ROTARY ELASTI C COUPLI NG ACTUATOR AND CONTROL METHOD CROSS- REFERENCE TO
RELATED APPLI CATI ONS This application clains benefits fromU. S. Provisional
Pat ent Application No. 60/435,992 filed Decenber 23, 2002. FIELD OF THE

| NVENTI ON The present invention relates generally to el ectro-nechani cal
actuators and couplings, and nore particularly to a rotary elastic
actuator, coupling and associated nethods. BACKGROUND OF THE | NVENTI ON
Exi sting robotic systens are very successful at performng tasks that only
requi re novenent in free space or in known environnments under position

control. InR@hmngw:@r@om;N@,eaicﬂgm@imu\f@bdggrkmm gemol  of,

for exanple an end effector, is one which is Inher y Ilg t weil ght,
conpact, |low cost, stable to control, high power and capabl e of torque
generati on. Actuators that are light and conpact will not overburden the
design constraints of a system The optimally |ight and conpact actuator

w || provide ﬂ(f’%”‘l‘@‘ TIE{X r%qt er to control and | ess
power is nee8§p$§c%%$%§ e s;es'?"eb*m A Jgf\o%p(rgreﬁlﬁgt in robotics continues

to progress, conventional position control systens have been found to be
i nadequat e. FKh'tsvmpnzitibhmiaimnbenméﬂtedroradﬂﬁatﬁmismml SFatrenthApplicadiod and

actuate n po | regardl ess of the torque/force
t he sys[\lté’ngg}’@geé%ztﬁ a%f'eé’%ﬁ r%%’s? n act uator that is force sensitive
will also actuate the robot to a precise position, but a known force is
generated during the actuation. This facilitates a nore favorable

interaction between the robotic systemand the work environnment. |ndeed,
force control is preferred over position control in actuators,

particul ar| yFiHd3 O thENBENRGNbot i ¢ syst ens.
The present invention relates generally to electro-mechanical actuators
and couplings, and more particularly to a rotary elastic actuator, coupling and

‘associated methods.

BACKGROUND OF THE INVENTION

Existing robotic systems are very successful at performing tasks that only
require movement in free space or in known environments under position control.
In robotic systems, an ideal actuator for position control of, for example an end
effector, is one which is inherently light weight, compact, low cost, stable to
control, high power and capable of torque generation. Actuators that are light
and compact will not overburden the design constraints of a system. The
optimally light and compact actuator will provide a robotic system where

movement is easier to control and less power is needed to actuate the system.

As development in robotics continues to progress, conventional position
control systems have been found to be inadequate. Known position controlled
actuators are somewhat rigid and actuate the robot to a certain position,

regardless of the torque/force the system outputs.
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Traditionally, force controls are just sinply force sensors installed in
the end-effector which provide a force feedback. Although these actuators
are capable of force control, they are still too rigid in certain
applications, such as for exanple, where there is an inpact force between
the end-effector and a working surface. The inpact force can sonetines
overload the transm ssion system Furthernore, upon inpact, the robotic
system m ght vibrate and cause uneven force distribution at the

end- ef f ector gyBirfaef eithdiSato 120 WRSRL s8haRLO W SR8 dRbateTHE oML 6l ast i ©
actuators can’be usetu en enployed In robotic systens, as we as in

ot her apppiecke position| bst & draetru fdroe gs igerienated adurgigathe ackiatioant Thisch as a
spring di sposed between t actuator driving en nd the driven end. O
or 1 oulsiiiEer froregarunbla Biapeidhbehe hecrboff svatn car BRaBRE abr upt

| pact s eni/RethehNOINGERH) Rrédadntrélig prefBfred WvbRpBsitiBA@Rtrol inhaGuhtiags easi ng

t he st abi Ilta; of the actuator, while reducing vibration and providing some

shi el di pgri Yoibose iemploykehingebotic sykiedst uator. I n conventional elastic
actuators, the novenents are typically linear, or in rotational novenents,

h [ i i . h I . : )
conti gurat i o pRally® GreblEhefbIE RPE B ot densBieCilsfaclinf, g6t vat o

act uat oesdreffeetdre euhmichd grevidped fonce ueedbadk. kAlthoudgle thesé hectdandaaries i n
convent i onaé el ast iCc roté)ir}/‘ actuators. In known elastic rotary actuators,
a tor si GARRPIEHTiTALFE conlivbdhey are sHE teq HEidynGesRihpPPCcatigngue et 8%ferhe
driving eﬁﬁﬁgﬁé) Wﬁl@re%éﬁeeie aerPﬁ'nspd?’,‘P‘f&‘é%rbetwéaﬁ '%héeheféﬂe%gﬂi amPh Wtitking
difficul't to design and expensive to nanufacture. In -2 nmany cases,

sui t abl eutfaes.i dhal inggact fgeeacen nimetimesraiesioby theatrbabingssiomd syateen. t o be

custom . _Moreover,.the rotatable rapge of the actuator is typically
' e THIDCFEO AR i TRUE SYBTETR HBIhb it e peig, Seher
convent kgaal distribution at the end-effector, which results in an unsatisfactory control

system.

Elastic actuators can be useful when employed in robotic systems, as well
as in other applications. Elastic actuators include an elastic element such as a
spring disposed between the actuator driving end and the driven end. Of
particular benefit to robotic systems, elastic actuators can absorb abrupt impacts
resufting from a load impact or surface contact, thus increasing the stability of the
actuator, while reducing vibration and providing some shielding from possible

damage to the actuator.

In conventional elastic actuators, the movements are typically linear, or in
rotational movements, they are limited o less than a complete revolution, due to

the actuator configuration.

Unlike elastic linear actuators, few elastic rotary actuators have been
developed and used, likely due to the drawbacks in conventional elastic rotary
actuators. In known elastic rotary actuators, a torsional spring is used io
elastically transmit a torque from the driving end to the driven end. However,

such a torsional spring is difficuit to design and expensive to manufacture. In
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el astic rotary actuators use force or torque feedback for controlling and
are not suitable for position control. As well, force feedback is
typically sensed in known elastic rotary actuators by nmeasuring the tw st
in "the torsional spring such as with a strain gauge. Such a neasurenent
Is difficult and noise prone. The use of a strain gauge may al so pose
limtations on the spring' s operating range because of wring

requi renents. Thus, there is a need for an inproved elastic rotary

actuato | I t] e far e .c.rotary
act uat oA R i (BRRA srPR Rl coh el i @lp BT kfeAm O an
rotary & &t costant-onater Norebueledha notdtable edrgst o treo aptuabr satyipicallywo

fl ywheel.s.cqupl ed by |inear t ensi spri.ngs. The eel s may be used as
ot que Sanied el Mresabifen sTess of e Besaiehamiinon s et o eRteRr: he

fl y\’\heebfastibh_@td?gta%ﬂﬁit@% Qée Fdr8e M tbRlR fdipBek 6 Eshtrdifch and dBendtver al |
torque that is being transmtted throu%gdt he coupling can be conputed and

cont r ol buiiable forpesitipn gontrak dsewell, forcauteedback irtypinaly segaediin foewni on

conven: &t OBl eglBHR by in BN ER! TR v BidRed SiEladEr R ana
serve ag sthaflg=rlgeoShiehsa mMdistremeAPRCHifficItCand haReprohed The ddieomat or may
be greatly reduced and stored in the springs as potential energy.

Conveni &igin/gauge may alpe mosggpnitationsos theagoiing)s operating @nest begesser i ed

perfor L CF | e elastic flywheels accommopdate different spring
sti ffnggg%m}celt%ﬁ%ﬁ}eﬁgr} make up the overall stiffness of the actuator.

Since the extension springs are conventional they are readily available in
a variety of Thasstherd ives sicetifonac inpaved slastic mtaysgudeatonfcdulpling aaslent

I nvention, there i rovided_a . .
control me?hof pgrt%ullarﬁ/ for an elastic rotary actuator that can be used in a

robotic system.

SUMMARY OF THE INVENTION

An rotary elastic actuator includes a rotary elastic coupling having two
fiywheels coupled by linear extension springs. The flywheels may be used as
torque sensors. By measuring the relative angular position between the
ftywheels, the extension of the springs can be calculated and the overall torque
that is being transmitted through the coupling can be computed and controlled.
Preferably, encoders are used to measure angular position instead of strain
gauges or potentiometers, which are very noise prone. Conveniently, the elastic
flywheels permit accurate output torque, and serve as shock absorbers. Thus,
impact force transmitted to the motor may be greatly reduced and stored in the

springs as potential energy.

