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SOONTAREE SEANGSRI : INTELLIGENT FAULT DIAGNOSIS APPROACH TO
FAULT-TOLERANT CONTROL OF ACCELERATOR VACUUM SYSTEM. THESIS
ADVISOR : ASSOC. PROF. JIRAPHON SRISERTPOL, Ph.D., 154 PP.

Keyword: ULTRA-HIGH VACUUM/SPUTTER-ION VACUUM PUMP/PUMPING
SPEED/FUZZY/ARTIFICIAL NEURAL NETWORK/MOLFLOW+/FAULT
TOLERANT CONTROL

This thesis focuses on the design of an ultra-high vacuum pressure control system
with fuzzy fault tolerance for a sputter-ion vacuum pump used in the electron storage
ring at the Siam Photon Source Laboratory of the Synchrotron Light Research Institute (a
public organization). In synchrotron light production, it is necessary to maintain an ultra-
high vacuum pressure of around 10 Torr to prevent interference, refraction, and collision
with air masses while the electrons move in a beam. The vacuum process starts at
atmospheric pressure, then reaches up to 10 Torr with a dry scroll pump, and continues
at a pressure of 107 Torr with a high turbo molecular pump. A sputter-ion vacuum pump
is then used, which operates by capturing gas molecules and trapping them in a confined
space, allowing it to produce a pressure of 10 Torr. Currently, the Siam Photon Source
Laboratory uses multiple sputter-ion vacuum pumps, which operate at full capacity at all
times to maintain the ultra-high vacuum pressure level throughout the electron beam
movement range. Therefore, a control system for the sputter-ion vacuum pump was
developed using fuzzy logic theory to maintain an optimum performance ultra-high
vacuum pressure value throughout the electron beam movement. The efficiency of the
pumping speed can be estimated using a neural network model created with Molflow+
software. The control system can also diagnose actuator failures resulting from
malfunction in the vacuum system, which could worsen the vacuum pressure and reduce
the quality of the synchrotron light that passes through the region. The advantage of this
method is that the operator will receive compensation information of the control system
where the error occurred, making it easier to correct, improve, or replace equipment with
abnormalities or errors in the system in a timely manner before the system is damaged.
Furthermore, it increases the confidence of the vacuum system at the Siam Photon Source

Laboratory. The research results have shown that the control system can accurately



detect faults in vacuum systems, and the vacuum pressure in the pipeline can be

controlled to 107 torr. The accuracy of the model is about 99%.
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A15398 YBULIANISINY NSOULUIAANITINY Uselevinaininazlasu wazan uineiu

ANS39Y
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' ' '
= a A

unit 2 Uetassaunssunazauidediieades Wuuniindnimguiiiieatas
fuanusugyyna duuvuatamesloou fauauiled Usgdnsnmaanusalunisgu
TasstneUszaiioy ¥audias Molflow+ wazauAnusonuRaNaIAlusZUY

wnfl 3 sufeudtiuiunudde Duunfinandinmsluduneunisduiiun1sive
Tusiatasing o loun nsadaszuunnaesgngyna nMsnaaeusesilnavesfinn Liteldly
M3AIUANAIANGUEYYNIA NMsUszanalsdnsnmanusilunisguluundaly

unfl 4 \uuniingniamseenuuunazauauanuiugyynaluszuulriaiogl
seuAMUAdYN AT IAUANLUUTeE wisuwansliiuiaanisauay

unil 5 Lﬂuwﬁ'ﬂdnﬁqmiﬂizmmﬂizﬁm%mwmmL%’J‘LumiqwaqﬁmLLUU
almneslossuieuuuiiasfiadslnelaseneUszamidiousuiugensnas Molflow+

uni 6 Lﬂuwﬁﬂénﬁqmi%’ﬂmmmmé’fungzgﬂﬁﬂiuiwuﬁﬁmmmmiammusia
AMURANAIALA

- v
unn 7 UV]ﬁEULLa%GUE]LﬁUE]LLug



UNN 2

USNALIT5UNTSURAZIIUINNYITD

21 unih

siAdesugaana Wuiiinuasinstaneddeios sewmniiindsslomives
wmaluladgyainiaaiunsadudszgndldldunuisumaan slunisnisunnd
magaavnssmieusiufluniatou Wy msussgesieayaine dadunmsfauinun

A

nInsaupuemnTINMsldganatainiiveslilugiduiiegnenguesomisuazasis

Ly

g LTUINe W sULliduaiuaINIA NMIUTIIEeIEaINAYITREesluTivIe

A

inas demenisvuds deyaniagninuliimuigUnsaluUssueinsinuny W 1n3edvin

v Y
'
=

LLﬁqqﬁgﬁgwmﬁ (vacuum drier) LATDINBAGYYINA (vacuum fryer) Lﬂ‘%"mazmaqﬁgmﬂmﬁ
(vacuum evaporator) nsyhuiasuusdidenuds (freeze drying) Lﬁa%’ﬂmﬂmmwmaqmmi
YIUAIAIIUANVDIDINT chzynmﬂiﬁﬁﬁ’wmm%aﬁwwmmwwéamﬁuui’mmm
syiuUspmalinuamifisuieIealitidnanmeUssmatsilsmgedniuieiesdnuuna
L‘%ua%’aé”wLLiqé’fuqmwﬂmﬁiﬁﬂumi@uaLmaL?szwﬁmLawwﬁuuammaéﬁq \eanszazia
Iu%’ﬂmmmmaL%@%ﬂﬂ@qéﬂaﬂ ammmﬁ’ummLLazwiuquuﬂWi%’ﬂwﬂUﬂmLLmaﬂJaqﬁﬂw LAy

ludnuangideuanstsanudfywaruselevivasanyinie

2.2 uATEngtasiugyna
Turmsswi 20 WWinshaganiagsgadisaldsetuenned 10 mm vesusen

Turraszeziign 45 Udaun 9uddelawesliiuindanuneeuuinu1enazyinlilaaiang

€

ueey u’m’]ﬁﬂ/lﬁﬂ wanIly Lﬂumuuumﬁ%maaLLmlmNaﬂ(ﬂﬂ%mmﬂmuammmﬂamm

Wi C:]J’JEJﬂ’ﬁLWEJﬂ’J’mLi’]sﬂaﬂ‘{j‘&lﬂuaﬁﬂﬂmw’]ﬂ’]ﬁLL@”‘U@ﬂWﬂ‘Viﬂ@J@WL‘LJ‘Uﬂ’]i‘lGN’]EJLLﬁ”ﬁ”ﬂ’Jﬂ

1%
(Y

YU ‘VNETQﬂﬁ’]’J’e]ﬂ\'ﬂ’JEJ’]’]‘fjﬁ,Jﬁmmﬂﬂﬁﬂﬂ@ﬂﬁlﬂﬁ’]%i‘UﬂWiﬁi’N ﬂ’]i‘Ui‘UUiﬂ LaENIonNIg

Re

U1393nwayeyIn1d (Dmitry Yu. Tsipenyuk, 2009) [13]

o
6V

Juuvvatmneslessu (Sputter lon pump; SIP) lasunisAnAud uiiieldiduduy
avonveIvaendiinasou dennnalulad URV lgniaudulagldidndwdsauguas
gmansiiuiy nuidedilnglurlaemaissyieuidaduuiulsinsaniugud

[ LY o & 1 1 a & = [ 1
mmmmmquaa SIP ﬂ’l’]&lﬁ"lLi‘ﬂﬁ?ﬂlﬁ@,Lﬂﬂﬂﬁﬂ‘{jﬂJmaﬂUiﬂJLaf]‘a"?i\‘iﬂaWEJL‘lJuﬁ’lu‘lJigﬂ@‘U
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Fimnzdmsu SIP Tugemnasiugs wezduuuvatinmeslossumnzalunsldoud UHY
wnnegdaey Juwuvatnmeslossuiiiitaiunmssemelutussdinlmdenldums
Fdunmssndausiy nisiaunanaafenislifida NEG Tu SIP Fadumaluladiivamuiuads
wsnlagesrn1sidetamadssylsy (CERN) (Dolcino, L., Waganse, 2010) [14]

Tneviludugeyaniedussdusznounddgiigauesssuugaainiela 9 Jadindi

v
] a 1

ybiussaanudugyainianuideanislunuiUeaidn widmsunisvinagayinieya

e 9 g manaueazliansaadiaduldmedugyaineiiesiaies Sndudesdddy

R AR

v
v v N

Uszianeng 9 ieaseayinialugwiwand1eiu astunisident danudugyayiniali
= = o v & o o =% Ia o Ao ! a G Y
winnzaudinudAg dududulsndsniinateladeniuanonisiaen Unnuisauui
nanunaeinuImslunsdentugginideg 1vieuasiuusulisauiuiiasdInN150Ee
gayayniegnuiaualuunauil (Akram, H. M., 2014) [1]
mMyasszuumMsedsuganiewnan iz fugunusnadnviliusenda

o Yo ° Y] A ' 4 A v &£ & Y &
ﬂﬂﬂ“ﬁﬁ]’IEJLLazLQanWJUﬂﬁmaEJUIULLG]@S@N STUUNEI 19T UL UsEnaunle (1) Ui

N v ) A o v Aa o U . Y v
UINARUULE DLW 2 F992 Wovimtdusiatumenu (roughing pump) wagdusu

il
a o
iy (backing pump) dmSuNMBULaYINTA (chamber) wag (2) Juunslerhau (diffusion
pump) adulluftarunsaanausilidasuissyanm 107 ves nransnaessrUUT
a¥eBunuh MYUEAYYINAGNEUINIARENINAILALUTIBINIAILTIAIRY 2.2x10°2
nef Tunan 6 it Medugmyiniawuudeunts wagannsnanmiuduasegweiiosudia
4.5x10° vo$ Tunan 30 it etuunslovhsi (@swed uasaniz, 2013) [60]

dugganmawuudeuniuazdulefsnszagluiuasiuansaiu ifovhnisin
ANFLTAIEINIEU N umsiumnssiuayilinalunisguiensetusheiilesnin
sovduazUiinasiionssiuredluurargunsal Usnnsbedestaguldifanntu wagnud
Huaganiauwuuideuniiannsomausiulisantsznn 9x10° vies udresrinnisgu
Tnedulotlsnszaredagilaldamudumaniivszan 8x10° ned (auss nawuinas, 2010)
[61]

ANMNAY 4x1012 no$ Ae Anudusanivinldluiesayyinaiiainmannd
1¥afiu sUS304 ngluszuutsznausedulonou dussifinlnmdeuas Judhiilianase
sevgld eAnwimahagyimavesdulasdunnaininatauas Ti-ball Tuszuinstuneu
Aeulinnuseu warfnwinansevuannsmeluresiegluseninewin1souwiakagndaan

UANISVauve Iy (Liu, Y. C., tazmAnig, 1985) [34]
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N15U598 UHV / XHV Ingludedldniseuiiaamgiganaradudsdnlulunsldnu

Y Y

J = (3 I

Tuuinn Rlaanwn1sltganindsialiunsiezlnimideuesnlaalanu « rdeuuu

[ '
Y

FuAIUDIAUTENDUVDIMIDIAYINTA LNBAANITAATUTDNNUUKTIIBY Fadraunsaunnsy

ALY}

1
a o

sonidusendiaunazlalasiaulutaguazyivi i uuvdsveslelasiauld uonaini &
atvayulidrsesiumesludedulessudioanarlunsigayiniavesivasiaag
AUAU UHV / XHV (Dong, C., taganle, 2002) [15]

wuuTaeszULga AT aiedaeIsnsoonuuuiBanavessruu dugyinia
d@m3U SNS (Spallation Neutron Source) DTL (Drift Tube Linac) wag CCL (Coupled Cavity
Linac) eifuuumislumsimundenldtufivansauiian msswdasnismeluvesie
gﬁ’uagjﬁUL’JmLL@%@?’]@JL%%IUﬂW‘JQUﬁ‘ﬁUE]E‘J:ﬁIUﬂ’J’lllﬁUL‘ﬁﬂlﬂuLLUUf\T’laaﬂﬁ’ﬁ/i%lUﬁy’lslma’]ﬂ‘Vm’]EJ
i %@HaﬁﬁﬂﬁmmmLLf’fﬁzymmmmﬁuiw*m%wam‘u Jumeslunagduuuy
lovould Suruuazsunvesiuuiagignuiuvlimnzaniiolildarufuiidonislned
suyushan mamnelvesieuuiuialangiomn n1silvavesUSmuieuinasfume
Magldsuangunsainmvidadevianun ssuuiieenuuulirnudures DTL dindh 1.8x107
V199 HATAINURUTDIE LAY CCL N 9.2x10°8 nos LLﬁagjﬂﬂﬂiﬁL?auimﬂawmﬁmﬂﬂa (Shen,
S., WazAny, 2001) [49]

A lunisguaes SIP AwININANNrLILLLYesdIdnasoud Anogluisad
wuilsuazdnulossuiaonadesiulutiagiu Wldemduyssaviidasedndvioaunisialy
Alddmivamainnuiilunisgu lunsessduduaziivnsinesiaztglivszanm
anudlunisguuesinedu q Aldldlulasiaundeaisuounouanled 35n1sduand
aamﬂé’aqf‘ﬁ‘uwamimamﬁﬁf@lﬁﬁgmumLLﬂLwﬁﬂqqLLa:ﬁﬂ (Suetsugu, Y., 1995) [51]

mailizqﬂﬁﬁ%quyiyﬂmﬂﬁlﬁmmamzmaléf (Non Evaporable Getter; NEG) Tu
umsingamaldsunsanideafufitruifofunnsgunsveeiesgyyinadadin
nsfnunudn walddumesluluanasiuduiy NEG anudusaeildivintu 7.9x101
Urdnna wazidloldfedeaduframaaouiuiiy NEG quynaiinisvenedudsaialang
10-7 Ynd@m1a (Detian, L., WagAty, 2011) [12]

wavosnsAnwiAgfuiagiidluniswden SIP leun nnudeudmivialnauas
aunuaadmiuueluauaziiaed maia T0S Faduiiveusulnsgmanvnssuanainely
m’mmﬂ%mmﬁn%ﬁ@m%ﬂuﬁa@ma'wﬁfgﬂﬁmﬂ%l,ﬁaﬁﬂmﬂﬁzﬁw'ﬁmwmaaﬂizmumiﬁmmm
avamfiuansetu Buniaruazeramaeaiivisefiiufegnsiivun ant veaeuns

Banvuggananuitueluadusz@vsnmunnninttanveswalng Tupnuduasdmidend
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MmaugzonmenszuIunsia o wailelasiunddadiulszanm 97% vesienUaadin
aruakinnswuvagyInirazann1smelivesingloiiou 80% usilalasiaudsnsunas

o

anaATuUnAN (Calcatell, A, uagAne, 1996) [4]

2.3 UIRYNNYIVIAUITUUAIUANLUUAGULATDVIRENY AN
nouffedasinilunssngnadamansussnvmilaiiiedesivamuliwiueu ¥n
Iluszuumuauiedanmsnszviunsndudeudsenaldansanamoullaiaun Ty

nIflYRITEULVAYINATEAUAIL LTIl lugna NI suse 9 W n1snaneiinoudnines

Y 9

walulageinia wagn153987uas anunsaldnssneaquinsaiionluaNanIiznsluias
gy nalagalivsednsnim nsfinyudvesnudTenifetosinauslansialull

nsUssenalinismivaniiedaednd msussuugnageiiiay n1snwiiaued

a a

muanfiegasIndmsuszuugynmagsiewiteUsulsannuatesuasUssdnsam seuy

a o

goyunageiasivanatedulsidesmuANnSouiu 1w Anudy gl 8ns1nsivg
Y9319 wazdnsnsuandalulessu fmuauilsdasinannsadnnisiuduusvaissi
wazUun1smvauliminzaunuIa1ase telviuladissuuyihnulussdundesnisdnsy

a

wiazaUs nan1TIdenuIndImuRuileEiiuszansamlunismuauauiuLaz gl
meluiiosageyinia (Chen, K. C, uag Lee, C. K., 2015) [8]
N13AIUANARINRUUN BT VBITEULA UINIAG T AvdmMS UNSHA il AouAnIneS
miﬁﬂmﬁﬁwLauaéf’m*m@mﬁszj%aaaﬂémi"mzwqigﬁmmquﬂLﬂwﬁiﬂuﬂWﬁmammﬁﬂauéﬁ’ﬂma%
Hadwswanaliiudfainuquuuuiiedlinisaiuqualudulazdnsinisivalues
gy INAlARNIIAIUANLUU PID Wuuidal (Kim, T. Y., wag Kim, S. H., 2013) [27]
nIMUANLUIVARNIAT DTRsTE LA IAgaTiaslumalulaBeana n1sfnund
drsanislimsavauiledaedndmivszuugyainiagefiawi ldlumaluladednie
FmuauiuuTisdldfunisesnuuuniieruauANLfuLars avnianeluesg e
TEMI19M I NUYEIUINIA Nan153Tenudn wildludeliiuTsundnveanisaiueu
fluFainfernuausalunssanisiussuuiidudeunas liidady FEUUAYINAGTLAY
o193 ugfutiaduniousnsing q AdwasouseAnsnmnisvinenu wu naasunlases
pumpiuararuiy Mmuauiledaoinannsouiuliidniuanizniaudsusasvand 1
msmuRuimuasdeiiold uenaind mmueuiledasdninagldnuiouazysuusdld

NendIsmsauauLuuas (Choi, J. H., uag Park, K. S., 2011) [6]
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kY Y

m'ﬁm‘uauLLUUW%%@%ﬂmaqszuungfynmﬁmﬁmwﬁfm%’umﬁﬁa%um AIATUAN
F$uniseenuuuaniiiednwanuiunassninisivaluiiesqyainiaseninanismaans
wadnswandliuidmuauuUiisdannsalimsauauuiudwas afosamluanio
Afnssumu Sausfimsmuguuuuiiedasinezidefiunnineg uiffienuviimeunasenns
Tunsihluldluszuugaainiegeiiay fegrudu ngiledasdnuasileidunisiluaundn
Fndudedldfunisesnuuvetuseinseuaziulimnsandmiuudazssuu J901ald
neuuazdesederu Ty uenainil lnunfinvesssuuenaiudsuutandenadi
1 vilisnvauiledaedndeasunisuiuunslmidusses 4 (Kim, M. J, uwae Lee, J. S,
2008) [26]

N13AUANLUUTBEY03Te UV UINIAF IS UNSTUIUNSHARL T ABUANLAES U
unAnuifdeuldnsmueuilefiiiou fulssussaninaniinisguuazaauiaiiosves
%mqigﬁgﬂmﬁmﬁﬂumimﬁmLsnﬁﬂauﬁmm% éhmuquLLUUW%%%U%’UMWL%W@@%MLLag
AWIUIINEININANUAUA U YINIAKAEENTINT LAV danalianIniIng ouves
qﬁyzpﬂmﬂﬁmmLaﬁaiLLazﬁUizﬁw%mwmﬁﬂﬁu (Lee, H., way Lee, C., 1999) [31]

n1sAuANaRINWUUNBTveIsTUVE Y INAdmMSUNSUsTLaNaLH UL Ne S 19n13
muquLL‘U‘U‘W%%Lﬁ'aﬂ%’wgqmmazm@LLazmwmaﬁawaﬁzwqigigwmﬂﬁiﬁﬂumiLLUigﬂ
uriued Mauauwuuiisdagiuanuiwestiuagiunimdmuszduanuazen
LAz 03AUIENB UL UANTNWINADUVBIAYINTIA AINALTANINKINS DUVDIAYYINTA
avonTuLasiilafosnwannTy (Choi, J. W., Lee, H. J. Kim, D. J., uag Kim, H. J., 2007) [7]

n1sAuANLUUTBdvesiusudayyIn1Admsun1sInnisesTdnisauagusuy
flgdiiousuugsanuwiuguazmnai ssvesjususigad uiildlunsdnnisusiuuvies
Fuzzy Controller agufusuntsmasiusuduasissduBamuiumiuazanmiuiovesusiy
Aled dawalinszuiumsdansurumes AL iugLazafesBaty (Hsu, C. F., Chen,
Y. H, Lee, C. S., ag Wu, S. M., 2002) [19]

nsmuaniiegvensuivesgyyinadmsurusuignamnssuldnsaunuiladiie

'
[

USuuseduvesniuesgyamanlilussuusmlusigaamnssy ieusulidriuingd
uansnsuaz SISz ay (Hsu, H. T, wag Wu, C. W., 2007) [20]
mMsmuauasIngfiadessyuugyIMadmiuiniasteyma T¥nsauauilediie
USuUssUssavBnmesszuuganedildlusaussoynin aeulnsataesileduuausy
gImMAiiosnwanmuIndenfistunsdmiveynakaz U UUT U ANS A MBI LS

CYRE7 RS 1

A21157 Uha, S. C., uay Gupta, S. K., 2009) [22]
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MsmuAuilsdvesszuvgyaIMAd iU masuLi Tinsmuauila@iieusuuss
Uszansnmvessruugaaniaildluamasuuia aeulnsataesileduiussiugayannie
uagauAuioUsuUTINTEUIUNM I AT A Larann1sIT A s (Zhao, X., Lag Wang,
Y., 2005) [58]

nsdnwunaniandiifuissedvinmesanisauguuuuiledlunissuuss
UszAnSamuaganuaiiosuessuuagInia dadanudidged9Basanszuiunismig
QAAMNTIUAN Fuzzy Logic WLLu'smqﬁﬁmMQuLLazLL%@Lmi'ﬂumié‘]’mﬂ'rﬁffummlajl,muau
LLazmmLLUiﬂsauﬁﬁa&ﬂmzuuqzyjzyﬂmﬂ ﬁﬂﬁlﬂum%aﬁaﬁﬁﬂiﬂmﬁﬁm%’umimmu

waziuUsEANS A nuazANuULTanavessEUUle

2.4 ATefinedaddaglilusunsu Molflow+

Molflow+ Qﬂﬁmﬂsﬁumiﬁi’ﬂamLLazLﬁuﬂisﬁm%mmzwqigﬁgﬂmma"w%’u GELY
15991 N1ALUIATI European Spallation Source (ESS) Taelda1aainisinavesiigly
AIUUTTNOUGFINAAIG 9 LU Julooau Sumneslu wazviosndes ieUssdfiuussansnm
LLazizuqmﬁéfmﬂ%’UUqa (Stipcich, S., Comunian, M., wag Ferianis, M., 2016) [50]

Molflow+ Qﬂiﬁi’fl,ﬁ'aﬁfﬂammii‘mamaaﬁ”wsﬂuszuuqzp)agwmmmm?laqmaﬁu
Compact Muon Solenoid (CMS) 1 CERN UszendlilunisusziiuUszaviamuesssuuuas
Lﬁmﬂizﬁw%mwmiaamtfuuLﬁaammsﬂuﬁjamaqﬁ”wuazﬂ%’uﬂqamml’maam%msné’fu
(Ansari, A. R., Cerqueira, A. S., Lopes, L. F., uag Rufino, J. L., 2019) [2]

