Control systemfor an articul ated mani pul ator arm The
present invention relates to a control systemfor an

w@eaneosd7at ed mani pul ator arm the mani pul at or B€MGB2005/004328

having at |east three degrees of freedom preferably
including at least two of a pivot axis, a rotationa
axis and a transl ational axis.lEvery joint or noveable
axis on the manipulator armis referred to as a degree
of freedom Manipulator arns are frequently used to
perform operations that a person is unable to carry
out unassisted or in environnents that are too

hazar dous and/ or i nhospitable for the presence of a
human operator, such as in deep sea or offshore
operations, areas exposed to high |evels of radiation
or extra-terrestrial environnents . Such mani pul at or
arms are usually controlled by a human operat or
working in a safe |location renote fromthe mani pul at or
arm wusually viewng the mani pulator armand its
surroundi ngs via a video |ink.Mnipulator arns are
used on subsea vehicles known as ROVs (renotely
operated vehicles) . ROVs are used for a variety of
pur poses, including sal vage and rescue operations,

pi peline | ayi ng and mai nt enance operations and ot her
subsea activities at depths far beyond that which can
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and ot her functions of

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
13 unassisted or in environments that are too hazardous
14 and/or inhospitable 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 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



an ROV are usually renotely controlled by an operator

on a surface vessel fromwhich the ROV is deployed. A

WO 2@bo3d738rani pul ator armis shown in Figure 1 PCTIG82005/004328
mani pul ator arm 1 conprises a base 2 nountable on a
structure, such as the body of an ROV, an upper arm
segnment 3 pivotally attached t@ the base 2 for

rotation about a shoulder slew axis A and a shoul der
PitchyaxisiBiooR hihst @ aasdn segnMetbsbPi vt Bdlys known
attached to the upper armsegnent 3 for rotati on about
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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 rotational
30 axis F, the jaws of the object handling tool being
31 moveable between open and closed positions. Such
32 arrangement provides six degrees of freedom



hydraul i c actuators (not shown) , comonly a
conbi nation of double acting hydraulic cylinders and

WO 2108056738t uat ors connectable to a source of PCT/GB2005/004328
pressurised hydraulic fluid by neans of electrically
operated hydraulic sol enoid val ves. Each hydraulic
actuator is usually associated3with a pair of valves,
one for each direction of novenent of the actuator.
The hydr@aidiigy sel eﬂQk?eV@p\&%t@r&lﬂsU@hlf&_lﬁpént@l&/ﬁ@ a
val ve mani fold. When the mani pulator armis nounted on
2n RO¥,de heangkve fmarinfisiud 2an@rs stpeed bforgt esgubpsegrried
?ydraulic fluid is usually nounted on the ROV adjacent

he n@hifold. There are two main known control systens

for controlling the operation of such mani pul at or

arms. A first control systemis comonly knom& a%Fnate
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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 is wusually
17 mounted on the ROV adjacent the manifold.
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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 wvalves 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



or toggle, each pair of switches controlling a pair of
val ves associated with a single actuator such that
woreweosi188 of the joystick or toggle in one di rECL/GBRO05/004328
causes novenent of the associated joint in a first
direction and novenent of the joystick or toggle in
t he opposite direction causes nbvenent of the valve in
a second direction, opposite to said first direction.
Qont r gk SYSLL5®; D od e hang- ban@hgypﬁﬂp&&yééde SHOW A1 1y
crude control of the mani pulator armand are
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the mani pulator arm thus reducing the conplexity of
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1Rnownfiest aPieeraiensystens the variable rate val ves
1qre actuated by nmeans of nultiposition

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 required. However, such systems
16 are relatively cheap, reliable and are easy to
17 maintain, reguiring 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 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 multi-
31 position switches or potentiometers connected to joy

32 sticks whereby the speed of movement Of a joint of



switches or potentioneters connected to joy sticks
wher eby the speed of novenent of a joint ofthe

