edelvadi Fdm, thew
cost and 29 ease of maintenance. 30 31 The cor‘rEuter 100 cal cul at es
the rate of? chafFisAom? $RRFPTON 6F eddif j PRAECEE t REMmastr aFRiE0
by WO 2006/056738,RC,{;GH2005(004328 o 14 1 Hitierept kgt LAgnthe, OuLRHh
signal s receive romthe™ 2 position sensors of the master arm 10,
thus 3 detéerm nigigitt.he Thee compsyesd 100 nosedent afonéacl sigmiht to
The conput 100 .sends_a, control signal to 5 the manipul ator or

Sl ave arm coniroiier BHOLOUE ERBy Gdd G THS ROV basdi oS ai 400
cal cul at ed ¢ at e prioafaa\EIBIHe | KHW) B 4 &N uFeSE €8a UQ0Pa B3h Ua €684t £ake
8 signal the slave armcontroller 200 controls the 9 operation of
the vari abl®e rat@ vapvesend mavi@m@@Esion.0 | dafedf upple maiichuFansrodr
sl ave arm 1, at rate o 1 d op ' (o] r f
novenment o?gtheasjl@agorpélgpcljsn%?ﬁ% jag‘{mnt Bé%kgﬁghﬁ%st%warc%b%6glf3 tlﬁ

The conput & 10mparatides s£l ebkablearielidet romte vhdvesaliongneeansach
whereby the rel ati,onshi etween the 16 rate of novenent of the

master ar L0 antPifite O~ ARG et Of FHVEReRtm of 2hed Tate or

meni pul at of; O gpeed proportional to the rate of movement of the

12 corresponding joint of the master arm 10.

13

14 The computer 100 includes selectable electronic
15 scaling means whereby the relationship between the
16 rate of movement of the master arm 10 and the
17 resulting rate of movement of the manipulator or
18 slave arm 1 can be varied by the operator between
19 that required for rapid and large movements of the
20 manipulator arm 1 and that required to permit small
21 and accurate movements of the manipulator arm 1 and
22 its object manipulating tool. The master arm 10 can
23 also be provided with control means to selectively
24 freeze the movement of individual joints or groups
25 of joints of‘ the manipulator arm and/or to
26 selectively permit free movement of the master arm
27 10 without resulting movement of the manipulator arm
28 1 to enable the master arm to be re-indexed.

29

30 The wrist segment of the master arm 10 includes
31 control means for controlling rotation of the object

32 manipulating tool 8 about the tool rotational axis D



18 slave arm 1l can be varied by the operator between 19 that

requi red VO20PE0e8and | arge novements of the 20 mani prCAT@R2085/4H128
and that required to permt small 21 and accurate novenents of the
mani pul ator arm1 and 22 its object nmanipulating tool. The master
arm 10 can 23 also be provided with cont¥®l neans to selectively 24
freeze the novenent of individual joints or groups 25 of joints of

t he nani puliat or ogim afwlt or cbptrdbl sedecbpeebyipar notE f rese noyaunent oof
the master arm 27 10 without resulting novenent of the panipul ator
arm 28 1 to ené@leéfe(%?e nar%}ﬂ%rr%‘%%ﬁlt%l ORGP hdBRE ORI 139 FhelhpPl st

segnent of fhe ac{r{né]ngl ol%%r?&%é@étf@?r@ffﬂﬁe tool fﬁ%

controlling rotatlon o the o ect manipul at1 ng tool 8 about t
t ool rotatifdnal edxirserD déﬁé@ﬂﬁbxﬁ)%ﬁ% PCSEE@Z@&'&/ 0043287 déntrahdther

controllin operatlon f the ,aws t her e rotatiqgn control
may conprise a A 8 noéwFﬁ‘é r O?Jfl{}h bﬁ’aﬁc}beh g?o‘f"ﬂe
tool in 4 @lthe;razcilaw‘élgat@t ddrftread ﬂh@tﬁoar WM GRN £RE tdihed of
rate of rotation of the tool, either by the known 6 variable rate

