[\ e3ePM " F6| T6 DESCRI PTI ON TI TLE OF | NVENTI ON Li near Reci procating
. Act uat or mwwmmmmmm ushl ess DC Motor 5 FIELD OF | NVENTION This invention
concerns a provides | i near reciprocating notion powered by a
brushl ess DC metwi» 10 BACKGROUND OF | NVENTI ON Conventional notorized
| i near actuators found in the market today are driven by either a stepper
or a hybrid notor. The stepper version is used for light applications while

t he stronge mu stly hybrid is used for heavier applications. A
maj or dr awbﬂmm'r Immﬂwm“)tm not oMESGRIPREIN speed 15 limtation. This

| i near actuat or«kgpgention is powered by a conventional brushless DC (BLDG
notor and is able to produce high force at high reciprocating speeds. An

i nternal nut anprELkemisveEsrionvert the rotational notion of the BLDG 20
notor to linear notion. In addition to the typical circuit that drives the
BLDC notor, a pdseariResipseqssios Achieaton EHizénend Hahshdess BeMeserd to switch the
not or cl ockw se and counter-clockwi se at the correct instance. BRI EF
DESCRI PTI OF PRIOR ART 25 The brushl ess DC notor, also known as the BLDC
notor is a rot aIt‘lEigDé)léHtWENﬁéh‘hi ne whi ch can be found in many

appl i cations, am.toy.cars to phot ocopi er nmachi They are generally

pref erred corrpa 1’?@8%89“‘5@%@8}1@ @@E&S%g% P?%élr?mﬁ”)éﬁ 1%9?18“ hi gher

efficiency, |ow OEJNATG({%L £ehsRRBRINEhstof Nt er f erence), | ower terrperature rise,

excel l ent instantane 30 ous speed variation and | ow audi ble noise. 1 The

typi cal BLDC notor has a 3-phase stator coil that generates a magnetic

field that p“'ﬁ&gn&éﬁdmﬁ%ﬁb%@@ﬁﬁ%ﬁﬂ“ ally is made of permanent magnets
S en

fornedlntothe e of arin e stator is energized in the

correct sequenoceomteheorrahhmtormﬁattlea @NALTORRAd a8 thguhakbytodsy deelrived at i ng
electro 5 magnetic field. Hall sensors are_commonly enpl oyed as t he
"brushl ess" corﬁ%?‘&ﬁ@rﬁt@@%etﬁgﬁb% d mterut Bis Seppepiversion ‘ﬁﬂ‘ﬁ‘%ﬂf I are
pl aced next to t apqt n

ot or mat on of PhicHine VIR GR HonlBRG, MeRNARY WLHT i Bied RANGLRE | e,
control s the smapptibattomb.at iAo madjorinrasiecit ccﬁthbkuetwmtmbtdng/ i$flindangpeed
(energi zi nl%) tge correct set of stator coils 10 based on the rotor

posi tion. FPhese™MB¥s al so have controller features such as tachometer
out put, notor enable and direction input. The tachoneter output is
represented by a square wave (also known as tach pul ses) which provides

i nformati on on Hys me@p@éwtqelran@tlmumbmwmd bMt%aWID’WBtloﬂﬁﬂté)rmms iRC
generated when r net tach Jragnet )
ot oh i s at t acHEIRETIREY pl nebledoliofiick R i G RR RER sHRHR b e efes e el

onto the drive mlrbaaaldquﬂihea rte:td:scr@ma@tvertftﬁatr@taﬁoﬁammbtlbﬁrtsrtm BeDET switch
that "enabl es” (turns on) and "di sabl es" (tturns off).the notor. Direction

i nput i s alot hePOWRte dMmeph atotioBnt o pddiee tqyithes BPIH CHFm?Oh%tera‘ﬁSdhe Li near
actuators are USEBC RofRPA EBé‘thbﬁ’ Rens3H G ﬂﬁcﬂ&?&{éﬁﬁler GRUERAED swi

tabl es, automation of any val ve contr many ot hers. 1iihere are
literall y hundrredtr olfoclt(\ypeend)toummmckmaermﬂmcopreotdusmmer n the notion
control 25 industry. Each type provides specialty in various paraneters
such as speed, accuracy, price range, thrust |oad, direct |oad, size

constraints, axgRIEF DESG'RIPTR)NOF-PRQ@R&RHU& ors fall under different
cl asses. Th| s invention is in the class that provides reciprocating notion

used in apidl i cathediyshiess PG@aoctlsmkpnmipes the Bihierwinrds 2 erigfingeeiectde c.

machine which can be found in many applications, from toy cars to
photocopier machines. They are generally preferred compared to other DC
motors because of their longer life, higher efficiency, low EMI
(electromagnetic interference), lower temperature rise, excellent instantane-

30 ous speed variation and low audible noise.