WwWoreme0sd7at or arm i s proportional to the nagnit RAEGBR005/004328
novenent of the joystick away fromits honme or rest
position. Such systens are nore accurate than the
si npl e bang-bang system but ar®e still difficult and
time consumng to use, requiring a separate contro
pnput foreach.i 9F ot Sfmt De ARBLBULALARIAER tAcMREGNitude
accurate and Tntuitive systemfor controlling a
pani puf amoveaemti it hehasd oy tdedi taveay f ésdBacikcs home or

ontrol. This.enables _a nmaster_ armto be use 0
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replica of the manipulator arm albeit usually on a
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the mani pulator armto be controlled. Each joint of
the master arm has a goaition. ensor, in t%e f or m _of q;
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of eagh seqment fr tden Mast ernar gswi UE respeet oho fAd@back
adj acent segnents can be determ ned by a controller.
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posi tion of “each seg mani pul at or Wi

1pespetghet @ lthe adiarent segnekister 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 system senses the movement and controls the
31 operation of the proportional hydraulic solenoid

32 valves to move the corresponding Jjoints of the



When each master armjoint is noved, a conputerised
control system senses the novenent and controls the
woep@sasizes of the proportional hydraulic sol enPCTIGB2005/004328
val ves to nove the corresponding joints of
t hemani pul ator or slave arm by a correspondi ng or
proportional anount, using the @utput of the position
sensors of the mani pulator armto determ ne when
suf fi ghaRbutRyerensrhast fakenaphacy, E edd®ddponding or
scaling can be used to vary the anmount the mani pul at or
ar m nbyepotsioaddi vemawiterents og t héhgast@itrn of the
geedh§§§iggg%rgkn§¥§%eg§ Q%%yhg%i%ﬁi%%%raQQHFQk?&mtermine
accurate control o he “sl"ave manrpulator ‘arm an
provi gRea norefifiifcdichitve aontendnt Nt eidace fakenhe place.
operator. However, the need for position sensors

in

each F%?ﬁFrSPth§Qﬁ%ﬁﬁﬁnﬁ?%r@%WH?%%d§QJY%FY the amount
gequi L gEent, {90, MddNg,2Rd RERer elechrisalederibgetent of
wi thin the mani pulator arm 1n sub-sea applications,

guch ehectpistelr dewmi.ces need to be protected fromthe

nvi ronment in which the arm operates by conpl ex seal s

nd conpensation systens (the filling of any voids or
spacesewtiblick tBsnef sl Wdysidigonpiressidel ecbbyeds)and more
This greatly increases the cost of the mani pul ator
18rm eFeHrasenrRieRs! s8fir e of lanpemagpingtator arm and
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cont i hual exi ng e joints reakage o

18uch wpeiragprandHowever, the need for position sensors in
13 each joint of the manipulator arm leads to a
14 reguirement for wiring and other electrical devices
15 within the manipulator arm. In sub-sea
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 Dbreakage 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 valves, which
28 are more expensive and less tolerant to
29 contamination than the simple on-off valves used in
30 bang-bang systems.
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i ncreases the conplexity and cost of mai ntenance
procedures. The feedback control systemtypicaly
w0 e@aiose@3s t he use of hydraulic servo val ves, wWET/GB2a06/004328
nore expensive and |less tolerant to contam nation than
the sinple on-off valves used in bang-bang systens. An
obj ect of the present invention is to provide the
reliability and sinplicity of the bang-bang contro
Bsystg f%éQQx@QEH£a§¥ﬁ§QQt'fﬁ&%ﬁt¥8n093tE@lprov1de the
|nter ace of the feedback control system According to
1 he pmﬁssmml1nMﬁnam@nsumﬁﬂecnsYppdVHdEﬂ haggnbany control
system for an articul ated mani pul ator a t he
o PSSR arihaviie aroPRRelY nidd defrubbise comerol
£ r eedo e 584 &b CONtHIRd %éé]@&@@%’fﬂ{tix&bllgs@sﬂ@ﬁt er
controller noveable to replicate the at |east three
@egrees of freedomof the manipulator arm neans for
eter n e r :
Sont rarrereing G il RbePRERE Py s PR FRERE be prpvided
Treedonofittbe spsiqul fbor aar artaodladetr ohnipahstbor arm,
control ling actuation of fhe, nmani at o m wher eb
Tho rohe BN pOVEER STt KBV Dol HEOPCathiER SRERCGP Of
sai d atobgant tdwiee deanees obydt&RUOPdMSrDEORP! td ORakter
to the rate of movement of the naster controller in
1@ach @@m%@@ltﬁmr@pVE@b@ﬁn@OaI@@éﬂ@@uﬁ theedoml efsEhéhree
nlg%%ator al ;M %grag ytﬁglﬂ ﬁ% hfgﬁgrth Vi means for
BT pur at o

