WD 2006/ 056738 PCT/ GB2005/004328 1 1 Control system
for an articulated mani pulator arm 2 3 The present
invention relates to a control system 4 for an
wobauseed mani pul ator arm the mani pul at or PCHF/GH2005/004328
havi ng at | east three degrees of freedom 6
preferably including at |east two of a pivot axis, a
7 rotational axis and a transl ational axis. Every 8
joint or noveable axis on the manipulator armis 9
referred to as a degree of freedom 10 11 Mani pul ator
arns are frequently used to perform 12 operations
that a person is unable to carry out 13 unassisted or
in environments that are too hazardous 14 and/or

i nhospitable for the presence of a human 15 operator,
such as in deep sea or offshore 16 operations, areas
exposed to high levels of 17 radiation or
extra-terrestrial environnents. Such 18 mani pul at or
arms are usually controlled by a human 19 operator
working in a safe |location renote fromthe 20
mani pul ator arm wusually view ng the mani pul ator arm
21 and its surroundings via a video link. 22 WO

2006/ 056738 PCT/ GB2005/ 004328 2 1 Mani pul ator armns
are used on subsea vehicles known 2 as ROvs (renotely
operated vehicles). ROvVs are used 3 for a variety of

purposes |nclud|no s.Ivaoe a d 4 Fescue . r%%'ogsm
pitpel i REREZ = 22 CU-E2 e 1+éﬁ%#aﬁ%————
obher subsea act|V|t|es at depths far 6 beyond that

mhlch can be reached by divers. Such
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 axigs and a tranglational axis. Every
8 joint or moveable axis on the manipulator arm 1is
9 referred tc as a degree of freedom.

10

11 Manipulator armg are frequently used to perform
12 operations that a person is unable to carry out
13 unassisted or in enviromments that are too hazardous
14. and/or inhospitable for the presence oﬁ a human
15 operator, such as in deep sea or offshore
ié operations, areas exposed to high levels of
17 radiation or extra-terrestrial environments. 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.

22



7 devices comonly operate at depths of 3000 netres or

8 nore. The mani pul ator arm and other functions of 9
an ROV are usually renotely controlled by an 10
wpanmtes7son a surface vessel fromwhich the ROVGB20050(14328
depl oyed. 12 13 A typical manipulator armis shown in
Figure 1. The 14 manipulator arm 1 conprises a base 2
mountable on a 15 structure, €uch as the body of an
ROV, an upper arm 16 segnment 3 pivotally attached to
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the fi¥SECERDr GRPRRELODD, s@@lﬂ%lrﬂtn? or3¥ At F‘\éﬂ dFoat-egence
fgrear@épaﬂdxpgl O3 ARhOklnaxh Sadkivi WdShtsegRns Gar
pivotally connected 24 to the second forearm segnment
56f or peverd ophabowhigh ZEnwbestreRAGs a5 sAE e a Such
t9ol SEENBAL, loofibfhiid ra2l 8] GELABN PUGH] ARceRl o
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t lBer eompréhe Thel rsedpeAntdr 28mpeing p@b&t—‘a@luvcuons of

cqnnect ed the wis me 2 r

rgt at i BH 01&8Yhea¥ool % %u?y arg{ égcige?aft atgclogﬁ:gl@lﬁgg axts O
R0 theopavstaf theaobjuechchandssal fooh bbinly tBe ROV is
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2006/ 056738 PCT/ GB2005/ 004328 3 1 providing a |arge

oper at i onal envel 0 | owi n e ranae of
reni puPat¥BhCBh %Q}ﬁsatt% Bgmcé?r?]é‘awn fRgoouFe 1. The

14 manlpulator 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, & 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 comnected
24 to the second forearm segment 5 for rotation about a
25 wrist pitch axis E and a tool segment 7, having an
26 cbject 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 rotational
30 axis F, the jaws of the object handling tool being
31 moveable between open and closed positions. Such

32 arrangementc provides six degrees ot freedom



5 Movenent of the manipulator armis usually driven by

6 hydraulic actuators (not shown), commonly a 7

conbi nati on of double acting hydraulic cylinders and

@ ornbarsy73act uat ors connectabl e to a source ofPCTGB2005/004328
pressurised hydraulic fluid by nmeans of electrically