control nethod \M@é:raé:mpft héSer@@PQﬁtloﬂaﬂot 8ei o sd-”piﬁl@b@ﬁﬁm@ﬂﬁl qfp a

t he di spl acenent r ol [ u ]
wheel, 9 1€8‘r30m fr?%l n éLx %%m iglebnsgg}<L %Qs 3 5%%?%?}6% W18hggﬂb
cont r ol wher eby firaen rahe mfdd}otgam;bmm t be tlopl ai @robb:;tﬂmm:r]t i ﬁaaé

to the rate of npvenent of a control 12 devi ce, hurrbwheel

rot at abl e bct i WP EHRE WIRREYRY r ble o?—"aFﬁeoFa\?@tﬁﬁ:lPﬁe G ofrh%‘;%
controlled oy I4RdReat WoWVaheSWAEH. o5 movement of a control

12 device, e.g. a thumbwheel or rotatable section. The
13 control of the jaws of the tool may be controlled by
14 a simple two way switch.

15

16 In one embodiment the tool rotation control and jaw
17 control may be integrated into a single joystick
18 whereby movement of the joystick in a first plane
19 (e.g. forwards and backwards) causes opening and
20 closing of the jaws of the tool and movement in a
21 plane normal to the first plane (e.g. side to side)
22 causes rotation of the tool about the wrist axis.

23

24 In an alternative embodiment (not shown) speed
25 sensors might be provided on each joint of the
26 master arm to directly measure the rate of movement
27 of each joint of the master arm, thus obviating the
28 need to differentiate position information and

29 simplifying the control algorithms of the computer
30 100.
31



16 in one _enbodi nent the tool rotation control and jaw 17 control
may be i ntV&4¢8% Bnto a single joystick 18 whereby noWPETEFB2063004p38
joystick in a first plane 19 (e.g. forwards and backwards) causes
opening and 20 closing of the jaws of the tool and novenent in a 21
pl ane normal to the first plane (e.g. sidé to side) 22 causes
rotation of the tool about the wist axis. 23 24 In an alternative
enbodi nent i( not rshownptipeedem2od SRNSOS S an glistee prodidellen eaictier
joint of the 26 master armto directly neasure the rate of nobvenent

27 of each 4 oi ntheR Ph&afdSterEr MIFHuLORAS T P Theés 28°Rhedt o
differentiale psiiiaRul ofgmt hoRapd cAd Al fybnoaat i cRBLeable
al gorithns of the conputer 30 100. 31 WO 2006/ 056738

PCT/ GB2005/40004328 rl@hl(tmt%mbhhemom&b@mtnmﬁ eaclmaspéntcoiaaderof
other 2 than a_master .ar t%é be useﬂ such as one,or

j oysticks. The MESEEPMon? BERbvE&BY -° 455 ?%%‘Er%gjf%d

the movenery of t@achcd@tAbl (degEes Ofnciudiegdasdnof fdie cﬂ@ﬂéﬂﬂi@iz@j
armto be controlled, 6 the control systemincluding neans fo

deternmining 7 the ré@*éeofoﬁTDW@W@m@HEf e thes s knt IC@Fllté‘Plllﬁr gin
each directg on 4 cat n tar r y
directly rregasurl %Q% h(glllr&%éi% n]!?%{}r%%%m hggh?hgfm%%r&nf% ﬁ%ﬁ
or by sensing them,11 giasidr orbyof dihesatest ermeamimoid ertlamd rate of

calculatin 12 the rate o venent thereof t_L omthe_positional . 13
Cnfor mat i o) ThECUEMSHe o1 00 S MIF RERT pEPREEP LAPM OF4 Bori THTT P20

woul d contyrol agiuatdiem obrt henvah¥88er controller and calculating

12 the rate of movement thereof from the positional
13 information. The computer 100 and manipulator arm
14 controller 200 would control actuation of the valves
15 of the valve manifold 300 to control movement of the
16 manipulator arm whereby the rate of movement of each
17 joint of the manipulator arm to be controlled is
18 proportional to the rate of movement of the master
19 controller in the corresponding direction.