Molflow+ 1Hlun1sdrassnisunsnszaevesdidsunuianildlussuvagyinia
dieUssiuusyavBamuastangine 1 lunstlesfunisiilvavesdideuuazanmsuuionuly
NINARBINAANANRIUGE (Martinez, J. C., Baccaro, S., Chiggiato, P., uag D'Antone, .,
2018) [36]

ns9raeslagld Molflow+ ileLfialseAnsnmnnsesniuussuuganedmsy
i3 passounauwnsslumemsunng lngdrassnisivavesfieludiuuszneudig o wu
Huilovounagviodides vhlannsnussdiudsyandnwlunmsssyaaiifesusuuss (Kikuchi,
D., Nishimura, H., Matsuo, K., kag Miyahara, N., 2018) [25]

Molflow+ 1#lun1sdrassinmasund saaaainia lagldid enisuseidu
‘U'ﬁzﬁ‘m%mWmaaizuuqmapmmmzLﬁmﬂizﬁw%mwmiaamwu Lﬁaﬂ%’uﬂqﬂﬂizaw%mwmi

NADUUAZAANITITNAIIU (Cui, H., Li, Y., Wang, X., Liu, G., uag Xie, J., 2020) [10]
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Molflow+ Qﬂi%’ﬁi"laaaﬂ'rﬂwasuaaﬁ”weﬂu Radio Frequency Quadrupole (RFQ) 484
159970 HIE-ISOLDE 7 CERN lunisusdulsedninaimvesssuvgyuiniAtazUsuns
snuuulimnzauiouiuusinisdsiuvedlesoutusiunamisd (Mandry, P., Jones, R,
M., Jones, A. M., Pasini, M., llaz Voulot, D., 2016) [35]

Molflow+ gnl#lumsdrassuaziiisszavsamnslvavesfnelurswudniivues
wiasiLlinsedgulasnseu Inetunussgnaldlun1sussliulsednSnmuesssuug NI
LLamJ%’UmiaaﬂLLUUWmmzamLﬁaammiﬂmﬁaummﬁ”wuazﬂ%’wqa@mm‘wsuaa X-ray
spectra (Zhang, Y., Gu, M., Wang, H., Zhang, L., U8z Zhang, Y., 2021) [57]

2.5 deiifetasiulaseineuszamiiey

TaseureUseanmney (Artificial Neural Network, ANN) Lf]umiﬁaui%am%ﬁm
waz Uy Usefvguununaneneissy Qﬂﬁﬂlﬂi‘gﬁUﬁ’mﬁlﬁa’mMaw WU N153INN NN
LLazmiiJizuaamamwwﬁmw%uﬂuﬁ SWFINITNEINTAININITEU W Dudu (Goodfellow,
l., Bengio, Y., war Courville, A., 2016) [16]

viklutenndiaduusn 9 ves ANN gnihsnldifieduunnnsiasideusisatsiio
Sane3fiu Multilayer Perceptron (MLP) Bumdlslugu ANN fiszauanudnadmiuaud
paunlalinsiawwug i dndulassiedssamuuuaeuligdu (Convolutional Neural
Network, CNN) 4a1u “Deep learning” Usseannile 3eldSuuseans aniindulusunis
1NN (LeCun, Y., Bengio, Y., waz Hinton, G., 2015) [30]

ANN g ni1unldlugiun1suseuiananiwisssuvd 1y nswdaniviuas
nsAaseiadesiu (Recurrent Neural Networks, RNN) tdutlszinnvad ANN fiwsngas
dmfunsaiauvuieosdeyamudduidudann itetiennemusszerduszeren
(Long Short-Term Memory, LSTM) Gaidusfautsvas RNN Lasunisuanafioviaulaaly
NS 1LUUS 899N ILATIIUNSLUATDLAS D (Schmidhuber, J., 2015) [48]

ANN gnlfifienauaunisiad sulvmivesiusuduazyiinisanding maseusnig
weSuusedadulszianvesnisiouivonniesdnsiidunussudazduiunismudya
ﬁﬁagﬂﬁmﬂﬁﬁaﬁﬂ ANN dmsun1saauRuviueus (Jurafsky, D., wae Martin, J. H., 2020)
[24]

ANN Fsgniiluldiunisnennsainianisiiud shunldlumsviuiesiniunes

wnltuvesman nsiungeunsuialuweundindumluzes ANN lun1sdu Faduwmdu
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auvestoyausyiRkasodnmdunisaanisalvesaituauian (Mnih, V., wasanse, 2015)
[38]

Tuvnugd ANN Tfuanddiiuissgans amiunisluauivainuateniniundad
193117 U19UTEAIT N5VE18T0LANITRNOUTUNITVIAANAINITALUANTAALLAE
JormuansAunwazn1siaiudayadtuauannduanuyinmeaes ANN (Hwang, S., waw
Lee, S., 2020) [21]

m3Feuiuvunsieleudumadaildluna ANN Aiumsineusunieuntindy
s msunsineusilunalnlusudiuanety msdeuimsmeleusandiifiuing
Uszansnwlunisandraudeyanisiineusuuaznisduinddndudmivaulm (Pan, s.
J., wag Yang, Q., 2010) [43], (Yosinski, J., Clune, J., Bengio, Y., Wag Lipson, H., 2014) [54]

ANN 91918 sasionisiduneildusunseeiavilinisviiugveslumaidilefia
Usangnisaliuildfunsdnwedisniwanuariinsiauenalanistestunatetig
Lﬁaammaﬂiwu (Goodfellow, I. J,, Shlens, J., ez Szegedy, C., 2014) [17], (Papernot, N.,
McDaniel, P., uway Goodfellow, I., 2018) [44]

ANUAINTTALUNTOSUIBLALATITAAIIN ANN ﬁﬂgﬂﬁf\mmﬁ’nﬂu "naoean (black
boxes)" seidudeseniiazidladanisainnisaives ANN Suuwnedasls dnidels
WanuAstumadansiauiioasuiengAnssives ANN Sududsddydmiunisadng
mmﬁ’nﬂﬁﬂuﬂﬁﬂ%’mquLLawwﬁLﬂ%uﬁﬁﬁﬁy (Lipton, Z. C., 2018) [33], (Molnar, C. 2021)
[39]

av aa 1

13RI Neuromorphic 1 wauddeignssmaneluniseeniuuss e sawasi
a % o 3 = a & ° ] -
WeuwuulAsIEamasN1vNLYeYaaU sEaMTININLAE synapses dellanatinlug ANN 9
HUsEAnSnMuasnngUNINTUTWNUILAVIUANY LWUNITAIVANKULLTBAITWAENIS

U a

fnaula (Davies, M., wazay, 2018) [111, (Merolla, P. A., wazmy, 2014) [37]
lgazu ANN lasunisfinwiagneninsnauasiluldiulawusng  nSounagansni
WU NS LU ARALMATALLYE9 ANN 5309ANUAINUN L UTISALIS WAL TONA KIS

Tuwlduastupiaunaly

2.6 MATENNEITRIUTTUUATIRIUAURANATIAHINNE LA TEUUAIUAY

NAmusaAdeng
FTC ﬁmmﬁﬂﬁgﬂaaﬂLLUULLazﬂ’wuﬁuLﬁaLLf’TlﬁUﬁ’ﬁaaﬁ’wﬁ’Wuaq feedback control 1ilg

1mpn138iN 52U (plant) LARAURANATA (faults: e.g. actuator fault, sensor fault and
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component fault) w3edd 15UnIuaINnIBUeN (external disturbances; e.g. EMI, noise,
temperature) 4913 sEUULEBAN INEANA S (unstable) AUVl Ng vy sEUUAIUAY
wuuLay 9 llanansasuilels

FTC Wuszuumuauiifianuaninsolunissesfuauianaiaiinandusenay
o33zUUlaednluli nanAosruudiasausaviusslulsegamugay winaziina
Anunfviernuiianatntuluszuu Tnefindnmsvhaufessuuasasaeuuasitadeniny
AnUnivioauianainiiiindu 3nind uilsunsla dnvaziduedasls Svuamials
mmfuﬁzumza’qm"mﬁz’faaiam'aiﬂsTw;mmuqmwuﬂ%’Ué’aLauﬂ'aﬂﬁ’wqaLﬂﬁlsmtfdaa
Amnsiimesvasiamuay (Controller) Milvsguuaninsnvinaldnmuideanisseluming
aziile InetyninisuszanuanuianaialagldiidunanisallunisidadeteRanainiuy
Usudale gninunldiunsuszanamainuianainuuuuiudaliegasinga (fast adaptive
fault estimation; FAFE) liteU§uussananilunisussanaauiianatn lngendoimaila
avaldivinfisufuve wansnd i@ udu (linear matrix inequality; LMI) ¢edane3 Aufild
drsalunisuddamnisesnuuuamnafiwes dsuandliiuiUsednsamnisnsasy
ANUHANAIAVBITINATIAZAETTNT FAFE fnaussenanissaadiuunay (Zhang, K.,
LagAy, 2008) [56]

=

Jgminmsevguaruianarndulamuresssuuniuguidnnududou Jsassod
ToyawaraudIuglun1sauaulsznauiuy unaudlasiusinusialIssunssuty
WUFIUNATOUAGUYNNIAGILYBINITAIVANAINRANG N Tadanmgulniin1sinyilay
a o a <) ! 1 ¥ v J o Ao
defusruunmsdusaverniadudulng neulvtaasuazAmuziiuiedsensndndu

Wefuusenudgmilusuinn Medenananiedn FTC 1 Jussuuiidesddnisysanis

' v
AY aa =« o

WaNMaeaIuIv I TINALeE1MaSe Jadumnalieniddenintudlianysalasudiu
[~ d' M Y & = 1 [ a 1 :z{' U 1 d' =
WU sz FTC T ladunnaakAn1seausuaMuRanain watdelfuanuuLdais ANl
J1UAY wATANULTINTIVITEUUMUANTITANTUTaU datudndusesldiailunsnsivaey
AMUADINITVDISEUUTILVBRANAMBEN95aUABY (Patton, R. J., 1997) [45]
LWIARLUNIITIUTINTUSEINAUEana1afindsn s linelussuumiuay
d' Y a a d' [ U Y d' d' 1 1 a o
Wielminni1saruauaudanaiaviasausudladuseeuraulaegraunnlunuide
angn nsAnwludagiuiingegalannanunesnislunsiauILuuIIaenIusUkUUed
FTC dwsussuuiliaunaegnufuendnualuaziuduiseseiniagyiliegluguuuuiiiy
Faduld nagnsrasszuuladulUsiumunsinesianumnizategsniun1sAIUAY

VU UFIUVBIRUUTIRBIRAENITUTENINAMUEANaIAd T UlUUSE UL Ladusniniay
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aussaurveeiiUsrnusruUnduLUsi UL me suuuraneauAanatad 141y
Tassafrsves FTC agldnnssudseiuannsnsiumisinaliog meluveuivailvanzas
nagnsnseenuuuitiaueiuandifulngldifussuuwmususuduuvassiamedilaiduds
dudaflusadeamunseimensuluwiazdese LmLﬁammuﬁgﬂﬂizmmmﬁ?uﬁaLfﬂum'm
Anwanavessinszdilunsdifimy uasnansenumaniiuagldsunssaenglussuuaua
Adulwalnul (Polytope) dawaligunuuiiudsunss FTC wuudiuimlaldaminofuszuy

| &

A o
NUBUAIIS (Patton, R. J., uagAuy, 2012) [46]

WiladAgyvesgnsaansniseanuy FTC dmsuszuu LTI kuunaigdiuys fe
migimﬂmiﬁ’]mﬂﬁﬂmimmaauLLazizqmmﬁm‘wam (Fault Detection And Isolation;

a I3 a 1 [ aa 1 lejrof Ave o o Ry
FOI) anlglunsiinsgianuiianainegnsdniau FBnnseeniuuituilidunidnduiuaglyiu
' \ a o8 v ~ I aa

ageunsvangluteaveIn s issuuAIUANTANULTILT AL TEN1TEBNKUY FTC @11750
o YN a Y A Ao i ) ! ° a
Mlaeg1adasyandinuauaunieglussuy Tunuieninudinsyineuvesssuy FTC 1
° & a Aa £ v o a 1y a ' a ¢
daueiianunsavalve ANURANAIRAN ATUAIBALHENTUSUUTE WRsuwasmmnsdines
voagamuAulaed 1 InzaLile FOI nuauRanainlussuy (Ceslak, J., wagaaiy, 2006)
[9]

N1599NKUUTTUUAMUANANNRANATIR (FTC) dmsussuuiaTeriennnudutauuay
uAlneg (networked control systems; NCS) t8uauiienn Leaaniidmnsiasuagiinseeu
<) o a oA | (Y] @) = I v al a o a [
Wudnuuanniweunenulussuuilunsedny wiazdanuneigndlunsideineanunis

v

Waw1sz U FTC Anu nswaunvaildidnglasun1seaniuuygnniuauk U nsIuees

[ '
v =

faszuudsldifissnodantsudymves FTC wuusamguelu NCS unanud iddiaus
wwiaafiafiorfevansiunuszsuuiiieldluniseenuuuszuy FTC @mdy NCS unsiun
(Sa da Costa,. J., uwagatuy, 2007) [47]
Tunseurunmsnsgeamnsaléinagnslmldmsussyarufionanafivsingtu Tae
91fBALAsYBIAN residual Tuszuy Fusuandmunaliszuuiian residual winduminlsl
wuauRaundla 1 wazdauanssfudensianudeinnainty ndurimunguuuunis
LENANARANANALARZUTHLANYBINTTUIUNIFES AT @ LT InA8YBarN residual LileUTTg
N1399NWUUAIAIUANAEITNTREIUMUIZALIINNITIATIERITIHUINITAIURANAIAAL
dyiidaldd Fndulslovidmivimniagmiivesfianantuldegragnies
(Wang, J., kazang, 2016) [52]
nsthszvunsmuauANsRanasnldiiiesesfunsvhaianainvesiangzdu

(actuator) wagvsEANUAANAINSANAINGINTIVS (sensor) Nuandliiiuiiausednsnmnis
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MIureINIEUIUNITanated1iuladn aliansnsiadeunassyuauRanal A (Fault
Detection And Isolation; FDI) fguuudassiiiamiuainniserdernudlaludoyaids
S gafungAnTsuveanszuIunsiIuYadInsesAaNIuA I Ted1in wazUsziduan
UszAnSnmwesiinszdunasiesingainananalunsdifilinnssunIusEuy MIeeniuy
Fmuauiannsauiuvdsuld lnsuaniwaainnisiassssuuiilofinanuiawnainves
AnseAu (Nabil, E uazany, 2010) [40]

arufiananafiistulunsyuiunssnlutd dhazvlhAaufasefldfssasduay
o1alugnisvigarzinnsiauvessyuy dueansliinauidemesogunsal yaaing
uazdsnndenvesszruuld mamuauanRewaasufisnsidadusesafeuitnismuny
iodannsfuauiiawainegnsmgeans finguszasdiiledesiuliliiAnanuionain
wuudne 9 AevAslhintuduanudumarsgnedonss luvasiefufifieduanundey
YO9TF VUM BIYB IS URT BN AR LAANa1AT Y FTC 1unssiusueans
szuumuANiina nmaneiiieruaslussgvIeding 1 ssuvarldiunisnsnaeunay
AaduanuiianainegssnludAuazdndunsudlodofenainoamngauiondnides
nansEvuUNesawesnuiianan lunisuiludeRananiiinduildegrmainuans lu
mm%’jqmauﬁ‘lmﬁﬁ‘]uiﬂasmdﬂEJmaﬁaﬁuaﬂﬁ"uasﬁwmwz?’us?fauiuﬂizmumimmm Tuune

Y

nsdlanunsainmnuianainldmienisussunaununisinaindinsviduesilignses
N N o & v Y I~ i a ca o v = Y
NIDUNATAUUANUINTUADIUTUU T LURIULYAIAINITILADIN YUY DUNTDDBNLUUA
AuAdlnd (Blanke, M. wagAniy, 2001) [3]
FBn1seuananuianainiesusliluunauling 1 snuianaInguingIn
AINTEAULALRIAINTIAZIeY FalndemansenusesyuudnludfinlnanideUsednsninves
AIALIUNINIBNINTIRIRHANER InedgnuseasAlitadanadsn1sussuIuAIuasionIs
YALYYAUAANAINVDIAINTLAULAZAINTIDF Han1svnaekandiliuinilofinsnsaadu
LazugnkerANURaUNANAsYUldLELIzanransEnuNne llindussesossuulalagdny
LAZNITAIVANNTTUIUNITILNEUNIYINUENATY aeelsinnudnininuesisnisiasiniu
A = v 1% ¢ a & Y ov ¥y A o 3 s
Woellnsgadevesdinsedulavauysal nsdliwudgldvilaiiesdisesansawisvse
dulsznouvedszuuidussansawlivinduieidunissussdumnudndaiioves
UszdnSamluszuumuau (Noura, H., Waganie, 2000) [42]
1109018 U5 NS A NVRITEUUAIUANT LY FUALAINITALAZAIUAT BIRIVBIYA

v a o w

muauneglussuy dawalissuumuguiuiiussansnmnisyiauiiuiindingegaves

(Y v Y

Aansedu seuvunIuAndIasinauasluldmninaulanaint uiufin e uuned

o
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fnsyduiivdensiimsdansidenldedsnaearnitelsisyuumunuegluanmituaoa e
uninsinadadu luasdortuianmaiedugunsaifddylussuuaugy A
Suvawesimsatenazihlugnsinaulalunismunuiianain Ssenafusunsiosonis
yhaessruUmLn insgindnsailideyaiiduludmiufnuaunasiangsdu ulfay
ldfidhusnlnenssdunismuaufnnn duiuidanudululdiagddmnmeinaeduio
AT9sevAnIUENIvestuLariy feidadunsfinanuindedelassiuve sspuy
M5indnsne Fawulilugpavnssuiagiuinienlfnmadiuudaies ifauaunsn
Tun1snTI9deUnIENULLILA Y (Jiang, J., 2005) [23]
msdauynluinvesisiuaslidulumuiidosnisedisuugdaudndudmsiu
syuumuAuisiuaneg s N ol i uauTRve e eatuialuiegwimungauuas
auysaiuuuidmesamuiseusesedlussiufinmsgiuiuafouinaiuiinisho
flan TuszuumuauuAuLuIestsiuasasainnuianaintuldine Fseraiaan
mMsasuulasmnuifiseuiilimungaumteousiuinisduazifiouesfaiuaues villdissuy
feuavlsiefiosuarlivasnde TBruauanufianaieiiiiaueildnagnsves FTC $afu

a s [

FAIUANNLBLUUALALNT DUYALIEANURANAIAYRIRINTEAUTEEENG (pitch) LiedAuE e
A eda a a o a o g = o 9
srggindniuseansnin lngnsusulnaanisideuwuuiiazduneu J9anansadanisiuaiy
Annaawuuliidaduliegndise@nsammeniseeniuuiiseudiy Ussavsnmuenagns

A vo E I v W - 9 A A vy
nseenuuuillasunstudumenanisanedlussuuiviuaufseusuuazvedsla (Lan, J.,
LazAy, 2016) [29]

o Y A a v o« ) i a cay 19 o |

dmiuszuunliaunaidadulisluuunsusuguansiwesildgiu wussuy
UBUAN N8N 52U FTC WUUALANAE LU aI1N0 YR8 AUEANAIANIUNIT
UszanuAimedsnsaadusuulivsidsunnunalalagdiie unenuiifaauegnsis FTC
iUz anaAUEANaIRRUUUTURIULIIE 1N AIUANK I ULUUTIAB9E7989 (model
reference control; MRC) AnukUanivdeg in1suszanuanuianainuuueaulaiiasnis

a [ a

29NLUU FTC NAAUssuUBUUINand91999 TUN1500NLUUBIUINAD9919899EA LT UNTANY

se dEuIsNTIeiumualng kazn15eenuUUUTEIIMAINITIINES N NFUATIZINIY
WNINGUDI0aNNITITUEY (Linear Matrix Inequalities; LMI) (Nie, C., azaadg, 2011) [41]
aa o a ygj °o v 9« av Yo
gaAUANTITANEINIaluNIsTeITUANEANaIa Aty Aduluilasuanuauls
pg1suntesndunuImndAylunsinwanulaonivrssssuuimalulagNviualy seuy

FTC W ug14119INN1TATIENANNABINITYaess UL AU AL AU uAuUaonsie

I
a o

I3 i o aa = Y Y a A a Y o
LUU@EJ'NQ\? NSNRIUIVDIITNTS FTC LUUNIEINUVNUDALAZVDLALLUBNINTUINUVDNINUA
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sunsasadfeiidesns mnufmihagauesiinisesnuuy FTC wuudiumldfetinng
ps1vaouifudidud unaulunisnsraniuasidadededanana (fault detection and
diagnosis; FDD) fansannsalumsmuaumsfsuaaiivauasiimsnusulmidnadves
ynesiUsznavlusruumuny uamadagUliivieluussiudumiudaonseasdungu
dAglunsiauyaniuay FTC lueuian (Yu, X, uaga, 2015) [55]

drowmaluladiad ensseynianazdioinaiauazimnssuvesan vyl douas
Fulnsmsou ofendnnsuaENguisUUAUALTITINIA Fault-Tolerant Control (FTC) Tu
nseBNLUULATHALNTEUUMUANULIYed B1annTeu Tuidoudaman 2555 s un
an1tus Uszauanudidalunsmuauddidnaseuldin 5 luaseu lutaanan 11 dalug
104n13WiUINTs Ingldnatia FTC Asnanas FTC Salduansliiiuin Sauwigamgiinieglu
p1msUfTRnsuasasuanfing s uie 2-3 ssmiwaifea szuumuau (controller) ild
DRNUUUKAT ALY fanunsodnwiadosninuazeueunsindeuiivesddidnnseulmiu
08197 uslunanduiuidlolifiszuu FTC finans Sidnnseuniglursumudnifu fins
Wasuuasiumislinnnt 40 luasou Wauuaunu X wae Y melunanfissuendedilug
(Klinkhieo, S. wagane, 2012) [28]

mﬂmiﬁﬂmmmmﬁaﬁﬁﬂLauaiuﬂ%ﬁﬂﬁaismﬂiim%’wqé’uwudﬁzquyimmﬁﬁ
eudndulazdifgysonsimuinanndinluynaiediu luvasifieaiunisaiuauaum
ananalieglussivgeiimviudusesfionuasdeddinaluladdugs Suiliyamunu
ANUAUANYINIATEAUEINILALITIANgRNkadsnsiadidinalulagansauseme me