Conveniently, as different applications may require different specified
performance criteria, the elastic flywheels accommodate different spring
stiffness, which in turn make up the overall stiffness of the actuator. Since the

extension springs are conventional they are readily available in a variety of
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rotary elastic actuator includes first and second fl ywheel s nounted about
an axis for rotation relative to each other; a pair of linear elastic

el enents, each having opposing ends. One of the opposing ends of each of
the linear elastic elenents is nmounted to the first flywheel; while the
ot her one of the opposing ends of each of the linear elastic el enents
nmounted to the second flywheel. The pair of linear elastic elenents are
nounted to bias the first and second flywheel s towards an angul ar
equilitwﬁm%%£§sition relative to each other about the axis of rotation and
to exert a net torque about the axis and toward the position of
equilibrium as the flywheels are rotated angul ar di stances in either

di recti on awhy atcadanhbe vatihgan aspeamfithe présent pogritioonthefbés aoivideda nmay

further include.a nptor operatiyvel onnected to the first flywheel for
ot at 1 nfPIERESRRHE ACR o BERIdS it AndksReNa BB MaUnlRy shopa axis

i ndi cat gyrerophticH EthRVe RPEAEH @RFeroh pdifof lihsdr ABRSIS BRPREKE] ¥¥6EBbSIngA
controller may then be operatively connected to the notor and the sensor

for coneppbsinggendse Opatgbdine opposiog andsrofeacbdofdhetlineas elpstic slementsxenpl ary

i sl ac BrEREN e e rhChin R BhEF Bt Bo TRy obBRanbEsib Sty e
not or basesk MiledhslasRasieneshia taclied db IRé aeeomd flywhtsie ThasRec bbliks
features of the present invention will becone apparent to those of

or di nar glaskic|glemgnisareamouitrshta bigsdiiedirst aed ssreoshifiiyhaelsctomards anof

speci fi ' : . i i i | i . . anyi ng
P gur es EFREEIBHArEhe b BrBHRIL i Adh R AP HG 1B e & FekRud B S L0
by way ¢ eradmphet tordue atsmdtdbe izt sndiowdrd thepesitionh ofrecgiilibriom, asdhkel G 1 is
a schen'?ltiﬁ bl ock di agram oI a.rotary el gstig¢ actuator, exenplar

ywheels are rotateéd angular distances in either direction away from the angular

equilibrium position.

The actuator may further include a motor operatively connected to the first
flywheel for rotating the first flywheel; and a sensor for generating signals
indicative of angular positions of the first and second flywheels. A controlier may
then be operatively connected to the motor and the sensor for controlling the

output of the motor based on the signals.

An exemplary method of controlling this actuator includes measuring
relative angular displacement between the first and second flywheels and

controlling the motor based on the measured angular displacement.

Other aspects and features of the present invention will become apparent
to those of ordinary skill in the art upon review of the following description of
specific embodiments of the invention in conjunction with the accompanying

figures.
BRIEF DESCRIPTION OF THE DRAWINGS

In the figures which illustrate by way of example only, embodiments of the

present invention,



of an enbodi nent of the present invention; FIG 2A is a perspective view of
the actuator of FIG 1; FIG 2B is an expl oded perspective view of the
actuator of FIG 2A; FIG 3A is a perspective view of the elastic coupling
of the actuator of FIG 1; FIG 3B is an expl oded perspective view of the
el astic coupling of FIG 3A; FIG 3Cis a perspective view of a portion of
the elastic coupling of FIGS. 3A and 3B; FIG 4A is an enlarged
perspective view of a portion of the elastic coupling of FIG 3A and 3B;

FIG 4B is a X iV, i (A i 5A;
FIG BA s apf)(g'r{s)t)sg%tg ?Ogﬁéﬂgﬁ fotsdkocﬁaéﬂgﬁggf)%r&%fy E?’é{'b%&‘ﬁ?@ g%ﬁxlpgalrgn

expl odedf peesmaclimesnt of thw ppésdritGventiontl G 6 is a schematic di agram of an
el astic coupling, exenplary of an enbodi nent of the present invention.

FIG 7 shows e, dependence  of out torque o | ati ve angul ar positions
of flywheel SFiﬁ' %géspﬁd’t‘?ﬁw%w%quﬁ}’ %g{h%%@@tofﬁ':iéuﬁ di fferent springs;

FIG 8 is a schematic diagram of a control nodel of the actuator of FIG 1,

FIG 9 is a PIGCIB® asexplodelsdrsgédtivg \iew Ofthehctuatirof FIG. gantrol ling the
actuator of FIG 1; FIG 11 is a block diagramillustrating al ternate

control logic for the -5 actuator of FIG 1; FIG 12 is a block di agram
i Il ustrati ngFle dfiep perepacive Maw phifiecelpstic eaeplingcefithe actustopid G, FI G
13A- 13B4show performance conpari son of the actuator of FIG | under
different control logic and position control; and

FIG. 3B is an exploded perspective view of the elastic coupling of FIG. 3A;

FIG. 3C is a perspective view of a portion of the elastic coupling of FIGS.
3A and 3B;

FIG. 4A is an enlarged perspective view of a portion of the elastic coupling
of FIG. 3A and 3B;

FIG. 4B is an exploded perspective view of the portion shown in FIG. 5A;
FIG. 5A is a perspective shafts of actuator of FIG. 1;
FIG. 5B is an exploded perspective view of FIG. 5A;

FIG. 6 is a schematic diagram of an elastic coupling, exemplary of an

embodiment of the present invention.

FIG. 7 shows the dependence of output torque on relative angular
positions of flywheels of the coupling of FIGS. 3A-3C for four different springs;

FIG. 8 is a schematic diagram of a control model of the actuator of FIG. 1;

FIG. 9 is a block diagram illustrating a control logic for controlling the
actuator of FIG. 1;

FIG. 11 is a block diagram illustrating alternate control logic for the
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FI G 14A-14B show the response of the actuator of FIG | under torque
control. DETAILED DESCRIPTION FIG 1 is a sinplified schematic bl ock
diagram of a controlled rotary elastic actuator 100, exenplary of an
enbodi ment of the present invention. Actuator 100 has a drive section 200
providing a source of torque for actuator 100, and a driven | oad section
300 having a rotational |oad 302. An elastic coupling 400 is interposed
bet ween drive section 200 and | oad section 300, and couples drive section
200 to j ection 300 to transmt torque and | oad between drive
sectiongég%ﬁﬂwgqﬂgféen | oad section 300. Although not shown in FIG 1,

el astic coupling 400 has a notor flywheel interconnected to the drive
section, whi FiGi 42pesa thlauke diagpsnosillustratingoah palternatey obrted! logit far the
interconnec%ed gﬁ tHe driven | oad section 300. Encoders 206 and 304 are
provideéCF@‘§éﬁ Gt fle angul ar positions of the notor flywheel and output

fl ywheel respectively. Encoder 206 and 304 can be forned in any suitable
nmanner kKnownfi@. 33AI3Bshoi befBrhanéd @ofiparisbar ofefRMBtRiatd o FRGJIgr 206,
304 may include an optical position sensor for sensing the positions of a
r ot at i ngnger diffesant igoatol lagistanchpesitiazgonisel; end drive shaft of notor 202) or
out put shaft 436. An electronic controller 500, takes as inputs the outputs
of encoders C [ Skt e out put
chaf t and ¢ of ie 28 148 S sRhe of 1 abliior BPEREY kB Biralied P
adapt edcontrdlher eby control the position of, and torque delivered to, the

driven | oad section 300, as will be explained in detail hereinafter. FIGS.
2A and 2B illustrate a nechani cal enbodi nent of actuator 100. For ease of
illustration, controller 500 is not illustrated. As illustrated, drive

section 200 includes an electric notor 202 coupled to an optional gear box
204, DETAILED DESCRIPTION

FIG. 1 is a simplified schematic block diagram of a controlled rotary elastic
actuator 100, exemplary of an embodiment of the present invention. Actuator
100 has a drive section 200 providing a source of torque for actuator 100, and a
driven load section 300 having a rotational load 302. An elastic coupling 400 is
interposed between drive section 200 and load section 300, and couples drive
section 200 to driven load section 300 to transmit torque and load between drive

section 200 and driven load section 300.

Although not shown in FIG. 1, elastic coupling 400 has a motor flywheel
interconnected to the drive section, which is positioned opposite an output
flywheel that is interconnected to the driven load section 300. Encoders 206 and
304 are provided to sense the angular positions of the motor fiywheel and output
flywheel respectively. Encoder 206 and 304 can be formed in any suitable
manner known to a person skilled in the art. For example, an encoder 206, 304
may include an optical position sensor for sensing the positions of a rotating part
such as input shaft 434 (or the drive shaft of motor 202) or output shaft 436.

An electronic controller 500, takes as inputs the outputs of encoders 206

and 304, and is able to control the position of the output shaft and torque
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for generating an input torque about a |ongitudinal axis of rotation (the x
axis) of the drive shaft 214 of drive section 200. As shown in FIG 2B,
gearbox 204 includes a gear head 208, a main portion 210, and a coupl er
212. Gearbox 204 is nmounted on a gearbox nmount 216. Coupler 212 couples
the torsional nmotion fromdrive section 200, to elastic coupling 400

t hrough input drive shaft 434, which is fixedly attached to and rotates
with the notor flywheel 402a of coupling 400. Coupler 212 accommobdates any

put SREALBE T e SRR g R BonrRuls At A BT et PalEb Ao R

conver spositioh &, fur@htcﬂga@ddmteﬁéd eolt 8 drivem et OsectidP2300, ashivilihbéor que,
| ow speed out put. wi || becone apparent, this facilitates the easier

cont r ol eBIP'at'Wéi 'Bﬂ%{h%fﬁé@ﬁe&nd torque. Drive section 200 and its
conmponents are preferably reversible, low friction and have |ow backl ash

transm ssi O”Flég Hgs :igﬁéﬂeﬂésa rh&Ganidf YrHbodifn R 4G é’(f;tu}a{oghrodmt erial.