20

21 Whilst the present invention has been described
22 applied to a manipulator arm for use on an ROV in a
23 subsea environment, the control system according to
24 ‘the present invention may also be advantageously
25 applied to a control manipulator arm in a variety of
26 other applications, such as in the nuclear industry
27 to operate 1in areas exposed to high levels of
28 radiation and in extra—terrgétrial applications or
29 any other application where manipulator arms may be
30 used.

31



15 of the_valve manifold 300 to control novenent of the 16 }

mani pul at B0 2% eby the rate of movenent of each 1PGTEEBROHI04EI$e
mani pul ator armto be controlled is 18 proportional to the rate of
novenent of the master 19 controller in the corresponding direction.
20 21 Wil st the present invention has belen described 22 applied to
a mani pul ator armfor use on an ROV in a 23 subsea environnent, the
control sydtem aacomdidigite 24 thedpaedént aoveamtons, mayhal soomerol
advant ageously 25 applied o a control, manipulator atrmin .a .varj et
of 06 orhdr ApBURCAN o, tEACRTESSR L SIIEAr TR ARG M LS S £
operate insareagq expesed o ihdhdavelsmf m&inafl aldesr angdeiwktion
extra-terrestrial applications or 29 any other application where
mani pul at o¢ ar nBlegmg besugd @wsedel 8¢tWDC2 06/ 356738 - BCT/ SBR00R? 002328
17 1 in addition,to hydraulic ,actuators, .t.h n | ,. 2 sy f e
present inventi §ﬁe@§>/e\ébénuolrlsi)sé)§ %@e%“%%ln ro vtr%ra% Ul At o%%?&rr%"ég
havi ng ot hgr actudatizadrsd .nmeans, such as electric drives (e.g.
servonotors, 5 stepper notors) or pneumatic drives (i.e. air driven
6 actuators). WD 2006/ 056738 PCT/ GB2005/004328 18 1 Cains 2 3 1.
A control systemfor an articul ated mani pulator 4 arm the

mani pul ator arm having at |l east three 5 degrees of freedom said
control system conprising



6 a master controller noveable to replicate the at 7 least three
degrees oYY Or708¥H6M80of the manipulator 8 arm neans for PEEERIPHIAES
the rate of novenment of 9 the master controller in each direction
10 replicating a degree of freedom of the manipulator 11 arm and
control means for controlling actuation 182 of the manipul ator arm
whereby the rate of 13 novenent of the manipulator armin each of
said at 14 | easllatheee degrees of freedomis proportional to 15 the
rate of movenent of the master controller in 16 each direction
replicating a degree of freedomof 17 the manipulator arm 18 19 2.
A control system as @l aiiedohn LlAldh o MRSS @it i A0 SAd fndGdSitor
three degrees of freedomincludé at 21 least two of a pivot axis, a
rotational 4axi s amdma 22 t mamsioatliadieed axis ha@8in@4a3. MAeesht ridiree
systemas clained_in claim.1l or claim_ 25 2, wherein the master., .
control | ergcorrpri degrahRs 96 5?@1%9% eg@lﬁaﬁo@rtr FmHRTRY PPy

of arm 27gsegnents M Connectedl 8y meiBbbleeath pephicote 28 het
mast er armcorresgondl ng to a joint of the 29 manipulator arm_the
mast er ar m’havi nglegsteadree3ragiers defr Eesedent péeddift dBIHEpEHER Ay
to said at, 31 le thr d e . o] f i

2006105673 PCTl£28105%8§§§2§%%1§%f%f§ﬁ#§§ h t%atgén%ve@n%nn?}%%&ﬁtevg%
master armpcan 2thepl i catseéarovenembtodlldre mahhpul asarh ar mMiBecdiadn

A control stemas clained in ¢cJaim3 rei .
l%y rep icaggng a degree 3@“%reééom of the manipulator

11 arm; and control means for controlling actuation
12 of the manipulator arm whereby the rate of
13 movement of the manipulator arm in each of said at
14 least three degrees of freedom is proportional to
15 the rate of movement of the master controller in
16 each direction replicating a degree of freedom of
17 the manipulator arm.