o?e?reedon1o

egre rarminclude a
lieaStdéM@r@inﬁn@IVmﬁe 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



axis, a rotational axis and a translational axis. In a
preferred enbodi nent, the master controller conprises
wa@eooansd7esll at ed master arm having a plurality BPET/@BR005/004328
segnents interconnected by joints, each joint of the
master arm corresponding to a joint the mani pul ator
arm the master arm having at I8&ast three degrees of
freedom corresponding to said at |east three degrees
of fregdomofnt hengrni pylahonar meuchnkhathge¥enefinof can
the master armcan replicate novenent of the
rani puépt dealze mmoreneranoIf orhdet Banipithgtohe amte of The
venent_of _the ster.controller in each direction
Topl | B8t Thg Rhaeit e 0 el G The A ST aEsy B mebe
oy cpaprésecdndrgdddy | Ohntesth t Bergastien areédlicating a
corresponding to a joint of the manipulator arm neans
Por s@RETRY tAE rdrRelded p&di t it of "EREPYLYHRRL sABR  may
the master;aem O?oprlth Lol dg9hea the j et apbirer arm
conmputing neans for calculating the rate of novenent
of satdrsegpemdsnof tdeanaistiort aoh wehk mespiaptlatwoonerm,
nother to determne the rate of venment of. t.he
ot oheamt, sAut TR TRIni Tt (17 Tister BhCion Of  the
vepli gaghegtf bHei Mheofmd reermegi-pubat @icRreferabl yft Be the
cal cul ati ng nmeans conprises a differentiator for
14Qi f f ed @Rt aBiAg QB Polstg | BPRYat &OFr oA tHelPo1g | bRe rate

13ensi B?Sfﬁg?&ﬁﬁh? dat %ra'ﬂd“%eté;%gérftasteo ftHQVﬁHE?éztcgérhh%ith

segnen e master arm ut each joint o

1past ereaparcoratespardi agotioer 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 differentiating 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 via a variable rate
29 valve, the control means controlling the opening and
30 closing of the variable rate wvalves to control the

31 rate of movement of the manipulator arm 1in



a joint of the manipulator arm Preferably the control
system further conprises a plurality of hydraulic
w@edgasoss nounted on the mani pul ator to nove BEEGB2005/004328
mani pul ator in each of its at |east three degrees of
freedom each hydraulic actuator being connectable to
a source of pressurised hydrauldic fluid via a variable
rate val ve, the control neans controlling the opening
and closidng Qfn the Vaei abl & haheqvahvesotons0BhEAL bhethe
rate "of ‘novenent of the mani pul ator arm i nproportion
20 thegstereomedorbee. of novenent of the naster
ontroller. The master controller may include neans
or selectively deactivating the control neans to
per mihaovesererof tbecrEBIer cahfy ol haelwiéhouieans for
causi ng correspondi ng novenent of the mani pulator arm |
Pr ef @RSt i tRl vedepar Bt ing nthascaptreastespsr to permit
geQFQE$V§Me£Ee%Hpn%hén sQﬁﬁqe&Bﬁ rST@@g'Wﬁnﬂuﬂh? causing
mani pul at or arm has at |east six degrees of freedom
Tonpr st s orsdioud deoveraay t oS hiolud desn jppt kdi; oanaeh bow
itch, a forearmrotation, a wist pitch and a wi st
otation, the master controller conprising an
arti cot st hst ahar phhayhngeat | £ast Hasveadeareas offour
freedom correspondi ng to the shoul der yaw, shoul der
19i t chlegteriv pEt dr sasdf.or eBR mer g fUFest eReodiment the

lfam‘%%éﬁéﬁééég%ogyﬁ ﬁggtg@ f®§§€”%££eégﬁﬁgé¥ of freedom

l;nC|ucomprising 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
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 joystick
29 mounted on a distal end of the master arm to permit
30 one handed operation of the master arm.