Pref erably notor torque to current ratio and I1s relative
conpact Fion esisgeofaillustratiorer cordtdiler £048i Isabot illustratesix ampiseillusinatede drive

nmbodi 1 d 40 tt P 1
e odder Sostin 20 ncdude BN ciea s B2 Lol B An BPRGHS st pd > O
encoder for éﬁ%ﬁ‘étlrﬂ@én%%trf@bhd’éea@o@:a hgkugmpal akigast, ro?d?@nc(ﬂ\@k%x@]& may be

a 3 beam s?—iucoTM cou i's known, "t he Huco coupl er has high torsional
ri gi di t{he gave shelick JaQﬁdnm amb@m@oﬁartﬁ%ahpwann Co Rl dieasb@e 204 n

msalig th driyve shaft 4, a FI G 2B,
i ven’ ERtesch obAF nedB g, AhHE B5Akh 248, anfld S fReb gt IGdilx 2840 ou o
an out pig m@uaféd 43 & @é&ﬁbﬁ&ﬁ@umtrﬂnﬁﬂro@ou@&m’l& cduplbatiie fi6ional friotiedl y
attached for rotation with output flywheel 402b. Load 302 is fixedly

mount ed T8M HEYRi §R§1i3062Q% t@u@'@ﬁvc SREPng AH0 %Qﬁghgn%d@(&)ﬁb?ﬁs‘l?r‘lmd 302

f‘gg dCO”&H i@ Blddly SRARIY EPartd MoKl the hWStbPRyRReM a0 ofciitling D ven

400. Coupler 212 accommodates any axial misalignment between the output
shaft 214 from the motor and the input shaft 434 of elastic coupling 400.
Gearbox 204 allows for the conversion of a high speed motor output from motor
202 to a high torque, low speed output. As will become apparent, this facilitates

the easier control of the output speed and torque.

Drive section 200 and its components are preferably reversible, low-
friction and have low backlash transmission. In some applications, they should
be made of light material. Preferably motor 202 has high torque to current ratio
and is relative compact in size and commercially available. For example, in one
embodiment, motor 202 may be formed as a 400 wait Panasonic servo motor.
Encoders 206 and 304 may be conventional 2500 pulse per revolution encoders.
Gear box 204 may be a ZF 40:1 gear head, and coupler 212 may be a 3 beam
Huco™ coupler. As is known, the Huco coupler has high torsional rigidity, zero
backlash, no moving parts and can accommodate certain misalignment of the

motor drive shaft 214.

Also as illustrated in FIG. 2B, driven load section 300 includes a bearing

housing 306 that is coupled to an output shaft 436 from coupling 400. Output
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section 300 al so includes encoder nount 310 for nounting an encoder bearing
312 and encoder 304. As illustrated, |oad 302 is depicted as a static nass
with weight m In practice, load 302 may be a variety of |oads such as for
exanple a robot arm or the like. Elastic coupling 400 includes an input

fl ywheel 402a and an out put flywheel 402b (collectively referred to as
flywheels 402). In this enbodi nent, flywheels 402a and 402b are nounted
for rotation about a commobn axis x in opposed, proximte but spaced

relatio C I | i f o L ng 04 osi tioned
bet Ween@'tl é@ @y’%@‘%ﬁ??&@é‘% gﬂﬁgﬁﬁé}%oﬁg\’v’v{ahr Q%&Eﬂ?ﬁﬁéﬁt@ﬁpe%‘?%ﬂg}) gl I“S’edges.

Li near $ipediggsodttddiont lesestmmn 806 tb loywhaalhaft44dBh Hodsing@6 supmathioatiher and
are adar%ed to be carggble of elastically transmttin i nput torque from

! ) 3 . g_an. p

i nput BP&ANG consiraimsotsomeHan o pipgirearis Zetagion gbogbie X pxigs tlPraesuload 'FI Gs.
3A, 3B : ' | c?md'ﬁ'@dﬁe i IS HANGSSd s, N
this cag'ggttnﬁ]erstembatle;l;&'nzn our %al rsrgﬁég%l??1n%2@' @gﬁgré’ﬁ iaﬁg 4(5%2 b(%%nééch pair
i s arr aldddard¢nsier 304. t Aes idtdimted,doad O istdepigiad ms404tatic massiwitht he
periphery.qf the circunfere Th Qsi tioni f four irs of springs
Gosa, 40RO RLTREradlie. ook 42 pralehit A erieBe bBersisiih asTop ealPl Al shed
bet ween rghist i, Ve tiRemid. on 200 and | oad section 300 (FIGS. 2A and 2B), when

no load is being applied through coupling 400. It should be noted that
vari ous other_linear sprin% arrangenments are_ possible. For exanple, a

singl e pai r &fasdisr cagRlingoddg Melidase apoindt Bavhral \@2a and)\ane@utg2a and
f1 ywh a02h, ' ' ' i ] ly 180
ey hecgie0: 409 (OhiecheRefeply 1L ARAELRCAS, I S LmBGARERL Y

I nt er cofipeheeisnd02s ahd 403bnaesInsoditiad, fod O2tatioanabrrit corbhse dxio xtihat one
spring exerts torgues gn each fl%v\,h,eel in one direction (but opposite for
each fI?RH@%?‘i P i9e D5t 1SRACe elioBx kY BachopifeEs BnPRIRIRY rofy | in an

opposi t gpHh§£A0OBre pBsitioned between the flywheels 402a and 402b toward their
outer peripheral edges. Linear springs 404 interconnect flywheels 402a and
402b to each other and are adapted to be capable of elastically transmitting an
input torque from input fiywheel 402a to output flywheel 402b.

As best illustrated in FIGS. 3A, 3B and 4, in this embodiment springs 404
are arranged in pairs, in this case there being four pairs of springs. One spring
404a of each pair is arranged adjacent to the other spring of the pair 404b,
around the periphery of the circumference. The positioning of four pairs of
springs 404a, 404b ensures that a steady equilibrium position can be established
between the drive section 200 and load section 300 (FIGS. 2A and 2B}, when no
load is being applied through coupling 400.

It should be noted that various other linear spring arrangements are
possible. For example, a single pair of springs could be interconnected between
flywheel 402a and flywheel 402b, one of the pair of springs being positioned
generally 180 degrees opposite to the other of the pair about axis x. The
interconnection to the flywheels 402a, 402b can be configured so that one spring
exerts torques on each flywheel in one direction (but opposite for each flywheel)

and the other spring exerts torques on each flywheel in an opposite direction.
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The result is that each flywheel has two springs, each exerting torque in
an opposite direction on it. Aresultant equilibriumposition can thus be
established. Cenerally, however, nore than one set of pairs of springs is
preferred to provide relatively |arger conbined spring stiffness for

el astic coupling 400. Each spring 404 has two opposing ends 406. Each end
406 includes a loop (as best illustrated in FIG 3C) for nounting to one
of flywheels 402. One end (406a) of each spring 404 is nounted on input

fl ywhee S | unt on

out put ?Pé\l\%%uﬁqgo@gf: eagﬁ%ﬁ"m%s%zg‘ggﬁwg %Qgg %{?r{gﬁ (ol mét ms%ﬁl ngs 404
are di spppesitéadtrMmm orf itymuﬁammbmabpgaﬂem alah)thu:mbe eptﬁﬂlehed
perpendicul ar to the axis of rotation. As illustrated in FIG 3B, each

fl ywheel 402 | f | d 410 t ed | |
o e Spierelh, hehVhr. haiSiiasone el AELaTs o ShREcs L sTaaTEr to)  dor e

410, aspiRfide %ﬂéﬁ\kéiy'la@{;éb’cdrhb?ﬁébrs@rlﬂg stifinE&<Pr edfstrNSbupfiRy 400, one end of
each sllder 410 there are two threaded openings 412 for Teceiving

connecting bolts 414. An end of a spring 404 is secured to a slider 410 by
a connect i ngEgehtspiing 404 basdwor eppasing Ende 406hr Gagh anded®blinclédes 8s head

connect 1 tasop@Ciietared dn TIs 4Rt Ribcflf @ O BrAMRE e JOBY' ( fo”

spring kadd(406e) fheamrs@anSuMeis rhd0niedc b dieput flyahech 2024oand ebei vi ng an
adj usting bolt or & 422 and grooves 424 for engalgl ng arail on the
f | ywheePPPESNE 88fu qﬁrt@ 95|theoﬁpwa91§342@%t%d nure@aubflyedes! 1492heel 402.