LY LY a

wianama1 v linismivauauduayInAsERUgsiavagluvialsseynatuiingg

D

Fudouazgendndulsziunseduanuaulavesdide v Anwiauiniseenwuussuy

Y

AIUANANNAUANINIASEAUEINAYN 8 luBIT I UNATIEINTaRTIAaRY AATIEN TTeddy
ArAuRaUnAiad ulussuuldog1ednludf@ sren1sussendldimatiin FOD wag FTC
FAUNITRONWUUMIAIUANTALT LUTT UV INA LNDWAUITEUUAIUANAILA UG YINA

Ttianuanes wlugazuanodavy

27 dsd

9

nUIviAmhssunssuidnwladnausndnnisinnussstuggyniasuvallames

9 U

a

leoau n1seanuuukazUszyndldssuumunuiledasin nannsinuresssuuauaund
ANMUANTOUNTAINURDANURANATR Uselariannnisidlassinedssaimiienlusnuide

#1199 Wazn15Ldau Molflow+ waviiasiiian1sAnwngAnssuAUAUg A FeneITes
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[y

fnnUsvasiresnuideiiidoanismuauinusduemiuduagania URY lussuulaglden
muquﬁ%%s’?’fﬂﬁmmmmzauﬁ’ué’ﬂwmsmiﬁwmumm%uqu@mmwuaﬂmLmaﬂaaau N9
SeusngAnIINANUAUAYN1ALLSEUURIU Molflow+ weanduis nsuszendldlasedie
Usgamiisulunisasiauuudnasssuvgyynia s:mﬁammé’aqmﬂﬁwwmuauﬁ
senuuuiianuasalunsananuiaridesedefianainiionnindulussuuld ssuu
muaNannsaraeeliogsdiussansam vlrAnssdouBmsideioliussg nguszasd

Y9N INUST Faznanndsluundall



uni 3

ASAIUNT5I8Y

3.1 uni

a

NANNL I ve 13 Nauladnwinaride sruuAIuANLi e S NYIAIAINAY
yynAseaugeitayluuiniiudidnaseuvesaniiidouasdulasnseu tiosnw
LE0EINIMYBITEUU LiNAMILTRLY kaziiyseanSammsldanu anusimissanssulay

aw od v - Yo o = A a o a a o e
mAeneetluund 2 idedsdinseunwifatunisaniunmsidelaeldfinwssuumuay
A A d | o f

wuumauATensevguliudasiniieldlunisaununisinauvesduiuvalnmesioasulag
o a ¢ . A W ¢ ° &

danisuvuisealnduulusunsy LabView Weuseiuguniainiuaun1svina uyesd naves
n1seauaudulumuingUuszasdeeinisided venandu §3delasniunisdssiiiu
Uszdndamanuiilunisgurestunuvalameslossudisasisuuuiiasianlasegiey
Uszamiiisusiuiulusunsy Molflow+ anugnsesveawuuinasdlunisvihueaaauialu
N5guveIdiaEnaae Ui UToyaN1TVARBIRITIYeITEUUEN N AlUAaNEAN Faviliaiune

NIUUTEAMEN NN SYIuYeslulatiues wagiiessuudyynATERUgeiauinudAgy

'
a

gedmsulunisanassias n1UoenuAuEeneUeTs ULA QYN ARD U NINANITZNURD

q

v
= o

] Y] % & a a a4 o MY aa v Y] I o A
ﬂqﬂﬁqmﬂuqm@ﬂqﬂﬁ]ﬂLﬂua\‘lw%aﬂlﬁﬂﬂlul@ LYU QEUWQNV]QQSUUVHIV?TW‘I?']ll@uﬁlu‘m@a']LaEN

Va v = =

wasdangetu Wudu {37efsf@nwnazeeniuussuuaIuaANAIANUA g yyNIA D

Y

a

AMUANNITOAINUABTDRANAIA LA LUTAANUAILITOVDITEUUD N8 LR DL T ULLINIINTS

UFuuse unluszuusiold

ad o o a o/

3.2 29AUUNITIY
au & ¥ [ L J A ! LY [ 1
NI iliaiuauUsziiundnnaiine n1saruANAIRNAUluTEAU UHV Hunns
v = L= a = < v A a a a

PANLUUAINIUANKUUAULATE VI 0N Wi fled UseinudaunAensussiliulssd@niainves
A vulasldlasisuszamiisusiudulusunsy Molflow+ wazludszihundngaving
ABN1IAIUANAIAUR LA N IATIANANT AR UsaYaRANARd T U UL N IAKUY
alnimeslosaundufnsesionu laalsusumensnseuseuunnaay Tunauni1sas
geyeynna MInaaeuTesIIUTHUUGYYNIA NMIaNLUUMMUANTIEE N1sAIUANAAILGY

guauniFwuuSpalndiulusunsy Labview nmsiiudayamannuiuludiimiesng 4 v8anis
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naaasluan1rAinazgnTIuTIieassuuuiaeslun1sUssliulssdninmanusily
n1sgurestduaygnianuvadameslossulaglassrisussarmiiensudulusunsy

Molflow+ a1ntiudunisdraesaniunisalszuumuauiinuaIunsarmuRadaianan

1 [y v

dmiuduganauuualaweslessuiiuiisesenunielusunsy Molflow+ etunau

o oa Y v Y a £y

ANSANHUNITIVYAIN anmmmuuamLﬂuLLmuqﬁié’mﬁﬂw 2.1 (3 elAkUINITANTRUNNS

U

54

v
(Y v

a [ 1 [ a g [
290N UU 3 @IUNAN ‘]I@Sﬁ"]ﬂ"]iﬂ@ﬁ‘U’]ﬂ%U@@iﬂﬂﬂﬂﬂL‘U‘U )

Design and assembly of equipment
for vacuum experimental systems

Perform leak checks
on vacuum systems

Design a fuzzy control system for
the ultra-high vacuum system

——— —— A e e T

|_____ir_______|
Collect experimental
data at steady state

Simulate the outgassing rate
with molfow software

y

| Evaluating the performance of a sputter- |

ion vacuum pump using a mathematical
model generated by a neural network

+ UHV Model

Validate measurement data variables
using Molflow software

Design Fault-Tolerance Control

v

Simulate the control situation with the
MATLAB program

A 4

( Stop )

a a o a a v
E‘U‘V] 3.1 N UODNNTINNUUNITIFY
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3.3 sTUUdMA

Tumsi@ndinemans qzyqpmmmaﬁqﬁuﬁﬁaﬁnmﬁfmLﬂa'waaaa’ﬁ S99
Tuianavesenakazeyniady 9 Wuanzianunaeineadiun Taeiddmnususiing
Armduussenaesann widululildlunisufoaeslduiheiaaysaiuun nglid
aansvieluianauazoymele o esanazdluanavesfnenioouniadu q vaunieos
e ogslsfinny Tninenmanslafamunisnisadisannuindeufifianudusiiun wu
amwLm]é’auﬁwuiuﬁaqqﬁgﬁyﬂmw%’aiuaanm?faﬁmmwmLLuumaqaqmﬂm"’mm
gaynadanuddgludninemansuarieanssuaaninatsann sauddidnvseiingd

v} L3 % 5 dy L% v aa o o ] 1 d‘
Viaueans wagdagaans uananil deldlunisldanuluiinusedriunangede wu 1a3es

(%
[

Anely aealiingeslawus WasUTIINMTRIMSUULTaaaINA WukeiulwanAde il

Y 9
'

=

pnudludesussaanusugaanidlussaugeiivey (Ultra-High Vacuum, UHV) Banunedia
1% Aa Y = & % Iy v ] 9 s o

anmuandeNnilaudumun Felaeialuudinnuiuaztesnii 10° nes dfeseauves
gauanAfiendssianissnynasiigssny Wunundudeunazyiimesgiwin Tnasesld
gunsallazmAtiATiLAYIILILLIN LU UNERNIA YRIganIe 1NaInANaL Aaenauns
MANAZ01ARE 19T LRI TazN1sIANITauU sEnaUNInuaLiaUasdun1sUu b ou 63
suwimsandinamsdesinveenaindastuszuulilesgn n1snivaAngumgivedssuy

v a a Y a A o & A & v v A &
waznstdmaianiawiiendnideinisihiglniniearsvuleudrganmuindouiiilu
qeInTA Weussaan naulu UHV wdadsaiunsadignssuiunisveasssietuld Tu
Wtalidagnaniinisasiessuvanyniadazesuisiunaluladayynia qunsal Tunay
N19831958VUNARBIFYUNIA FIUDIN1TATIaUTINT Inalussuunaassdyanie Tu

a o d’/
NI
3.3.1 walulaggyunie

geyey1ne (Vacuum) AaUSunnsvestesindsliiaanslaegnielu naniladn

I a Aa v 6y %/ 1 [y ) dy d' = 1 6y
Judsuasifienuduinetosninaauduusseinieuing aunatedununauauilififing

= ] a a [ a [l o Y a 1 1 I
wsole tuRownAnluvagauad Tuaruduasdldauisaviliusuinsvestasinle 4 419
Wanldleedanusuinudugud Miseniigyainieauysed (perfect vacuum) vinlive sl

pInAmdetaenaavintu Unildndddldmingayiniawnugaainieauysal wagldai

' v
a a =

4eUeyINIAUNNEIU (partial vacuum) wnugINANATULAISI AN INVBIZYINIATA

NANUTUVBITE TR N TEAUanIEIninda N ArFuyTal Auauiggunde

LA 1}

Wosnunefsnuningwintu eanaiduaninagayiniafi inun1nglagsssuns wag

auaInAndaunmanItuansaasndulanemalulagdagdu dwsugyyini e
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A lagnldiienisganasnisguannivaneiulids frvasdngfnssuiauysaiuuu A
sewllolussaunAgiunintuanaluaouzfiwlifivsanssiseduliivsluisfgavseuss
AN warUSunsvedluanaliAosunniila e uiuUsunnsueanyue MeIguanInginssy

Mdulununguesinelugauning,

PV =nRT (3.1)
do P fe audiu Svedu N/m?=pa

V  fe Usuns ey m?

R #e Aimsfivesiieg Sawindu 8.3144621 J/mol-K

T fo gaungdl Gneu K

N fe Suulualudsuins

wifingasaliladingfnssundauduaunisy (3.1) ianesuauauans aely szl
ansaldlalunnaniie wu denudugann 9 lanaresivazeglnadaiuuinauieseeiu
= & a =2 = d‘ (Y 2 < P = 1 a
wilsfaziinussisgauazdavieoriuauiisnatsduveunadluign Jeluiduasmy
a S i & 1 = a ' & I3 [
auuAgruinavinluanaluaniugineldfiusdamietseninduana Menszarvuduiy
vouvalalel 1usiy
Awduvesivanauisadusala (compressible fluid) deldiuiloutuvveaman Wude
LivgausiURsunUassuslumunvuelamintu uideanansadiinusunanisussaidntulu
nwuglasn syniavesingeglumunianliwiveunaslilusstou dusdamilesening
auMAteENINLlDIRINaUNIATEIAIYOE NI LLIN WeasgNUauaNveLTIvTevema?
& e = | & I o [T ' <
Jufiaziendn le (Vaper) uag Mgl dudansninnnumuiuiudininveswdiuazyaumad
aatudsananisivaluguresdtuvinluanasean ey das/wi lildunsseiaan
= a a ! ! ! [ a o av v !
o nfiuTunsluuiueulng aunInseANN1TUENUTIPNTIZBUNAATOUN i DENs

399152 A9ANNSN (3.2)

Q_d_Nocpd_VEpg (3.2)

T odt dt

ey N oc PV (3.3)
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nslnavesineiifiesdusenauresainnuiinelugnyyinia (Conductance, C) uag

ANAULANFNNYBIANIUAUTENINTOLADUTUINTHINA kanalansaunisn (3.4) uagly

gﬂﬁ 3.2

P chamber

o= — Py

pump

5UN 3.2 laseashavastunily ®

= — 34
Q=C(p-p,) (3.4)

Fauaulun e i N AwiazUssnn Iz AN umInsauwaneneiy
1 r-:l' % & é CY 1o v -] ¥ dgll a ¥ a U
Wy Aauiuasduayaniaidnldviunasduilissuuduilowdneie Tuvusimediu
Juurwilaimnzaudvgsanusugaainiagenaziibinianisuut eumnldaud

Aufue tngunaduagyinnulafandenldnumelutanuduiwusindegun 3.3

"oa
WIRAINAUN; 2 httpy//www.most.go.th/main/th/109-knowledge/technology-integration/other-technologies/1366-vacuum-technology
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Ultra high vacuum High vacuum Rough vacuum
12 10 3 '3 4 3 o 2 4
10 10 10 10 10 10 10 10 10 [Pa)
| |
Aspirator
1 ]
Rotary vane pump
1 1 1
Adsorbtion pump
T T
Roots pump
1
LN2 trap
1
Cryopump
1 1 1
Diffusion pump
| 1 ]
Titanium sublimation pump
1 1 1 ] |
Ton pump
1 1 1 I | L
Turbo molecular pump
| | | ] | | |

[y

gﬂﬁ 3.3 fumnusum v udmsuluayainieviagg 9 (Xia, C, wag Zhy, J., 2013) [53]

q @

913U 3.3 wansiiiuinmsldaududiladndafissiadeldaunseviili

LY

nanuduusIsInadugyainassavgnsegeiiiavld sdudeddluegranioeaosda

wseunnIelulaanudugINIAnudBINIskasnwsERUAMUAULULT WwReiuiy

A o a

n1sltias oafledngaeiniaidnannisinanudugyyiniaaindiuiuluanaluiesi

a P a0 L (Y o o ' a d' A v [
BEUNHUAIN Agdgrunsinanuauninuizanluunasyinveuniasiiodn muamléﬂu

a

JUN 3.4 uag3ul 3.5 muddu
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Pressure gauge Pressure gauge
O—_ 2z é:?
LR

JUT 3.4 M38umANNAuIINATesla ingaania’

Ultra high vacuum High vacuum Rough vacuum
12 10 -8 - -4 -2 [ 2 4
10 10 10 10 10 10 10 10 10 [Pa]
Bourdon gauge

Thermal element gauge

Piruni gauge

Cold cathod ionization gauge
| | ] 1

Residual nitrogen analyzer
| | | 1

lonization gange

Recidual gas analyzer

Capacitive gauge

[ 1 | |

gﬂﬁ 3.5 YRANUAUFMTUNNTIATEANS 9 (Xia, C., way Zhu, J., 2013) [53]

seuvganalulafiiie s Uueiintu uidiusenausieviouas MaIdIuIuLIn

wiagn1slvialuvieaggyinie esuiglaainaunisi (3.5)

Q=PS =F5S, (3.5)

"oa
WIRAINUN; ¢ httpy//www.tpa.or.th/writer/read_this_book_topic.php?pageid=20&bookiD=1043&read=true&count=true
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gonndodnunIsanuresingfineilostuusazduruveniuasu Srunudun 1, 2 1
QUNAIUN N ANULANAINVBIAIUAUIENINTOURTEWD P, — P, Aedndiuvesfineilig

Huvie (Sp) uazAudtumuvevis (W) esungladsaunisi (3.6)
P-P,=S, W (3.6)
TuneufuRanusinisguuestu (S) ldaiidmsunn q nmsruusiazaiu a1anse

wansaduiusssninaustuinadivesie (S;) fimseen (S,) wazAnudiumiy

(W) n3eauni (C) vawislganaunisi (3.7)

S, = = (3.7)

sEUUNsiva Lanelanlulaed Knudsen Aa11150UenUseiannsiiaassnig fa

Tuguil 3.6 uazannsil (3.8)
(3.8)

= & a o | =

W 1 Ae  ennnenlnsualedy dvuiedy wes
NANUAUUTTINA AAUVINU 6.5x10° m
PannLAUBANATaU (10° mbar) dawiniu 66 km

urugudnanaveseanianisiva Suaeidu wes

o))}
©

K fs a3USunaeas Knudsen

‘#} FLOW REGIME

K] ? L) viscous | [ TRANsiTIONAL | [ MOLECULAR
o/ 0 o LRI L
Eeie | " -
® | \ = A% S AL | o
@ = XA |
Piienoid T M7 B
o i 1 Ka>0.5
., S i ® L High/ultra high vacuum
e
® [ ] e Typically: >1 mbar <103 mbar
E: Increasing pressure

g‘dﬁ 3.6 A nwalsTUUNNS WA (Grabski, M., 2016) [18]
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ﬂizmuﬂwsﬁﬁzwquwmﬁﬁamﬁmamﬁ’uiwdw%u &1 wazviefiatuiloan
mm&fuma@ﬁ”wﬁmﬁaagmﬂﬁuﬁ%‘m 7 Iagnsthernaeen nsléndsgayyiniadisens
tulidlvisesine avdoumdoutvamauniiulureiduusinadidisme Tuanuduasuile
A Buendiasnuinsesdoseninam umMmesiefianusluunaedeidosiuuas
neusiy mﬂéfquywmmﬁéfaamaﬁ?uﬁammmmia‘iumﬁmmiﬁ’uﬁﬂamwmm%ﬂﬁ
\deudnefnsennty
3.3.2  WUUTIARIINIANAAIENIUDITZUUGRYYINTA
LUUTIa89sT UL INARE19e tnawusussiannsdnassssuveeniy
2 52Uv loun %wﬁﬂizﬂaué’w%mqmm’mmLﬁméh@m wagsruufiinisideusosening
HosanINIFREYORY Y NALUUDYNSH Fil
izwﬁﬂizﬂaué’w%mqmwmﬂLﬁmé’hLﬁ&n Foustelumilsvosananie

meviagyyINa daandlugui 3.7

yacLuwm
VESSE

aperture

gﬂﬁ 3.7 syuugnanaluganie (Carter, J., 2015) [5]

fATNANUAUGYYINIFIINNTINETEIMNY wazUsednsananuiilunisguues

Juagyeynae (Seff )%%u Fuarmnulinviegeayinia LanInuduRussEnienuauy

q o
|

gayneluszuu (P) Avautiladia(C) nisluavesfing (Q) wazaranislunisauves

Y

wgayayna (S) 1o ail

coee LM

chl(Pl_PZ):SPZ:Sef‘fpl (3.9)

SEUUTNUTENBUMETDIE N ALY auRBT i uka A UMEY oy IN AL ULDYNTY

Inausiasiosgayanieaziivuduvesiues daanslugui 3.8
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.Q .
C, \‘\ C, ~\ Cs
P, P, P, P,
/ J
| | 1 I .
S, S, ) S; J S, |

U7 3.8 szuvdaanadeusienuvisgayaniaiusuusynsy (Carter, J., 2015) [5]
wanaAUduiussErInanudugyanaluszuu (P) Araduidiluida (C) nns

a
Tnavestne (Q)wazanusilunisavvesduayminiea(S) sl
] o

q o

Q=RS,=C,(R-PR,) (3.10)
C(R-P)=C,(R—-R)+RS, (3.11)
C,(R,—P,)=C;(R—PR)+RS; (3.12)
C,(R-P,)=RS, (3.13)

a

dwmiuluszuvaganniaiinindeudedududiuiu n anflauuazilszueving
FENINVDIGYYINA (AU 1VBAYINA) Wnuluksazan1dviniu AX a1uisaunu
ssuulnesusvuelnelfuuuiasmeadnmansluaunis (3.14) &sh (L, Y., and Liu, X.,
2015) [32]

N1sanaunsnsivaluviegyainalain

9 ¥

S(x)-P(x)-C(x)- v =Q(x) (3.14)
dnguaunisle

d (c dpij—si-mqi:o

ax| " dx
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azlen

d (C dpj _ (Ci+1 _Ci ) Pi+l + (Ci _Ci—l) Pi—l _ (Ci+1 _Ci—l + 2Ci ) P.

dx\ Fdx 2AX? 2AX?