10 operated hydraulic sol enoid valves. Each hydraulic

11 actuator is usually associat®d with a pair of 12

val ves, one for each direction of novenent of the 13
agt uat grovifendydr aldidge sepenot tonal veavatepeisedllbying a
14 nmounted on a valve manifol d. Wen the rmrg(ﬂparl) at or ried
1% ar mPi9e nBaREBd 6N "AR I REACTHE VRTFVE- T 1 Qnd
16; sour,ge.of pressurised hydraulic fluid is usually

17 mounted on the ROV adjacent the manifold. 18 19
There are two mai n known control systens for 20
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2T 22 I'rst control systemis comonly known as rate
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speed 30 (limted by t flow rate of the_valve and
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A3 oc| ACEUREBFNL . TRV TEHs SHENFSAFL oS BFOvItiRLY
I g pal [Hunded0Giat 8d vahtB a=siiFphe.] apsdd ckhe manipulator

15 arm is mounted on an ROV, the valve manifold and
16 source of pressurised hydraulic fluid is 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 & 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 directlon 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 associated with a single actuator such 5
t hat nmovenent of the joystick or toggle in one 6
wonrewlos€rss causes novenent of the associ at ed [POT#iB2)}3/004328
7 a first direction and novenent of the joystick or 8
toggle in the opposite direction causes novenent of 9
the valve in a second directiort opposite to said 10
first direction. 11 12 Control systens of the
bang- bang tapsqirameddeijsimw  13Thad sriddéesongrel wfually
the mani pulator. armand are 14 unsuif.able where . .
a@curaPEgE%@e%r%%i%ﬁ??ﬁﬂnﬁ%ﬂocéﬁtF er&% ?ﬁﬁﬁ?ﬁj%ﬂ%ﬁygthk
anm i spregdi;ped, HowevVesir SHEhssystlens cdfimlding a pair
relatively cheap, reliable and are easy to 1% h
i nt aPh, VOGRS | ABSRBLAHA NLER @1 ebiAqE actyator suc
coponent s Widyidkdhe ofanimpil dbektaem dhusobedeci iy one
19 the conplexity of the armthereby m nimsing the ,
26 souﬂEESCbiOmaﬁﬁﬂﬁﬁﬁ\MQﬂﬁmﬁnﬁh@faFﬁﬁaﬁﬁs?%&ﬁ¢¢qaﬁ?%ﬂf .
21, mai gt engnge C?Jfbrémo"illr M@ Znodnddt | SPT EMBMBRE @A ck or
t he sinpl'e bang-bang control 24 system conprises the
use of tugglablie rthke opRSsipe opbresbhal )capgsfegngement of
pl.ace fixed rate _2 aul i es € cai
oo of Pl GWISE 7 BydradlcURFur re { RESet dat arg
afp t hefimeptpdiatotioi28 arm and thus the speed of
movenent of the arm can 29 be controlled. In known
iable rate systens the 30 variable rate valves are
act uat egnbyolleans tefrsmalft ithe3 baprsidangn tywiet ghesrigle slow
pot enti ometers_connected tq j 32 sti.cks whereb he
sheed éﬂdnﬁV€H¥%tc8FtEP}oP%tt%¥avﬁ? 673%“% bl re
PG/ GB20354 004388whbre accurate and precise control of the

i5 manipulator arm is required. 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 fallure 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 wvalves whereby the rate of flow of
27 hydraulic fluid 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 multil-
31 position switches or potentiometers comnnected to joy

32 sticks whereby the speed of movement oOf a joint of



1 the mani pulator armis proportional to the magnitude

2 of novenent of the joystick away fromits hone or 3

rest position. Such systens are nore accurate than 4

woezosdospise bang- bang system but are still diFCTIGRA005/004328

5 and tinme consunmng to use, requiring a separate 6

control input for each joint of the manipulator arm

7 8 A nore accurate and intuitive systemfor

controlling 9 a manipulator armis the use of

POSi :I Qgef @Lgﬂgpﬁkatci;&l) LDentilprofhirsienabl es ahewsd@ritude

armto be used to control the mani puLator .arm
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ard i Culaﬁﬁedt%ﬁ&%uh@fl&r conneeleed RYouikbi i Bl Sseparate

each joint of the nmaster armcorresponding 17 to a
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Ealeh joint of the naster arm has a position sensor,

20°in the formof a potentioneter, connected thereto
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corresponding joints of the

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.
i8

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 Dbe
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 gegments.