Thr eade 4 ,F?’%% r r eel s
and ex? ré%%gjl %?%?I?Ss 4 ?ﬁggtggﬁﬁﬁs m %E%d%go?rﬁ%we%wweel S
402, as flyﬁvh%istﬂﬂaedﬂﬁb genésally3A agpldnd Perpiiriditeular #$libe aais dierotationd radi al |y
outward and inward along their respective adjusting rods 422 duri ng

csserdly Lo, 38 HebedP 5Riot U6 ATk E DS ShutR SR oyinee! o
novenmenindinted ot icatialy sPacsd 4hfularPosliiols about its axis of rotation. Springs

404 are secured on sliders 410, as more particularly illustrated in FIGS. 4A and

4B. On one end of each slider 410 there are two threaded openings 412 for

receiving connecting bolts 414. An end of a spring 404 is secured to a slider 410

by a connecting bolt 414 threaded to the slider through the hole of its head and a

cover plate 416. To allow spring 404 to rotate smoothly about the connecting

bolt 414, a ceramic bushing 418 can be inserted between the spring head and

the screw. Slider 410 includes a hole 420 for receiving an adjusting bolt or rod

422 and grooves 424 for engaging a rail on the flywheel.

Four adjusting bolt or rods 422 are mounted on each flywheel 402.
Threaded rods 422 are spaced about 90 degrees apart around the flywheels and
extend radially outwards from the cenire hub portion of the flywheels 402, as
illustrated in FIGS. 3A and 3B. Sliders 410 can be moved radially outward and
inward along their respective adjusting rods 422 during assembly to adjust and
set the extended lengths of springs 404. Flywheels 402 have guiding rails 426 for
engaging grooves 424 and assisting the movement of guiding sliders 410 radially

inward and outward. During operation of the actuator, sliders 410 are fixedly
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I nward and outward. During operation of the actuator, sliders 410 are
fixedly -9 secured at set radial positions on rods 422 to flywheel 410 by
set screws 428 that pass through threaded opening 430, to engage the
surface of rails 426, to lock the sliders in position. Sliders 410 are
generally circunferentially disposed so that each spring is disposed with
Its |l engthwi se extent tangential to a direction of rotation about the
axis. However, the orientation of the | engthw se direction of the spring

can in ' L vard (o t l

o Fent atpomreRRaE PR AR A ERMAP Bl by RRYERM A28 that

spr ihngs pase thrgmgﬂttbchi‘oﬁMg t(éleei to gngageltﬂﬁa sfarfec@rmggéiw 126 atdy m&-nL to
each other and the aqpposi ends. 406b are anqul ar adj.acent to eac

ot her . ﬂ?ﬁ shiders knopa%ﬁgfﬂ-héhf%faj 4t gre gsasraly eIl f%mél!v @59@% 59r e

al ways HRH O |\ I %4;%- Nge ' LAgEsFBAtofl S best
shown i %I G 3C nEB?t r, e@m‘bt/' gﬁlen '?Srl ngrgqégig éﬁ%ﬂﬁ‘? ggd,ﬂ th'eﬂsolfi ders
410 canrdfetiposiboub tiel azis. t Hawerar; Hhe priemdptitivof the ngdnwed ditedtian diet ween

5 R kAR S e S0, 1

parti al byiegigtishi cal | y deforned and bi ases the flywheels 402 away from
their equilibriumposition. However, since four of the eight springs 404
(the ones marked as 404a) bias the flywheels away fromthe equilibrium
position in &feung dhat sitswimfersncec of dheafivheris lkr adigoentoSPIiRgs arght

springs  4Qhitd Qﬁgiﬁ’gﬁﬁaﬁi tHBi ié%gﬁer a %barﬁﬂg%ﬂfoéajrgg{ag%%hgﬂﬁoﬂg?%nhrtﬂ@ the

equi | i brium posi n-anot irec i'on, and t he nagni t udes
of the opposifpesdsgiitlr greanguariggadibcentt foeehdly wiiesl 3n 4dHerevbeds, ithbes an
equi | ibrium osiéi OF Wi tH. no net .torc"ue bei n exerted on eitpher flywheel,
when t h@AIRCEET ARdR R B¥M aFiacenkBRrings FsRIWAYS gr,zfmt%wnﬁheﬁam proeed

FroooernE, TG IRURES IR, BIA STBARNE, dn St i dness.
springs 404 mounted, the sliders 410 can be positioned so that each spring 404
is extended midway between its natural length and its full elastically extendable
length when the flywheels 402 are in their equilibrium position. Therefore, each
spring is partially elastically deformed and biases the flywheels 402 away from
their equilibrium position. However, since four of the eight springs 404 {the ones
marked as 404a) bias the flywheels away from the equilibrium position in one
rotational direction and the other four of the eight springs 404 (the ones marked
as 404b) bias the flywheels away from the equilibrium position in another
direction of rotation, and the magnitudes of the two opposing torques are equal,
the flywheels 404 establishes an equilibrium position with no net torque being

exerted on either flywheel, when there is no external torque or load is applied.

In the depicted embodiment, all springs 404 have the same natural length
and stiffness. However, springs 404 may have different lengths and/or stiffness.
As can be appreciated, initially extending each spring to half of its elastically
extendable length is advantageous because the stiffness of the elastic coupling
as a whole is consistent and the flywheels 402 can relatively rotate in both

directions of rotations. It is possible, however, to partially deform the springs fo
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As can be appreciated, |n|t|aIIy extendi ng each spring to half of its
elastically extendable |length is advantageous because the stiffness of the
el astic coupling as a whole is consistent and the flywheels 402 can
relatively rotate in both directions of rotations. It is possible,

however, to partially deformthe springs to -10 different extents in
certain applications, such as when the torque ranges required for the two
rotation directions are different. Further, when the torque ranges are

di ffere8]ﬁeréﬁr%ﬂ%ﬁgﬁgégngﬂdaﬁﬁﬁptlw su%ﬁeqs%ﬁér? Et‘ﬁp{or l%éﬁrgb%ﬁsrelgﬁ% ngs 404

may be any sui springs i'nc SPri ngs a

el asti cfdrthgitwe. rosatrcmgur@ameamé)duﬁéres}prFurgmM%enaheberqd:et mmgeaeallef rom

t he reqU|red torque range as i s understood erson skilled in the art.
Spr i ngs difigtente springs;4047 apd g04bdnayhaye Qtﬂ%?ntlﬁtﬁgﬁﬁs-el astic couplings such
as elastic bands and the like. As used herein, linear elastic neans that

the spring olpAhbera ARy Se dfilyeSRIHoIO WANES |ﬁél§§|hgct%ll| YpithiEnafeligeed in a

| inear direction. This does not however, hecessarily mean That the elastic
def or matikenThe elasbicity(iee.| $pringr d:qnstartttd@rf@lpnggs d0docae be determinedfftgmher

illustrated in FIL.GS. 3A 3B _.3C_5A.and,513, rota . ast i | 400

| nel e el Ao A BSnaRrBOL i perath Bidlef if Me. St SRS "200
coupl ed4pa aAWEKEbe 24@120Ed Withu@hEERidArel 2R cﬁfﬂ@hﬁ@e eusIPES erdsittbahdé coupl ed
to nmounti n%@hou& ng 308 (FIG 2A) and | oad 302 of |oad section 300. Hub 432

i ncl udegnd teelike.i ng shaft 446 extending fromshaft 434. CQutput shaft 436
has a bore 444 for receiving a portion of centring shaft 446. Hub 432 al so

i ncl udes bal Iy . r : | I ers 456.
As can be un&er %o‘ﬁg{eﬁsg%&}t@g %é%.t'é;ﬁﬁéél@%t %ﬁg@&?&ﬁ@e?g%ﬁ%%ﬁ%wb at
a const eldmerbiiatiaveisstlasialiytwhen beﬁarnhw@sm@ﬁﬁneﬁrec&bnceTtnietcHteismm

fSL;? : ISOﬁgg%%%ﬁea%%a(-)sté,%ﬂyngnefnartggt (t:ﬁe ellgs?t}cl %e?oorn%tll ngwﬂIO%éh\a/t\\y}g qln%sa%()a,nbl ed,

according to Hooke's law.

As further illustrated in FIGS. 3A, 3B, 3C, 5A and 5B, rotary elastic
coupling 400 includes a hub 432 connected to input shaft 434 from drive section
200 coupled to coupler 212 of drive section 200 and an output shaft 436 coupled
to mounting housing 308 (FIG. 2A) and load 302 of load section 300. Hub 432
includes a centring shaft 446 extending from shaft 434. Output shaft 436 has a
bore 444 for receiving a portion of centring shaft 446. Hub 432 also includes ball
bearing 450, thrust bearing 452, flange 454 and spacers 456. As can be
understood, flanges 454 and 456 keep flywheels 402a and 402b at a constant
axial distance while bearings 450, 452 reduce rotational friction between rotating
parts of elastic coupling 400. When assembled, shafts 434 and 436 are
generally co-axial and can rotate about the centring shaft and hence the common
x-axis relative to each other. This arrangement ensures alignment of shafts 434

and 436 and their reliable and smooth rotation.