4 C -(C,,,+C _, +2C, - i
C|+CI*1 Pi—l+{ ( A 2I71 I)_SiAXZ}Pi"‘%PHl:inXZ (3.15)

Mo g Ae dnsinnsuandveeing dndlewdu Torr-liter/sec

Inenguiuumsiensdeviegayyinmainasnorninudilii dadl

WaUABYIDAINIALUUBYNTY

C,

g‘th?‘i 3.9 mn%amim/iaqzyzyﬂmmwuauﬂiu (Grabski, M., 2016) [18]

NFUNITNISIMaveIRe 9Lka

Qz = Cz (P:z - Ps)
A9t A2 leN1snaveeialaesiy Ao

Qtal = CtaI (Pl - P3) (3.16)

wazillanamullanegluanisasia aglidn Q =Q,
Arnutlnilnesiu axdandu
CC,

Ctal :C—
+C,
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wlih =11yl (3.17)
Ctal 1 C2 1 Ci

\WaURBYIBAAINIARUUUUIY

P,

C'_l
P, ﬁ
CE

gﬂ‘ﬁ 3.10 ﬂ’]iﬁamiawanggyﬂmﬂLLUUGszu (Grabski, M., 2016) [18]

NFUNISNISIMaVeInD 9Lk9

Q1=Cl(|°1—Pz)

A9t Az leNn1skraveeialaesiy Ae
Qtal = Ctal (H - PZ)

Qu =Q+Q, (3.18)

ISP

Aanu i laesm aziandu

Cu=C,+C,=>.C, (3.19)
1

3.3.3  9UNIaINITMIARRITTUUERNIA

mMsvaassgyIMAlunuAdelaiuaniangunsaliildnuaiedsldsuns
aduayunanuideuasdulasnsou (a3dnsumvy) gunsalusznaunigdiuvesseuy
agyna gunsavhauazoadiiowIsuduaudignszuiuadsanynia gunsains
nyaouTeivaluszuugyyna gunsaimuaNazgUnsaisznana lnsdiseaziBunds

wanalugui 3.11 uaveSuretayaianizvesgunsaiiiiuiinlumsne 3.1
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JUT 3.11 gunsalnisnaaeslussuugaynia

3197 3.1 Teyaanwvesgunsaimveaedlusyuugana

YT Harawe AMENURA MUY

- 0.4 kW, 50 Hz

1 Scroll Vacuum Pump 1
- 250 L/min (4.2 L/s), 1.272 torr
- 2.5 L/s helium pumping speed

2 Helium Leak Detector - Minimum detectable leakage rate for 1
helium 107** Pa m?/s

3 Thermocouple - Type K 5

4 Turbo-Molecular Pump - 1000 RPM, 0.4 A, 220 V 1

5 NI'USB-TCO1 - Type J, K, R, S, T, N, E and B thermocouple 5

6 Vacuum Chamber 1 -D =146 mm, H = 310 mm 1
- Star cell, 500 L/s, typically 3-7 kV

7 Sputter-lon Pump 2
- pressures as low as 107" mbar

8 Vacuum Pipe -L =1000 mm, D = 65 mm 1
- Measures Pressure from Atmospheric

Pfeiffer Vacuum TPG
9 Range, down to 107" mbar 2
300 Pressure Gauge

- Pirani gauges/ Cold cathode gauges

10 Vacuum Chamber 2 -D =146 mm, H = 285 mm 1
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3197 3.1 Jeyalanwvesgunsaimveaedlusyuugana (de)

YT Jarannz AMENURA MUY
Sputter-lon Pump - 2 Channels
! Controller - Output 3000 V-7000 V :
12 Baking Controller - Max 10 A, 220 V 2

- 304 stainless steel

- Leak rate < 5-10 mbar.L/s

13 All Metal Angle Valves 4
- Temperature operating range from 450° C
to -250° C

14 Heater -V=20V,p=170W,L=15m 5

- Bakeout temp < 250 °C

15 lonization Gauge a4
- Measuring range 5 x 1072 to 1 x 107 mbar

16 MOXA - UPort 1110 V1.4.1, 5 VDC 3

17 RS-232 3
- Intel® Core™ i9-9900 CPU @3.1 GHz

18 Computer 1
- RAM 32 GB, 64 bit

19 Helium Gas 1

3.3.4  SEUUNAADIENA
JEUUNAADIAYYINIALATUNITOBNLUULN BANYINITATUAN AIAINUAY

grynietuszau UHV Tuswidetiuusesnilu 2 ssuuneaeu lawn ssuvgaaniannass
dl Y Y] Y 4 a a a a
7 1 38UseN0UMeogyINIATUIALEUHILANENa1Y 146 Tafiuns g9 310 dadiuns

(%
a o

Ansaduadnnesleosunfinnusilunisguiingu 500 das/Awi inatadianuauinssly

o oAl o d' a v v
G]']LLWNQ%LL&@IQ@QIUETJW 3.12 LLagﬁgUU?jiyﬁy’ﬂqﬂW@a@QW 2 Uﬁgﬂ@Uﬂjﬁﬁaqumqﬂqﬂﬁaﬂ

=

v v Y | Aa Yy 4 a a a a ] v &
'1/‘1@3L%@llm@ﬂuﬂ']ﬂmamllLaUNqUVﬂUEJﬂa'N 65 daatuaT agy1l 1,000 UaaUsT YNEDInodU

1
(Y

Annedualnnoslossuiiiniuiinisgudl 500 An5/3und waginainusedudnaly
4

muvie Aatanslugun 3.13



Sensor

—fie]

JUT 3.12 TUVENYNIANARDIT 1

Sensor A

Sensor/C

JUT 3.13 SEUUgYYNIANAGDIN 2
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3.3.5  MSATINIEUUNARRIHNIA

Gz']’jumaumia%”mﬁzwmmé’fuqmmmﬁimzﬁu UHV nsguiunisisudusae
M LET 1T Y (Viosaayay1nel, vioddes, %uqu, LNAIAAIAIINGY) AIBLENTUDA
a3 sundaudmsunsruiunisyianudy URV iielwldannudu UHV anusduagdas
fow 9 WiuananuduusseImadue 107 81 1072 nes I@ai%’%mq@mmmwm?{auuﬁq
wazntudunusy 1072 81 107 ne$ Inglddunesly mﬂﬁu%m’m%gﬂiﬁmm%auﬁ
gamnfivszanm 120 ssmwaidea LileUdesufaoon Junateisiios 3 Yu neunazwds
nsliauseu %ﬁwmi‘mmaauﬂ’]ﬁ%"'ﬂwamaﬁwuqmmmﬂimsms;vv'uﬁ”w%'lﬁﬂumﬂmauaﬂ
%umuiuﬁgmaEJGianmwﬁumuﬁaf\;mﬁmé’a’jwzﬁmi%ﬁlﬂa iy audedentiwlauluge
Lﬁ?}amiamaqﬁaqqﬁgiyﬂmml,t,az’via@m 7 wihudau CF (Con Flat) Wusifiunasunsdifidnis

mm%@uqﬁugwﬂuﬁﬂwmzLé’uiamammmmLﬁumuquéﬂmﬁwdﬂwﬁw LUAULTBUAD

wa a1

AaaudRnesuNvesziuveuntelidatduinnseninaninulaulavesisaadlaeyinli
Ugitudalon niudau CF @amnsavnaulafinssiulszana 10713 nos mnas1anuns
<& v A a < ) % s = 44' ) & a a

$7lva eddsnasduniusesuas i lUluuY F1A39995293UN155IVIBEEUILATIV
wu nldnunisiilua nszuaunisazaniluselulnelddualameslossuauniiusanu

= ) 8 ¢ | A & voa 13 ] v [

geuyInIAasiiesau 1078 ves uagluauisaiutuladn 1diseninaiesanayinia Juan
TRAARUULIN uazsruuUUAnIsUufsgaluanaaazgnie vinliausaenenssuulagly
Yuadnmosloaauwinu seusilaeeniuuimmiusuiuuiiediiodiiniuautualames-
laoaulisnwussiugaainiadiulusunsu LabVIEW Aideusaiunauianaskiu RS-232

uazluga MOXA fauandluguil 3.14



Prepare The Vacuum Chamber |

v

Dry Scroll Pump
v MV

Turbo Molecular Purmp

HV

Yes

Mo

Healing

Helium Leak Yes

Cetector

Sputter lon Purmp
v VHV

Fuzzy Logic Controller Design  [(4————

v

Sputter - lon Pump Controller

e}

UHWY Pressure

' [

JUT 3.14 UNUQHTURDUNNTAT N TEUUNARBIAYNA
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3.3.6 ﬂ'ﬁﬂ3']’\]ﬁBU518§11W611J53UU1/I@6E)\1E’jliUCUﬂ’]ﬂ

v v
o

nsnaaeun1silnavesayyinimduduneudidalunszuiunisadis
AINIA NTEUIUNTIA BT UNITUTIAAYYINIAYDITTUUA 1076 nad Tnelddu
annakuuideuuissuiuiiuviafgaluanage antu JehfeBidsmdundani
meventuulugafiasdeineiinigiilva mnesanunsdilne fedideuasduiiusents
wazitluluunu daedewnsadunisivesdifonasnsaduld mansndevseniiay
sfiunsnnuuasaiaiiosinfieBidenazassiugiiqs mavduiasliismaugets
yosszuuUlFuiiniaiomsaduld uardragnauuTinuvesfiwdideniignindigszuudn
#an nsfieguasfeBideuazgnliifiessymstalvaiionniniu mnnsaaeuudiusngh
szuufimsfilvassdoandulusiunmsudlofeusinszsuiunsussneutunuln audgms
yhagynadnata fauandusuil 3.15 mnldwugniilue wliduatinmeslosouifiosnm

WS UayINALIT 1078 nes iedndunisidngnisianudugyymasEau URY sialy

o ' '
Y o o o =

iy nMnmegeunissilradadudsddgieliiulatianuauysaluasUssdniainues

SeUU UHV 1UL09

=
N

U1 3.15 MInTnaeuTeilvalussuunaaedanyne

@afl
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34 @3y

donluuninaniendeuitmsiuiunsiseluinednudiaui SsUsvneude
auaudAgy lakinsmuANsERUANNAUG N IAMeNg v fled n1sUssunaUseansam
m’mL%'ﬂumiqwaq%mwuaﬂmmaﬂaaaumﬂLLUUﬁTwaaQﬁa%ﬁﬂmEﬂmqszhamza’mL'ﬁ&m
Saudulusunsy Molflow+ WagnseanuuszuumuANiiiaANaIITaAmudanIy
AanannduiiisunanUsyansnmwestuanas Faiiemlneasdenveusavdiuauidoay
namluundaly §m??qs‘]’qnénﬁwqwﬁﬁL?’imi’fmﬁ’mzwqmmmﬂ WUUTADINNALAAIENT
yossyuugIna gunsainsmaassildlunsduiiuimids nsesnuuuszUUNAARIANY
nAsERU UHV Seazdiviedy 2 nsdl ﬁaszwﬁﬂizﬂaué’wﬁaqqm@mﬁ 1 Foadeurefuily
anamauuuatinmesloseu 1 6 uagnsdlil 2 LLamﬁﬁwwaa%uq@wmmwuaﬁmma%
lopauidufAsensofu ﬁaizwﬁﬂizﬂauﬁwﬁmqmmmﬁ 2 ﬁ’aaﬁ’u%mq@mﬂmmmu
alnneslosau 2 i L%@M@ﬁwﬁaq@mmﬂmmEm 1000 fadiuns SwEetunouns
a$19sUUNARB g NIALAEN1IATIRaUTITlnalusruuneassgyynia 4 udy

eazdendudAytunauLsniunIsasNsEULaNIA UHV
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unn 4

(% 14 IS
N1AUANANNAUEG YN AR LYY
4.1  umi
aINATERUgaiiaY (UHY) viangfsaayainiandainnuduluseduainds
107° w03 n1smuauuuuilediiuisnrsaivauszsuulneldiedasindadun3aadlonia
AdlnenansdmTuNIsLansaInn1sUoyaitliwiueuneliuiudn Tussuumuauuuuiied
a 13 o =~ ~ ¥ A o o a
dunauaziannIzgnuuUiuYafied uasynvesngiiedavgnldiien vuanisandunis
AIuAY N1sLERIAUANT9dd1mTussUU UHV 9aelvszuvarunsaldaudnnuaniied
Wasuwlaswazdndulavuiugiuvesteyanliududmisliuuueu dsllarunsa dieiiy
a a a o v & A A & v oA v
@dgsnmuazUseavsnnnsinauvesssuulmlueged Snnsdaisanununiulunisly
NUYBITEUUSIONTIUNIULaALlILUuau AN e luunilagnaifessuumuny
Hed vannisinuwasdeyadnmszvastuwuvadnmeslessy niseanuuummuaNiled
d15U UHV uulusunsy LabVIEW nasvinle@iliadu (Fuzzification) nsinuang vesiled
(Rules Base) N59Yx"U (Inference) ©58n1553uNl@® (Aggregation) N15vinANedHLATY
(Defuzzification) N3O ULAZLAUTBYANITNAADIVDIBISALIT SIUTINAGNTVINTT

AIuANANUGUg N AR e adlusTuUNAaRIANIAT 1 kay 2

=
4.2 3TUUAIUANT Y
a N sal A DY) ¥ v a ol
nouf HaBilumanifninerdesiunisldmgmanasnisdndulaluanunisalndiany
Liwiueuw AauiATe wioliwidn gniauensiusnlag Lotfi A. Zadeh luneissuil 1965
v o K < Y <V v ¥ [ ! S a =
duswsdududuinflonunsidnuduegrannlunannaigaivauaimnssuluauis
LASEgANEns lnaduuiAnfiugiuimunssAuaNIsIvisomaauaInszauAuL luauTn
5211379 0 19 1 Favzupnaniunssnewvuyduiiidmeuduluuninidmeeudiios “a39” fu
“« By = «ny 2 a9 Y o v s 1 ' | 14 v a 4 1

W~ vi3e “0” fiu “17 wihily vildanugavgusnnniuasdiglianunsadadulalaedis

wiangaunInsIngluusLuuRaal Amandluun 4.1



45

Completely True Completely T

Partial True
Completely False

_§ Completely False

oim R
yauaoin WaFaoin

JUT 4.1 assneiiinns (Yauaedn) Ausssnzwuuiled (ledasdn)

ginveai sdduauduanndnildmuiiluinatesvida wu fedduanumaen
(triangular membership function), W a7 Tud 114 sunn 3 (trapezoidal membership
function), WeA g uLAd LG 81U (Gaussian membership function), Harusyalanin (Bell
shaped membership function), #afdusaLea (Smooth Membership Function) tagileridu

Aausgn (Z-membership function) 1wy usluswideilidenldfeiduninuduaundngy
a = o W =
ANNBEN TIMVUAAIAIENNITT 4.1

0 X<a
: x—a)/(b—a) a<x<b
triangular (x:a,b,c) = ((C—X;%C—b)) o<y < (4.1)
0 X>C

yiavasszuungiled uanalanagun 3
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Fuzzy Rule-Based Model

l l

Nonadditive Rule Model Additive Rule Model
Mamdani Model TSK Model Standard Additive Model

JUN 4.2 vliavesszuungile®

syuungilediinisuszunaaIleidu (function approximation) 7114 3 wlialng 9
lawn 3ULUU Madani, Takagi-Sugeno-Kang (TSK) tag Standard Additive Model (SAM)
TnggUuwuy Madani tdunissaunaniseuuu (inference) 103nglaeisnisdeuiiv
(superimposition) nnguane 9 9o Fslalmdunuuuiniu Jusenindu nonadditive rule
model sruulildngaauinsaiianuudmindsdunaiudiwusiondnn waziuseleviogneds
o U U s lﬂl 4 v d! aa 3 o I o U
dMFUNTIANMIIUTTUUNTU TR UTILBUNAUALLEIANATIUINLIN. UAdMTU TSK wag SAM
a 3 o . A & v Y =
UNTOUNIULUUTINAIUINUN (weighted sum) 9INAATY & D) LN T UTDATUFANIEAY
LFUNITUUKUULIN additive rule model s¥UUNTTBUAIULUUAGULATBYBY TSK Tn1s
HALNAIUITENINNATINEAGULATBLAEATINENTAUluNISAndUls seuulilivselevdadees
o o o v v fd u v | a v l a s =~
dmiussuun danudunusn dudeunasli@adusenindunanaziandng SAM &
ANNAINNatuNIsTANIsANFURT S LU UL BLdUTE NI LU s unaLaze A Ne was I
Aanudangulun1sdanisdunaiaziondnavatedd lunslfiadenldssuungieduuu
Mamdani innfignssuunils nswiraazuledlugluuy Mamdani iWunsldmaniunisen
#1720 (minimum operator) dmumsieuuszleauuy “and” uazldiiniiunisAnzgn
dmsunisiendseloauuu “or” [4] Tnglassasiaiugiureenisussuianawuui9das

1Y [

Usznaumeddiundfgyaauansugun 4.3
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Rule Base

v

Inference

Input —ppl Fuzzifier [=—jpi —p| Defuzzifier =] Output

Engine

JUT 4.3 Tassadafiugiuvesnsuszananaiuuiiad

4.3 %mwua{]mmﬂaaau (Sputter lon Pump)
Suuvvatinmesloosundeiionirihilossu Wudugyanagessinvmilaiivinn
puvdnnisveslessuluduaznisatinmed Juusenoudisualnadiviainlans gy
lymuflen Fsegvinaiudntiosneluviosanainie Lﬁ@ﬁﬂﬁi“ﬂﬂﬁ’]LLNQQ‘JSWﬁN%ﬂWﬂ’]ﬁQ
a09 lwanavesigluiesssgnvibiuandaduleseulasauulnin viliiAaleseuuan
mnilesouunvadargnussludmalnalnsaunli Faseuivosnoudiufuasyils
gndusenanualnelunszurunsiidendinisatames andussmeniiatinmedsaziod
dudumuduuuioualne §adnduuasduluanavesfefindessnainiosaygniald
ogaflseAninin duatinmeslossuwduiffnlufuenuindedeguarorsnislénui
817U fesnsmstigssnetesinnuazaunsaviulmdusseziauulaglisuiudes
gouusuvosads anuiilunisguresduatinneslessunuiedsdniitduarunsadda
Tuanavesfitwesnainiesld Tngunfayialiuansseiuni (Us) viegnuiaiunsrodialus
(m*/h) aranilunisguuestuatinmeslossuduey funaredads samdeanuusives
aulalil1ildlun1svinlilessludfng surnvesda suiauarsunsasmadinvessie
geyeunae Snveditungfumnufulasdssamuesiiednge amnuduiudssrnannudaly

Y

N1 UAUAINIUA A YN AT WTIAULNAITIE 3,000, 5,000 wag 7,000 Taad wanaly

9 U

a

U 4.4
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120

I |=-3kv
100 1 |-m-5 kv
7 kv

% of nominal pumping speed

1,0E-11 1,0E-10 1,0E-09 1,0E-08 1,0E-07 1,0E-06 1,0E-05 1,0E-04
Pressure (mbar)

JUT 4.4 anusalunisguanndeyadimnzvesduwuvalnweslessu wnaafiun: ION Pumps

for UHV Systems; Synchrotrons and Particle Accelerators.

n1svinuresdualnneslossuiuegiuwssulnindglitududaduiusium
ANuRUARINIAluwiaze 1y Lssnulninresumasdtedfaus 3,000, 5,000 wag 7,000 Liad
Aanansluguil 4.4 nsmuandbiiiuiinissusiwinnuvestualnneslessuiuaindininy
AuAYINIAR 9 Uz 1 x 107 Taduns neenuevensvussiulnii 7,000 1aad
Iusgansnmduatan luvaeiussnuliil 5,000 Taadlilszangawnstuimunsauiian
o [ ] a X 4 7 8.2 s a1 LY
WiapnusuduanaInAiETuusyan 1 x 1077 §aduls Wesvuulennuduagayinie
15 x 107 dadu1s wisdudngdmnsvdualamasloassui 3000 iadaslviuszd@nsam

ﬂ'J’]ﬂJLi’ﬂuﬂ’ﬁq‘UVlL‘Wll']%?lll‘l/l?!ﬂ aduneLaAnlalun1s19 4.1
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3T 4.1 Anuduiusvesranslunmsguvesduiuswiuluih 3000, 5000 waz 7000 Tiad

ﬂ’J’lﬁJL‘%’Jﬂ’ﬁﬁjU ATUAY

L AUNISAMNEUNUS ,
e o, R
(Haau19)

Wasiwud  ans/Aui fiaduns 903

45 x 1071-3.75 x

3000 y = 5.525(n(x) + 179.91 0.9733 48-72 240-360 6 x 107''-5 x 107’ 0
0

y =4 x10%¢ - 9
5000 x10%x% + 5x108% + 0.9044 72-76 360-380 5 x 107°-1 x 107'

375 x 107°-7.5 x

1078
71.053

7000 y = 10.52In(x) + 246.07 0.9816 76-99 380-495 1 x 107-1x 107® 7.5 x 108-75 x 10~

= a

TusAsed lodenltdulasauauin 500 ans/AUT J9AAUDTLUANITYINIIUTBIUL

¥
Y

NnFevazvasnunsguil 500 dns/Aunit Wivnewesnuddel fie msmuiANuEmna
Tunisusuussulnihiisnelgsud vatdame sleseuliianiu azid snuazudugrluniu
N ALB T ﬁqaaﬂqumﬂ%mmmmmmmmeﬁhaﬁﬁmmazLﬁamqqq@wudwmmm
USuumasdrousesulviinlddauas 1,000 Taad ufedi 3,000, 4,000, 5,000, 6,000 uag 7000

& Ya o o

Tad J3devinisesnuuua1Ussanaisufssnlaandeyad iz veslu Lieaankuusi

Y

muadliausaUsuwrastiessaduvesluliianusilunsgummnzaufignlunsiazyas

ANUAUGYEINA LAAIRINITIN 4.2
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M54 4.2 mmé’(uﬂ’uﬁ‘mam'smL%ilumﬁqwamﬁuﬁLmé’uiw%] 3000, 4000, 5000, 6000
waz 7000 1as

. o AAIING ANy
L AUNTITANUAUNUS )
WS9IAU . e . R gu
Uaaung a a
( ) (Wasiwus) fiaduns nas
y = 4.3486ln(x) + 6.2 x 1071°-5 x
3000 0.9732 64-72 4.65x 1071°-3.75 x 10~
156.73 107
4000 y=8x10% +68.048  0.9973 72-76  5x10°-1x10° 375x%x107°-7.5x 107
y = 2.1615In(x) +
5000 0.9709 76-79 1x10%4x10°® 7.5 x 107°-3x 1078
115.97
y = 4.5108In(x) +
6000 0.9784 79-835 4 x 10°%-2x 107’ 3x 10815 x 107"

155.92

7000 y = 10.52\n(x) + 246.07  0.9816 83.5-99 2x107-1x10° 15x107-7.5x 107

mmé’uﬂ’uﬁ‘izwj’mmmmé’uqiyzgwmﬂﬁ’uﬂmﬁw%mwmwL%’Jmiqmaa%u
almmoslovsufiadradulunsned 4.2 wanstrsnseneussdulindvillauseansam
mmL%miqwaa%uﬁmmsauﬁw%’umqmmmé’fuqagmﬂmmmazﬂm anansaesulaan
th"Nmmé’ungzgwmﬂﬁw WU 1.5 x 107-7.5 x 1077 We$ wmnzdmsunsinewsediuil 7000
Tas G?fqaslﬁﬂ’aWL%ﬂwsqumaq%uﬁ 83.5-99 wWasifusvesdszansnmnnsyauvesdy
500 Ans/Aundt (udu muAdedfitngusrasdiieanangegueedmiumununalnnig
yhaurdonisusuusaiulnihuvasitgvestivleseumunnuduiuslumsned 4.2 ouseg

AN1IEANNAUG N ATEAUATILAYRE el UTE NS AT

% =

4.4  nseanuuuinIuAuiedlussuugynAUNlUTUNTY LabVIEW

Hagasdnluismsbimauanadiadunsiiiauavesuywd wuiRaiugIunaaiy
HedadnAoniled weiledRowanidssauaniBnsewing 0 89 1 wnuilasluaundnluund
LUUABANTDATANINTHIUNLLA “939” kg “a” Wity seavvesnsiuaundniuia

aa 3 i N = & ¢ 1 a & °
voulnnilasdusenevegluyaniled dalulstlevdegndsuaniunisaliuuudiasmig
ARlaran SN LU uwiugInNersprINAENITIILUUT a0 @nsathuldlunisinaula
LAAIUANNTEUIUNITHI 9 N1sUsEendldmmuAuLuuilggasinluszuy UHV duldiite

SnwrsauAtANuduaaInaluseau UHV aaaanisandeawadluviadnbes n1seenuy
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Y [

mauaniieglussuugyniaidevessuigludimveimsamuauianusuluszuunaaes
aqynai 2 iy \fioanAuduauve eIy \iosaniduneunisesnuuuiduieatu
izwmaaqq@mmﬁﬁ 1 wiflrnududeuussuuinusunnniniues Tnevhnnsesnuuy
wagldarusmuauiisduulusunsy LabVIEW (LabVIEW 2016 Tuaygniavil M76X33883
an1duIdeuasdulasnsou, Useinalne) Wrudeddu Fuzzy Logic Toolbox tagr 149y
@11150%N5AAA9E a5 Ao LabVIEW Control Design and Simulation Module gafl

anwarvemtwslusunsudmsuldan dawandugun 4.5

£1 Fuzzy System Designer - X
File Operate Help

Variables  Rules  Test System

Input variables Input variable membership functions

{empty) N

Output variables Output variable membership functions

(empty) I~

Close Help

U7 4.5 wihsnalusunsa LabVIEW dmsuldauiled

441  mehiledRady (Fuzzfication)

mshilsdfliadufenszurunissudunavesdld 19U Arnnisinves
Fuwes uazudadmBusudsiedlaeldilsddunnduanndn Jefladtuanuduaundn
Avunsefusuwm S umdminanmeansvioyanquade fafduaindnluanuisded
Usgneusmefulsnwiganaaferanuduy o suvtsiideanismuauialdaninataly
sl B Amualindusinlstunnusznoumeilsiduaundninyade {N,SN,Z,SP,P} IRELe
wseimarenssiulihiteuludsdvguanauuuatinmoslossusiiniuasiitaos
FeusznoufesuUsnm {L,SL,M,SH,H} Wy {Lz,SLz,Mz,sm,m}mma"wéﬁ’u inundunady