28

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

32 valves to move the corresponding Jjoints of the



WD 2006/ 056738 PCT/ GB2005/ 004328 6 1 mani pul ator or
slave arm by a corresponding or 2 proportiona

anount, using the output of the 3 position sensors of
Wwoeon@ossprl ator armto determ ne 4 when suf fRHCOVGBH05/004328
novenent has taken place. 5 Electronic scaling can be
used to vary the anount 6 the mani pul at or arm noves

for a given novenent of 7 the faster arm 8 9

Feedback control systens provide faster and nore 10
accur aera@ilaebrof ot heslsghav e araniipul & orcoarmsanddidd or
provide a nore intuitive control interface for .the

12
oper at SIEORIGEGBRL t RECHBEd f 8FL1Bgsi tP6n SaHIBIs 4 tPe
13 eachduQitlonokehber §08f pthatinidilekeadariota dddermine
requirement for wiring and other electrical devices
154 wi t A he SkifiSdPREor BPHPRPRAC sub?@Ba <" place.
appl i catiiQnSonduchghechr ical wlevises needrdq, bene ldmount
protected fromthe environment in which the arm 18
oper at dédiehymahptlat ove 8" dReVeDNBRRs at iTVesyEPERRent of
19 (th 1] 0 ny voids or spaces within the arm
287mﬁtﬁj%%ggﬁgggééfﬂfe fluids). This greatly increases
218t he cost of the mani pul ator arm creates numnerous
22_sources..of .unreliabili t ' W E| e t
2%’9 pass %%dcjaol?gcl%{ e%%%ta?% nt E’éﬁgﬁ%oﬁ{}i%k\&ae f#ée%gﬁg (;%gﬁt hlgore
240 j oi ndcscdreads ¢anthrodakafjetbe slelewnamgulatdr 28m and
i ncreases the conplexity and cost Qqf i nt.epnance
proceddt & She 1 %%a%%t%%ﬁ‘f%l c%r%sﬁog?n I%/%?Igfla ¥ %gf the
regui r espdherdise ebwhydrauthe sesd Eoralpoes tivhi shns@8s in
are nore expensive aﬁd less tolerant to _29

chht ani §RET o ¥fdn Phe SPfipl BASHRBATal P88 udE8%Fn T 2
304 bang-Lang-SusieMor wiring and other electrical devices

15 within the manipulator arm. Iin sub-sea
16 applications, such electrical devices need to be
17 protected from the enviromment in which the arm
18 operates Dby complex seals and compensation systems
19 (the filling of any wvoids or spaces within the arm
20 with incompressible fluids). This greatly increases
21 the cost of the manipulator arm, c¢reates numerous
22 sources of unreliability (extensive wiring needs to
23 pass though each joint and continual flexing of the
24 joints 1leads to breakage of such wiring) and
25 increases the complexity and cost of maintenance .
26 procedures. The feedback control system typicaly
27 requires the use of hydraulic servo wvalves, which
28 are more expensive and less tolerant to
29 contamination than the simple on-off valves used in

30 bang-bang systems.
31



31 WD 2006/ 056738 PCT/ GB2005/ 004328 7 1 An object of
the present invention is to provide the 2 reliability
and sinplicity of the bang-bang control 3 systemwth
Woeoemsstizgacy and intuitive control 4 interf aca/aoisheds2s
f eedback control system 5 6 According to the present
invention there is provided 7 a control systemfor an
articulated mani pulator arm & the nmani pul ator arm
having at | east three degrees of 9 freedom said

cgntr ok, SYskem CHMIHS i@ sdniBsheEnt 16h CONtEPIdRIvide the
nmoveabl e to repllcate the at least three 11 deg{ees

of freedbirbilite anthi pimrkisr tar A HehOFHfPapy control
d%t er ?Eggmt he; tgzl'fg VEFERL ofnfhe; gt €fve 1Zontrol
contro I n eac Irection replicating a degree of
14 fr eedoardfce et i fgledbeck ar vt 2 LHHY DI nmeans
for controlling actuation of the manipul ator arm
whereby the rate of novenment of the manipul ator arm
1‘6 in gacbrainsaial @Hte Ipastertthineedejreeshefe fyeayvniided
is 18 p ortional he rate f
ndst er & f@gEﬁﬁ#r%ﬁﬁﬁﬁm eﬁ@haa|%8%?3§§a$@% %ﬁ%ﬁ%ﬁ%f g
degr eetgk maﬁlﬁﬁﬁaﬁhﬂnaﬁmtHawlﬁgnapunaast annee Xegr@@s of
Preferably said at, | east ee dggrees of freedom