2' Hall position sensors are usually used as an integral part of a closed
| oop feedback control system They are used in a variety of fields such as
i ndustrial automation, autonotive conponents, sem conductor nmanufacturing,
robotics and the like. As nentioned above, they are also used 5 for

el ectronic conmmutation in the BLDC notor. The microcontroller is
essentially a "special purpose mni conputer” that executes one specific
programthat is stored in its nmenory. They have input and out put ports that
receive and send signals to the device that it is 10 controlling, in this

case the BLDC mptaor.. T re often |1, low cost and require very little
pover 1o run. SoRRAICEREeo R Rt i weif (68 ol Eerd B ik
produces hi gh Ifigleaiat Fpiilee tBé rdtbBWhiddeRssntiang id §1add oP PeRiL@nbO¥agnets
conventional brushless DC BLDC% notor. Instead of a regular rotating shaft

found in the ndpratd BiDberbeps of ¢ Ring. "Woen thestitornisenergivad ia thehedrrect hat

extends and retracts i i cat, i Vi ges . he Lven are

attached to thé e@ﬁeé'%%f ﬁl]te ﬁrloi&gh%ﬁg &?OH@H%@%&HC@ n%oﬁlgnﬁogég%nga%lg%%e up this

i nvention sare trhggmBliDdelht diall kardrssae ewnanayidmployedsas then“rashddsat k

assenbly and the mcr oco&iﬁr?ol ler circujt, g&e Brushl ess DC Mot or The BLDC
A PE e

not or used her EOMENHARIPTH PR EPIITSH! QORHPYT | Eley ae RBGRINeS 1t at or
an outsi de-spiny, Iofd} iREIRRRA J@&r@ & g@ﬁﬁpq fPmhfion b GHEFL r ONi Ccs
required to dr?vég%ﬂguﬁgtor, a noun fng p atg an anéﬁ%%toqﬁateis coupl ed
to the rotor artdthomatoesirivg chcuitry. This métaf trivesednirels the snenth vetatoonahowever ,
is slightly different, IS de.hol,) ow with | arger, outside 3 . dianeter
and 1 5 hi den (PTG TCIOBPY T dEhertein® oy RoHEG S8 P s Rerwts S an
internal sgrew y8seadhe To®r bedgoroCcr ew Assenbly 5 The | ead screw assenbly
converts the rotational novenent of the rotor to linear notion. It is nade

up of two different portions. The threaded portion of the | ead screw

assenbly mat es .etsprﬁ[o?&‘s ia&%%a@?'cox#tﬂ{lﬁ??ea?lrre% Qﬁh ltllc m%Ee?fo té)tlfta‘ rﬁ&%l‘l
magnet, whi ch makeés up one part "0 e posrtion feedback system 1s
attached to thishabledndldirettton iapot. Skheauchasestiduiput Treprebdiesd Ppa kiwiie of t he
|l ead 10 screw is a shaft that has a crqss-section that, is shaped to prevent

rotational movelit(alsekpewpas tachpulsey Whidhprexidewniuaphsn gn @dlenwsebut of
the motor qshr 0‘%@ rfinfit %ﬁ%t&t‘fbrﬁ. _SI*TéRf?ahvteflé eﬂ@ét@&‘%ei’l“tﬁé1mta?§eti'cef?é¥d dfF ew
Cross-secti on. vices that require the réeciprocating actron are attached
to the end of tduicslasdshiped magnth@adiasagregnviiele dhatakheytot therotor, cuts the

path of a conductor that is laid onto the drive PC board. The motor enable

feature functions like a switch that “enables” (turns on) and “disables” (turns

off) the motor. Direction input is another switch that controls the direction of

20 rotation.

Linear actuators are used in applications such as medical equipment, pumps,
X-y tables, automation of any kind, valve control and many others. There are
literally hundreds of types of linear actuator products in the motion control
25 industry. Each type provides specialty in various parameters such as speed,
accuracy, price range, thrust load, direct load, size constraints, axes of
motion, etc. Linear actuators fall under different classes. This invention is in
the class that provides reciprocating motion used in applications such as

vacuum pumps, COmpressors, engines, etc.