2N

HefaunngUanumden waiigideidenldfendusuuuviiioninuansauliuiuounid
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Tonawi 9 fuilanlinelugnidvue Teefinsfiwesaws a, b waz c unuganedie

IAFIAAYIVIANINAN UAZIANIIVIIVDIFUANLMELY MUAIRU Y30813na13liINYAgEn

Y

a

v3enenansfeqafidaundngan dnadnsadamanivosilsiduaundnguanumasugn
ANUALAY 01 X < a W39 x > C WA ) = 0, 61 a < x < b L& JUX) = (x-a)/(b-a), 81 b <
X < C W M) = (c-x)/(c-b) Tnel x AerBunmesilesitunanduanndn
wagiodnaLduilsd duaundnnimien (singleton membership function)
Huandnuuulisioidesiidmuslieamnduandndu 1 WitugaiReuas 0 Tiugadun
fianun euansafidaan wivounieqaiuiugluszuvasinuuuaguade dnatinig
afinrnansvesileifunsduaundnmmiesiualag: &1 x = ¢ udr L6) = 1 ezt UK
= 01wl ¢ Aegaiiananuduaundnde 1 uay x AeArfidouidngladduniuduaudn
DIIGR mﬁ,nim,t,amﬂ’ﬁﬁwﬁszj%?\lm%"mmiswmamqmwggmmﬁ 2 vulusnsy LabVIEW 1g1

ﬁqgﬂﬁ 4.6

7 lonpumpFLC_pressure34367_SIMO.fs - Fuzzy System Designer - X
File Operate Help

Varigbles  Rules  Test System

Input variables Input variable membership functions B ~
O - | [+ -
sp
03~
| 7 5 z S~
L% 206 SN ~
g N AN
| £ 04
5
| =
02
2
5 D7| 1 1 I I I 1 1
1E-15 B8 1ET 15ET  2E7  23E7  3ET  3SET  4ET
Range
Output variables Output variable membership functions m [~
lonPump ~ 1
lonPump2 o’
™ M P~
2 06+ sL ,Q
g L
E 0.4
g
=
0.2-]
¥
D\ I 1 1 I 1 I I I 1
0 10 20 30 4 5 6 70 8 %0 100

Close Help

JUT 4.6 MeiduaunBinvesssuunnaesanayniai 2

4.4.2  msmuuanguasie® (Rules Base)
N13AMUANGARLLATEABNTBT UM ILUTBUNAT A UFUNUS A UAUUS

i3 1 |dyu = o o n Y 4 124'"91" a Py
LEJ’W]WG]'EJEJ'NI? ﬂ{]L‘ViaW‘uﬂJﬂ%%L‘UEJuﬁLHEULL‘UUGUE’Nﬂ’]ﬁQ a1-uad" laef "a1" eduneouly
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UNA LazdIu "Wad" 95UIETNIANTUNITEIANA N1TORNLUUNYANNTAAMNUAADUNG
LLasLawﬁwm’tﬁﬁé’mmmsﬁ'}—aaﬂiﬁﬁqqumqLﬁ&n (Single-Input and Single-Output) #38
wanen19 (Multiple-Input and Multiple-Output) FslusiAsedenldssuuiia 1 UNG LAz
2 1@7199# (Single-Input and Multiple-Output, SIMO) Imaﬁ@uwmﬁammmé’uﬁémﬁmﬂ
\ulyes B ﬁam@?ﬂuﬁ’nmﬁqﬂmwamaqzyjmﬂmﬂﬁL%;ﬁzijﬁmq@mmﬁﬁ%am GH
L WmARINsAUANLVEN BT usAesves TuagBas ey wanamstiuuang udld

AIRN5199 4.3

=] (Y o U =
#1519 4.3 ﬂ']iE]E]ﬂLLUU@UQ?U@NW%%ﬁWWiU?%UUVI@ﬁ@ﬂﬁﬁy}@}ﬂﬂﬂ‘w 2

Input Output Output Percent Voltage Voltage
No. Pressure Input (Torr)
Variable Variable 1 Variable 2 Variable Supply 1 Supply 2

1 <375 x 107 N L L2 0 3000 3000
2 3751 x107°-7.5x 107’ SN SL SL2 25 4000 4000
3 751x107-3x107® Z M M2 50 5000 5000
4 3.01x107°-1.506 x 10’ SP SH SH2 75 6000 6000
5 >1.507 x 107" P H H2 100 7000 7000

nYgNasaRNmsNit 4.3 annsadludssendldiulusunsy LabVIEW Tudiuves

Fuzzy System Designer #eAdu Rules meﬁﬂgﬂﬁ' 4.7

L7 lonpumpFLC pressure34567_5SIMO.fs - Fuzzy System Designer
File Operate Help

Variables Rules  Test System

Rules
1.IF ‘Input’ 15 'P* THEM 'lonPump1’ 15 'H" ALSO lenPump2’ [5 'H2'
2. IF 'Input’ 15 'SP THEM 'lonPump' |5 '5H" ALSO 'lenPump2’ 15 'SH2'
3 IF 'Input’ 15 2" THEM 'lonPump1’ 15 'M" ALSO 'lonPump’ 15 'M2'
4, IF 'Input’ 15 "SM' THEM 'lenPump1' 15 '5L" ALSO 'lonPumpd’ |5 '5L2"
3. F 'Input’ 15 'N' THEM 'lenPump1' 15 'L" ALSO ‘lonPump' 15 'L2'

JUT 4.7 nqfle@inoaniuuvesseuunnaasdyynen 2
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4.4.3 m3aysu (Inference) %3aN135NYNYY (Aggregation)
mseyudunsrurumsvesnsldnglugungilodmuastedwandeys
AauAsefiunyan \usureuddylussuuitelaoin wanfedestunmsnuyailediiada
Jusgminsnsvurumsitediedusunglugiungiteadnediendnedidaiau daesisudn
dmsumseynulussuuiledaeindea Mamdani wag Takagi-Sugeno-Kang (TSK)
4.4.4 mainanegHwgy (Defuzzification)
nsvidfedfadudenisitedne ildanniseyuudlasuniaz
AquLaie uazuUainduiduanordwaildlunsduidunisdsansaldmunuszuuie
gUnsalld vivldlnenismunnanadsdsiminvesaednaiied (centroid method,
center of area method, or center of gravity, COG) WJudu 35 CoG ﬁ'ﬂﬁlﬁﬂmzuuai«gmu
LuuAguLATeUsELM Mamdani #4ldnguuueaineeuasiladdusndnuuunquiaietiioun
fudsBumatuiuusiondng sesugldiiuiildnsmuesitedduamumduaindniondns
ﬁ]zQﬂﬁwmmuazmiﬁwﬁyuﬁﬁgwmmaaﬁaﬁ%’ummLﬂuam%ﬂLmﬁwm AR NS ULAAEN
WAudisvderindshainiinuesiliifuamumduaidnioning aumsvnsednmanioes
3 COG Ao COG = [y * Uy) dy / J y) dy Taeil COG AoaaudaN, v Aafudsiendng,
Wy) AeflardunisiduaunBnvesiiudsiendnn wazduiinda %mamqmmﬁgwmﬁumﬁa
wsionine 38 COG 1TuABATadTlntusenionlussuuiledasin lesanmnuiSeudieuay
fiuszansnmlunisudasordnailediduriidatau dansaideniivuniznigyi

Afla@AladuuulUsunsy LabVIEW Ieidsuanslusudi 4.8
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£7 1onpumpFLC_pressure34567_SIMO.fs - Fuzzy System Designer - X
File Operate Help

Variables  Rules  Test System

Rules
1. IF 'Input’ 15 'P' THEN 'lonPump1' IS 'H" ALSO 'lonPump2' IS 'H2' A +
2. IF 'Input' IS 'SP' THEN 'lenPump1' IS 'SH' ALSO 'lonPump2' IS 'SH2"

3. IF 'Input’ 15 'Z' THEM 'lonPump1' 5 'M" ALSO 'lonPump2' IS 'M2' x
4. IF 'Input’ IS 'SN' THEN 'lonPump1' 1S 'SL' ALSO 'lonPump2' IS 'SL2"
5. 1F 'Input’ 15 'N' THEN 'lonPump1' 1S 'L" ALSO 'lonPump2’ |5 'L2' t
AP
Defuzzification method
Antecedents Center of Area = Consequents
IF THEN
+ +

Antecedent connective Dlegree of support Consequent implication

AND (Minimum &

Close Help

JUT 4.8 Msfmuaisnsyinaiediiiaduunlisunsy LabVIEW

%

31NNFRRNLUUMAUANTTTd T UAIUANAIANNGUAUNIALUSTUUNAGDIN 2 1

q @

o a

nanludnady fiteasduiiunissiaesngaquinieiiaisiuteuiilunadeusieiueniauas
Imamiaamﬁa%LLanmmﬁlﬁ%’ﬂugULL‘U‘UGU@&miaummwmqmLﬂ%@lﬂuﬁ%mﬁwm%a
ﬁ’wﬁqﬁ%’uamsﬁﬂmwLﬁ'm*ﬁﬁquﬁ%%aﬁmuﬁmm%ﬂlﬁm {0, 25, 50, 75, 100} LUa5sHud
WIUNTINBLSITLT (3000, 4000, 5000, 6000 , 7000} Tias auay WARINANITINRBING

ARuATeNRoNLUULIRagUN 4.9



File Operate Help

lenpumpFLC_pressure34567_SIMO.fs - Fuzzy System Designer

Variables  Rules  Test System

Input variable(s) Input value(s)

Input

Qutput variable(s)

Qutput value(s)

Input/Qutput relationship

Input variable(s) Input value(s)

Output variable(s) Qutput value(s)

SE-14 = lonPump1 0
lonPump2 0
Plot Variables
Input variable 1 Qutput variable
x axis | Input ~ zaxis |lonPumpl ~
' 100
1E-15 2E-T 4E-7 3BT 20
Input variable 2 B0
yaxis | Input hd A0
' 20 MNumber of input 1 samples Number of input 2 samples
1E-15 2E-7 4E-7 5E-T o-a = = » as
Weight Invoked Rule -
0.000030 5. IF 'Input’ 15 'N' THEN 'lonPump1' 15 'L ALSO 'lonPump?2' IS ‘L2
v
< >
Close Help
= ° A a Y aq s a1 g
-1
UM 4.9 (n) N15978DINYLUDBUNALIAY 9 x 107 to1ewaNALTU O
£} lonpumpFLC_pressure34567_SIMOfs - Fuzzy Systern Designer - X
File Help
Varigbles  Rules  Test System

Input/Qutput relationship

Input 37569 14| lorPumpt [ o ] “
Er .
Plot Variables .
Input varizble 1 Qutput variable E
X axis | Input ~ zaxis  lonPumpl e E
[ | 100 :
TE15 267 27 2 =
Input variable 2 60
yaxis | Input ~ 40
' 20 MNumber of input 1 samples MNumber of input 2 samples
20 K 20
1815 27 T o-
Weight Invoked Rule A
0.005376 4. IF'Input’ |5 'SN' THEN ‘lonPump1' 15 '5L" ALSO 'lenPump2' |5 '5L2"
0.013158 5. IF 'Input’ 1S 'N' THEN 'lenPump1' IS 'L" ALSO 'lonPump2’ 15 'L2"
A4
< >
Close Help

U7 4.9 (1) nMsnaesngdledunawiniu 3.75 x 10~ wodnsdalu 0
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£} lonpumpFLE_pressure34567 SIMO.fs - Fuzzy System Designer —
File Operate Help
Variables  Rules  Test System
Input variable(s) Input value(s) Qutput variable(s) Output value(s) Input/Qutput relaticnship
Input 376E-9 5 lonPump1 25
lonPump2 25
Plot Variables
Input variable 1 Qutput variable
® axis |Input ~ zaxis |lonPumpl ~
' 100
1E-15 2E-7 4E-7 80
Input variable 2 60
yaxis |Input v a0
' 20 a MNumber of input 1 samples MNumber of input 2 samples
2 B 0
115 27 47 g
Weight Invoked Rule -
0.010753 4. IF 'Input’ 15 'SN' THEN 'lenPump' 1S 'SL' ALSO 'lonPump2' IS '5L2"
v
< >
Close Help

JUT 4.9 (A) n39naeangudlodunmyindu 3.76 x 10~ lodnadandu 25

£} lonpumpFLC_pressure34567_SIMO fs - Fuzzy System Designer

File Operate Help

Variables ~ Rules  Test System

Input variable(s) Input value(s)

Qutput variable(s)

Output value(s)

Input/Qutput relationship

Input 7369 |2 [lonPumpt — | [ ] E
vz | 5|
Plot Variables
Input variable 1 Output variable
x axis | Input v zaxis |lonPumpl ~
' 100
1E-15 267 4E-7 80
Input variable 2 60
yaxis |Input v 40
' 20 - Nurmber of input 1 samples Mumber of input 2 samples
1E-15 267 47 2 B 2 E
Weight Invoked Rule A
0.000908 3. IF 'Input’ 15 'Z' THEN 'lonPump1' 15 'M' ALSQ 'lonPump2' IS5 'M2"
0.005236 4, IF 'Input’ 15 'SN' THEN 'lonPump1' 15 '5L" ALSQ "lonPump2' |5 '5L2"
A4
< >
Close Help

JUT 4.9 (3) nMsaeenguledunaminiu 7.5 x 10~ iondwasialu 25
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File Operate Help

£} lonpumpFLEC_pressure34567_SIMO.fs - Fuzzy System Designer

Variables ~ Rules  Test System

Input variable(s) Input value(s)

Input T51E-9 |5

Plot Variables
Input variable 1

Qutput variable(s) Qutput value(s)
lenPump 50
lonPump?2 50

Output variable

Input/Cutput relationship

x axis |Input ~ zaxis | lenPumpl ~
' 100
1E-153 2E-7 4E-7 20
Input variable 2 60
; -
yaxis | Input ~ a0
' 20 MNumber of input 1 samples Number of input 2 samples
1E15 &7 7 y n_E »_E
Weight Invoked Rule -~
0.001817 3.IF 'Input’' 15 'Z' THEN 'lenPump1’ 1S 'M" ALSO 'lonPump2’ |5 'M2'
v
< >
Close Help

JUT 4.9 (3) n3draeengledunaiindu 7.51 x 107 wrdiwaliandu 50

&% lonpumpFLC_pressure34567_SIMO.fs - Fuzzy System Designer

File Operate Help

Variables  Rules  Test System

Input variable(s) Input value(s)

Input 3E-8 T‘

Plot Variables

Input variable 1

Output variable(s) Output value(s)
Er R .
Er

Cutput variable

Input/Qutput relationship

e

]
E

® axis | Input ~ zaxis |lonPumpl ~
v 100 :
TE-15 267 487 80 -
Input variable 2 60
-
yaxis |Input ~ A
' 20 Number of input 1 samples Mumber of input 2 samples
20 o 20 S
115 %7 47 o
Weight Inveked Rule ~
0.001427 2. IF 'Input’ 15 'SP* THEM 'lenPump' 15 'SH' ALSO 'lonPump?2' 1S 'SH2'
0.008621 3.IF 'Input' IS 'Z' THEN 'lenPump1" 1S 'M" ALSO 'lonPump2’ |5 'M2'
W
< b3
Close Help

U7 4.9 (@) nMstnaesngudledunmyiniu 3 x 10° tednaiailu 50
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L7 lonpumpFLC_pressure34567_SIMO.fs - Fuzzy System Designer

File Operate Help

Variables ~ Rules  Test System

Input variable(s) Input value(s) Output variable(s) Output value(s) Input/Qutput relationship
Input 301E-8 5 lonPumpl 75
lenPump2 73
Plot Varizbles
Input variable 1 Cutput variable
¥ axis |Input ~ zaxis | lonPumpl ~
' 100
s 7 -7
1E-15 2E-7 4E-7 0 gm
Input variable 2 60
y axis |Input hd A0
' 20 Number of input 1 samples MNumber of input 2 samples
TE-15 267 27 1 N o 2 =
Weight Inveked Rule ~
0.002853 2.IF 'Input’ 15 'SP" THEN ‘lenPump1’ I5 'SH' ALSQ 'lonPump2’ 15 'SH2'
v
< 3
Close Help

JUT 4.9 (1) n3tnasengudledunmvindu 3.01 x 107 lodwadandu 75

E} lonpumpFLC_pressure34367_SIMO fs - Fuzzy System Designer

File Operate Help

Variables ~ Rules  Test System

Input variable(s) Input value(s)

Input

Plot Variables

Input variable 1

Output variable(s) Output value(s)
ST YRT Y
ez [ ]

Qutput variable

Input/Output relationship

]
E

x axis | Input > zaxis |lonPump! ~
' 100
1E-15 2E-7 4E-7 80 gm
Input variable 2 60
yaxis |Input ~ 40
' 20 Number of input 1 samples Mumber of input 2 samples
1E-15 2-7 a7 0 2 _E D _E
Weight Invoked Rule ~
0.006375 1.1F 'Input’ 15 'P' THEN 'lonPump' 15 'H' ALSO 'lonPump2’ 15 'H2'
0.007843 2.IF 'Input’ 15 '5P" THEM 'lonPump1' 15 'SH' ALSO ‘lenPump2' 15 'SH2'
¥
< >
Close Help

JUT 4.9 () nM3Taeenguilodunaminiu 1.506 x 107 tednaiandu 75
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£} lonpumpFLC_pressure34567_SIMO fs - Fuzzy System Designer

File Operate Help

Variables  Rules  Test System

Input variable(s)
Input 1.507E-7 =

Input value(s)

Plot Variables

Input variable 1

Qutput variable(s) Qutput value(s)
lonPump1 100
lonPump2 100

Qutput variable

Input/Qutput relationship

T,

x axis | Input ~ zaxis |lonPumpl ~
L 100-4m
1E-15 267 2E-7 80 -
Input variable 2 &0
y axis | Input ~ A0
' 20 MNumber of input 1 samples Number of input 2 samples
1E-15 %7 €7 y 0 & » B
Weight Invoked Rule ~
0.006773 1. IF 'Input' 15 'P' THENM 'lonPump' 15 'H' ALSC 'lenPump’ 1S 'H2'
0.005882 2, IF 'Input' 15 'SP' THEN 'lonPump1' 15 'SH' ALSO 'lonPump?’ 15 '5H2'
v
< >
Close Help

JUT 4.9 (1) Mmsdnaesngilliedunawindu 1.507 x 107 w1dnaiiandu 100

File Operate Help

Variables  Rules  Test System

Input variable(s) Input value(s)

Input ses 2

Plot Variables
Input variable 1

LR lonpumpFLC_pressure34567_SIMO.fs - Fuzzy System Designer

Output variable(s)
lonPumpt | 10|
el —

Output value(s)

Output variable

Input/Qutput relationship

x axis | Input ~ zaxis | lenPumpl ~
v 100 4
1E-15 2E-7 4E-7 80
Input variable 2 60
yaxis | Input ~ 40
' 20 Number of input 1 samples Mumber of input 2 samples
N 20 &
1E-15 %7 47 0
Weight Invoked Rule ~
w
< 2>
Close Help

JUN 4.9 (g) N1391a0ang ledunmviniu 5 x 107 wdnadandy 100
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a
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Juinawrasdnewsssulnniivestdy AreusundIty waznsewananegliduain 4UHV-

controller YuitnAranusiugaynianfnnsnaindiuluga TPG 300 fakandluun 4.10

PFEIFFER | VACUUM

PFEIFFER | VACUUM

U1 4.10 fhamuautiuuuuatinneslessu (AUHV-controller)
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Voltage (volt)

N

JUT 4.11 SPUUneResgayyn A 1

Voltage Vs Pchamber with Fuzzy

7 i i Voltage
000 Pchamber

6000 1.5%x107

5000
3x10°8

4000
1078

7.5%x107°

13.75%10°

3100

, , 1.8x107°

400 600 800 1000 1200 1400 1600 1800 2000
Time (sec)

JUN 4.12 nanmsmuauila@dmiuszuunnaesgaanien 1

Pressure (torr)
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Voltage (volt)

6000 -

5000

4000

3000

Voltage Pump1
Voltage Pump2
Pchamber

______‘_“____‘_;_——‘—‘———‘ —————— 1.5%107

3x108

108
7.5%x107°

3.75x10°

1.6x107°

SU7 4

Y

1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4

Time (sec) x10*

14 wanseuaniigddmusyuunnassgeyyniai 2

Pressure (torr)
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Voltage Vs Pchamber with Fuzzy

————————————————————————— 1.5%107"
| Voltage Pump1
6000 Voltage Pump2
Pchamber
5000
~ 3x108
S 4000 LS
2 =
8 -8 7
S 3000 10 )
> 75x10° o