23 thefﬁ'ﬁﬁ-fiﬁﬂr atsc?rldarﬁ?’flﬁjé? dEYEEedst™ o o a pcl){/aostter

%‘b axi $.on@rb0iat | edda1ed St @ ekl itdzades | tatd aal lemdts.three
6 In a preferred_enbodi nent, the

3ant 1 OFEGKceB7SE CHITAES B Gt PEATBULAT HESFER dIFARS oF

%V' ng d%te?cﬁlﬁhﬂé alify @ftar msegRihsritNt @FCoBRec redter
by joints, 29 each joint_of the master arm
dcﬁresp@@d:p:nélg@ . 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 mastexr
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 tramslational 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 master arm having at
31 least three degrees of freedom corresponding to

said 32 at |east three degrees of freedom of the
menzopaibsater WO 2006/ 056738 PCT/ GB2005/ 004328 P(E/QB24934104328
such that novenent of the master armcan 2 replicate
nmovenent of the mani pulator arm The 3 neans for
determining the rate of novenent of the 4 naster
controller in each direction replicating a 5 degree

of1 f r eedam ehichhetnani pubadremtar mfnmayhe6 meaper searm orcan
each joint of the master ar %corresgogd{ng to a The
j ot nt GEPLHESHENI TR R aPﬁ]] the nBaRsPF o %ensitAg t he
ref ati ve=pesiddrona®fetiieningd segnenitse obft kevemsher odr mhe
on either side of a_the 10 joint and conputi ng .means
fob calRaFEE PR lae 1M 1°8FR mbementogs $ai'deating @
segments Qhet Nermagteegamnm ¥Et htnd2 Respeeiatdr ONGm  may
another to determ ne the rate of 13 novenent of the
mest er cammrabeut tiex | ofarh of JeHet 19fmmdter d/Rter arm
replicatj the . Lp t Hlator arm,
Pregfer giﬁlj)%%tsﬁghg%ﬁ%u%i%g J%gﬁsu%% Q?Fseriél;%@lt%to ¢

di § f er emtarat ofof orsehid frer ethiat ratptiee pesistitéandaps the
18 . fromthe positiqnR_ s ' ns. ta..: 1s t

19° r at & S B \?er?é‘cn%ho %‘?%ét%geg%g\n?? %ldctq{?gtr %sr&t%erottgram the
200 abouwoienc hrjdi edmmft itrve meesise rf ar nezbrulespiodiiy tate

21 a joint of th ni_ pul.ator ar 2 ;
the corﬁgr]d'ilovse?ﬁlgm%%urstaﬁ r SCONpr | seggatg%4£%$%%?%% with
of 2 hydrasgee-tactslatomes amoitteed to tdeer2Bneantiipal atoe of
to nmove the mani pulator in each of jts at. |.east

th? ee d%%j’feéf%tofoﬁjr%é%loﬂ?s%ed%hamdﬁéﬁ}ﬂﬁc%%% IQdFTatdr the
being cenect abkherbpl acseiiEe Ghoint of the manipulator.
15

16 Preferably the <calculating means comprises a
17 differentiator for differemntiating 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 compriges a
24 plurality of hydraulic actuators mounted on the
25 manipulator to move the manipulator in each of its
26 at least three dJdegrees of freedom, edch hydraulic
27 actuator being connectable to a source pf
28 pressurised hydraulic fluid via a wvariable 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
val ve, the control neans controlling the opening and
30 closing of the variable rate valves to control the
wb 20@t8608 novenent of the mani pul at or arm i MCWOB2005/004328
2006/ 056738 PCT/ GB2005/ 004328 9 1 proportion to the
determ ned rate of novenent of the 2 master
controller. 3 4 The master co®troller may include
means for 5 selectively deactivating the control
Mgans HeoRe¥tidn th rvemettreintheranstef meomdmeplt ef the
W t hout causing 7 _correspondi ng novenent of the
néni puPagerr HFIRTPLI®TPref erably the nanipul ator arm
has at least four 10 degrees of freedom in a
preferred enbodi nent the _11 mani pul ator_ arm has at
| dast Ehg dageses ofcTHEeddRr 17¢onptiPetf a LROLTF dero”
yaw, ?séi‘g&fj@ég{"dé& 198tiAd ehBowLREESh médONRARBImit
rotati on, a wi pitch and a 14 wist rotation, the
mst er movenewt | ©f cOMprisstrF agoniEoht €F cWLAREHT mEsueng
arm havi ng at |eas IV gree f ..
cg;nr esﬁfﬁﬁ]gﬁe%%c’rtL olrfgfwé‘{osvﬁgﬁﬁgeéfyg%v? %ﬁrgl%l{}lgﬁcﬁgg?kgi't ch,
elsdbow pitch and forearmrotation of 18 the