The position feedback assenbly conprises a hall effect sensor and the disc
. magnet (nentioned earlier) which is attached to one end of the | ead screw
assenbly. The hall sensor is placed in a position where the disc magnet is
20 able to toggle its state when the lead screwis at the retracted end of
the stroke. The Mcrocontroller Crcuit The mcrocontroller circuit
basically consists of the mcrocontroller chip and 25 its supporting
el ectronic devices and is typically integrated into a printed circuit board
(PCB). The circuit is wired to the position hall sensor and the nmain BLDC
drive board. The mcrocontroller, which acts as the "brain" of this system
senses the various signals and executes the necessary tasks based on the
firmvare (program codes) that has been pre-programmed into it such 4 as
"conmmandi ng" the notor to start, stop or reverse its direction. Actuator
stroke vari ati oralt pasiidn lsgnsous ane usnellyt usedors ahanegragpirbafds dasedalosp be
fixed by incorpgr a ction,feature in the Addi.ti onal

features such a eﬁ%ggcopgﬁgtrsgsge% 33?%@6 S8 &t &0V gertfg):f?ﬁ%lg%_su%h At uat or

Oper ation Duri ngdegaslat i emofnagon,0t OhutbRbAVES dokoert€IUl miBBdILtor The
rotary notion of the rotor is transferred to the internal holl ow shaft. The

i nternal screw RAREAGUIRS rekotich prd thellikewAs ipgntioneshahove shenere alioastdnal
noti on int5)_ [ nﬁ?%le@éfrﬁﬁ%ﬁmﬁ@a@ 11“}1%%6 t&ead screw. When the actuator
e

is first sw tched on, controll'er commands the notor to rotate in a
direction that causes the |ead screw to retract. Wien the | ead screw
reaches the retracted end the hall sensor detects the 15

?f t he sttgre,“ K
presence of thelRf SHCTREIHEAlley AF s3ssRtially f naPRCiAd RIMPYSR S ORI adhd cr ew)
and this signalqy ; G | ; p. - 1 er
t hen commands t?\ﬂgél#%f@gé%%g}%pé?%gnﬁhg{lgi%%g%:c{ ?lollrt\se%? IS:er %?a?g%ﬂjagggﬁsqtgg t he
| ead screw t o nandeoutput pert® pipd siec@vealianéd cend signelst tenthe. ddigel thgt shaf t

extension,, the controller keeps,.tr of the_ traverse |le h by counting
The tach Ul SesomB0 g i s RSR BT Bhoutsl A RO T Bty SRty ol | o
the rotor to chap@ige Vér§ lilld gfSvdrar@gai n. The lead screw will now begin to
retract and this cycle is repeated as |long as power is supplied to the

circuitry. However due to inertia, the rotor does not stop instantaneously.

This may 25 cau§ghhgggﬂ@%hpfgﬁ@$§@FN§Q6 to overshoot its intended stop
entil a

position. In viewo IS po problem the firmvare is progranmmed to
correct this phEmeheenractuator iBenttam@dod:s high qicaefopée 4t héghBlpbédsamidds and

usi ng various thread, configuratiqgns, this act or can_be designed for
various | okts aRRVEpLBYE cp @HP@%&FP%@%{ - tm%tﬁg.lnsteag of a fegular

rotating shaft found in the normal BLDC motor, this “modified” motor has a
shaft that extends and retracts in a reciprocating motion. Devices to be

driven are attached to the end of this shaft.

20 The main components that make up this invention are the BLDC motor, lead

screw assembly, position feedback assembly and the microcontroller circuit.

The Brushless DC Motor

The BLDC motor used here is a conventional type which comprises a wound
25 stator, an outside-spin rotor with permanent magnets bonded to it, the

electronics required to drive the motor, a mounting plate and a shaft that is

coupled to the rotor and rotates with it. The shaft used in this actuator

however, is slightly different. It is made hollow with a larger outside



5 REFERENCES TO THE DRAW NGS Figure 1 shows the overall view of the linear
actuator. Figure 2 shows another view of the linear actuator. Figure 3 is a
sectional view of the actuator showing the internal structure. Figure 4 is
a view of the hall effect sensor nounted at the rear of the actuator. 10
Figure 5 shows the part of the |ead screw that is shaped to prevent
rotational novenent. Figure 6 shows the anti-rotation hole feature of the
nounting plate. Figure 7 shows the mcrocontroller printed circuit board
which is attached to the main drive board. 15 Figure 8 is the overall view
of the actuator with the encl osure and nounting plate shown transparent.
Figure 9 is a close-up view of the position feedback control conponents.
Figure 10 showsyibhgieRGhd A RAdNdmWhd bhd Ner eRGlRSHSEHbRIR RER” fibaute 11
shows the enclosure with sensor PC board nounted. 20 Figure 12 shows the
rotor assenbly ai interhallstrew thteaflt . Figure 13 is the printed circuit board
showi ng the serpentine-like trace Figure 14 shows the | ead screw assenbly.
Figure 15 shows the cross-sectional view of the |inear actuator. Figure 16
shows the | ayoufpofediherémaneiibty pol es around the tack nagnet. 25

DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS The fol | ow ng description bel ow
descri bes ?he bEke lagdcrereyy assemblyy corvierts Zqirateiongl sovemeey ehdicitaiasiPi on f or
i ndustrial use.y; i || i i |1t t o Figures
L "through 16, - emotpisol 18 ER T SHol frthhdrubhe TS FGBRERS L, [
actuat or dri venofxie dcadaoreanissenbly nutesshite s iDErmmbtioead diftke hollov shds a
outside-spin rotor (fig 10) with stationary. stator unted onto a
spindle. A ci rcﬁlsa?aq‘tf%wefréﬂﬂ%ti meﬁf(qungffzaar&qfélee PRsill ﬁ‘ﬂiﬁ’ﬁléf'}ﬁsé%}ﬂe‘ﬁi zed
into many pol eS,@fOe this e(lﬁ'ogthje%adds%_r@\t LREHEH. tﬁe%ﬂ?er??lgfbgl-csfﬁ;eoﬂébd‘t ed

circuit board (PCB) containing the drive electronics ( I's I ntegrated

with the ntl or smewps achallt tha desl atavogsksecticacthahmgheped foi pretdit.rotBhend®CB has a
serpentine-1like_conducti.xe trac n, i fig 13), that generates electric

Ul Ses. when ¢ ha™RUgREL oL GRAGTKRbIFRY IS SRRe R S SCLob RePBIgh ¢ hem
when the rotor jhsodght2hblegvithia FRAP thOmRlcRésew{th itigk fbhd RBEE @bssiREMdn.1 S
assenbled to the spindle via screws. There are two nounting hol es at each

end of the pl at PevinescHhabraguize df fesproasting iaatdon AE atiagleasr togibe wad of thiA snal |
hole with a sha&edftt_ hat mat ches

15
The Position Feedback System
The position feedback assembly comprises a hall effect sensor and the disc
magnet (mentioned earlier) which is attached to one end of the lead screw
assembly. The hall sensor is placed in a position where the disc magnet is

20 able to toggle its state when the lead screw is at the retracted end of the

stroke.

The Microcontroller Circuit

The microcontroller circuit basically consists of the microcontroller chip and
25 its supporting electronic devices and is typically integrated into a printed

circuit board (PCB). The circuit is wired to the position hall sensor and the

main BLDC drive board. The microcontroller, which acts as the “brain” of

this system senses the various signals and executes the necessary tasks based

on the firmware (program codes) that has been pre-programmed into it such



15 the anti-rotation shaft is nmade at the area where the | ead screw

. assenbly protrudes out fromthe actuator (fig 5 and fig 6). Hollow Shaft A
hol |l ow shaft with an internal thread inside it is attached to the rotor
(fig 20 12). The internal thread is nmade of engineering plastic such as

gl ass reinforced PBT (pol ybutylene terephthal ate) or PA46 (pol yam de 4/6)
that is able to wthstand the high forces and hi gh tenperatures. The rotor
is then assenbled to the stator and spindle Iike a normal BLDC notor. 2.5
Lead Screw Assenbly The | ead screw assenbly (fig 14) is made up of two
different shafts, the threaded shaft and the anti-rotation shaft. One end
of the threaded shaft has a recess that will facilitate the assenbly of the

di sc magnet. Thg ‘@Bfimaneinal itemebafth shas stpCdraserse RS dabetidat Atmaepaped
such that it can Erevent rotational 30 notion when fit through with a

mat chi ng hol e. stiekeversatiormanseldatratos inestiqerdapging feads aen @po beéixed by
anti-rotation s ) t Y devi ce.
Exanpl es of att g&%ﬁ%}%pﬁé %%Jﬁ%cet}sgge{?a Z&gé‘ﬁ g‘ﬁ%@égd A)(}dt' %a?fea l]1%8 Su%Rant ernally
t hreaded) and hhedeselalddao kifetysdaafalss barigclidddned t oget her e|ther by
interference fit, adhesives, screw or any other nmethod that is strong
enough to ol d the two parts together. The holding strength nust be greater
5 than the maxipum.li psgybprce of the actuator. A 2-pole disc nmagnet is
attached to the enJ ?ﬁtﬁé t hreaded portion via adhesives. Encl osure and