31



control ling operation of an object manipul ating too
provided at a distal end of the manipul ator arm
woe@besabs y t he neans for controlling the operetT/GB2@5/004328

t he object manipulating tool also controls the wi st
rotati on of the mani pulator arm The neans for

controlling the operation of the® object manipul ati ng

tool and wist rotation of the manipul ator arm may
QonprSéﬁe@hétn%5&1h9¥§hgg§ﬂ“%ﬂgegoﬁ@r@ldb§%%%m¢%§x§ﬁding

the master armto permt one handed operation of the

Bast ecoatheSomewkat $uvpnidiongl yastede csort nsilosyidtemaster
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of ocF 1§ Rast 6L &F AV PeP at | RSATD ralkel ¢ ffan POSItiona
posi t renatibgkat ponshi pyashw tBefisedbackorcort Y ol ,hdwas been
been found to be practically indistinguishable in .
&per afPBRAf r oF® a fRfedbBERCEHRBASY sysRehsCipEutohepbe 10

Byt eppascer ghnoekOnt N2 PESSEBL L IVENLO0 | SAGIURL Y rhe
nore responsive than a feedback control systeém as no

0l osedopbsbili sgstent rokokrddpy drce threegemtserithiisiveas-ion is

t he effect renovi ng any stabilit iss$§$% hat. can

f
Bccur *FRUPEHbAER” Sy SESHOME T s WY Fi nffedPink  control
bespogsethy, thg fhpi tersebay poberesh idostFdBCelddbs are
subsea communi cations systens, which is not usually
1ot i ceappenand i sThiesemdsintiael stbsed rhi plATAGY any
1§yst e egbﬂﬂﬁtf‘/yits%@egccc%adé n(%art.t OOEESIDEES%% ;{:%;téﬂq:ems

%ast, accurate and precise control ©

lgrOVIand is only limited in response by the finite delay
13 inherent in surface to subsea communications
14 systems, which is mnot usually mnoticeable 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 1is a perspective view of a typical
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



mani pul ator armwhile also being as reliable and easy

to mai ntain as bang-bang systens. An enbodi nent of the
w@e@som738 nvention will now be described wi th PEf/6eB2IV6©04328

t o the acconmpanying drawings i n which :- Figure 1 i

S a perspective view of a typical manipulator arm as

di scussed above; Figure 2 is alperspective view of a

typi cal nmaster armfor use with an enbodi nent of the

gontrgl .systemal fhe presenlc | MVeati o F4QULg 3al 8ofltrol

schematic illustration of a control system according

20 amentbadi rEtorgfinghet pr esenenbedaneingn. oRs Wiwwargaent

figure 2 ,tthe master arm 10 is effectively a nodel or

epl iR Tt 1 We  mani pul ator arm1 , known as the slave

arm The master arm 10 has a nunber of articul ated

segnents 20, 30, 40, 50, 60 interconnected by joints i

Bach 3%i nFhefmt hanneELeRrar m20 doie ediiciing &6Ma 10 1is

} Oi nt e i pul or..sl t ;

%ontr% %%éﬁaY%?ghg éﬁ%%%%ngﬁi %%%%?%g;éfhgﬁg?nmﬁﬁépulator
mast exrmr i, 1kreonprdsesha bidsye2(grran ufper rsgster arm 10
segnent 30 pivotally attached tqQ the base faqr

# ot athdh %blawbars%%u?ﬂaﬁ%cg BiPaxFSTASEEE d0a SRoufler 50
Pi tchs@xisnBreonddtesd fiof eayamsegrertadd pioseital b the
attached to the upper armsegnent 30 for rotation
l@boutmast et bowwrpi tkh sdrraGRondisetond® f 6 edihSegRént the
1?0 r%&%éﬂgﬁ¥ator or slave arm 1 to be controlled. 1In the
12 embodiment described herein the master arm 10
13 comprises a base 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 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 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.