ni pul ator _ar 20 The ro y m_pre I
i mcl ud5§e?r§5%%ﬂfro%%821m%n& turj'%l%lglgngé%%e?%?i (?ﬁ{oé'géa%@ our
alyj ect aegpepyl afi Hgekdokh. 22npreovirkeitrteda afikstddimentd the
of the mani pul ator ar 23 Preferabl he neans. f
&&ntromﬁph@u%ﬁﬁo%pﬁ%tr%% 354{%?5 hsél%b?ﬁe LA b '#Feedon
meni pul-akbhpds199! Al saceomdsr oyt hea Zhomlidetr rptathonan
of the mani pul ator arm The nmeans, 26 for (:ontr.otllinaq,l
tie op@ﬂ&PWoWB‘th Ha %‘{ﬁeé‘gfﬂ rotation, a wrist pitch d a

14 wrist rotation, the master controller comprising an
15 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 pul ating tool and wist rotation of the 28

mani pul ator arm may conprise a single joystick 29
nounted on a distal end of the naster armto permt

20 nomsbarded operation of the master arm 3IPCNEB2005/004328
2006/ 056738 PCT/ GB2005/ 004328 10 1 Somewhat
surprisingly, the control systemaccording 2 to the
present invention, based on a Vidlocity nmaster 3 slave
relationship rather than a positional 4 relationship
asy wi t rgoﬁ@al I ;@_@_@g_lgu(j;@ﬁtj_ggh%l%?StheeagnEr&Duﬁgst@?b&ccording
practica i ndi sti1ngui shable in operatio rom a

f ebdbacie (%‘ﬁt PEESEPEt ey SR 7 Rase o @éf?gﬁf«‘lty master

acgor digigis0 t Pe1REESEMig NVeakher i Sthah ackual bys ioiénal
responsi ve than a feedback control 9 system_as no

cl bsed ysdgitiopAhéBnt 20| Wisdps fapdbagh mravemtl. Thpg been
has the gffect of ERIOM 0 AN 1 14 siabiddingdiSHeede  in
that can occur in feedback systens 12 and is only

| i i t ecbdexattéspon§eomy a hdeldhiprl dedrlrol 3 sivsiierent The
in,surface t u F@mg (N et [ ‘

i s’ not Cﬁ&%z}ﬂcﬁ-y%ﬁ’%t%f%%e%% e anlrggaitl'scs)q%ée %é%leém: :ﬂﬁvgﬁi&b e
supsea ammiaillvatvorsyseepensite lthafheasystasinack control

according.to the present inventi . 18 vi desf ,
actur at® T pfeci 82 chr? F%] BPS?g%O%wcporﬁlgtrﬁogul altc%f)ts are
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13 inherent in surface to subsea communications
14 systems,' which is not wusually 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 pregent invention will now be
23 described with reference to the accompanying
24 drawings in which:-

25

26 Figure 1 is a perspective view of a typicel
27 manipulator arm, as discussed above;

28

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

32

»f the previous fiscal year.



26 Figure 1 is a perspective view of a typical 27
mani pul ator arm as di scussed above; 28 29 Figure 2

is a perspective view of a typical nmaster 30 arm for

woeowiosérsan enbodi ment of the control systemPCRER3/05/004328
the present invention; 32 )f the previous fisca

year. WD 2006/ 056738 PCT/ GB2005/004328 11 1 Figure 3

is a schematic illustration of14 control 2 system
according to an enbodi nent of the present 3
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mast er ; &8hd0-n 8 has a nunber of articul ated segnents
20, 30, 40, 50, 9 60 interconnected by joints, each

jdint of the 10 naster arm 10 corresponding to a

j aint t 1 manipulator or sliave el tade 10 is
%ntro % o8 Pﬁ&the 12 enﬁ%dlnent descri bed herein the
nﬁStereafﬁcuDvelﬁ sompdedesrm BaREIGH, Ofn thSpaiardmplator