t he Hall EffectD@mgopera‘tmnghawom togatésalike zsmgslar matort Héherreary sotionfoft he

actuator, some of 10 opar. rf e |s uir

possi bl e met hod F§° Plblsﬁ%?\l} %tﬁ%llag I'De‘gf}}‘ilgtt §° FWéEWﬁQ)I e rotor
(fig 1) and Seiﬁb[ﬂ@ﬂné Hondwsl{ﬁwahvéws tRE ftRiondl SIBBOA ni% hﬂéa?%cﬁr'eﬁl%ﬂﬂt boar d
sits at the top of the enclosure (fig 4) secured by two screws. The

position hdl | seribomatisg keflderewd to this PC board and positioned just
outside the stroke path of the | ead screw assenbly. 15 Wen the nmagnet
noves past the sensor, the change in the magnetic polarity toggles the

sensor. Besi deswpenvieticngita@ i5mitsd switchedlw, @geconablléhwniiaddds senmeotor té he
encl osure al so functions as a safety device that prevents _human contact
with the spinnifRS &t drdiregfion hascauses the deadereys de aeteact-oWhesr they lead

ventilati on ar uAd, idiendioig rou20ed b6d SANREhOAT it SAKEE dWct€3nd Unn ng

to the m crocont er prlnte circult boar ese wres carry the
si gnal fraokh t heprhsEnke sétﬂlsdusctrmagnhe(pﬂaced ecihntend bf te mdrmpg lealecrew) and

m crocontrol | er board con ns ro d crocontrol ler and its
supporting deviBEsSi8HelSp 64&? u@ez@&f‘e‘%’ﬁﬁgﬂe CI};{Pe iﬁ"s&of‘%ﬁbﬁﬁ RNt hi s
board. This boajdthhsndsRkSAE rérdeNt Blebortlbf Meatidadkhki hgtﬁehea@s%ee\pf header
receptacle pins. 8 Stroke Correction Methodol ogy This et hod

devel oped to cderaeve 'igHh¢ topgvsetesﬁlmmnammten@)haﬂ?turmgd@aftuﬁxteanthe

overshoot is c vel alittle

further than dg‘!@gﬁ% ykee %Clé(%%#rsha tlg Iggiﬁ r%tlrﬂgt%é]undgélrs%n 5 (i.e.

actual strake sWaeh ér rdabh?d% desdsgnedug tthokentrallee teluthedotyy t8 dnaagk ithat i s

varying i n magnij.t ude. eﬁ}a?nplf of thjis Ki nd of load is the vacuum punp
ag3d

where the vacu eﬁF‘%‘%é&?‘B gey Uk neyp begiartoeisict g8d dRjs @velsds nore air

repeated as long as power is supplied to the circuitry.

However due to inertia, the rotor does not stop instantaneously. This may
25 cause the reciprocating shaft to overshoot its intended stop position. In view
of this potential problem, the firmware is programmed to correct this

phenomenon.



i s punped out. The correction nethodol ogy is described as follows. 10 Upon
. power-up, the controller is programmed to retract the shaft. \Wen the shaft
reaches the retracted end for the first tine, the nmagnet toggles the hal
effect sensor. The controller sets the tach count to zero at this instance
and the notor direction is switched to rotate in the opposite direction.
This causes the |l ead screw to nove away fromthe sensor (extend stroke). As
the 15 notor rotates and extending the shaft, the controller keeps track of
the stroke distance by counting the pul ses generated by the tach nagnet.

Each revolutio t he rotor pro S xed nunber of tac se VWhen
the pul se counnB¥ eﬁ’@ﬂ%@gat r &% Ee?fu\cgléq @5%810&%??‘@”58}% é’&ﬂﬂ’éﬁdére?‘ie not or
to stop. This poRfigRlativa, lﬁﬂse@tttateﬁ@ﬁﬂslesdé&%ﬁebqoﬂeamcﬁm@hd%tah@Isseddert&t h of
the 20 actuator. For exarrpl e, assume that the tach magnet has 45 pairs of
magneti c pol es wﬁatarlg%mpéﬂpe@MS pul ses per rotor revolution, and the

t hreaded shaft has a lead of 2.44 mm (i.e. the shaft npbves forvvard/ backwar d
by this anpbunt in one rotor revolution). If the required stroke length is
18.21 mm % hen REFEMNEES@OHHEWM ed by the tach magnet during the