3.75x10°

11.6x10°

O 1 1 1 1
127 128 129 13 131 132 133 134 135 1.36

Time (sec) x10*

= No W a
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161;916(’1’@33@mwmaaqﬁiﬁmmmﬁuﬁ%m (Pressure of lon Pump, Pi) fidudu 2.32 x 1071
faduns Tasussrulwihdldsududdiagu 3000 Tad ievanilddunuasluaunis
auduius s ularussurasiy wuinnuslunisguesiudawinty 288
Ans/Aunit antuistmuaeiaruslumsguitduiuldadulsunsy Molflow+ uagsh
MsUSUAINITMe$8nIINTS outsassing (Q) vessEULTan I UNR Tufensdifirnanuduy
1nMsdaeanelusuny Molflow+ assfusanasuiiinlsaninadalunndumislusyuy
VARDINBIGYYINTA 1 ;ﬁ%’aamé?qmﬁﬁ lusuvtsvesiodaayeunie (Pressure of Chamber,
Pch) wagyN1SANYINAANTVDIANNAUAYYNIALUSEUUABEATINTT outgassing LABNIS
npgeusafBnszuIuNSi uluuazanasAndu 5, 10 war 15 Weslwuduesdnsinig

outgassing NANIIANYILAAIATIUAITINN 5.1

N3N 5.1 UsedvBamnisauiiniuda 288 dns/Auit dmsussuunaaewiosdyainie 1

%Outgassing Rate Q (mbar. L/s) Pch (mbar) Pi (mbar)
~15% 2.975 x 1071 2.55 x 1071 1.97 x 10710
-10% 3.150 x 107! 2.70 x 1071 2.09 x 10710
-5% 3.325 x 107 2.86 x 10710 221 x 10710
normal 3.500 x 107 3.00 x 10710 232 x 10710
5% 3.675 x 107! 3.15 x 10710 2.44 x 10710
10% 3.850 x 107 3.31 x 1071 2.56 x 10710
15% 4.025 x 107! 3.45 x 10710 2.67 x 10710
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AnNan1591aedlaslusinsy Molflow+ fauwandlum1sien 5.1 asurelainiile
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ﬁmumlﬁﬁwﬂfgfmﬁ’ﬂuﬂﬁqwaaﬁmw (288 aM5/3UN) NSLNUTULALANAIVDIDATINIG

outgassing finasangAnssuAM MU UgYNAlusTUUBETIUlATR TnensiinAuYedns

q
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wazwliusntuguieafinnu (P) Feaenndesiungufiin Outgassing Aonszuiunsning

q

seimelilanavesieesnuandmseiuivesingulsegluanznianudusvsesiniy
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Augun1Aas lngdnsnnssenevesingm o feenunaining dnldwiheiaduuiunaes
feiszivgeanureiheiunvieUsinuitvdemiienal Ballaunaresiussineaanil
wnwimsanudueinaneglufazauwingy lunanduiudedmueanuslunsgu
AIN NMTANAIYBIBATINIG outgassing I lUdAIANUAUTIAINIvTER1Na A Tan 1

<) £ o 1% Y @ 1 o &
AUl ugyn1ANINTL 3901591889938 lUTUNTH Molflow+ kansliiiuag1atniaumnie

ANUAY o durisresluasnsluriesgyunia TuangmudugyynAseau UHY 913
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AUAUDINTARININ A5 outgassing LU mdrAailesaIndnIn1ssEmevefgan

Tnargiueg1aunn tuazviivinnusuaeluesgaynialAiay nildwisnaiunsaussg

N35aA8N3INIT outgassing WABN1TIANIAre1ATUNUYNTULUTEUUFNABE19QNABY

LAZLMNNEANDE1IUINYT DA IUATURBUNISIEON TR UatiasdyunIa gunsainnTunlylu

99U L]

=

ya o 4 v a A g va & | Y = 1Y)
seuuliidn3In15 outgassing Hesngaiilululafdudiunilsvesnislaungarininusiu

AUNIANHDINIT

LR

531 Namia‘haaeamumim‘iuizuumaaaqzymumﬂﬁ1

'
=

1U5un33u Molflow+ gnurunldii euandliiufangfnssuveininuau
gayaunAluszuuNITAae N15LEuge ARSI T uARIas19TE U ULAAIAIAILAY

ymAansuwLnungltaulawagdeinsiansan deludiuiliideasidiausuuiunuaiy

d
L
o

a

sunaula 3 wwknulussuuneassagunian 1 aaeldsunsu Molflow+ na1fe wwknu

ANuRuINALrieslugyynmatuvataweslossulUdmhaseuvemiulaumuuues

v

WiesaanA tnelianueniniuaugeueesgyynAla iy 285 dadiwuns (Nas

Re

a

TUUUTBILWINUALAS wanadu 0-100 1WasigudveITveyAIINE1IVDTEUIUT 285
a a = % o ' Y o2 a o =
faduns) wuknuiiassaiannundminlay CF 70 lUaufsveuiiivesiosgayayneil
ANNEIWIEU 194 TaFUNT UARIIBULILNUATET WazkUNUTANTIRITUaI19TUARN
suvilantiuUau CF 70 89 CF 114 fianue 273 Tadiuns Lanswisuuiunuiminty lny
nnszuvdnnasduiiaitunelussuvasgnussiiananazdiaueily 0-100 wWasigus

YDITLHLNNAUULIUAULAAETEUU Aaianslugui 5.1
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JUN 5.1 weinssuAtmnuiugaynialussuunaaedayyn1an 1 delusunsy Molflow+

ANS199 5.2 9
Gl

Y

DUAAIAINUAY

a
EYNAN 1

gruyniAwsiaziuIknulaglusunsy Molflow+ lussuunaass

%x

Red Line Axial

Pressure

Green Line Axial

Pressure

Blue Line Axial

Pressure

x (mm)

P (107*° mbar)

x (mm)

P (107*° mbar)

x (mm)

P (107 mbar)

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

14.25
28.50
42.75
57.00
71.25
85.50
99.75
114.00
128.25
142.50

232
2.38
243
247
2.51
2.55
2.58
261
2.64
2.67
2.69

0.00
9.70
19.40
29.10
38.80
48.50
58.20
67.90
77.60
87.30
97.00

3

3
298
2.95

29

2.82
2,77
2.76
2.76
2.76
2.76

0.00
13.65
27.30
40.95
54.60
68.25
81.90
95.55

109.20
122.85
136.50

3.03
3.01
2.96
2.89
2.79
2.76
2.75
2.75
2.75
2.75
2.75
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M13197 5.2 Yoy ar1anufugyynAkrazkuknulaelusun sy Molflow+ lussuuneaes
q

9
Y
QeunAn 1 (1)

o

Red Line Axial Green Line Axial Blue Line Axial
%X Pressure Pressure Pressure

x(mm) P @0 ®mbar) x(mm) P10 *¥mbar) x(mm) P (107 mbar)

0.55 156.75 273 106.70 2.76 150.15 2.75
0.60 171.00 2.76 116.40 2.76 163.80 277
0.65 185.25 2.78 126.10 2.76 177.45 2.81
0.70 199.50 2.78 135.80 2.76 191.10 291
0.75 213.75 2.78 145.50 2.76 204.75 3.07
0.80 228.00 2.78 155.20 2.76 218.40 3.21
0.85 242.25 2.78 164.90 2.76 232.05 3.33
0.90 256.50 2.78 174.60 2.76 245.70 3.45
0.95 270.75 2.78 184.30 2.76 259.35 3.56
1.00 285.00 2.78 194.00 2.76 273.00 3.63

MUAITNG 5.2 Uansdayad1nusugniaLaaziunulaglysiunsy
Molflow+ dnausluguuuuidu 0-100 1WasuAveszerANNEIITBIAAZIZUIU TTUU
WU ULEUAA AR ID9AIME 1N TND BIATOUATUUUEA VBT DIAANTA Tedl Ty 285
a a ¥ a A = ¥ =
TaALUAT STUTULUILNULAUALD 8ILEAIINT 8L NINANULINNUTNLUaY CF 70 Tuaudevau
A8 g eyeuNIAT I AIINE1IIEY 194 TaGiUnNT LAz TeuIutunududUIRuLaAD.
S¥EENNVOUF UNWAUGNa1INF et udan CF 70 f9 CF 114 da3uend 273
a a U % :j a0 % 1 v a0 1 [} _10 a a 6
Tadwns yadinvedulaudlnANNAugYINIAYNALEANIIAY 2.76 x 1070 fiaduls
AL ARALNI TAAINAUYDDIA YN IAAINITONITUNAIINTOYAN1TT1A09A 38
TU5N50 Molflow+ TUSEUTUBUILNULAUELTYD (4 ALTUS X = 0 DAALUAT MVULNAIUIT
ArruauveIlugyymawuvadameslessudunsiarsanlaainteyanisdnasina
TWsunsu Molflow+ lussunuuuisnuiduduag a siumils x = 0 fafuns deyaiiiuldain
N15NAa0995 WML N D uA1919891uN19918099951N15U AR 8 A 1B AINUR I INUAVD 9D

gruanafiigluszuunnassagyynian 1 wudn §nsINIs outgassing AA10¢# 3.5 x 107

q o

a a s

fiafunsansnodundl (mbar.Vs) Wemnuarnuslunisguuesduiianiiiu 288 dns/Aud
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AlldenAdesiuaunIskansmuduiussEnINmaNudugyyIneleTewsaulninly

Fudusiadu 3000 v sauandlSlunansed 4.1

]

53.2  wan1sdnassEaunsallussuunnaasgynain 2

v
a v =]

MuITedldvinsvaassasieszuvayyInIAai 2 99UsEnaunlees
4yIN1ATIWIY 2 Yiod Wenseriumevienilidunuaudnatsnteuen 65 Jaduns tdusiu
udnaneneglu 60.3 Tadwes uwazdanue1 1,000 dadiuns lnevuiavesiosdyaniai 1

8 szuvlunisnaaesgynian 1 diduliugudnans 146 dadiuns g9 285 dadwns

ugnand 146 dadwns g9 310 Taduwns wagUsunsviudausiu 5,248,639.03 gnudn

Auns dawanaluguil 5.2 uagvengliiuiangAnssuaianuduggaynielussuuvnaes

a

fl
Y
A
USumsniuuausiu 4,498,615.15 gnurdndadiuns uasuuinveaiesil 2 didusu
fl
Y
aa

goyeynant 2 aaelusunsd Molflow+ agadaauiiudaianslugud 5.3

8 Moifious 289 (Now 14 2002 [Chamber-
Fie Sebciin Teus Focel Veser Vew

- 8 x

(VT84 7380 Do BAT BB Arnal

JUT 5.2 ng@nssudtanusuayynAlussuunaasganan 2 selusunsi Molflow+
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Y

[y

- a i ) =
SUN 5.3 ﬂ']‘WGUEJ’]EJ‘WE]Glﬂiillﬂ’]ﬂ’ﬂll@ﬂﬁjﬁyiyﬂ1ﬂ1u53UUW®a@QE’j€yl€y,ﬂ'1ﬁ‘Vl 2

AN5197 5.3 Ty anANAuganIrkaazknulaglusinsy Molflow+ Tussuunaaes
COLRG.
. GG Wudiniu udiden weudan GIGLEN vefudRn
7o xtmm) P x(mm) P x(mm) P x(mm) P x(mm) P x(mm) P
0 0 2.99 0.00 5.37 0.00 3.82 0.0 W2 0 3.99 0 3.99
0.05 14.25 3.06 13.65 5.16 9.70 3.82 155 3.28 14 3.99 74.93 3.88
0.10 28.50 3.12 27.30 493 19.40 3.8 31.0 3.36 28 3.98 149.86 3.84
0.15 42.75 3.18 40.95 4.7 29.10 3.77 46.5 3.42 42 3.95 224.79 4.78
0.20 57.00 3.23 54.60 4.44 38.80 3.72 62.0 3.48 56 3.93 299.712 597
0.25 71.25 3.28 68.25 4.15 48.50 3.64 775 3.53 70 39 374.65 6.91
0.30 85.50 3.32 81.90 3.84 58.20 3.59 93.0 3.58 84 3.88 449.58 7.67
0.35 99.75 3.36 95.55 3.65 67.90 3.58 108.5 3.63 98 3.86 524.51 8.28
0.40 114.00 3.41 109.20 3.59 77.60 3.58 124.0 3.67 112 3.85 599.44 873
0.45 128.25 3.44 122.85 3.57 87.30 3.58 139.5 3.72 126 3.84 674.37 9.04
0.50 142.50 3.48 136.50 3.56 97.00 3.58 155.0 3.77 140 3.84 749.3 9.21
0.55 156.75 3.54 150.15 3.56 106.70 3.59 170.5 3.83 154 3.84 82423 9.13
0.60 171.00 3.59 163.80 3.56 116.40 3.59 186.0 3.88 168 3.85 899.16 8.88
0.65 185.25 3.62 177.45 3.56 126.10 3.59 201.5 391 182 3.88 974.09 8.49
0.70 199.50 3.62 191.10 3.57 135.80 3.59 217.0 391 196 397 1049.02 7.95
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M1597 5.3 YeyarimnuiugynaLdazikunulaglusinsy Molflow+ lussuunaaes

Y

geyeynAi 2 (sie)

wudung wWudunRtu wWudiden udan uddu Ludn
%x
x(mm) P x(mm) P x(mm) P x(mm) P x(mm) P x(mm) P

0.75 21375 361 20475 358 14550 358 2325 389 210 419 112395 7.25
0.80  228.00 3.6 21840 362 15520 358 2480  3.89 224 456 119888 6.4
0.85 24225 3.6 23205 374 16490 358 2635 @ 3.89 238 483 127381 535
090 25650 359 24570 383 17460 358 2790  3.89 252 507 134874 39
095 27075 359 25935 389 18430 357 2945 3.89 266 53 142367 356

1.00 285.00 359 273.00 391 19400 3.57 310.0 3.88 280 547  1498.6 3.6

1NANTNA 5.3 KAAINGANTITUAIAMUAUG YN IALUTEUUNARDIFEYYNA

7 2 e18lUsunsy Molflow+ LAgAIAIIUA A YU INIALULA AL TEUTULUILNURARS

€

(% (Y]

ANUFURUSIENINAIANUAUGUNIANIALAINAUNUIAAAWNTIA A, B, C wag D wand
PAUTTUIULLILNULAUERAT (0 AU X = 310 Ja8IUAT TTUTULLANUEUETT ad Ame x
= 749.3 J081UMNT TTUIULLILNULAUALAY 1 AILAUS X = 285 JadlNAT LazTe UL
Y a a ° | a a o w Ao 1 A o &
AUAEY a4 st x = 165 Jadiuns audinu Tuvagidiusdaianuduvesdugyynia
wuvalnweslosaudai 1 uag 2 arsanlaaindeyanisdnaesiiglusunsy Molflow+ lu
FEUULUILNUELER s FuAT a1 i x = 0 Tadwns nsimue1AusIguvesly
LAEAILN DTN INGANTIUAIAIUAUAYUNIAIUTEUUNARBIAYYNIAT 2 Adelusunsy
Molflow+ gnuunlaenisunufiainnudugaynimivdieyaaintuguudasdadilulu
aunsaNuduiusIEriteNuAugNIALasuaITewsIu i ildiu duganiawuy
alnmeslonsounuandlunsnei 4.1 dlunsalesureivulasuunasansussauluiwindu
3,000 Liad Armnusunduagyyniakuvadanesloaasusin 1 way 2 dawiidu 3.2 x 10710
faduns uay 2.99 x 10710 fiaduns muasu FEvilransafiuAsnsINg outgassing el
= PN v ° 9 v v o a{' & W
NNsTEUTEUTayanan1sIIaawielsunsy Molflow+ futeyanisinainiaIesiedn
W3R LA YR INA AU AR A lUTZUUNAaDIdY YN 9INHANITIIDILERILA LU

} %4

aLsuAUluTEU RN ULAYE

[

WArAUAY 1 fuvtls x = 0 Sodlns Aemumisiidnssdy
wlimeudugnyInAfiafian Anufueniesian wageufuaniutunuuaunuluds
d1pseuduuesisayyInIAd 1 uag 2 Fuduiuvdsdadanate A uag B Ay
#NTUIANUYNABININM ST U UTBYANAN1TT1ABIn I8l UTUATH Molflow+ Tuszuny

Y A o I o 1 a a o 1 a a
LWUILAULAUAALASEALAT A AILAUL X = 310 UHAALUAT LAZATLUAUI X = 285 UAALUAT
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audiu Fuduiuniifidnanuiugean wasluvazifeaiunssunuewnnududiiuans
WOANTIUANUAUIURLIAIINENIVBIVOTIT DA D TENTNN DA YYINIAYIIEDS LNATA B N
Aasslusduniagudnalsvesvie Jaasgutoyananisinasesiglusunsy Molflow+

Ya v =X

a4 AN x = 750 dadiwuns svsiudnduiumiiinnudugan Aemaiidedslden

U

anuduluiunisiiasanate B ugadlilunisevemenuduaganiussudlfussaen
ANUAUAYYNIATEAU UHV dethilithilaldemenusulusumisdy 1 agluszAu UHV
mﬂﬁ'ﬂa"mJﬁwéfuﬁﬂﬁmmﬁqwqamsmmmmﬁquyiyﬂWﬂ,uizuwmaaq
qiyiymﬁﬁ 1 uag 2 91NN1531a03eelUsLNTH Molflow+ sagdesfinsimunamisiwes
e o TAeadestussuunnasdlifulusunsy %ﬂsﬁayjawwmﬁma%mmi‘f@%’%ﬁmmumii’m

o v o 6 Ya v £ A

LazAUINAINANLFNTUS Ve AT LNz vesin Uued g senuardudou alewmn i iTedad
LUIAAATITUUUTIAR9V0IT8UUNAaBIgyunIAn181ATITeUsEa i on i vinune
Amdwesivaii lngnegeuaiugnaesveskuuiasdlunisyiiuedeyanisingteain

A A o v \ & | v 2. V- < ks ¢
wsasllednme dwllavyislianansansudsgavsnmenunsilunisgurestunuvatnmes

looauladnme F9aznanialurmdedaly

54  msUszdiudszAnsamanusalunisgudislasetieussamiisuuy
TUsunsa MATLAB

TnssneUszamiion (Artificial neural network : ANN) 1unilsludanesfiufings
UsgAnsnmduegrannlunsadiauuudiass (Model) fldlunisimnenanuilésuns
Anaeu (Training) Jayal lnevhnseudoyadunn (nput data) wazdeyanadnauiigndos
(Output data) slasstneUszamifisnasinnisasawuuiaesfifuseaniamlunisyiune
fnoufiieugniestndlissiigaaudeyailldfinaeuuuuiaonely Tumuidetagsnsg
a%’wLLUUﬁwaaﬂmqs&iwaﬂisﬁmLﬁamﬁai%’ﬁwmsmmmmmL%Iumsquﬁuqﬁg@mmwu
atlawmeslesewsni 1 wag 2 9WASHIINT outgassing YesszUUNAABIAANA UHV 1ag
wlitoyadmiiinaounvuirasdasssussamifiouilsannissiassnginssuanusiu
AEUUNIAYDITEUUNARDIAYNA UHV aaelusunsy Molflow+ lasiinsesuiunisinasy

wuudnaedlaseingyssaniieunauanslugy 5.4
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Initialized
Network

Collect Data p======- Preprocess Data

A

Analysis model
Performance

Use Model

JUT 5.4 nszuiunsinaeukuudaedlassiguszamiiey

Select Training
Algorithm

5.4.1 ﬂﬂii’JUi’JllsilIEli;IJaLLﬁSﬂqiﬂﬁzﬂJ’mNaﬁ’Nﬁﬁ’]

= 9 A v ° o P ° ! ~ A
miLmEJ?,JGUEJiJUaVlQﬂmaﬂm‘mumiﬂﬂﬁE)ULLUUR]’]ﬁENIﬂN"UWEJiJ’izanL‘l/lstJ‘Vlm
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S o

) v & v Aa v A N a o
uu’ﬂzﬁ@ﬂLﬂu%@%awuﬂqugﬂﬁgﬂLLagﬂJ‘UiﬂqumLWﬂqwa I@UIU\‘HU'JR]EJU"U%VI']ﬂ"li‘m@a@qiﬂqﬂ

sEUUITANenLUINIweayafazltlumsiiassngAnssuanudugyaynianelusunsy

T v v

Molflow+ Fan1331a04ngANnITuANANGUN1A UHV adelusunsy Molflow+ ildagsas

Y

o v
ca a vya v o =

AMuUANIITn o3 NAeTaslusEuLARNIARIEAULY N13ATUAAMEI LRI T8 v ATleds

Y

waRnssuanuauggynia UHV lussuuneassiduldladnunannguiuiniigalagas

9 9 @ q

ATIVABUAIINYNADIAINAIAIUAUAYEUNIAT LA nLAT asile TaTiAnselussuunnyann

a

AWMLY 917ILEU MYUATEIALATNISLY DA BTN 1NN BIF YN 1AVRITEUUNARBILAB]

AugNABswiug n1simuaruslunisaureslugaaniawuualnmeslossuusassi

o = Y v

sgeisfaaunisanudunusseninussiulninldiulunasanuiuguynieaue wWe

= £y

muuaruslunsgulngndeslndifiesnnuduaienga ¥sensenin1smvuna18nIINIg

o [l
v =)

outgassing ¥845¥UUL e Avualiidurlaamidaiivinfusieseuu 1e931n8n51015

outgassing fAoUTunN1sUaesi1991NHIVeIngNeluDIE N A UBITEUY Faaddayey

LR q

1%
[y Y

NALUSEUURUTUINS WUNRD LAz 151 0uaaAUAIUDULANANIAY AILUIUITBUR USRS
. [ 1 dy o dy 1 = 1 dy a v a gj

N13 outgassing PaNLUUANNAIUAUNUNAT dUksNARAIUVRINUNIVIDIGNIAT 1 11990

Tty outgassing zone a (Qa) drutinunludruvaaviaiousassninsiosgyayiniail

1 uay 2 Willeuu outgassing zone b (Qb) wazdngavnefeduvesiunviesgayynied

2 v Tidenaudu outgassing zone c (Qc) s Toyanldlunistingeunuudnasives

lassngUszamiigalasiusindayaniaunlugieanizasd (steady state) LilanaaaUNNT

a [ & 6 1 (% [
vUa EJ‘LlLL‘UaQGUQQﬂ’J’]ﬂJLi’JIUﬂ'ﬁEjJ‘UGU@ﬂ{]lI?i@@ﬂ?ﬂLLUUﬁﬁ@L@@i‘laaaumﬂagﬁl’]LLﬁ%@Gﬁ"I
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outgassing uaazlau lngnsirdeuuazinassmelusinssy molflow+ Suwmﬁﬁlsﬂumiﬁﬁma
Yo UUTaRIlATIeUsTAMBNADA1ANAUE YN AU WML < vaaasosiofaly
szuumanaaesldun manudlusumisiiiadunata A, B, C uaz D (Pa, Pb, Pc, Pd) uas
ﬁiﬁﬂmuﬁu@mﬂmﬁ%m@@ﬂmquaﬂmLmaﬁaaawﬁhﬁ 1 wag 2 (Ppump1l kag Ppump2)
ImaLa']@?wmmmiﬁwma‘uaqLLUUﬁwaaaIﬂsasszszmwLﬁauﬁammL%’Jmaﬂ%uqmmmwu
atnmoslooousafl 1 waz 2 (Spumpl wag Spump2) wazsnI1 Outgassing VBIAAIe
(Qa, Qb uay Qo) lunsindsadoyadwiufinaeunuusiasdlasainslszamiouivasdos
wiendoyalusiasnsdivedlusuvestoyauminditoyadunauasioning dedoyailily
miﬂﬂaaufu%ﬁag'ﬁgwm 90 yadeoya dmiun1susliuUsednsainveauuudnaes
lasaneUszamiiienluseninanssuiunisiiousvesuudtassdnduasdaiwisdoya
sonluaudiu laun 1. dwsunisinaeu (Training) 2. d1MSUNIIATIAARUAIINYNA B
(Validation) waz 3. dwsunadeunuusaasiassielszamiion (Testing) Fsdmdu 70%,
15% wag 15% vesdeyanudrfudmiumsinnisauduiudiidudouvestoyadunauas
1snndndusewiadeyadmiunsinaeueaniuaosdiulneddoyadunmadeatuliun

o o o < Y o [ o [y . [ A
1. @ MSUVUERaTDIANNLSITN 2. AIUTUNISVINUIERADRT outgassing @QLLG@QIUE‘LJ‘VI 5.5

= N =

Pb  [consan — p—_1 =
K |
——_]

h.