S%gmeng I%O 1 Otagl lt%ﬁadéj.aa‘:\;kledaltnp th'@hgaﬁﬁsggrf QFm 10

rotati on abdut a sho ew axis A and
shoul deaspat ohmast Of m:thulatEdr §E9ﬁ©¢*‘e‘ér%@ 'sebQVerﬁO 400,

pi vot al attached t he e 3 o] ¢
rotati éh abBbt lf% ?% E axi glfiﬁ ggggégogog the
hqrearmhgegﬁﬁnarﬁOJMOtababbypoﬂ&ummuntedaonjDhetfHﬁétth@
forearm 40 segnent for rotatlo 20, abou ar

rlot at i B‘ﬁanuF%FPra‘?ﬁ SFv ear?&ma wiPsPe 9 ﬁ%%%j;r]géf ? n the
pi v ot aklyoa9RBREt edad Or tthws sawuirf ord@r mmagkesegrent 10

5 for rotation about a wri_st pltch axis E
13 comprises a base 20, an upper arm segment 30

14 pivotally attached to the base 20 for rotatlion about

15 a sghoulder slew axis A’ and a shoulder pitch axis
i6 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 segmenit for rotation
20 about a forearm rotationm or roll axis D’ and a wrist
21 segment 60 pivotally connected to the second forearm
22 segment 5 for rotation about a wrist pitch axis E’.
23 Each 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 mamipuldkor arm.

26

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

32 object manipulating tool.



23 Each of the pivot and rotational axes
A,B,C,D,E 24 of the master armcorrespond to an
axis of nmovenent 25 (i.e. a joint) of the manipul &or
WON06eAG67327 The wi st segnent 60 of the nast @CT&BAPIEO04328
is 28 provided with further control neans for
controlling 29 the rotation of the object

mani pul ati ng tool of the 30 n&ARi pul ator arm about the
tool rotational axis F and 31 for controlling the
operation of the jaws of the 32 object mani puI ating
t qol VEZOOG 056738 P /GBZOOS% 004328 12 1 a
OBvi ouSPYLBERtY YT grteD ot er s raraermen%ﬁesageésage
d%pendaeﬁeﬂﬂlﬁ@%ﬁ e nypr@@lfpmhaimlatm vhie hvlisht d.s to
4 be controlled.  Gher arns may have different
arr angBRenfSLiF P H Sfor e 0P HHESs GEB?ee’ga%f ?‘é%dd’ﬁ\ff@rent
and naﬁrgéﬁgeﬁﬁﬁt§”wﬁgﬁenb&@nihﬁtl@ﬂﬁ|déétée@fof7freedom
novenent in addition to, or instead of rotary or
p|6vot abngxeway 9have APdsIAY o?‘i%@nstd?aﬂ%lﬁttlﬁ@-aﬁorarﬁ:‘o? of

a 4pot epti, ﬂ@r'ln Lhhdss iRrovigedoen ieaghsjoi Ht ebrihe or
master arm he 12 output of the each position
s@nsorpbeohglf@:@leslo a 13 conputer 100 (see Figure 3)
\.f,\-géi ch provides a control 14 signal for the

ni pul ator armcontroller 200 which 15 in turn
ciant r olts pojsertabnosenkorhe imartih@ulmmr ofr m petertigmedier,

300. 17_ 18 A
ot ent AOmEr S iRa) B8 CROTSLH" St Saths APRr R TRl e

mast er cakput2@df the each position sensor being fed to a

13 computer 100 (gee Figure 3} which provides a control
i4 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 uged at each fJoint 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 suitable 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 iype 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 sensing
31 electronics (i.e. no posgition feedback from the

32 manipulator arm is reguired).



21 The master arm 10 provides a particularly intuitive
22 and easy to use control interface for the operator.

23 However, master arns have only been suitable in the
wé PesaksBor position feedback control devi ceecT/iBgR0052bi328
control system according to the present invention 26
permts the use of a nmaster armas shown in Figure 2