entire stroke 25 traverse is 18.21 x 45 = 2.44 = 336 pulses. This wll be
t he pre-set vallﬁéure\/\h@ﬁwtsﬁ}ee‘b‘(fF%ibVléwlﬁ’rﬁﬁllerWéh%féu%@G the controller sends
the stop signalg; Qretﬂ%o@tag& HANE LS e lﬂté‘a’rﬁ@tfdt&e”' a the rotor does not
stop instantly en conman gto stop. It Wil Continue to rotate and

sl owi ng down atFigine Xiamese&ional viaw.of Bherdchgtdrishewnhgakd mtahalgtructuree t he

controll er keeps. on countin h a pul ses until the rotor cones to a
conpl ete stop. HRECH ‘F@é’l‘e‘é’i‘nggH‘Bi‘@&é&%“tsﬁlésoé&oﬁaﬁedﬁhh’ﬁé?aré’lf theAcHPafRlt ses and
the pre-sefqg val Fi?ulre@ﬂﬁﬁ%rth@ phid 81 MEAERNQPEw tﬁ'&@@s Ql‘éﬁé&fboﬁ%véfﬁlr&@ubr?al
subtract ed fromthe pre-set value and this result wll 5 be used as the
"pul se count" imovéeentext extenS| on stroke, Based on the previ ous exanpl e,
assune that th shaf Qvers s.the  int nded Sition en it first

ext ends and tthlggrr?t S(;]Iowért T rﬁbrt?ttaégmthﬁg %@tgF g‘? n\?&tltlfég 8%be 67 pul ses

(i.e. 67 pul SeSFl@@ﬁéoﬂﬁlohh&hQﬂﬁd:r@&ﬂdroﬁéﬁfmnt?dﬂefr@fl@b&rd thechpig lagtectea@uat for
the next extension stroke will be 336 - 67 = 269. 10 At the next extension

stroke, the not®e mgn frivebedsdnmanded to stop when the pul se count reaches
269. Since4 his t j.T, I

comuanded sst op ?Ilg;%gls he g@%h% o Eg&gcﬁgﬁlgﬁrsﬁ &hogl% eﬂﬁbﬁﬁerggggqé ert | a

w ||l cause the pslattecshowmmmptarwtl i ttI e longer and will finally come 15 to a

conplete stop at, t deS|red positign. In s applications, the load is
ot conet ant | buieHehgec ear etat eorhios Nbfiaouboliithetfe st roke
length. One chapiggieero shbivs t18f achorBaidaPhe knéldsir®Aimdved. t or que changes

with the load. A heavy load will slow the notor down 20 and vice versa. In
the |inear act uéigsre 1lishows ghe grclpguis withussasorti{ebenard sloantedngt h to vary with
t he | oad. t he previous stroke

wll affec thgﬁtgo{%o gg’éﬁ%ﬁgg’?%geﬁlbﬁ&%{wggﬁ|Sft11§{nto our exanple, assune

that the | oad heiguteniariedsastinitdd drduit@ardshowigte bdtpertipkatketRi®s to a
conpl ete stop at. pul se count 329 (Note: it would have been 336 if the | oad
25 were constan?‘)%ureﬂh‘l%‘ot’@ﬂ‘Flé%Wtr%Wla%@btyhan the pre-set count of 336.

This variation g4 GOHBHS ¥ erss%c?&ﬁ?%e&ﬂqftﬂ{t%h %g&%ﬁ&unt (currently

269), making the new pul se count val ue equa the end of the next
fol | owi ng st r okEigutehlisshows tlectay@n of thepragheticrpolepmoenditheitachanagrtehi s i s

r epeat ed the end 10 of every extension stroke. Wth this nethod,
stroke le h devi ati on caused rotor inertia or varying load is virtually
el i m nat ed. DESCRIPTION OF THE PREFERRED EMBODIMENTS

The following description below describes the best mode presently utilized
for producing the invention for industrial use. They will be described in

detail with references to Figures 1 through 16.



O her Features 5 The actuator has a safety protection feature that swtches
the notor off when there is an overload, i.e. when the | oad is above the
capacity of the notor. This is acconplished by analyzing the tach pul ses
fromthe notor. If the notor is commanded to rotate but there are no tach
pul ses after a certain tine, a tinme-out is enabled that switches off the
notor, thus preventing the notor 10 coils from burning out and damagi ng the
drive electronics. 11 What is clainmed is: 1. A linear actuator

conprising: a kRARAOlI ess direct current (BLDC) notor having a rotor, tack

magnet, 5 stataor, spindle and drive glectronics .the said I%f_DC ngtor W th
bui lt-in notor BHSHINEEHGARICESAlRr &, I oFeCHRERS oFFHINuIrVER: BY 2 PV

(pul se width modulalticam) piuSREés Deahbiop. atd hash n9d!k Ritsid ik r6tor gﬁ%ol | ow
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screws. There are two mounting holes at each end of the plate which are
used for mounting the linear actuator. A small hole with a shape that matches
15 the anti-rotation shaft is made at the area where the lead screw assembly

protrudes out from the actuator (fig 5 and fig 6).