Flywheel 402a is fixedly attached to shaft 434 for rotation therewith, and
flywheel 402b is fixed coupled to output shaft 436 for rotation therewith. The end
of input shaft 434 facing the output shaft 436 has a flange 440. Flange 440 has
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general ly co-axial and can rotate about the centring shaft and hence the
commopn x-axis relative to each other. This arrangenent ensures alignnent
of shafts 434 and 436 and their reliable and snooth rotation. Flywheel
402a is fixedly attached to shaft 434 for rotation therewith, and flywheel
402b is fixed coupled to output shaft 436 for rotation therewth. The end
of input shaft 434 facing the output shaft 436 has a flange 440. Fl ange 440
has -11 four bolt holes for securing input flywheel to shaft 434.

Simlar ; ffgﬂnﬂ‘% fracd e t has a
f1 ange tﬁl{] .IB@FQE)Q‘% ?ﬁzsgﬂr%én?@ff ur %@)It?%@eg?@b%(ﬁﬂ r hﬁrga %ﬁttﬁgotjt

f | ywheebutpuit shaf dB365aaing tH8 tpub shbfirddidi has aflangpdd@dFlangs 426alexhaad i n an
axial directi rom each .of fla s 44Q .and 442. ngroller 5

| Gt ¢ P Pl s SeitpRg o B iuieel JALpuipHE sbef 496 A BlPag o
control bSécéd"'%bsDﬂ%eéxtéﬁd iNBN bRif HirE&dn @6mVéédha&ﬂ’Ia$1lg§Qaﬂ4@ gr{cpmz_encoder S
206 and 304, and provides one or nore output signals controlling the

position or torque of notor 202 and_hence shaft 434. Controller 500 may,
for exanpl eCoptoligr 580ejllugtraedy iy fGe ohpavn fedav rerventionatindysiriaer vo
Togo pefd 500 i r gq[ng \ I ftware

| oaded ? fd(ﬂ?r?ﬁfénzén%gf‘%&tpgggg@&ek%& g%'hﬁggdg arle pggt%%} C%%%‘%Jf er 500 is
pr ogr amgadodars 206and B8040 mstigrbvides e bororadudddt. sigsalsidontrollingntae

t, | t ant liedt | | th, and qui ck t of
[ oad 30B0sien RlyloBIe PEQRIPEAOPANLRBNCRHRAChH.okontigeh SPARYAIOT n ¢ he
absence cRhmll, e CAifiahicRHbE Wbl Gufitlink NEe AL HH{‘:rggfanyjﬁhSE}vo‘lEr%gPat he two

fl yvvheer 2a and 402b are in an equl i um angu ositionr tive to
each ot periphdral catdat Contibller 508vie progeaimad 2vitr contral\sefteane Icadedexenar nal

| oad, notor 202 pr,oduces ,a torgue ich. is transp tied through rbox 204
BRI R T R LS At RS A I A A
fl ywheebﬁpgoaacér%tém fBrue BBCRIAEE 362! | AGSwWAD hedbPetbpshieht, a8 dcdriuatit and
out put shafts can
applied torque allows smooth and quick movement of load 302, as may be

required in robot applications.

In operation, in the absence of an external applied torque at the output
flywheel 402b, the two flywheels 402a and 402b are in an equilibrium angular
position relative to each other. To rotationally move a load 302 or to overcome an
external load, motor 202 produces a torque which is transmitted through gearbox
204 to elastic coupling 400 causing the input shaft 434 and hence input flywheel
402a to rotate. Because springs 404 are elastic and input and output shafts can
rotate relative to each other, and because output flywheel 402b is carrying load
302, flywheel 402a will rotate relative to flywheel 402b away from the equilibrium

position.

As such, one spring of each pair of adjacent springs 404a, 404b is further
stretched and the other of each pair shortened. Thus, the forces exerted by the
groups of pairs springs in a direction tangent to the axis of rotation no longer are
in balance, and the net torque produced by springs 404 causes flywheel 402b to
rotate and follow flywheel 402a.
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rotate relative to each other, and because output flywheel 402b is carrying
| oad 302, flywheel 402a will rotate relative to flywheel 402b away from
the equilibrium position. As such, one spring of each pair of adjacent
springs 404a, 404b is further stretched and the other of each pair
shortened. Thus, the forces exerted by the groups of pairs springs in a
direction tangent to the axis of rotation no |longer are in balance, and
the net torque produced by springs 404 causes flywheel 402b to rotate and
foll ow flywh 4 . h i i,f b d 302 is
subject to aﬁgbgag%ﬁm%yﬁé?ﬁLP&W§?§EH§%deEQagh%é ¥¥g%@k¥ﬁgﬁé3§&998@f

rot at i oextetrinet fbwece.grey shvcht)estsiut tthe axizef titior, the falceanbyp it dsagiaspened by
springs 404. As such, the external force will be less Ijkely to cause

damage BOMEHEKIERL bR absarbgshor damneaer Py EaFRFX 4030 AR sYchniengxismalo:.

Thus,  agjreatgmy bé‘?@sﬁ ﬁkegy‘?'iﬁ’hbé% EF% o'th goghgnr%rﬁaﬂéo,yiﬁg%g?r@éﬁpgk” the

event torque 1s applied to quic ugs ange g lugs
456 on 204magd thd 2notoh @02bY hus t agiagiond 0dasegpepliant alpick rgsigtint andeyatet

t or que eéf),ted by springs 404 on flywheel 402b can be readily calcul ated
by noni © eng the rel ative angul ar position AO of flywheels 402. Encoders
206 and 304 can be used to generate signals indicative of the relative

angul ar posi i @RsSeaint itoreut i8pRed B qurkef 1isgs'856 aRdIahd8 440 ehay'drepde t hese
to controller 500. Controller can, in turn, calculate the net torque and
cont r ol lugsfi6en Bangs 443« berelppmitigalipe Wamagatesealing d0§ue usi ng control

techni ques appreciated by those of ordinary skill. An exenplary torque

onl y 1t our _spr e it SR R BY Mrrds BE SRR 402k odn HePFecthifP, | 1 1Y
pri nci ptalsulatédisiyr atomitoling ether elatiyeabhygulap positidyl eAdv tdf fywindelor4tdy ot her
Encoders 206 and 304 can be used to generate signals indicative of the relative
angular positions of input and output shafts 434 and 438, and provide these to
controller 500. Controller can, in turn, calculate the net torque and control
operation of motor 202 to provide constant torque using control techniques

appreciated by those of ordinary skill,

An exemplary torque calculation is illustrated below with reference to FIG.
7. For simplicity only four springs are illustrated in FIG. 7. As can be understood,
the principles illustrated here are equally applicable with eight or any other
number of springs. For simplicity, it is assumed that there is no friction between

any of the rotational parts of actuator 100.
The following parameters are known or measurable:

radius R, the distance between the end of each spring to the x-axis, which

is the same for all springs in this case;
number of springs, n;
natural {or free) length of each spring, Lo, (assumed to be the same for all

springs in this case;
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nunber of springs. For sinplicity, it is assunmed that there is no friction
between any of the rotational parts of actuator 100. The foll ow ng
paranmeters are known or neasurable: radius R the distance between the end
of each spring to the x-axis, which is the sane for all springs in this
case; nunber of springs, n; natural (or free) length of each spring, LO,
(assuned to be the sanme for all springs in this case; -13 spring constant
KS of each spring, angle a between the two ends of two adjacent springs

nmount ed on ogﬁﬁné&%é%ﬁ@bfégé,ﬁé‘%)pr{ﬁgéangul ar displacenent AO of the two

fl ywheel s 402a and romt ngul ar equil i brium position. Further,
in the exanple calculations flywheels 402 are assuned to be displaced so
t hat spri ngsadgigaa detvéen tine twe xarsisdel tvem ddianenh goringg imeurded compnessed.

Thus, the foélﬁesr@frted by each spring 404a or 404b may respectively be
appr oxi mat ed : = KS (La - Lo) = K$ {2 [Ricos(a)] x sin[(pi/n)-a- (AO
/2)]- Lo} Fb = KS ( La- Lo) = KS {2 [RIcos(a)] x sin [(pi/n)-a+( AO/2)]-

Lo} The resutdiathvg hngaue daptaderhdet X Gaxob thy oslo TRevHEIL30Ra Said 402bs
respectively; Ta zb = Fa x R x cos[(pi/n)-a- (AG/2)] x cos(a) = Fb x R x

cos[ (pi / n) - afropuiberangulareseyigyium position.

Further, in the example calculations flywheels 402 are assumed to be
displaced so that springs 404a are further extended and springs 404b are
compressed. Thus, the forces exerted by each spring 404a or 404b may

respectively be approximated as:
Fa = Ks (La- Lo) = Ks {2 [R/cos(a)] % sin[(pi/in)-a- (A8 /2)}- Lo}
Fo = Ks ( La- Lo) = Ks {2 [R/cos(a)] * sinf(pi/n)-a+{ A8 /2)}- Lo}

The resulting torque about the x axis produced by each spring is

respectively:
Ta =F, x R x cos[(pi/n)-a- (ABV /2)] x cos(a)
b = Fp x R % cos{(pi/n)-a- (A8 /2)] % cos(a)
Thus, the net total torque about the x axis produced by all springs is:
T=(n/2)x(w- )

FIG. 8 illustrates the dependence of the transferred output torque on the
angular displacement Ag between the flywheels 402a and 402b of actuator 100
for four different types of linear springs. As can be seen, the dependence is

generally linear.