27 to control a manipulator armof the type shown in

28 Figure 1, without requiring the mani pulator armto

29 be provided with any position determ ni ng neans,

30 such as potentioneters or other position sensing
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2 Figure 3 is a schematic
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i ivent i+8n.25Fhe HRRE &F- a(rir%%eé 198 ]aot:gscl:grérput er 100 Are.
p%OV|dgdaaioﬁn1D@eraWDen ﬁhstmﬁnxuulﬁu@r Wren 1t He mounted
mani pul ator arm

nt ed an t
ofer at 6F "atf6h ?t.btg ®d c??éer%ob:r oVi E@éﬁﬂo sﬁ? hoe e
vegssel phponuuhi 68 bheuRNces veSsdepEoymdyht b (ober ROUr is

st at on 110 being, co ted th
communPERLPERG, | AR, CEETSEINGURHERE of O figiny Porhected

SLW' pul-at @heakdr i W iavednrbynacaddomd uradk.ty of
ubl e acting hydraulic actuators, 14 either |inear

drl rotary as appropriate, prOV|ded on 15 the

nani pu g{ne Emo%ndt}%mﬂﬁﬁiﬁglé%r\/a&i@bhe fat@ridéh by a
Rydraulic so en0|d val ves nmounted on_a valve 17

reini f olpd uBed1 tTheo al Feulplei facﬂténgoohwérﬁ%w de¥f B tors:

]18 the e@%exallgﬂgaw Bh FoBUCEs OfpPFESSit Sethrovided on

15 the manipulator arm and connected to variable rate
16 hydraulic solenoid wvalves mounted on a valve
17 manifold 300. The valve manifold 300 is provided on
18 the ROV, along with a source of pressuriged
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 wvariable rate wvalve. 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



19 hydraulic fluid (usually an electric punp connected
20 to a reservoir of hydraulic fluid). A manipul at or
or 21 slave armcontroller 200 is provided adjacent
woeoosdRsngl ve mani fold 300 for controlling tReT/GB2005/004328
actuation of 23 each variable rate valve. Wth this
arrangenent, 24 there are no electronics or
vul nerable wiring on the 25 madipulator armitself,
the actuation nmeans of the 26 manipul ator arm being
siym | afy; eeethat i i idpan@urpuB/s¥anbabl Eecf@it\&c?sy&icemﬂ:he
descri bed above, with the 28 jnherent advantag
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position of each joint of the master arm 10 by
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e comput er 100 includes selectable electronic 15

stal i ng neans whereby the rel ati onship between the 16
raje ofmpoveprnhcel thgomsierign Heiardabhe 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 alave 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 pf joints of. the manipulator arm and/or to
26 selectively permit free movement of the master arm
27 10 without resgulting 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



17 resulting rate of novenent of the manipul ator or

18 slave arm 1 can be varied by the operator between

19 that required for rapid and | arge novenents of the
R0 wednispuat or arm 1 and that required to pemUTtGEAGHI04328
21 and accurate novenents of the mani pulator arm 1 and
22 its object manipulating tool. The naster arm 10 can
23 al so be provided with contrd5 neans to selectively

24 freeze the novenent of individual joints or groups

25 of jghnt $oef tHaacranl pud at opeddim@nd/odr tihe 26jaws of
sel ectively permt free movement of the master arm
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rotation of the tool,.either hy
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control device, as_.a joystick or_thu
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11 proportlonal to the rate_of novenent of a co
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1§4conta[ %I:er@Jflet Reo aus &f:idde tool may be controlled
14 a sinple two way swtch.

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 clogsing 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 ITn 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



15 16 In one enbodinent the tool rotation control and

jaw 17 control may be integrated into a single

joystick 18 whereby movenent of the joystick in a

Wbnsdsopsage 19 (e.g. forwards and backwar dspcraiBees/04323

opening and 20 closing of the jaws of the tool and

moverment in a 21 plane normal to the first plane

(e.g. side to side) 22 causesiéotation of the too

about the wist axis. 23 24 In an alternative

enbodi pent, (19fShawmasnesd 25 menser scohghtlber other

provided on each joint of the 26 master armto
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14 controller 200 would control actuation of the vaives
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 1is
18 proportional to the rate of movement of the master
19 controller in the corresponding direction.

20

21 Wwhilst 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 in areas exposed to high levels of
28 radiation and in extra—terrgstrial applications or
29 any other application where manipulator arms may be
30 used.