Hollow Shaft

A hollow shaft with an internal thread inside it is attached to the rotor (fig
20 12). The internal thread is made of engineering plastic such as glass

reinforced PBT (polybutylene terephthalate) or PA46 (polyamide 4/6) that is

able to withstand the high forces and high temperatures. The rotor is then

assembled to the stator and spindle like a normal BLDC motor.

25 Lead Screw Assembly
The lead screw assembly (fig 14) is made up of two different shafts, the
threaded shaft and the anti-rotation shaft. One end of the threaded shaft has a
recess that will facilitate the assembly of the disc magnet. The anti-rotation
shaft has a cross-section that is shaped such that it can prevent rotational
30 motion when fit through with a matching hole. An attachment feature is

made at the end of the anti-rotation shaft that will be used to attach to the
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To place the hall sensor at the rear end of the actuator, some kind of
10 stationary mounting surface is required. One possible method is to have a
metal enclosure that envelopes the whole rotor (fig 1) and secured to the
mounting plate. A small printed circuit board sits at the top of the enclosure
(fig 4) secured by two screws. The position hall sensor is soldered to this PC
board and positioned just outside the stroke path of the lead screw assembly.
15 When the magnet moves past the seusor, the change in the magnetic polarity
toggles the sensor. Besides providing a mounting surface for the hall sensor,
the enclosure also functions as a safety device that prevents human contact
with the spinning rotor. Slots around the enclosure allow for air ventilation

around the motor.

20
The sensor board has three wires running to the microcontroller printed
circuit board (fig 7). These wires carry the signal from the hall sensor to the
microcontroller chip.  The microcontroller board contains the pre-
programmed microcontroller and its supporting devices. The power input
25 terminals are also found in this board. This board is connected to the BLDC

drive board by the use of header receptacle pins.
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Stroke Correction Methodology

This method was developed to correct “shaft overshoot” and “shaft

underrun”. Shaft overshoot is caused by rotor inertia which makes the shaft

travel a little further than designed stroke. Both shaft overshoot and underrun
5 (1.e. actual stroke shorter than designed stroke) are caused by a load that is

varying in magnitude. One example of this kind of load is the vacuum pump

where the vacuum pressure (load) is built up over time as more and more air

is pumped out. The correction methodology is described as follows.

10 Upon power-up, the controller is programmed to retract the shaft. When the
shaft reaches the retracted end for the first time, the magnet toggles the hall
effect sensor. The controller sets the tach count to zero at this instance and
the motor direction is switched to rotate in the opposite direction. This
causes the lead screw to move away from the sensor (extend stroke). As the

15 motor rotates and extending the shaft, the controller keeps track of the stroke
distance by counting the pulses generated by the tach magnet. Each
revolution of the rotor produces a fixed number of tach pulses. When the
pulse count reaches a pre-set value, the controller commands the motor to
stop. This pre-set value corresponds to the designed stroke length of the

20 actuator. For example, assume that the tach magnet has 45 pairs of magnetic
poles that generates 45 pulses per rotor revolution, and the threaded shaft has
a lead of 2.44 mm (i.e. the shaft moves forward/backward by this amount in
one rotor revolution). If the required stroke length is 18.21 mm, then the
number of pulses generated by the tach magnet during the entire stroke

25 traverse is 18.21 x 45 +2.44 =336 pulses. This will be the pre-set value.

When the pulse count reaches 336, the controller sends the stop signal to the
motor. However, due to inertia the rotor does not stop instantly when

commanded to stop. It will continue to rotate and slowing down at the same
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time. During this deceleration time the controller keeps on counting the tach
pulses until the rotor comes to a complete stop. The difference between the
actual number of tach pulses and the pre-set value represents the overshoot.
The overshoot value is subtracted from the pre-set value and this result will
be used as the “pulse count” in the next extension stroke. Based on the
previous example, assume that the shaft overshoots the intended position
when it first extends and the controller computes the overshoot value to be 67
pulses (i.e. 67 pulses beyond the designed 336). Therefore, the pulse count
for the next extension stroke will be 336 — 67 = 269.