nmounted on the first forearm 40 segnent for rotation
about a forearmrotation or roll axis D' and a wi st
w@ee@remt7360 pivotally connected to the second POY/E6RBRIVS/004328
segnent 5 for rotation about a wist pitch axis E'
Each of the pivot and rotational axes A',B ,C, D
,E of the master arm correspond to an axis of
novenment (i.e. a joint) of the manipulator arm The
i st segnent 60 of the master arm 10 is provided with
urther control nmeans for controlling the rotation of
2he obpecoustwi pthati dgstigols off tihrs neni puhaboe apmisaged
?bout t he t ool rota%io al ax%s F and.for _contro Liﬁg. £
he operSETORIof™t hej 5WRSoP Tt FE 6B &eE A pulatFig LS °
gool . £bVi gysty o0t 8l desbEnerof afAst ehadl Mhak@ different
envi saged dependi ng on the type of manipul ator arm
dhi chafsangehenedniidlhl edOr et s HPHS Degre of freedom
E'ffeéﬁﬁt ra@%ﬁﬂ?”%&m&”%@‘nﬂgfeortf §19€95 &5 %&is of
reedom an %ay ave one or nore translational axis of
movenmnettvemnenaddint | addiojoar tast ead ofstedd@r pforrotary or
ivotal axes . A position sensor, in the formof a
gotenP?%ﬁﬁﬁér?x?§'provided on each joint of the master
grm1l , the output of the each position sensor being
fed to a conputer 100 (see Figure 3 ) which provides a
18ont r Bl peisgrralonf grentsne mati pibhat drorar ne €oft Msliemtippgter,

ich,in_turn cantrols eratjion_of .the i pul r
lgrn]a%%ugggyl g.on eagw jging ot tﬂé AR P QL& 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 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 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 sensing
31 electronics (i.e. no position feedback from the

32 manipulator arm is required).



A position sensor other than a potentioneter may be

used at each joint of the master arm The master arm
waooposrsgles a particularly intuitive and easyP€DGB2®5/004328

control interface for the operator. However, naster

arnms have only been suitable in the past for position

f eedback control devices. The ropntrol system accordi ng

to the present invention pernmits the use of a master

armas shown in Figure 2 to control a mani pulator arm

of the type shown in Figure 1 , without requiring the

Jrani mi@aios aBm tdsbe Pprovictedanith anylpesratioon of a

det ermi nj ng means, such as_potenti oneters or_other

Dosi TN RERS 3y eﬁ‘@&tr%ﬂﬁ“&go%i RYSHEMp0sPEPBRTHY to an

£ eedhagk,d 1Mt Ner nenk pylat ont al Avbsr{6AVI ey mkkgerearm

3 is a schematic illustration of a manipulator arm

Tont rio) st eppmeBbedi nh0Q 0 241¢ cRbOUiAEAt dF PRe operator

resent_jnventjon. ter : t
o LD, TSI RS At A00ncea
Treni peh at@r BV 220s noiwet egeontan RAARREG, Ghe would be
operator station 110 woul d be proyi ged on.a surface

§ess@TIYHRDNPR &t HEIRGFS sVeepPby 84°™ AR GPerdtor ROV 18
stati9n,1dP-pei pgconecd st t orsPeoROY 122008 @ connected
communi‘cations |ink. "Movenent of the manipulator arm1
10s drivephdyRQV pR2aP abyvty obrmoublatbers ngihwydraul ic
1€Ct uators, either linear or rotary as appropriate,
rovi ded on the mani pul ator arm and connected to
1yari apbeehdt® of the manipulator arm 1 1is 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 wvalve. wWith 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 Dby



hydraul i ¢ sol enoi d val ves nmounted on a val ve manifol d

300. The valve manifold 300 is provided on the ROV,
wW@bongsemsg h a source of pressurised hydraul i c PCTIGH2005/004328

(usually an electric punp connected to a reservoir of

hydraulic fluid) . A manipul ator or slave arm

controller 200 is provided adj a¢gent the valve manifold

300 for controlling the actuation of each variable

fate aﬁf&eﬂfﬁt%ﬁést@%réﬁgﬁﬂ?ngighgﬁgeréﬁéi{}@d from the

el ectronics or vulnerable wring on the mani pul at or

arm i psel fiont hesapsoasi o fireahise of malsé eranizpml at &P, ar hus

ing simlar, t t of the k Labl e rat
Syot SHEL TR 1 BRove i OF (RS LnEr et VSa0AT agbs <308

of rekpabi|ityhnhd avmesteandoeasendls i sbenesicesidhel to
computer 100 calculates the rate of change of position

bf eathej omaniphlef@rmast®er GEAVED BN f f ePeRfPatfRg 200,
he o t -skgnal ecgive It i r