31



14 controller 200 would control actuation of the

val ves 15 of the valve manifold 300 to contro

novenent of the 16 nanipul ator arm whereby the rate

W moveeeat of each 17 joint of the mani pul MCOrGE2NIFH004328

to be controlled is 18 proportional to the rate of

novenent of the master 19 controller in the

correspondi ng direction. 20 217whilst the present

i nventi on has been described 22 applied to a

Mgni puLAt ofa@ M dOr t¥Sehparaml ROV achuato?s, subsea control

envi ronnent, the control ¥sten1accord|n 1§éj}hed o
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any ot her application whére mani pul ator arns may be

3G usedctBat¥WsP2006/ 056738 PCT/ GB2005/004328 17 1 In

addition to hydraulic actuators, the control 2 system

of the present invention may be utilised to 3 contro

mani pul at or arns havi ng ot her actuation 4 neans, such

as electric drives (e.g. servonotors, 5 stepper

nmotors) or pneunmatic drives (i.e. air driven 6

actuators). WO 2006/ 056738 PCT/ GB2005/004328 18 1

Claims 2 3 1. Acontrol systemfor an articul ated

mani pul ator 4 arm the mani pul ator arm havi ng at

| east three



5 degrees of freedom said control system conprising

6 a master controller noveable to replicate the at 7

| east three degrees of freedom of the manipulator 8
aoeogsanns for determning the rate of novenRr/@2005904328
the master controller in each direction 10

replicating a degree of freedom of the manipulator 11
arm and control neans for coniolling actuation 12

of the mani pul ator arm whereby the rate of 13

mpvenept z@hst he mani pulator armin each of said at 14

| east three degrees of freedomis proportional to 15
tHe rate of novenent of the nmaster controller in 16
each directjogokeRll Gafdthen aodeghearef chlgeddmatipullator
the manipulator arm 18 19 2. A control system as

cHai med frmcl dhm MARFRYETOT RFBaPaviRo| st LPATEe thTee
dggrees gf I:éé?dc&g“ff@éd&ﬁ abig2doheast bworeh @omdinveting
axis, a Fotational axis and a 22 translati onal axis.
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claim 25 2 i n st €T ¢ LM ller ' r
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| east three degrees of freedom of the ni-pul_at o .
3606/ 0567987 PERFOBRIBZP0FTRE 101 SPAT EIE ”ﬁwa%ce&twn
novenent .@f the NAshepudatdeannri? népiaat e tlovenernte of

%B the W%g;ggég%(gfegﬁg é%nipulator 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 @ach direction replicating a degree of freedom of
17 the manipulator arm.

18

19 2. A control system as claimed in claim 1, wherein
20 aaid 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. 2A 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 Jjoints, each joint of
28 the master arm corresponding 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



4 4. A control systemas clained in claim3 wherein 5
said neans for determning the rate of novenent of 6
the master controller in each direction 7 replicating
wokegy@ersef freedom of the manipulator 8 ar MCT/GB2005/004328
conprises, for each joint of the master arm 9
corresponding to a joint of the manipulator arm 10
nmeans for sensing the relativelposition of the 11
segnent of the master armon either side of the 12
jai nt angdgormpidn ngnaRaNGovediental 68l athdgmkBeerat &rm 13an
of nmovenment of said segnents about said joint to 14
dét er mi neephcata aereEFefentl oM hP %r 2&Fm 15
about the joint of the master armreplicating a 16
joint of the manipulator. 17 18 5. A control, system
ag cl aidmed Ancenbied 4SYSERR 5 CLTMGE bl hpigt | hgherein
ns co S ' Sty f
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capabl e of sensing the speed of 30 novenent of .the
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degree ol freegdom et bheinBdcampi Fuol-aktalcalatind the rate
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13 of movement of sald segments about said joint to
14 determine the rate of movement of the master arm
15 about the joint of the master arm replicating a
16 joint of the manipulator.

17

18 5. A control system as claimed in claim 4, wherein
15 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 gsensing the speed of
30 movement of the master controller in each
31 direction replicating a degree of freedom of the

32 manipulator arm.



2 7. Acontrol systemas clainmed in any preceding 3
claimfurther conprising a plurality of hydraulic 4
actuators nounted on the manipulator to nove the 5

W Hopdsaizer 1 n each of its at |east three degwaasso6/004328
of freedom each hydraulic actuator being 7

connectable to a source of pressurised hydraulic 8
fluid via a variable rate valvep the control neans 9
controlling the opening and closing of the 10

variable rate valves to control the rate of 11

nmovenent of the mani pulator armin proportion to 12 _,
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controller.
i4
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 manipulatoxr
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 gystem as claimed in any preceding
27 claim wherein the manipulator arm has at least six
28 degrees of freedom comprising a shoulder yaw, 2
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
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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 c¢laim 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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