Thus, elastic coupling 400 may be modelled as a rotary elastic actuator

having a single compound spring constant. The output torque can approximated
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Thus, the net total torque about the x axis produced by all springs is:
T=(n/2)x(Th-za) FIG 8 illustrates the dependence of the transferred out put
torque on the angul ar displacenent AG between the flywheels 402a and 402b
of actuator 100 for four different types of |inear springs. As can be
seen, the dependence is generally linear. Thus, elastic coupling 400 may
be nodelled as a rotary elastic actuator having a single conpound spring
constant. The out put torque can approximted -14 as being a |inear function

of the : i spl t t ] und
spring gg%@t‘@taqh%%é%ﬁ#%g cggpﬁ%gﬁdﬁbb%%ﬁﬁgfgﬁﬁ%éﬁ%h ee%ggg?oxi mat ed
mat hematind dhéycomnpdundexprang tenstanA $.enpl e Behgnpki 86 npdél..pfg atdyubeor 100,
used for its_control under _controller 500, is shown in FIG 9. -cmis the

tor que EPPIGIMBedInathemaksally obby eXBRIIMERE monment of inertia of motor 202,
Kcoupling is the spring constant of elastic coupling 400, TL the out put

torque from aouphhiBOscHiatitVhithiél 0 A6tBatd?STRE! L¥& Yor itBCcatE @iddrosi tion
of flywheel s 402a and 402b about the x axis, mthe nmass of |oad 302 and |

i s the posiroliesb08 ig slowmitt FES.A3. g sviheytoojud abithe3DRPEHT afrmotos 208 dii on
axi s |G 9 .is, a block diagram.j]lyustrating control |oqic 502 ed in
cont rof 16 maDRt B Tedier o MO 20¢u Koo 5 16 SEPBy coras BhrAREr que.
Control c},a8lry 5@? 7 TRY¥ Rfpdtne ﬁoﬂnnc&mihp%do%r?m%ﬁh 931 rééﬂl—:‘b%@éfefonal

progranmm ng techni ques. Controller 500 estimates the torque (Tm fo be
appl i edth®yangtlanpositidd ©f dgwheelsti2a amd d02batoet trenyg wixis, nditlsphessnefnt s AO

e g S 02 Bk 192 o T oty of BB 882 iR SR o T

axis x

FIG. 9 is a block diagram illustrating control logic 502 used in controller
500 for controlling actuator 100 to apply a constant torque. Control logic 502
may be included in controller 500 using conventional programming techniques.
Controller 500 estimates the torque (1) to be applied by actuator 100 as a
function of sensed angular displacements A& between flywheel 402a and 402b.

Specifically, controller 500 estimates 1, as
= aT'+f,

where 7'=0=-K,A0 - K, A0,
a=J, +ml’
F=mglsiné

As can be understood, a is the rotational inertial mass of actuator 100 due
to motor mass and the load mass; t' is the calculated torque, as a function of
angular displacement , B is the torque generated by gravity, Ky = Keoupling 18 the
spring constant for the elastic coupling 400 and K, is a damping factor for the

elastic coupling 400

In this control circuit, the feedback controller 500 uses the angular position
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/' 1=ngl sin0 As can be understood, a is the rotational inertial nass of
actuator 100 due to notor mass and the load mass; T is the cal cul ated
torque, as a function of angular displacenent , '3 is the torque generated
by gravity, Kp = Kcoupling is the spring constant for the elastic coupling
400 and K" is a danmping factor for the elastic coupling 400 In this
control circuit, the feedback controller 500 uses the angular position -15
di fference between the input and output flywheels 402 (AO and the angul ar

dampi ng tiferefts Hetfeqy 6 ihlaR, SRANIANMeg B0 LAP) AP (D AERRIT. o e

position of the: output flywheels 402b (Bb) and the angular velocity of the
out put Melpwited? § )b theatate b chenge 0é the diﬁboenqeomqa@ounh&rdiﬁmumgcbft or que

Is used_jnpn.Lh orith optroll the 03|t|on f

202" i Phng® A5 TheepaRndt Fhhlar e 3R dres 18, paduBEBkeigR dtpfe oz
that mapuhe fm@e@/a:@qulérﬁrtré%gafla@@él@aiwéf th@%utbagﬂw%éas 4pppl udes an
inner Pro portional- nteg ration-Derivation (P control bl ock 504.
Cont r ol I er 500 using control | ogic 502" conputes a tor ue based on the
angul ar Bomm@mwetanénqu RRFAues FWWBU@QZWFQ%)'S% t Rethengemte!

vel oci t Mﬁﬁ:{ Sord torque is further regul ated
W th |n)ré rl“ﬁ'@g" "’ﬁq%e contro 812rg‘g{q-bFased on the output torque, zL as
shown bel ow. = Kps+Kns2+KL (/ | Tnn s LZ - ZL where s is the Lapl ace

t ransf or m vaFil@bN&;is Kblosk diagr&?ndlhmtrtaitingaﬂltegaéte cokitrol Bgid 6@2’1thaegryl gai n,
and Kd is the,deriva |n f PID co bl oc 04. Suitable values
for P, 1 PCalgeHh Maye BarolSy obcpcgpangh i g nhout E_Q?n&’%‘i‘_ &% JNCTsof t war e
and adj lﬁéﬁ@moﬁﬁf-ln@é@%ﬁ%ﬁ-Ue’?ﬁéﬁomlmecd}ﬁﬂ'ﬂit%k 594.”Goﬁtr§!éf'50m&smg

control logic 502 computes a torque based on the angular position of the output

flywheels 402b (4, ) and the angular velocity of the output flywheels 402b. This
torque is further regulated with inner loop PID torque control 504 based on the

output torque, 7; as shown below:

— Kps+Kpsi+K, (1:'— TL)

m 5

where s is the Laplace transform variable; K, is the Propottional gain, K is
the Integral gain, and Ky is the derivative gain of PID control block 504. Suitable
values for P,I, and D may be calculated or approximated using simulation
software and adjusted. For example these may be obtained using a SimuLink

Simulation and then verified by manual tuning.

FIG. 11 is a block diagram of further alternate control logic 502" for
controller 500 controlling actuator 100 under PID torque control. Desired torque
is compared with the output torque and regulated using a PID controller to send a
signal to the motor amplifier, which in turn sends an appropriate current to the

motor until the desired torque is achieved.

FIG. 12A and 12B illusirated measures performance of the actuator 100
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Simul ation and then verified by manual tuning. FIG 11 is a block diagram
of further alternate control |ogic 502" for controller 500 controlling
actuator 100 under PID torque control. Desired torque is conpared with the
out put torque and regulated using a PID controller to send a signal to the
notor anplifier, which in turn sends an appropriate current to the notor
until the desired torque is achieved. FIG 12A and 12B illustrated neasures
performance of the actuator 100 -16 under position control using controller

500, prGﬁg%mfﬁggitik]ﬁié&t@hgﬁﬁsé&%r&@g g’épér?é) hifved 16 ﬂlo%&% 508 an

illustra ct uat or [ rove rnmance w el nner
torque BDD (RIGS. 0 4md d1). cdn;tlﬂosktréibd,cketuémﬁ‘ 100 Iﬁaﬁmﬂmyed\mrfmm\ance

R N T s o

t hat U“Qéﬁortﬁéﬁéé RRblt $id) RGer %w@mlk@c@m%r(ﬁéoa%trdzrm@dksl Sep Rt t or que
control senses actual torques K). In this nmeasurenent, the flywheels 402

t oget heflOhi althoughctheeimspregement UBdﬂf Hegecierydcandrab gs iless ﬁwarbthﬁieundﬁr ough

Soen ! Mot Bosfinigh! A8 £ v /SR Ao Bop B ORe sl &hsBR D Pl b

control abﬁJatrat@?éuees @t )Pasi iHl@Whﬁgsuﬁehﬁéﬂtf tHOT BRSNS 3462 Yiogeihert @ith
corrections for friction present in the system Controller 500 nodul ates a

tor que encedrrsolfpandsiRg arda3sedviei estimateatorguieo dhroagh qgmiplingl 40 endhe

e or s ORI KR abifadt B dhe Bhirde. o A% sanL 8P siéh R oSNl
conpar eghite, ERAStLEtbralEh ShiaH b doRfid PIDBHHErPfis céﬁfabl@t@ff pégﬂomﬁgng
control bI ocks 502" with output shaft 436 clanped. T results show t hat

act uat ofts@lbgneeen aseurgielyr suel jo serestions Yo dighios PerpesidR thengustendbw
control ke aabNSeg Tﬁo@gg‘ﬂe%"ae térgﬁg%{t thE RN sH £36'SRhichds R dYSe as

control I'er "garns can i ncr ea
possible to the torque commanded by the controller 500. By doing so, errors

such as friction and damping in the system are compensated.

FIG. 13A and 13B compare the measured and simulated performance of
actuator 100 using control blocks 502" with output shaft 436 clamped. The
results show that actuator 100 can be accurately and stably controlled even
under low controller gains. To achieve faster response to a desired torque,

controller gains can be increased.