B e S P BN o Ba e P bR oL PR ar e race

3peedoof mywearertt Difesphtjonnt. FhsedompotersdD® control

sends a control signal to the mani pul ato r slave arm
gont r 81931 2032 pPOFVEe P OR H‘Péltﬁéjﬂ%ségzgupco‘?{la\éﬁ?ﬁs the
gal cubgtegerateqef ymyepepiahnd oLaRE GrhlBaseth URBle each
said control signal the slave armcontroller 200

18ont r obsnt hef opbeanpoaproiathe oar sabve egielvalkyvés rege or
ve each.joint of .t he. manip t l-a at -a
1Egte 8Pe%%eggolg>rortlonal FJJ %H’l% ofa’@% DE \fneovaern{grgt %F the

oportional "to the raie of nmovement
1bhe 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 Jjoints 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



correspondi ng joint of the master arm 10. The conputer

100 includes selectable el ectronic scaling neans
wob@semr3g he rel ati onship between the rate of POVEBRIVE/004328

of the master arm 10 and the resulting rate of

novenment of the manipulator or slave arm 1 can be

vari ed by the operator betweenlithat required for rapid

and | arge novenents of the manipulator arm 1l and that

ieqU|&$§ t e per id, hlingnd Reouats, myenephs ofjatBe of

mani pulator arm1 an |ts obj ect mani pul ati ng tool.

The neEs¢ecofir m Thecantaksonbcenprovi des GoTTESR! 1BolSimple

ans_to selective t _of indli v I
gg'ntgl%?c5}8ﬁp§w6¥¥F0FﬂFér8iplpﬁerﬁﬁﬁg BPaPor%%rw%%%l in
and/ og; tReseheckicveby per mi trfee rpvenentmal, thetrol the
master arm 10 without resulting novenent of the
Pani pudaeorfarreuatoenabl €hchetpakt eeihPRrt P¥pethe known
Ee Inggxegbl hq:lavsﬁré SEoﬁ ngntmecghcfc{' wﬂ@lsé b Q:rHE 1$peed of
|ncludes con means or contr i ng rotatlon 0]
ObjeCfoﬁaﬂipﬁlak;ngrbpoktﬂoahbuﬁxthEhEO@hs@ﬂmﬁuemnnﬂ of a

axis Dand for controlli 0 eratlon of, the ja

Bher e8P EFRE F6VAGSoNn % % g%HBL wheel,
directign swW tehgeontylikiine,r Oéﬁt 9N @fpibﬁofeanam rate
either direction at a fixed rate or may control the

1Pat e obnkooat wb@r@byt rtélet G’@ite 9% heptaliemeoknslg tool is

Lf2 RLELAL SRRt CoL BRLIGLCLeDR L BhcaneRd OF concron
1gont r@évﬂeél ce, gsSueh tasmdwheyst ioak zmtattlam‘e wheslion. 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



froman index position, or by a proportional rate

control whereby the rate of rotation of the tool is
w@e@posdBonal to the rate of novenent of a conk@DGB2005/004328

device, e.g. a thunbwheel or rotatable section. The

control of the jaws of the tool may be controlled by a

sinple two way switch. In one gébodi nent the tool

rotation control and jaw control nay be integrated

intoﬂls'a!%t@l%npy%%%ﬁi%ﬁ'&?byanq}(%‘@é’g odh®1ler other

Jjoystick 1n a first plane (e.g. forwards and

backwarals)a caasesr openi mgglandoel vskdg ofichhasj awe off more

he tpol and nov nt in a plane_normal to-t first
%)I ané C(YsS’_glg]ﬁ de%g% diafe ercaﬁg%ErPg{L%%i 37 telﬁ% fng)gleable
aboutrd heewh i shtaXithe Iibwémalt epAalhvd ejdiath Nnedkgree of
(not shown) speed sensors mi ght be provided on each
boi ntfxgedeom) medt efhar RARSPHILPEON VA RasQr £¢ hEorgrelled,
f ach. j.olnt. ar t '
R T
7nf orytet | aatandosi npidngmyg dhe dont mektekgorontmnel bfr in

t he conputer 100.1n another enbodj nent, t .
Bont rettier Aot REF-PHaR egaﬂr&?ttépgar:‘rﬁnﬁ}ntg h‘?gbgﬁ%s ﬁ{inl?ﬁﬂ&ﬁ‘tor

§s ong-Pr NI ehbPYShCkairdbe1pashersGenhyol kae woukd of
be noveabl e to replicate the novenent of each joi nt

10 degreeveheft eedoifcomastiemafirpul @t lar 49 Py Bensing the
ontrolled, the coptrol s m.i [ S r :

1o TR £ DAL S BLE RS 09 AR dteutaing

1gontrehéerrdde 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 Dbeen 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 Ilevels of
28 radiation and in extra—terrgstrial applications or
29 any other application where manipulator arms may be
30 used.