18

i9 2. A control system as claimed in claim 1, wherein
20 said at least three degrees of freedom include at
21 least two of a pivot axis, a rotational axis and a
22 translational axis.

23 '

24 3. A control system as claimed in claim 1 or claim
25 2, wherein the master controller comprises an
26 articulated master arm having a plurality of arm
27 segments interconnected by joints, each joint of
28 the master arm corregponding to a joint of the
29 manipulator arm, the master arm having at least
30 three degrees of freedom corresponding to said at

31 least three degrees of freedom of the manipulator



5 said nmeans for determning the rate of novenent of 6 the nmaster
control | eWOHXOBRERS8di rection 7 replicating a degree of AGTEERAPA/H328
the mani pulator 8 armconprises, for each joint of the naster arm 9
corresponding to a joint of the manipulator arm 10 nmeans for
sensing the relative position of the 1118egnent of the master armon
either side of the 12 joint and conputing neans for calculating the
rate 13 ofl novenenhh ofushi cclsegmandvenahaut ofal dhjeoi Mbstor ldrm can
determ ne the rate of novenment of the master arm _15 about the joint
of the master arnFF@&FF@EFiﬁavﬁme§€ PgiHFeoFaPH€U%§HP6UP§For. 17 18
5. Acontrgl systemas clainmed in claim4, wherein 19 the

cal cul ating neans conprises a differentiator 20 for differentiating
the positién data framcomérodl uosidan as sehsimgdnéansledndet effrmein
the rate o 22 nnvegent of %he %gznents.of t he ma teriﬁrmaboutt 2
each joi nt “of the®RaSt BF*RPm-Cor gﬁ5ﬁ&?ﬁ&gtggf 9 Aot e ©
mani pul atog arm 2he 26 1fstArCONtEShLSYISIEM asial ai ne@h N cdiaddwse flon 2
or 3 27 wherein the neans for determning the rate of 28 novenent
of the masfler conteBliERtéBEpRi segrepeed Treedaily Haanwriayaht eohf
sensing theg speed %ﬁggnt C r er .l a

31 directi %n r epl f—i%%t ic%gnﬂgi egr'eefg\IF %Ir%g:gggﬁ%?tt%e@ gjéé n@ﬁ?%ﬁ?af%?m
arm WD 2006/ 056788rPEIHEBAAG/ 0328020t b2 TheAmaonipbudkteystarm as

clained in _an recedin ) . o
QO yp means gfor sensing the relative position of the

11 segment of the master arm on either side of the
12 joint and computing means for calculating the rate
13 of movement of said segments about said joint to
14 determine the rate of movement of the master arm
15 about the Fjoint of the master arm replicating a
16 joint of the manipulator.

17

18 5. A control system as claimed in claim 4, wherein
19 the calculating means comprises a differentiator
20 for differentiating the position data from the
21 position sensing means to determine the rate of
22 movement of the segments of the master arm about
23 each joint of the master arm corresponding to a
24 ~joint of the manipulator arm.

25

26 6. A control system as claimed in claims 1, 2 or 3
27 wherein the means for determining the rate of
28 movement of the master controller comprises speed
29 sensing means capable of sensing the speed of
30 movement  of the master controller in each
31 direction replicating a degree of freedom of the

32 manipulator arm.