As can be appreciated, exemplary elastic rotary actuator 100 has many
advantages. For example, the linear springs 404 used in rotary elastic coupling
400 can be easily designed and manufactured. In many situations, suitable
springs will be commercially available. The rotatable range of the actuator can be
large because the stiffness of suitable linear springs can vary widely and
because it is not necessary to attach any gauge or sensor to the springs. Further,
as illustrated, it is possible to control the actuator using positional control and
position feedback. It is relative easy to sense the angular positions of the rotating

shafts or the input/output flywheels.

Of course, the above described embodiments are intended to be
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As can be appreciated, exenplary elastic rotary actuator 100 has nany
advant ages. For exanple, the linear springs 404 used in rotary elastic
coupling 400 can be easily designed and manufactured. |In nmany situations,
suitable springs will be comrercially avail able. The rotatable range of
the actuator can be |arge because the stiffness of suitable |linear springs
can vary widely and because it is not necessary to attach any gauge or
sensor to the springs. Further, as illustrated, it is possible to control

t he act WS | Bt | falc I Lo !
reIativgﬁ%géykfgﬂggﬁgzhﬁhgqgﬁﬁﬁﬁgﬁkgogﬁgﬁgﬁgﬂg?afﬁ@m%ﬁfgﬁﬁﬁgfCéﬁgbgs or the
i nput / oaupihe inventieekbse s@Ecendible &y Many wibdificatiess of foech, artodement ofar e

i ntended _to be,-17 illustrative only a in no.way limtjng. The described
enbod; nEAltS: APty AR b PR RYen: Mo MHEDIS caltET.blco Titendhth o

nodi fi cahtompass afl eLoh nisdifdidRABAthiRfits seapé Sas defiridd By Bidclginsier  of
operation. The invention, rather, is intended to enconpass all such

nodi fication within its scope, as defined by the clains. CLAIMS: 1. A
rotary elastic actuator conprising: first and second flywheels, nounted
about an axis for rotation relative to each other; a pair of |inear

el astic el enents, each having opposing ends, one of said opposing ends of
each of said linear elastic elenments mounted to said first flywheel; the
ot her one of said opposing ends of each of said |inear elastic elenents
nmounted to said second flywheel; said pair of linear elastic el enents
nmounted to bias said first and second flywheels towards an angul ar
equilibriumposition relative to each other about said axis of rotation
and to exert a net torque about said axis and toward said position of
equilibrium as said flywheel ss are rotated angul ar distances in
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either direction away from said angul ar equilibriumposition. 2. The
actuator of claim1, further conprising a notor operatively connected to
said first flywheel for rotating said first flywheel. 3. The actuator of
claim2, further conprising a sensor for generating signals indicative of
angul ar positions of said first and second flywheels, and a controller
operatively connected to said notor and said sensor for controlling the
out put of said notor based on said signals. 4. The actuator of any one of
claims 1 to 3, further conprising additional pairs of linear elastic

el ement gy apyshe actuator of any one of clains 1 to 4, wherein each one of
said linear elastic elenents is a linear spring. 6. The actuator of claim

5, vvherqi_ %?@bﬂ?&ggﬁ@%&?‘@g{}%}?‘“@ﬁrﬁll of the same natural |ength and

stiffness. e ac aim6, further conprising additional
pairs of |inear elastic elenents, each of said additional pairs nounted to
bi as sai d firstand apepnskvmeels.) peHBlsdsahdlandxis fargotatign ralativg i@ ieashi um
position rcﬁh%r.ive to each other about said axis of rotation and to exert a
torque toward’said position of equilibrium as said flywheels are rotated

angul ar distances,.in either dir ion _,away. fromsaid ul_ar i.l,i brium
poqi t1 on. % PR IhCRrSblists en&Rls, oo BRting’ SHMeh P08 off e or ngs
and sai d asghdsirnahds pRigaghodf saidamead Rladi@selantentd nesUied edtdard Kiystdi sposed
about said axis. 9. The actuator of claim3, wherein said sensor conprises

two opti cdlywhestttherrthenesesof said prposinauanés obreachafnsad lipgar elastisne of
said two Oeﬁélin%ﬂgs mgﬁh{éép@ Ssaqmﬂgggénd gywﬁéeﬁposed to sense the angul ar
0 secon | ' ywheel an

position sal thé other one of said optical
posi tion Rl Opra?r IOP liH(i—:-glp %Faes%ctﬁersﬁeerﬁ & rrwuentgé] qgl Bias psoaslé tfirgfnand second
flywheels towards an angular equilibrium position relative to each other about
said axis of rotation and to exert a net torque about said axis and toward said
position of equilibrium, as said flywheelss are rotated angular distances in

either direction away from said angular equilibrium position.

2. The actuator of claim 1, further comprising a motor operatively connected to

said first flywheel for rotating said first flywheel.

3. The actuator of claim 2, further comprising a sensor for generating signals
indicative of angular positions of said first and second flywheels, and a
controller operatively connected to said motor and said sensor for controlling

the output of said motor based on said signals.

4. The actuator of any one of claims 1 to 3, further comprising additional pairs of

linear elastic elements.

5. The actuator of any one of claims 1 to 4, wherein each one of said linear

elastic elements is a linear spring.

6. The actuator of claim 5, wherein said linear springs are all of the same natural

length and stiffness.
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of said first flywheel. 11. The actuator of claim 10, wherein each of said
optical position sensors conprises an encoder for converting a sensed
angul ar position into a signal indicative of said sensed angul ar position.
12. The actuator of claim 10 or claim 11, wherein said notor is controlled
to generate a constant torque based on the difference between said angul ar
positions of said first and second flywheels. 13. The actuator of claim 12,
wherein said controller conprises an inner |oop

proport iz0nfhe LphRESRbE gl%fﬂ'nvétﬁjrtﬁe( %bﬁ)ppr Eebitiﬁhélcﬁéi}s otfinedPeiRgLuat or of
claim 12, wherein said controller conprises a proportional -
i nt egr al - ddemeats, wacbmitsald additionalt pairs2MouBtedMoebias tsaidt first ahdasegoode of

clains 10 10,14 erejn_said caontrol Ler, contrq]s ﬁ i d notor,based on a
desi red oUbRESdoWEls sA anddenisUBLHEL RStibe IS 1 Ra gmer
posi tions.apdut e Hed Witetatih apd ©nexéeh &teidie idvdrd d4id pbsitien rpfsai d

controller controls said notor based on a desired output torque and said
di f f er encecqlibriziean asseqid fymwiheels arsositated engular. distasces fruaithsr drectipAi m 15 or

16, Wherei%}{’%ﬁfgm%%59@%%{53@@@5@@9&% not or based further on a

measured o0 torque said 'difference between said angul ar
positions. 18. The actuator of claim 16 or 17, wherein said controller
cont r ol 8. sEhalacmator of leEsmo? , fwindreer said pair eftimeaf sphiaggandfsakbadditiohdier ence

bet ween sai d angul ar ositions. 19. Th ctuatqr of any one of clainms 10
Lo 16 whdrais Plded" soRROs R cuTleretaTy S SRaabRUL S @ ar conat ant
torque on said second flywheel. 20. The actuator of any one of clainms 10 to
19, whepeiThe abfiatt b QhIng'3, GAEER Said sensor comprises two optical position

SEensors.

10.The actuator of claim 9, wherein one of said two optical position sensors is
disposed to sense the angular position of said second flywheel and the other
one of said optical position sensors is disposed to sense the angular position

of said first flywheel.

11.The actuator of claim 10, wherein each of said optical position sensors
comprises an encoder for converting a sensed angular position into a signal

indicative of said sensed angular position.

12.The actuator of claim 10 or claim 11, wherein said motor is controlied to
generate a constant torque based on the difference between said angular

positions of said first and second flywheels.

13.The actuator of claim 12, wherein said controller comprises an inner loop

proportional-integral-derivative (PID} control circuit.

14.The actuator of claim 12, wherein said controller comprises a proportional-

integral-derivative control circuit.
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said notor to rotate said second flywheel to a desired angul ar position.