31



each direction replicating joint of the manipul ator

arm either by directly neasuring the rate of novenent
w@boosloss7asst er controller or by sensing the poRCT/GBRO0GMH04328

the master controller and calculating the rate of

novenent thereof fromthe positional information. The

conputer 100 and mani pul ator ai™m controller 200 would

control actuation of the valves of the valve manifold

800 tq, C%éﬂidwvwnhﬂréﬂﬁ&aabﬁﬂb%b@s ,ar mmeheeghyrol

the rate of novenent of "each joint of the manipul ator

ar m taydeecontr ahieedries prioponveohbdn t mavhéoe agel bised to

venent of  the master controller. in.the resp [.ng.
ﬁ?reéF?%%Fo¥%iT§?19$é§iﬁﬁse%¥m?nv%%Y}%% h§1§fl genggghgglon
descridad apphiced 49 almvtidid ateives M (org Usgegioadbtors,
ROV in a subsea environnent, the control system |, ,
RAccorHieRPen RPEOHT bseht PRAVEAEL 6ndRhyeal - Be alr driven
@dvaq; ggiég)applied to a control manipulator armin
a variety of other applications, such as in the
nucl ear industry to operate in areas exposed to high
| evel s of radiation and in extra-terrestria
applications or any other application where
mani pul ator arnms nmay be used.In addition to hydraulic
actuators, the control systemof the present invention
may be utilised to control manipul ator arnms having
ot her actuation neans, such as electric drives (e.g.
servonotors, stepper notors) or pneumatic drives (i.e.
air driven



actuators) .Clains 1 . A control systemfor an
articul ated mani pul ator arm the mani pul ator arm
whawonsp7at | east three degrees of freedom sai BCVGBRI06/004328
system conprising a nmaster controller noveable to
replicate the at | east three degrees of freedom of the
mani pul ator arm - neans for det&rmning the rate o f
novenent o f the master controller in each direction
replicatifng a degree of freedomo f the nanipul ator
arm and control neans for controlling actuation o f
Zﬂe mani pul ator arm whereby the rate of novenent of
the mani pul ator_ armin each_of said a.t least thre
Yegr ees o;g‘f?%rétdb i YT SBof 1 oAl anglFHga?gfiem%n%Sulator
qovenendrof the meshepuropbFolader hAveagh gir adasan three
replicating a degree of freedomo f the mani pulator | |
arm 2 degxassntafol fu5edem asatd oF pRRECPh EVALRMLICOMPIiSing
gherel n sghdeal L8agkhhee JRUARS Obof negdamdc! ude ot
at | eas Wo 0 f a pivot axis, a rotational axis and a
1ransl dteaytal tlaxés. d8greAscorit faleesicat enf ashel aeméguilator
claiml or claim?2_, V\gerein.the ster _controller
Eonpri F a1ty it (ot ARG M RabRhG 8T plPaVERFRY ©f
of ar mggegmentssater ceppeebedeby j gimt s, cgaeh j aiRbceion
f the master armcorresponding to a joint of the
10rani pulzewricating e desgtes of nfheediey af Fegsmanipulator

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

19 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 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



three degrees o f freedom corresponding to said at

| east three degrees of freedomo f the mani pul atorarm
w@awh/05d138 novenent of the master arm can repl PCEHGB2005/004328