3 claimfurther conprising a plurality of hydraulic 4 actuators
mount ed oW A& WEMBpul ator to nove the 5 manipul ator i RCTHCHROBTOMIS
at least three degrees 6 of freedom each hydraulic actuator being
7 connectable to a source of pressurised hydraulic 8 fluid via a
variable rate valve, the control neans $80controlling the opening and
closing of the 10 variable rate valves to control the rate of 11
novenent of the manipulator armin proportion to 12 the determ ned

rate of novenent of the nmaster 13 controllﬁéméé 15 8. A cont ré)ilng

system as €l ai méd i n*ariPPrietedPkgtt6 o af eijﬂ1 t ey mdSi%Er®
control | erzincl udgs, 1Rans rthérd Qfon&:‘?cli%%tﬂg‘éeé ypdgagtivat bRy Hkeraulic
control neans to 18 permt novenent of the master controller wthout
19 causi ng4cor r espondahgr srowemmtedofort hehaamepiatlegtor20car pevel tipp

9. A contrgl systemas clained_ in_any ecedin | ai i e
mani pul at og arm hlﬁ%ma?ui%ggf 1249 gglr O(Q.A‘('ag:%tesgejsa\tg)f 1%%8%%%?%2%%%]
A control system as clairggdomn anyadi ecagidighulilc cl aldauwdiesei n Bdimg

mani pul ator arm has at |east six 28 degrees of freedom conprising a
shoul der yaw, a 99"BRERELE HQ ch, SAHTEEORNF pPPEERSURLEEFedtfRT A LC

rotation, g wistepiigh,and,a riiébééoE%ttieOQl’alR;é‘% Bk W86l means

controller conprising an articulated naster 32 arm having at | east
five degreés of fceetool Wng0067HR567GSePTT CB2005/ 00UB2ng 210f  the

10 variable rate valves to control the rate of
11 movement of the manipulator arm 1in proportion to
12 the determined rate of movement of the master
13 controller.

14

15 8. A control system as claimed in any preceding
16 claim wherein the master controller includes means
17 for selectively deactivating the control means to
18 permit movement of the master controller without
19 causing corresponding movement of the manipulator
20 arm.

21

22 9. A control system as claimed in any preceding
23 claim wherein the manipulator arm has at least
24 four degrees of freedom.

25

26 10. A control system as claimed in any preceding
27 claim wherein the manipulator arm has at least six
28 degrees of freedom comprising a shoulder vyaw, a
29 shoulder pitch, an elbow pitch, a forearm
30 rotation, a wrist pitch and a wrist rotation, the
31 master controller comprising an articulated master

32 arm having at least five degrees of freedom



1 corresponding to the shoul der yaw, shoul der pitch, 2 elbow pitch
and for eaWﬂ@B%?ﬁﬁ?n of the 3 nanipulator arm 4 5 11 PCA/GRAPTH4328
systemas clained in any preceding 6 claimthe control system

i ncluding means for 7 controlling operation of an object

mani pul ating 8 tool provided at a distal?2®nd of the manipulator 9
arm 10 11 12. A control systemas clainmed in claim1l when 12
dependent dn cl ai mck@estherdEing tthe theanshdutrded yaont sladbhidgrtbetch,
operation of the object 14 rrgni pul atin al so controls the wij st

t ool
rotation 5 of t i pE&CSr  afht 16%Of?af§1. ALREREEBE sySfem &Re
claimed inglaim}2,;,18 Mgr el the means for controlling the
operation of 19 the object manipulating tool and wist rotation of
20 the manidul at or arm conprises a singl e joystick 21 nounted on a
distal end of the mster armio, 22Tl ong apded opgratloneglng

6 claim the control system including means for
7 controlling operation of an object manipulating
8 tool provided at a distal end of the manipulator
9 arm.

10

11 12. A control system as claimed in claim 11 when
12 dependent on claim 10, wherein the means for
13 controlling the operation of the object
14 manipulating tool also controls the wrist rotation
15 of the manipulator arm.

16

17 13. A control system as claimed in claim 12,
18 wherein the means for controlling the operation of
19 the object manipulating tool and wrist rotation of
20 the manipulator arm comprises a single joystick
21 mounted on a distal end of the master arm to
22 permit one handed operation of the master arm.
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