Function Fitting Neural Network

Pc  |Const
Ppump1  |Constani -

Ppump2  |Const ‘ g

INPUTS

Outgassing Prediction model

Pumping Speed 1

Pumping Speed 2

Function Fitting Neural Network1

Pumping speed Prediction model

d' o o 1 = 1 o 2
E‘U'V] 5.5 WUUINa8INSNUIENaveelasIneUssaiisdlaglusn1sinungeeniduae s

) [ . 3 2
LUUINADY 1.8MF1 outgassing 2.a0u5270u

5.4.2 nsaenaaUnenssutaznIsinaauLuuIIaaelasevnedssaiiey
lasaineUszamiiienildanuludagtuannsouvavssnaunisldaula

WDuarudszian laun 1. LUUFR0IN1THeNUTELAN (Classification model) 2. WUUINRD4
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viIMutena (Prediction model) way 3. LUUI1a09N150A008 (Regression model) @115
NI FUUUINRDINITOND DY LALH BITILAS BU8VDILATIVIBUTL AT sURAUTU

(Multilayer network) titeldlunisuszanuilsiduvesdunaiiaennassiuiednmseiiies

'
=

(Continuous output) AMNLUUIIAD wdnmslunisiiansanlaseieUszamdoniindues
Juogfumaindsudeyannuduiussznindunnuazionsing uennideddinadalunig
fmunnslasuulanuaawesuarsnnuiialuwiaziawesiiielinisiinaeunuuiiass
TasstneUssamidisuiivssavsnmimanzaniign uenaniinindendaneifiuluniaFous
mamumﬁ’ﬂamﬁLﬂuﬁﬂﬁauﬁﬁwﬁ’mﬁﬂ%’ﬁm%’umiiJ%'mffmﬁﬂ (Weight) oz luwed (Bias)
vaslasenevszamiiionliinunzauiian Inslusuidedazidonlddaneifiu Scale
Conjugate Gradient (Trainsce) &a.dusana3fiuilmunzausuuuusiasinisanaeslneazld
NuTmMAUHeAgY Linear Transfer (purelin) Tusiagluun d1msun1simuaAIn1sinasu
wuusraedlaseinedsramiionresnuisedasldTusunsy MATLAB (MATLAB 2020b

Tuaygaawn 199467 unninendemaluladgsun?) duandlusun 5.6

4\ Neural Network Training (nntraintool) — x

Neural Network

Bl Tl ool Tl T

Algorithms
Data Division: Random (dividerand)
Training: Scaled Conjugate Gradient (trainscg)

Performance: Mean Squared Error (mse)
Calculations: MEX

Progress
Epoch: 0 IE 64 iterations 1000
Time: 0:00:00

Performance: 314e-20 [0 255¢23 | 1.00e-50
Gradient: 667e-20 [ 28223 | | 1.00e-50

Validation Checks: 0 [ 6

JUT 5.6 TWsunsu MATLAB dwsunisseannisiingeuwuuinasdlaseinglssamiiiey

Tuduveensindeunuudnasslasengussamivisussuuazyinn1suseuna

Weight WLag bias fidanndasiudalinnainssninawaansnusruunisiaiussuliieuiu
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manglumsfinaeuiuuiiaessuuazdua weight uay bias TusiaziUIeuifisun
uanensvessadnslunsinaeuszuvisdnmsflinaoulnldluamiedoniiseunisiinasu
(Epoch) tieliuudrasdaseedssamifonsiussavsamanniigaannadnsuanslugud
5.7 \Jumsszydunsmuszansammuilanidu Mean Square Error (MSE) 9844uudasy
N19YUNEDRTT outgassing wazAuLsrvesdy (Pumping speed) § A1 MSE Juansds
Aadsidsassvesanumsiusenineedmaiuantmineg Bedlddien q B4 uwsmnlid

ANULANANNTEUINANTIIEDI NaYDIA1 MSE %ﬁ@i’nff]u@ué

20 Best Validation Performance is 3.9643e-23 at epoch 97 Best Validation Performance is 14.4588 at epoch 140
10~ —_— N AN
& 10°F \o
<7
Train — Train
— Validation _ ~— Validation
2 Test 2 Test
B e Best < | e Best
; emmesnnis Goyg 5 e Goal
= S10°0F
- =
2 2
E
& ook Z
= =
= =
107 F
Outgassing model Pumping Speed model
100 v s y ) y X
0 20 40 60 80 100 0 20 40 60 80 100 120 140
103 Epochs 146 Epochs

JUT 5.7 MSE 983uuuf1809n137W188ms1 outeassing kazauisavety

a

SUN

Y

nsEnaaugleeiAfigaves MSE asUsuanialse@nsnmlassieUssamiienilauaszly

5.7 wandbiviutan1snereuanvunved MSE liundetoeigalutia

Yuigaiunstinaeuwuudasdlasaeyssanmifionide sy Siseunsiinaeunuusiae i
urniuldagvinliiie Overfitting ¥psuuudnasslasevtglssamiioula n1sknasu
wuudaedlasstnsUssamiisunanddiiudaszansamuuudiassfiviangauiigaves
WUUT1803lUA1TYINUI887IT outgassing LLasmmL%qmsqwaq%uqmmmmmuaﬂmma%
looau TneilAUszansaIn MSE agjfi 3.9643e-23 5oUn1sinasu 97 epoch uay 14.4588
FOUNNSHNADU 140 epoch ANEIFU

Tun15UsefiuUseanTANANSYNUNEUBILUUINAD9LATIU8UST L ANMTBLLUY

dldd 4

annestiuazdadldnisusadiuwuu R%wie Rsquared Inefifn Rsquared fifianazsios

9

Wy 1 egnlstiauiinuliuiusunaigegaidawanonadnsila Inelusui 5.8 9¢

LaniHadnsn1sanneely R-squared N19ANTIIADUAINYNABIVBILUUTIBILATIVY
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Ussa'mLﬁam’?iﬁﬁqm%qLLUUé’waaaIﬂwahaﬂizmmﬁauLLUUﬂmaaaﬁmwé’mw outgassing,
R-squared = 0.99851 LLazefWi%’Uﬂ';'mL?jﬂﬂiqwaaﬁuqiyiymmwua{]mLma'ﬂaaau
R-squared = 0.99234 Fauandlifuieusyansamnsinevesuuusiaeddasaieyszam
deuuuuanaegldfanelidedindeyailasumsinaey Tnenansyuneanuuusaedie
annsaeulaensliveyan1maaeas o TasstneUsvamiieuuuuanaesianse
ihluldfuszuumuay UHY fuasiiuuseavsnmlunismunuiagyiniesn outgassing

warAuTINsguvesluayynmawuvalnmesloneu

%1071 All: R=0.99851 All: R=0.99234

e 320¢

O Data O Data
300 f [—Fit

T Y - T

280
260
2401

220

Output ~= 1*Target + 3.8e-13
Qutput ~= 0.98*Target + 6.3

Outgassing model | | 200F

Pumping Speed model

1 2 3 200 250 300
Target % 10710 Target

JU7 5.8 R-squared 83uUUT18098M31 outgassing warAusIUy

A13197 5.4 NMSYNUIEERIT outgassing laauuI1aes ANN

Data Measuring from an Instrument of the

Prediction from ANN
Experimental

Pumping Speed

Pressure (mbar) Outgassing (mabr./s)
(Vs)
Ppump Ppump
Pa Pb Pc Pd . ) Qa Qb Qc Spumpl  Spump2

x10  x10” x10™% x10™% %107 x10®  x10™"  x10™  x107°
9.0659 1.8665 2.2665 2.5331 5.8662 1.7332 5.89 2.63 3.13 253.33 266.00
8.3993 1.7332 2.2665 2.3998 6.1328 1.7332 5.83 2.24 3.11 242.81 272.79
10.399 1.8665 2.3998 2.5331 5.0662 1.8665 5.88 243 3.05 249.88 268.52

9.1992 1.8665 2.2665 25331 6.5328 1.7332 597 2.84 3.11 239.84 273.63
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a91971 5.4 wansliduiernanuiiluanzasiildsuaniedesdieTnues
ASMAABITEUUIS RS LLazmamiﬁ']mammmL%f’ﬂuﬂﬂigumaqiﬁuqmmmmwuaﬂmma%
losaurisanssi 5 erdnsn outgassing usarlsudildannisyunevesuuusaaddasstneg
Uszamiien Jadumildanunsansuldlunismaaes Imemﬁlé’mﬂmiﬁwmama"nf%gﬂ
indulunmiraeuanugnaeuiuglun1siuigmen1391a0IngAnssuANAUE Yy
aanlusunsa Molflow+ 8nads Tngmstloudmisiwmesanmsiuemaniuesfiouna
N1591889AUAUAYYNIALUATLNUIF I 9 ﬁ’u%’ayjamﬂﬂ’ﬁwmaam%qﬁgﬁﬂ%ﬂ NANIS

AU UAILITOLENIAINITIN 5.5

A157197 5.5 ALRAYANLAAIALARDUNIAIADIVDINANITNAAD

Root Mean Square Error of Experimental Results

Pa Pb Pc Pd Ppump1 Ppump2 RMSE
3.08x 10  4.03x 10%!  1.60x 10?° 543x 10%® 9.85x 10% 7.54x 102!  1.376 x 107
1.19% 10®  937x 102 4.26x 10 288x10%® 596x 10%® 2.83x 102  1.245 x 107
9.85x 10 273x10%*  1.15x 107" 9.80x 10 1.15x 10 1.36x 10 2.371 x 107%°
201x 10  697x 10?2  3.48x 10 8.02x 10® 596x 10 1.35x 102! 1.546 x 107

MNA15N7 5.9 LLam%’aaﬂamLaﬁammﬁamﬂ?{auﬁﬁé’qam (Root Mean
Square Error, RMSE) ¥83fAMA U un1abumnn 9 GTWL,mu'qiwdwﬁazﬂaﬁlﬁmﬂmémﬁa
Talun1snadouaTs 4 ﬂ%’;ﬂLLazﬁﬁ@yjaﬁiéfﬁ]1ﬂﬂﬁﬁi’ﬂaaq‘wqﬁmmmmé’fuqmmﬂmﬁwmsumm
Molflow+ frerwiuednsins outgassing 11 3 Tau LLasmmﬁﬂumiqwm%uqﬁyﬁymﬂ

wuvaT RS laoauta 2 61 a1nLuUItasInas1tlaslasstteUszamiien A1 RMSE 1oy

Y Y
v ad v d

Al inAnugnaesveskuuIaesvnuelnelaseUsEa Mo isuiu Aasanlaen

o
a a1 o a

a A @ . a oA J a o J o a1 Y a [y <@ Y1 a
w3nsdeln BedA1inBen duResaassiuaAiueatlnalAssiu azulainani1snas sl
A1 RMSE 1a831n ¢ Hunungmuikuuitassnasslaglassngussammiisuanunsayinung

1w laagaiinnugnaedmaiug e

5.5 dsd

9

nuienlamitunisluduiansoadfidnsdssfiudssnsnmanuiilunisgu

vastduayainianuvadameslossulilaonisussendldlaseuieyssamiiisusuiu
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TUsunsu Molflow+ yilildun@awuudnassvesmafiwesineiteslussuuanane wazii

TnsruiansilasunuamsengAnssuanunuayynaluseuunfen1siansants
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Usenns mnefan1seenuuussuumuaniiidnsarnsiauiifanuaiunsadiesiey
seluldusinazidefinnanndeanudemeiiniuludule drundmionarsdiuressyuy
UszadUesTrUUMUANTITA NI Ude A AanaAvT e FEmeduAeifiodaanis
Snwnadesnmvesszuulidineed Snyusednsnmuemandnainssuy wariidfnyde
FoansliAnanulasnfoudszuy wnnifindeianaiavdenuidemetuvayldeu tudu
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gruAmmieulUresaTeeloln wazwinsestsealinginnisvinaud dumalve sty
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MATLAB
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ToRanaIALarSNEIAN Iy INARMAINELLA NalnN1TNUYEIsTULAIUANTIBBNKUY

uuanalanegun 6.1

/ Get data Pp1, Pp2, and Pb /

Pb new > Pb old

> Pp2 new >> Pp2 old

J Yes

Calculate the pump2's
new pumping speed.

Maintains the
pump2 of the
second pump by
applying the same

Calculate the pump2's
new pumping speed.

Sp2 new > Sp2 old

Maintains the voltage.
pump?2 of the
second pump by Ves
applying the same
voltage.
A4
Adjust the voltage of the
Adjust the voltage of the pump2 to achieve the
pump2 to achieve the calculated pumping speed
calculated pumping speed.
| hC‘)‘ =E‘

JUT 6.1 unuInsAILANIY FTC dmTuszuugayaynn

6.3 WANIIAIUAULUU Fault Tolerance Control °lusxuuwﬂaaaqq;zymﬁ
UHV

nsrnfiunuidsludntasiiauslusuuuureinissaesaniunisaléae Sanadfiy
FTC fdsudeulunalnmsvhauvesssuuamuaiiieniuaunisdeeussdulnihildso
qiyﬁymmwuaﬁmLmaﬂaaauﬁﬁﬂgf]‘ﬁ%mm'aﬁ’uimqLLmuﬁ’ﬂLﬁUSLSﬂmau N15971899
anumsnideynunnszuuaaesgaman 2 Seddugyymasuuatinmeslossu 2 ¢

\WeuADAUNUVDIANUNIAMIEYIBYUIAEURIUANENA1N 65 TafiunT 813 1000 adiuns
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nalnmsvhauezduainansugui 6.1 Tnsazuansnsfisnsanaaiianaieivzaolin
m’mLﬁ&Jmamaﬁwuléfmﬂﬂsfﬁé’uLﬁaamﬂﬂszam'ﬁmwmmLéaiuﬂﬂsqusum%uqzy}cyﬂmﬁ
wuvatnneslossuludsuuadly HaN1AIUANKUY Fault Tolerance Control Tusguy
neRaBageyn1A UHV %LLamqiﬁLﬁué’ﬂwmzmiﬁwmsuaaszwmuqué’fﬂﬁ
631 malldfoulvdnvasamsiduvastiy
nalnnsvieuresszuUmUANATSane3fiu Fault Tolerance Control (FTC)
fﬂzﬁmiﬁﬂmummL%f'ﬂumiqusuaﬁmqiyzymﬁLL‘U‘Uﬁ{]mLmaﬂaaaumﬂmmé’uﬁuéiwdw
m'mﬁ’uqagzgmmazmmL%'ﬂumiquWmLﬁiaulmé’ﬂwmzLaquLﬁumaa%uqmmﬂWﬂLLuu
atlowmeslosou Faldinauoliluunil 4 37 4.4 uagasnei 4.1 leRiansanyszdndam
mmL%fﬂWﬁgmaa%m@mmﬂu:uua{]mLmaﬂaaauLﬂ§SULLan1‘1J Tneivualidaianas

\Ju 80% ey 60% V04an11N159NUUNR AzuanITanesiunsiauressEuUmUANATE

9x10° : Case 80%Pumping P1 10°
[ Pb
8 [ Pp
8 T1Pp2
78~ 0 L ____iw 7.46e-09 7.44e-09

6.75e-09

6.31e-09 6.31e-09

Pressure (mbar)

Step 1: Normal

Step 2: 80%Pumping P1. Step 3: Action P2

ox10° Case 60%P ing P1 109
I
8.44e-09

8.57e-09
8.5—

I
855¢09 g 440.09

<
®

6.75e-09

Pressure (mbar)
o
o <‘n PN

o

1}

356.861
3000 V

»
t

N

Step 1: Normal Step 2: 60%Pumping P1 Step 3: Action P2

5UN 6.2 wan1smuaueae FTC Tunsalyaela
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3199 6.1 Wismwastunisaruausy FTC Tunstlvawela

Parameter Spump; Spump, Qa Qb Qc Po Pp; Pp, Vp: Vp, Spy Sp,
Unit Us x 10 mbar.l/s x 10 mbar x 1000 v Us
100% 356.8613 356.8613 1.04 0.01 1.17 6.75 5.00 5.00 3 3 356.8613 356.8613
80% 285.489  356.8613 1.04 0.01 117 7.46 631 5.06 5 5 365.2244  357.179
action P, 285.489  357.1790 1.04 0.01 117 7.44 631 5.06 5 5 365.2244  357.179
60% 214.1168 356.8613 1.04 0.01 1.17 857 844 516 5 5 375.8236  357.8922
action P, 2141168 357.8922 1.04 0.01 117 855 844 515 5 5 375.8236  357.8215

SUT 6.2 LARINANITVALYILTLUUA8NALNNTIUTBITEUUAIANTS]
Sanesiu FTC la31us uduaninnisvieuund mm'wmmé’ul%lﬁﬂﬁﬁmqzy,z:y,mmwu
adaneslooaudf 1 uay 2 ANVINAUR Ve, = Ve, = 3000 Toad ?i’]ﬂ’J’]iJL%’ﬂuﬂ’ﬁQU“UEN%M
qz:y,z:gmmwua{]mmﬂaaauﬁaﬁ 1 uay 2 SANVINAUR Spy = Spy = 356.8613 AnsHEAUNT
ﬁﬂﬁﬂ'wmmé’uqm@ﬂmﬁ%uq@mmmmuaﬂmLmﬂ@aaué’f’gﬁ 1 wag 2 SAnvifud ey =
Pz = 5 x 107 faduns ArmnusuaanIdlusuiiinsinaaedssuy P, SAwiu 6.75
x 1077 Hadu1s Lﬁ@ﬁﬂ’]ia@USZ?W%J\’]‘WWJ’]@JL%’JIUﬂ’]iQU%@Q%@J@Qij’m’MLLU‘Uﬁ‘ijG]LG]E]%

loauiafi 1 anas 80% 2Ll Sp, = 285.489, Sp, = 356.8613 ANTHOIUT N1FTIAINILE

lun1sguanasgeuvibiinanizaianuiudugyyniawgas dunaldaainan p, Aiden

' 6V

a

= < —Q e 2 s aa o 1 v
VRO 7.46 x 1077 daauIsg ﬂ’]i’)u?\]QEJSUElﬂizUUﬂ’]UQNQBWi?Qﬁ@UQWﬂﬂWﬂ?WN@UW{]QJ

aanakuvatameslonsudin 1 uaz 2 alladaiudueg 19l dud Ay lasintuee

v
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Foau 9NM137099 6.1 wansliiudslssangihenuduvesduaygimewuvalamesloosu

' 1%
1 =

c{ a a | a W 9 a_a '3 PN Y]
1 ﬂ%NﬂWQQTUQqﬂLﬂN@Eﬂﬂsﬁ@ILQu UAUNIAU 6.31 x 1077 daauns Iummgﬂﬂﬁqﬂﬂu%aﬁ

€

e 3B

ugnMALuuatameslesauii 2 ﬁmqqﬁﬁummﬁmﬁwﬁﬂﬁaa 1ALAY 5.06 x 107°
aduns %ﬁﬂﬁmwdw%uqmapmﬂquaﬁmmaﬂaaauéfﬁ 1 anmdalunsguadnIniag
nalnnisvieuvesssuumuaniidsanedfiu FTC agdanslitiuamamenuvatinnes
Tooausil 2 mwaLﬂmamﬁﬂumsqumﬂsﬁu Lﬁawmamé’ﬂmszﬁummﬁuqzyzymﬂ UHV
Tusguusoly Wneandunisauinainnnusinisgulmianaunisanuduiussenineeany
éﬁ’uqﬁyz:gmﬂLLasmmﬁ’ﬂumiqumuL’ﬁlaulsué’ﬂwmsmwwLﬁmaﬂ%uqmmmmw alamog
laaauwujm'ﬂmmﬁumaa%uqmmwmmwuaﬁmLmaﬂ@aauéhﬁ 2 afifnuvindu 5.06 x 107
faduns azlienuisilunsquimnzangsgeil 357.179 Ansredundl Wlesrsussiuluidi
Wi 5000 Tad nMsgaBvessEULATUANIEdINTUSUA sl Aldfuduagnie
wuvadameslosousaf 2 18y 5000 Taad viudl wuRedutunsdiinisanuszansam
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WNeatetlussuvayynidlunalnnisinuresssuumuaunsawemusanasfiy FTC a5ue
19RIm15197 6.1

Ao v

N3YALTEVDITTUUAIUANTTSaNe3TL FTC lunsdifiduinmnnusanis

gulndanaunisanuduiusseninsanudugyyniakazaslunisguanuiouly

9 Y v kY

anvuziansiuresluagyymeawuvalameslossuudinnuilunisgulvianawmsewin
WAl N13YALYEURITTUUAIUANITAITIAILEINMIauTe Ay ALuvalameslesauld

WAL W eAUNg1e1usnYIA1ANAugynabussuu lilvuglundnay denandly

a

Un 6.3

5.5210° Case 80%P ing P1 10°

4.55¢-09 4.55¢-09
45— TTTT oo

4.13e-09

3.81e-09 3.81e-09

Pressure (mbar)

3.07e-09 ~ 3.01e-0

357.159|
3000 V

Step 1: Normal Step 2: 80%Pumping P1 Step 3: Action P2

SNXWQ Case 60%Pumping P1 | 10°
2220 5 09000 222500 500000 — o
5 [—
45 e - - - - - —-—————— [ - I - - -~~~ 4.543
:‘E; oL 4.136-09
23.%
& . 307600 ~ 307609~~~ —— — (- RN 3.11e-09 — 341609 - — — — — —— 3.1605
25 | 357159 o004
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Abstract: This paper presents the design of a fuzzy-controller-based ultra-high vacuum pressure
control system and its performance evaluation for a sputter-ion vacuum pump used in the electron
storage ring at the Synchrotron ight Research Institute (Public Organization) in Thailand. The
production of synchrotron light requires advanced vacuum technology to maintain stability and
prevent interference of electrons in an ultra-high vacuum pressure environment of about 10 # Torr.
The presence of heat and gas rupture from the pipe wall can affect the quality of the light in that arca.
‘The institute currently uses a sputter-ion vacuum pump which is costly and requires significant effort
to quickly reduce pressure increases in the area. Maintaining stable vacuum pressure throughout
electron motion is essential in order to ensure the quality of the light. This research demonstrates
a procedure for evaluating the performance of a sputter-ion vacuum pump using a mathematical
model generated by a neural network and Molflow+ software. The model is used to estimate the
pumping speed of the vacuum pump and to design a fuzzy control system for the ultra-high vacuum
system. The study also includes a leakage rate check for the vacuum system.