novenent of the manipulator arm 4 . A control system

as claimed in claim3 wherein said neans for

determning the rate of novenem®@ of the naster

controller in each direction replicating a degree of

{1eedom,of LhenTaRLRY! Aty cALH COBPY | 968, @t BaChm  can

Jjoint of the master armcorresponding to a joint of

2 he manigniliatadre aravmemeanf dhes emsiingutdieon @mati ve

gosition of the segnent of the master armon either

ide of the joint and conputing neans for cal cul ating

fhe rate of sowereNt sobteai sSegrBEmes aboutlsiah d3 | @hbkein

to deternmine the rate of novenent of the nmaster arm

About tmlg @meﬁn%ffqmed%%ﬁr@rmam% Flepl rebei a§ moyemart of

o the MAN PUBLOL, S ooficbaMiLal Syl em scf! al Bedetlion

claim4 wherein the cal culating neans conprises a

ﬁlffEHEﬁépEﬂdHtﬁﬂg didégrentoat fngefbm pbskheomadapalator

fromthe position sensi means t.o deter£1gs the rate

®f moveiBht CBFPFRESSegritit sSof it HO St &F &P distier 24

gach | qiditr &fpdihei ARSLer -Aary8GH I 88PUHE NGak D@l @At arm,
of the manipulator arm 6 . A control system as
1¢l ai nednéans| gows densingr ewhsrdpiiviee Peahsieer of the
get ermsfn I{theo:lrfa % mg@%’gﬁegk oﬁhglgﬁgge ide of the
ontr ol conprlses speed
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 joint 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.



sensi ng neans capabl e of sensing the speed of novenent
of the master controller in each direction replicating
w@2aenseas of freedom of the mani pul ator arm 7 PCHGB2005/004328
control systemas clainmed in any preceding claim
further conprising a plurality of hydraulic actuators
nount ed on the mani pul ator to mve the mani pul ator in
each of its at |east three degrees of freedom each
jhydraulic actuator being connectable to a source of
pressurised hydraulic fluid via a variable rate val ve,
g Pe (rf]7o.nt rél gemhsotorsy=didni ngst ke aoipeatl ngnamdiye | BsEAGIING
of the variable rate valves to control the ra :
%mveneﬁﬁa&Pw:???Qﬁﬁpﬁ?%?5+sé?%1Fn%%%ﬁ%%%ﬁ%wgfoﬁ%ﬁgaullc
det er mped g2l ofouByedresh afhd heanBstestepntooln®re the
8 . Acontrol systemas clainmed in any precedi ng clai m
Wher ei mai@uasiayr toneddt | ef kel wdesl sathstipee degrees

selectivel y deagdjyvating phe ?@Eﬁﬁhi%eanécEﬁaEgE"itbeing

novenent of "the master controlFer w thout causing
TOr I espeitiaug amivenent aofsdnecempitpubeeoruErsed BydrAulic

control_system as clai in_ an recedi cl ai
%hereiﬁ%ﬂﬂgrﬁﬂﬁpﬁﬂ%ﬁ%igﬁhgnﬁééga$af%%stQﬁ%uFoﬂg%P%egeans
®f freedprprch0. iy CORREO! cpyslieny asaghai @@esingaNyof the
precedi ng cl ai mwherein the mani pul at or arm has at

10 east siariable rate wvalves to control the rate of

11 movement of the manipulator arm in 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



degrees of freedom conprising a shoul der yaw, a

shoul der pitch, an el bow pitch, a forearmrotation, a
wowiosnsqsg ch and a wist rotation, the master PCT/GB2005/004328

controller conprising an articul ated master arm havi ng

at least five degrees of freedontorresponding to the

shoul der yaw, shoul der pitch, ellbow pitch and forearm

rotation of the manipulator arm 11 . A control system

as cl ai opd- Loy, Giyi R 6ceding shalmibheyaont ebud¥eke i tch,

I ncl udi ng nmeans for  controlling oper a%/l on of an obj ect

ani pulethag t qolt@roviadet atferebmt al miditefort he of  the

ni pul at or ar m 12 . A control systemas clained in

| ai m FEWHER Yepertidht on clai m 10, wherein the neans

hor controlling the operation of the object

mani pul ating tool also controls the wist rotation of _,

Phe nbhi pubatontéaioh ABSten @ont FoR1IB9St di a31¥| ALASEAing

kn clai ei a c A Wals

gper atiéc}}]&%? }Aﬁgéob?oe%gfcr’rgﬁi %gffgtgﬁlngq?%g:ahgﬁg verl%%tnS For

7ot at i orofréheinanigpdrattdrorar mfcoapr idepea simaglipulating

oysti ck unted.qon_a distal ,end_of the er armt
lBerm’t i hBﬁHg&%SBera& iDnIoF tete ei?éigt%gag#ﬁ 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.

23

24