At the next extension stroke, the motor will be commanded to stop when the
pulse count reaches 269. Since this value is smaller than the first value, the
motor will be commanded stop before the end of the actual stroke. Like
before, inertia will cause the rotor to spin a little longer and will finally come

to a complete stop at the desired position.

In some applications, the load is not constant but changes over time and this
will also affect the stroke length. One characteristic of the BLDC motor is
that its torque changes with the load. A heavy load will slow the motor down
and vice versa. In the linear actuator, this attribute causes the stroke length to
vary with the load. A load that has changed in magnitude from the previous
stroke will affect the rotor deceleration time. Returning to our example,
assume that the load has increased this time round and the rotor comes to a
complete stop at pulse count 329 (Note: it would have been 336 if the load
were constant). This is 7 counts less than the pre-set count of 336. This
variation of 7 counts will be added to the pulse count (currently 269), making
the new pulse count value equal to 276. At the end of the next following

stroke, this correction is performed once again and this is repeated at the end

10
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of every extension stroke. With this method, stroke length deviation caused

rotor inertia or varying load is virtually eliminated.

Other Features

5 The actuator has a safety protection feature that switches the motor off when
there is an overload, i.e. when the load is above the capacity of the motor.
This is accomplished by analyzing the tach pulses from the motor. If the
motor is commanded to rotate but there are no tach pulses after a certain time,
a time-out is enabled that switches off the motor, thus preventing the motor

10 coils from burning out and damaging the drive electronics.

11



& ()- 10 10 10@ 10%& ()-!, Y+ 10%& ()-8g99:,;;<z[<~ @!3 ! S10%& ()-

109 ()- !'D 10%c& ()- ':1& 109%{& ()-3 109%& ()-!0Y -

109& () - 3<<>j > 2K?L?MPN?} ASH= | 10 10 10@; s109%& ()-3 s3S109%& ()- | %
1096 & ()-' !0l % 10%wW& ()-'!19% 109& ()-' N?@ACMCADZ[ 9SH= ! 11 % 10%wW& () -1 s
109 ()-Y!'ls 10%m& ()-YYS 10% & ()-9!5YS 10%{& ()-9!YS

109%wW& () - 94DDEFFFFF=Girg\= !! T10%& ()- 10 10 10; 109& ()-!+l1+

109& ()-:!11+ 109 ()-:1% 109 ()-=G GEA DIG H I I dE;/ 10 10y;

109& ()- Y&L09%& ()- @O% ()-F 109 ()- Yy10% ()- @
O%EL'()-IIJI"IIIJJ N, /!F- 109 ()-!F- 10%vé& ()-!F- 109 ()-!F- 1098BB& () -
F- 10% p: & ( VYA 'Ei)me d BK=LL+MIMWE[ <, /| F- 10Y - 109& ()-,t109%& () - F-
1090& ()-!F- 1ocy&'()-||:- 109 ()-!F- 109%Kk& ()- MVNXNNNNNaB7/ | F

1. A linear actuator comprising:
e a brushless direct current (BLDC) motor having a rotor, tach magnet,
5 stator, spindle and drive electronics
e the said BLDC motor with built-in motor enable input feature, motor
direction input feature, PWM (pulse width modulation) input feature and
tach output feature
e ahollow shaft with an internal thread coupled to the said rotor of the
10 BLDC motor
e a lead screw assembly comprising an externally threaded shaft that mates
with the internal thread of the said hollow shaft, and a shaft with a cross-
section that has a shape that will prevent rotational motion when fitted
through a matching anti-rotation hole feature
15 e amagnet attached to the threaded end of the said lead screw assembly
e a mounting plate with an anti-rotation hole feature that is attached to the
BLDC motor
e a hall effect sensor that is placed in a position where the said magnet can
toggle its digital state when the lead screw assembly is approaching the

20 retracted end of the stroke

2. A method of fabricating the linear actuator defined in claim 1 that consists

the steps of:
e making an internal thread inside the hollow shaft
25 e attaching the magnet to the end of the linear shaft

o mounting the hall effect sensor at the retracted end of the stroke

3. Use of a microcontroller in combination with a contactless position sensing

device to control the reciprocating action of the linear actuator.

12
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length dynamically by using the tachometer pulses in the form of a

microcontroller algorithm.

5. 5. The method of sensing the complete stop of the said rotor by checking the
absence of tachometer pulses after a small delay in the form of a

microcontroller algorithm.
5. The method of sensing overloads by checking the absence of the

10 tachometer pulses and turning the motor off in the form of a

microcontroller algorithm.
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