21. The actuator of any one of clainms | to 20, further conprising a gearbox
operatively connected to said notor, and conprising a coupler operatively
connected to said gearbox and said first flywheel, said gearbox and coupl er
capable of transmtting a rotational notion of a drive shaft of said notor
to a rotational notion of said first flywheel. 22. The actuator of claim
21, further conprising an input shaft, said input shaft operatively

connect a8 11, SRAGOUPLAY RBLIIHS 1IH0ORL, \orB L8!SR cBrygiet at i onal

notion of said coupler to a rotational notion of sal ywheel .

act uat or ofaid|radier 22asefl ot hedesiredpeutpuh goaition werpsusaighdiffererncai letegeput shaf t
operati veI% .gonne%t ed &.o said second flywheel and a |oad to be rotationally
-21 noved Y EVHETPPENERAPt a rotational notion of said second flywheel to
a rotational notion of said |oad. 24. The actuator of claim 23, further

conpri sitggTiae @etuatsi oUanpaht, ofsdaithd 10Ub B dvhaérdirpsiidsé@itiollencentrolsat abl y
coupled to said centering shaft such that said i nput and output shafts are

axi al |y al $3jAdnoigndrassdapnin depispdiouluts oraug rnet pifl . diferencrebehMeght or of

claim1l, I aid first and second flywheel conprises a
pl urali ty%ﬁagrpg%?gﬁrsrﬁéﬂtg'ed on said each flywheel, each end of each one

of said elastic elenents nounted on one of said sliders, each of said
sl i der s 19l Theatsictudtor af chailinal5 dir r6; twicereitu saidgcardssie | gpnérotsh saidamotdre

ext ended | engt f said elastic, elenments can be justed,. said sliders
FTxed. on Baad Bifer o, GrEeRSins AuRHE dorse CompuEll o e direriast of
conpri si nghethickhisatdng@aPpssitibogheel s, nounted about an axis for rotation
relative to each other; a pair of linear elastic elenents, each having

opposi n% ends, one of said ] ) ]
8. The actuator of claim 16 or 17, wherein said controller controls said motor
based further on a rate of change of said difference between said angular

positions.

19.The actuator of any one of claims 10 to 18, wherein said controller controls

said motor exert near constant torque on said second flywheel.

20.The actuator of any one of claims 10 to 19, wherein said controller controls

said motor to rotate said second flywheel to a desired angular position.

21.The actuator of any one of claims 1 to 20, further comprising a gearbox
operatively connected to said motor, and comprising a coupler operatively
connected to said gearbox and said first flywheel, said gearbox and coupler
capable of transmitting a rotational motion of a drive shaft of said motor to a

rotational motion of said first flywheel.

22.The actuator of claim 21, further comprising an input shaft, said input shaft
operatively connected to said coupler and said flywheel so as to transmit a

rotational motion of said coupler to a rotational motion of said flywheel.

23.The actuator of claim 22, further comprising an output shaft, said output shaft

operatively connected to said second flywheel and a load to be rotationally

-2]-



opposi ng ends of each of said linear elastic elenments nounted to said first

fl ywheel ; the other one of said opposing ends of each of said |inear

el astic elenents nounted to said second flywheel; said pair of |inear

el astic elenments nmounted to bias said first and second flywheels towards
an angul ar equilibriumposition relative . to each other bout said axis of
rotation and to exert a net torque about said axis and toward said
position of equilibrium as said flywheels are rotated angul ar distances

in either ﬂb@@&téooasg\ﬁaﬁaﬁé g‘f%ﬂn@ﬁ%uw ﬁat?ﬁogélerééﬁﬂrﬂoﬁ. he&); to?amot Or

operatively connected to sal irst f r rotating saird first
fl ywheel ; mtaliomabmation ojeast labiing si gnal s indicative of angular positions
of said fi rst and second flywheels; and -22 a controller operat ively

connect n ensor. for controlli put of sa| d
connect of e S8LMPYURRY 2o Bihe? SRR a cel eth D il

first rot abutpot seaftesrevoLEthgl dov Iddeaéa:@@eﬁll@@MQ shaftastich thht maaﬁmn a
second rotat| ng menber nmounted about said axis of rotation, said first

rotating nifheHtpybshvtaienxaly aignegdeand miatablsrsativedoreachtather.t o sai d
second rotating nmenber; first and second |linear elastic elenents connected

pet ween ;8arKe fdctadiof M claf of dwhldit | QEEHTBIMEHE firSChfld ' ddcthd! IERLaIS! ast! ©

el ement bel ng connected bet wéen sSaid rst an secon rotating nenbers to
exert for ownpms%adalmnahtyt ofaslitiese comehted togt saig eammﬂ),em}meir eath egdaoft or que

transmtted to sa r ot menber in a fir tional direction
bout sat a5 et il e Sk Braiited deens (@ sid ided cash g

rotating reqigesliders IiR86R"th H 188kl UreRBBRSHlthd Assaiibly isuth it &Rkl On
extended lengths of said elastic elements can be adjusted, said sliders fixed

on said each flywheel during use.

26. A rotary elastic actuator comprising:

first and second flywheels, mounted about an axis for rotation relative to

each other;

a pair of linear elastic elements, each having opposing ends, one of said
opposing ends of each of said linear elastic elements mounted to said first
flywheel; the other one of said opposing ends of each of said linear elastic

elements mounted to said second flywheel;

said pair of linear elastic elements mounted to bias said first and second
flywheels towards an angular equilibrium position relative to each other
bout said axis of rotation and to exert a net torque about said axis and
toward said position of equilibrium, as said flywheels are rotated angular

distances in either direction away from said angular equilibrium position;

a motor operatively connected to said first flywheel for rotating said first

flywheel;

a sensor for generating signals indicative of angular positions of said first

and second flywheels; and
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about said axis of rotation; said second |inear elastic elenent connected
between said first and second rotating nenbers to exert forces on said
first and second rotating nenbers creating a torque transmtted to said
first rotating nenber in said second rotational direction about said first
axis of rotation, and a torque transmtted to said second rotating nenber
in said first direction about said axis of rotation; said first and second
rotating nenbers being biased towards an equilibrium position relative to

each ot her by $ahflolfdr’ |§be|%ﬁder§|e§msbdté@%r sghamdt@e%heﬁg%ssen@&df&ai d

coupling operable to elastica transmt a | oad tween said first and

second r ot at cagtraking &re puipsiighsaidimotor basedind seitsigdalsi near el astic
el enents as one of said first and second rotating nenbers is rotated

rel ati ve7 AQoia e%h@@gﬂ;@é%?ﬁgﬁ@; and second rotating nenbers, as said
load is applied to said one rotating menber. -23 28. A nethod of

controlling.tQrqu rovided thrpu arotary elastic actuator, said rotary
el astic ac?qﬂ'ﬁ&&aﬁ[}ﬁﬂ??’ggﬁbmoflpf%fgéﬁ%ta %%8ﬁ8“*f?@%'éé1 §,taﬁﬁﬁ’nt ed about an
axis for rotation relative to each  other; a notor cqupled to rotate said
first 11yviheoeoRBdalatos Memiter, matptad aBput Saidaraxs £ PEtonefaid drstoach
having opnewiiy #RERbePMRiI] mMidisted oipPas hBReRNYSoRtodiac feidfiors dbdshianear

el astic el emeﬁfﬁ;s m)un?ed t"gj sa?uﬁf'}?rst Tbl ye\hegl?ﬁé%e ot erlo one 8%" sai d
opposi ng eseiwndfrotdioy roembei;d | i near elastic elenents nounted to said
second flywheel; said pair of linear elastic elenents nounted to bias said
first and fistand sddondhiiedar tlastic ddementnguhaected Whdtiveehusaig ofrst iaad
relative to each other about said axis of rotation and to exert a net
torque aboRRCO8dir@taOMER®erSward said position of equilibrium as said

flywheel s are rotated angul ar di stances in o
said first linear elastic element being connected between said first and

second rotating members to exert forces on said first and second rotating
members creating a torque transmitted to said first rotating member in a first
rotational direction about said axis of rotation, and a torque transmitted to said
second rotating member in a second direction opposite to said first direction

about said axis of rotation;

said second linear elastic element connected between said first and second
rotating members to exert forces on said first and second rotating members
creating a torque transmitted to said first rotating member in said second
rotational direction about said first axis of rotation, and a torque transmitted to

said second rotating member in said first direction about said axis of rotation;

said first and second rofating members being biased towards an equilibrium
position relative to each other by said first and second linear elastic elements,
and said coupling operable to elastically transmit a load between said first
and second rotating member through said first and second linear elastic
elements as one of said first and second rotating members is rotated relative
to the other of said first and second rotating members, as said load is applied

to said one rotating member.
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either direction away from said angular equilibriumposition; said nethod
conprising: neasuring relative angul ar di spl acenent between said first and
second flywheels; controlling said notor based on said neasured angul ar

di spl acenent. 29. The nethod of claim 28, wherein said controlling further
conprises estimating torque provided through said coupling based on said
angul ar di splacenent. 30. The nethod of claim?29, wherein said controlling
conprises controlling said notor to provide constant torque.

28.A method of controlling torque provided through a rotary elastic actuator, said

rotary elastic actuator comprising:

first and second flywheels, mounted about an axis for rotation relative to each

other;
a motor coupled to rotate said first flywheel about said axis;

a pair of linear elastic elements, each having opposing ends, one of said
opposing ends of each of said linear elastic elements mounted to said first
flywheel; the other one of said opposing ends of each of said linear elastic

elements mounted to said second flywheel;

said pair of linear elastic elements mounted to bias said first and second
flywheels towards an angular equilibrium position relative to each other about
said axis of rotation and to exert a net torque about said axis and toward said
position of equilibrium, as said flywheels are rotated angular distances in

either direction away from said angular equilibrium position;
said method comprising:

measuring relative angular displacement between said first and second

flywheels;

controlling said motor based on said measured angular displacement.

29.The method of claim 28, wherein said controlling further comprises estimating

torque provided through said coupling based on said angular displacement.

30.The method of claim 29, wherein said controlling comprises controlling said

motor to provide constant torque.
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