Keywords: ultra-high vacuum; sputter-ion vacuum pump; pumping speed; fuzzy; artificial neural
network; Molflow+

1. Introduction

The Synchrotron Light Rescarch Institute (Public Organization) is an institute that has
a laboratory that provides services for the utilization of synchrotron light. Synchrotron
light is generated by causing electrons to move at nearly the speed of light and forcing them
to arc with a magnetic field, which causes the electrons to lose some energy and release
energy in the form of electromagnetic waves. Synchrotron light has a high intensity and
continuous energy value that covers four wavelengths, ranging from infrared to visible
light, ultraviolet light, and X-rays, as shown in Figure 1.

The process of producing synchrotron light at the Siam Light Rescarch Institute
involves six main components: 1. an clectron gun, 2. a lincar accelerator (Linac), 3. a
booster synchrotron, 4. a storage ring, 5. beamlines, and 6. an experimental station. The
clectron gun produces a large number of clectrons, which are then divided into groups
called electron bunches and accelerated in a straight line by microwave waves in the Linac.
The booster synchrotron increases the energy of these electrons in a circle using radio waves,
and the storage ring further accelerates the electrons to an energy of up to 1.2 GeV [1].
The beamlines bring the produced synchrotron light to the experimental station, where it

Systems 2023, 11, 116. https:/ /doi.org/10.3390/systems11030116
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collides with a sample, and various scientific reactions occur. The data is then processed by
scientists using a detector and a computer to analyze the atomic or molecular structure of

the sample, as shown in Figure 2.

Siam Photon Source

weom &

X-ray tube Radioactive

Source spectrum {
9

Radio antenna Microwave Radar
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Wavelength ! ' ) ! o 10 o 0
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Electromagnetic spectrum

Figure 1. Properties of synchrotron light. Reference Source; https:/ /www.slri.orth/en_web/what-is-
synchrotron-light.html (accessed on 1 January 2023).

Figure 2. Synchrotron light generator. Reference Source; http:/ /wwwslri.or.th/th/index.php /what-
is-synchrotron-light / for-research.html (accessed on 1 January 2023).

The production of synchrotron light requires advanced vacuum technology at a pres-
sure of approximately 107 to 107! Torr in the beam in order to prevent interference,
refraction, and collisions with air masses. Maintaining a constant ultra-high vacuum (UHV)
pressure is essential to ensure the quality of the synchrotron light. Sputter-ion vacuum
pumps are commonly used to maintain this pressure, but they are expensive and require
a lot of work. Vacuum, created by vacuum pumps, refers to a space with low matter and
pressure and is used in various applications such as research and industry. This paper
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discusses the mathematical models of vacuum systems, pumps, measurement techniques,
equipment installation, and testing processes. It also provides a guideline for selecting the
right vacuum pump and briefly discusses support for optimum vacuum production [2—4].
The sputter pump, also known as an ion pump, was selected, and its characteristics were
described [5]. This experiment used synchrotron light and required a UHV in the tube
environment with gas loading analysis for the vacuum system chamber of the synchrotron
radiation source 6 GeV (SR) [6]. Additionally, research on water absorption measurements
at ultra-high and extreme-high vacuum was conducted [7]. A direct method for numerically
calculating the pumping velocity of the sputter-ion pump was proposed [8], and the vac-
uum kinetic process of gas was also described. This paper also covers physical principles
and modes of operation of vacuum pumps and vacuum meters, piping calculations, basics
of gas composition measurement, leaks, and leak detection techniques [9-12]. The sputtered
ion pump remains the unmatched pump for UHV, and research using Molflow +-based
Monte Carlo particle test methods is performed to simulate UHV and synchrotron radiation
calculations [13,14]. This paper also presents detailed designs and mechanical simulations
of vacuum pump systems [15] to guide the design of this research. A number of research
papers have proposed methods to improve optical quality in fields, such as physics and
engineering, such as the measurement and analysis of high-resolution four-pole magnetic
fields that focus on the electron beam [16]. In one study, the design and construction of an
automatic control system for a 3-degree-of-freedom magnetic support for a synchrotron
light generator, which aims to solve the problem of adjusting the magnet and electron
transporter in the confinement ring to the correct level and position [17], was discussed.
Another study described a linear electron acceleration system at an energy of 6 MeV that
was developed to produce continuous and efficient X-rays, with the aim of maintaining
stability in operation and tolerance to environmental changes by using a fuzzy algorithm
and the Takagi-Sugeno inference method [18]. This research has proposed methods and
approaches to improve the quality of synchrotron light, such as using a fuzzy algorithm
in control systems. Fuzzy logic is a method of reasoning that allows for flexibility and
complexity in problem-solving by using linguistic variables instead of numerical values. It
is used in the area of fuzzy control, which formulates algorithms for control laws using
logical rules [19]. This can be applied in a wide range of fields, such as control systems,
artificial intelligence, and decision-making. Fuzzy logic, first introduced by Lotfi Zadeh in
1965, is widely used in embedded applications, particularly in small systems, robots, and
machines [20]. It has various applications, such as fuzzy control, fuzzy signal processing,
and fuzzy image processing [21]. Fuzzy logic is also widely used in PID control systems as a
control algorithm and has been observed to perform better than traditional PID controllers
in providing satisfactory control characteristics [22]. It can also be used in the process
of liquid mixing in industries [23], as well as in creating a self-diagnostic system for a
DC motor [24] and in optimizing a type-1 fuzzy controller for the Fault-Tolerant Control.
Additionally [25], it can be applied in Negative Pressure Wound Therapy to improve the
performance and safety of the treatment [26]. The goal of this research is to examine the
application of fuzzy logic in controlling UHV conditions. Molflow+ is a Monte Carlo
simulation software used to simulate pressure in particle accelerators [27]. It calculates
theoretical pressure values using standard methods and can be used to design and analyze
UHYV systems [28]. The software can predict outgassing volume and pressure, estimate
effective pumping speed [29], and determine the time needed to reach target pressure
based on gas volume change. Molflow+ is mainly used for detailed 3D vacuum charac-
terization in molecular flow systems [30]. Artificial neural networks (ANNSs) have been
widely applied in many fields for prediction purposes, including wind speed prediction,
where the objective function is regression [31]. Feed-forward deep neural networks are also
capable of achieving strong classification performance and have been shown to outperform
shallow methods across diverse activity classes when optimized [32]. In the field of robot
programming, the training results of neural network controllers have been presented, and
the dynamic errors of different types of controllers have been analyzed [33]. Machine learn-
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ing (ML), particularly deep learning techniques, have demonstrated efficacy in training,
learning, analyzing, and modeling large complex structured and unstructured datasets [34].
However, when ML techniques are used for project duration prediction, the challenge
is greater as each organization has a different dataset structure, features, and quality of
data. To address this, a new dynamic ML tool based on an artificial neural network (ANN),
which is automatically adapted and optimized to different types of prediction methods and
different datasets, has been proposed [35]. The proposed decision-making system for leak
detection is based on multiple generalized linear models and clustering techniques, which
produces better recognition rates in comparison to a single model approach. Addition-
ally [36], a physics-informed deep learning approach has been proposed for bearing fault
detection, which consists of a simple threshold model and a deep convolutional neural
network (CNN) model [37], which can reliably detect and classify four different bearing
fault conditions [38]. All of these methods consider the design considerations, such as
network architecture, performance, and implementation [39]. The objective of this article is
to present a design for a UHV control system for a storage ring vacuum pipe using fuzzy
control theory, and pumping speed estimation was estimated by Molflow+ in conjunction
with ANN. The system aims to maintain a UHV level during electron beam movement.
The results show that the UHV pressure can be controlled effectively. Additionally, using a
method that estimates the pumping speed efficiency of the pump can aid in planning and
making improvements, preventing damage, and ensuring efficient operation. The article is
divided into five clear sections: Section 2: research methodology, experimental equipment,
and system; Section 3: fuzzy control result and design for UHV, including the procedure for
UHYV pressure system and leak detection; Section 4: estimation of pump efficiency using a
mathematical model generated from a neural network and Molflow+ software; and finally,
Section 5: conclusions, where the findings are summarized.

2. Materials and Methods
2.1. Research Methodology

This research focuses readers on two main areas: controlling UHV pressure through
fuzzy controller design and estimating the efficiency of pumping speed using an artificial
neural network in conjunction with the Molflow+ program. The author will begin by
describing the process of creating a vacuum pressure system [2,3], including procedures for
leak detection in the experimental system. The design of the fuzzy controller will include
the results of controlling pressure in the UHV system, which identifies the problem and
determines the input and output variables that are involved. In this case, the input variable
is the pressure reading from a sensor located at the center of the vacuum tube, and the
output variables are the voltage supply to two independent ion vacuum pumps. For the
input variables, triangle shape membership functions can be used. The output variables
are defined by the singleton shape membership functions. We use the Mandani method
to apply the membership functions. The center of the area can be used for the inference
engine of the membership function output variables. Pressure data from the instrument at
a steady state will be collected to simulate the outgassing rate of the experimental system
with Molflow+ and then inputted into the learning process of the artificial neural network
to create a model of the UHV system. The second part of this research will explain how
this model is used to predict the pumping speed efficiency of the sputter-ion pump, as
shown in Figure 3.
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Figure 3. The Research Methodology.

A ULV pressure must be created in the pipeline using multiple vacuum pumps with
different pressure ranges. A dry scroll pump, which has a spiral design and uses the
twisting of the threads to create a pressure difference and move the air from the inside of
the closed room to the outside atmosphere, can achiceve a pressure of 1072 Torr. A high
molecular attractant pump can then be used to achieve a pressure of up to 10 8 Torr, and a
sputter-ion pump, which captures gas molecules and sticks them in a confined area using
a specific technique, can achieve a pressure of up to 10712 Torr. Figure 4 illustrates the
design of a standard pump. The system’s equations are based on the assumption that the
vacuum model conforms to Equations (1)~(5) [2-4]. The pressure P at an equilibrium state
is expressed by Equation (1): o

P—3. M
where Q is the net outgassing rate of the chamber under high vacuum. The net pumping

speed of the pump varies with the pressure. The net outgassing rate of chamber Q also
varies with the pressure.
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chamber

- — pp
Figure 4. General Pump Structure. Reference Source; http://www.most.go.th/main/th/10

9-knowledge/technology-integration /other-technologies/1366-vacuum-technology (accessed on
1 October 2018).

The gas flow, including conductivity components within a vacuum (Conductance,

C), and the pressure difference between vacuum volume joints can be represented by
Lquation (2):

Q=C(p—py) @

Fach flow in the vacuum pipeline is expressed by the continuity Equation (3):
Q="PS =PS; 3

The relation between the pumping speed at the inlet of the pipeline (Schamber), at
the outlet (Spump), and the impedance (W) or conductance C = 12DTS, diameter D (in cm),
length I, (in cm) of the pipeline has described the Equation (4):

. 1 i
Schamber = = 4

1 - 1 1
e W o ote

The corresponding throughput Q (in torr. I./s), pressure P (in torr), pumping speed S
(in1./s), and conductance C (I./s) are consequently given via Equation (5):

Q= C(pchumbzr e pump) — Spumpppump = Schumber Pchumbw (5)

2.2. Equipment

The vacuum experiment in this research was built using real-world materials sup-
ported by the Synchrotron Light Research Institute (Public Organization). The equipment
includes a vacuum pressure system, a workpiece cleaning device, a control device, a leak
detection device, and processing equipment. Turther information regarding the numeri-
cal data is available in Figure 5 and Table 1, which provide detailed explanations of the
experimental equipment.

Figure 5. Ultra-high vacuum pressure system experimental equipment.
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Table 1. Experimental equipment details.

No. Name Specification Quantity

-0.4 kW, 50 Hz
-250 L/min (4.2 L/s), 1.272 torr
- 2.5 /s helium pumping speed

il Scroll Vacuum Pump

2 Helium Leak Detector - Minimum detectable leakage rate for 1
helium 10713 Pa m®/s

3 Thermocouple -Type K 5

4 Turbo-Molecular Pump -1000 RPM, 0.4 A, 220V 1

5 NI USB-TC01 -Type],K, R, S, T, N, E and B thermocouple B

6 Vacuum Chamber 1 -D =146 mm, H = 310 mm 1
- Star cell, 500 L/s, typically 3-7 kV

. Sputter-lonBp - pressures as low asyl%’“ )t,nbar :

8 Vacuum Pipe -L =1000 mm, D =65 mm 1

Pfeiffer Vacuum TPG 300 - Measures Pressure from Atmospheric

9 PressuréCaige Range, down to 10~ mbar 2
- Pirani gauges/ Cold cathode gauges

10 Vacuum Chamber 2 -D =146 mm, H =285 mm 1

1 Sputter-lon Pump - 2 Channels 1

Controller - Output 3000 V-7000 V

12 Baking Controller -Max 10 A, 220V 2

- 304 stainless steel
3 - Leak rate < 5-10 mbar.L/s

18 AllNetal SEEEERIveS - Temperature operating range from 450° C s
to —250° C

14 Heater -V=240V,p=170W,L=15m 5
- Bakeout temp < 250 °C

15 lonization Gauge - Measuring range 5 x 103 to 1 x 10711 4
mbar

16 MOXA -UPort 1110 V14.1, 5 VDC 3

17 RS-232 3

18 QECoERher - Intel® Core™ i9-9900 CPU @3.1 GHz 1
- RAM 32 GB, 64 bit

19 Helium Gas 1

2.3. Experimental System

The vacuum experimental system was designed to study UHV pressure and vacuum
pressure control. It is divided into two systems: System 1, a vacuum chamber equipped
with a sputter-ion pump with a pumping speed of 500 L/s and a pressure gauge installed
in the position shown in Figure 6; and System 2, which consists of two vacuum chambers
connected by a tube with a diameter of 65 mm and a length of 1000 mm. Both of these
chambers are equipped with a sputter-ion pump with a pumping speed of 500 L/s and
pressure gauges installed in 4 positions, as shown in Figure 7.

Figure 7 illustrates an experimental setup for a system consisting of two interconnected
vacuum chambers. The chambers are connected by a 65 mm diameter tube that is 1000 mm
in length. Sensor B is located at the center of the tube and measures the vacuum pressure at
the highest point in the system. The first chamber has a diameter of 146 mm and a height
of 310 mm, and sensor A is placed on the lid to measure the maximum pressure in that
chamber. The second chamber has a diameter of 146 mm and a height of 285 mm; sensor
C is located on top of its lid, measuring the maximum pressure in this chamber. Both
chambers are equipped with sputter-ion pumps that have a pumping speed of 500 L/s
and are located underneath each chamber. Additionally, sensor D is placed in the second
chamber at the location indicated. The experimental system is exposed to a UHV pressure
process, and the leakage rate of the system is monitored. Then, the system is sealed and
ready to test the vacuum pressure control system and evaluate the performance of the
sputter-ion pumps.
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Figure 6, Illustrates the vacuum chamber for experimental system 1.

Figure 7. Illustrates the vacuum chamber for experimental system 2.
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3. Ultra-High Vacuum by Fuzzy Control

Ultra-high vacuum (UHV) refers to a vacuum with a pressure level below 10~ Torr.
Fuzzy control is a method of controlling systems using fuzzy logic, which is a mathematical
tool for representing and manipulating uncertain or imprecise information. In a fuzzy
control system, the inputs and outputs are mapped to fuzzy sets, and a set of fuzzy rules are
used to determine the control actions. Using fuzzy control for UHV systems allows for the
system to adapt to changing conditions and make decisions based on imprecise or uncertain
information. This can improve the stability and efficiency of the system and also increase
its robustness against disturbances and uncertainties. This section discusses the process of
designing and constructing the UHV systems. It covers implementing leak detection and a
fuzzy controller design for UHV, including the results of the fuzzy pressure control.

3.1. Procedure for Ultra-High Vacuum Pressure System

Figure 8 illustrates the process for creating a UHV pressure system for this research.
The process begins by cleaning the workpiece (vacuum chamber) with ethanol to prepare it
for the UHV pressure process. To achieve UHV pressure, the pressure must be gradually
increased from atmospheric pressure to a value of 10~! to 10~2 Torr using dry scroll vacuum
pumps and then to a pressure of 1072 to 107 Torr using a turbo pump and a molecular
pump. The workpiece is then outgassed at a temperature of about 120 degrees Celsius for at
least 3 days. Before and after heating, a leak test is performed on the workpiece by spraying
helium gas outside the workpiece at suspected leakage points, such as along flange joints
in vacuum chamber connections and pipes. The CF (Con Flat) flange uses a copper gasket
with high thermal conductivity and metal circumferential prongs. The soft properties of the
copper gasket allow for a very tight seal between the two metal flanges by distorting the
gasket. CF flanges can operate at a pressure of about 10713 Torr. If a leak is detected, helium
gas will seep through the leak and into the workpiece, where it will be detected by the
helium leak detector. If no leak is found, the process continues by using a sputter-ion pump
until the vacuum pressure reaches a level of 1078 Torr and can no longer be increased. The
valve between the vacuum chamber;, the dry scroll pump, and the high molecular attractant
pump operating system is then closed, allowing the system to be evacuated using only
a sputter-ion pump. Later, we designed a fuzzy controller to command the sputter-ion
pump controller to maintain the vacuum pressure through a LabVIEW program connected
to a computer via RS-232 and a MOXA module. The definition of each pressure range is
described in Table 2.

Table 2. Shows the Range of Vacuum Pressure [40].

Range of Vacuum Pressure Minimum Pressure (Torr) Maximum Pressure (Torr)
Low Vacuum (LV) 25x 10 7.5 x 10%
Medium Vacuum (MV) 75 %1074 25 %10
High Vacuum (HV) 75 x 1877 7.5 %1074
Very High Vacuum (VHV) 7:5 x 10710 7.5 x 1077
Ultra-High Vacuum (UHV) 75 x10°18 7.5 x 10710

Extreme-High Vacuum (XHV) <75x10713
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Figure 8. Ultra-high vacuum pressure process.

3.2. Procedure for Checking for Leaks in the Vacuum System

Vacuum leak testing is an essential step in the vacuum-making process. The process
involves achieving a system vacuum of 10~° Torr using dry scroll vacuum pumps in
combination with a Turbo Molecular pump and then bringing in helium gas to spray
outside the workpiece at suspected leak points. If a leak is detected, the helium gas will
seep through the leak and into the workpiece, where it will be detected by the helium leak
detector [11]. The leak inspection is performed from top to bottom as the helium gas rises
to higher altitudes (as shown in Figure 9). After the inspection, if no leakage points are
found, a sputter-ion pump is used to maintain the vacuum pressure at 10 Torr. In this
method, a known amount of helium gas is introduced into the system, and the presence of
helium is used to identify any leaks that may be present. Finally, leak testing is important
to ensure the integrity and performance of UHV systems.
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Figure 9. Checking for leaks in the vacuum system.

3.3. Sputter-lon Pump

The working of a sputter-ion pump is based on the supply voltage provided to it. The
supply voltage ranges from 3000, 5000, and 7000 volts and is related to the vacuum pressure
value, as shown in Figure 10. The graph shows that the start of the sputter-ion pump
starts from the low vacuum pressure value on the right side of the sputter-ion pump. A
supply voltage of 7000 volts provides maximum pump efficiency, while a supply voltage of
5000 volts provides optimal pumping efficiency when the vactuum pressure is increased to
apressure of 1 x 1077 mbar. When the system has a vacuum pressure of 5 x 1077 mbar, the
supply voltage for the sputter-ion pump at 3000 volts provides optimal pumping efficiency.
This can be explained in Table 3.

120

100 +

% of nominal pumping speed

0 1 I T I | 1
1,06-11 1,06-10 1,009 1,008 1,0807 1,08-06 1,0£05 1,008

Pressure (mbar)
Figure 10. Shows the relationship between the % of nominal pumping speed and the pressure values
of 3000, 5000, and 7000 Volt at different vacuum pressures of the Controller of Ion Pump. Reference
Source; ION Pumps for UHV Systems; Synchrotrons and Particle Accelerators.
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Table 3. The pumping speed relationship equation at 3000 V, 5000V, and 7000 V supply voltages.

i Pumping Speed Pchamber
i 2
i e ® (%) Us P (Mbar) P (Torr)
3000 y =5.525In(x) + 17991 0.9733 48-72 240-360  6x 107115 x 10~ 4.5 x 10-11-3.75 x 10~°
5000 y=4x10%¢ — 9 x10%x% +5x10%x + 71.053 09044  72-76  360-380  5x 107°-1x 1077  3.75 x 10°-7.5 x 1078
7000 y = 10.52In(x) + 246.07 09816 7699 380495 1x107-1x10"¢  75x 107575 x 1077
In this research, an ion pump of 500 L/s was selected. The goal of this research is
to develop the ability to adjust the voltage supplied to the sputter-ion pump to be more
precise. The voltage will be supplied at 3000, 4000, 5000, 6000, and 7000 volts to optimize
the pumping speed of the pump at each vacuum pressure range, where the 4000 and
6000 volts are comparable estimates from the pump specification, as shown in Table 4.
Table 4. The relationship equation between pumping speed at 3000, 4000, 5000, 6000, and 7000 volts
to the vacuum pressure.
v E ion (Mbar) 2 Pumping Speed (%) SR
uation ar, mpin; ee o
* K il | P (Mbar) P (Torn)
3000 y = 43486In(x) + 156.73 0.9732 64-72 62x10710-5 x 10  4.65 x 10710-3.75 x 10~°
4000 y =8 x 10%x + 68.048 0.9973 72-76 5x1077-1 x 1078 3.75 x 1079-7.5 x 1072
5000 y =21615In(x) + 115.97 0.9709 76-79 1x108-4 x 108 75 x 1079-3%x 10~8
6000 y = 45108In(x) + 155.92 09784 79-83.5 4x1078-2x 1077 3 x1078-1.5 x 1077
7000 y = 10.52In(x) + 246.07 0.9816 83.5-99 2%x1077-1 x 1076 15 x1077-7.5 x 10~7

The relationship between the vacuum pressure value and the pumping speed effi-
ciency of the sputter-ion pump generated in Table 4 shows the voltage supply range that
achieves the pumping speed efficiency of the pump suitable for each vacuum pressure
value range. The low vacuum pressure range, such as 1.5 x 1077 — 7.5 x 10~/ Torr, is
suitable for supplying voltage at 7000 volts, which will get the pumping speed of the pump
at 83.5-99 percent of the pump performance of 500 L/s. This research aims to establish a
fuzzy law for controlling the action mechanism or the change of supply voltage of the ion
pump based on the relations in Table 4.

3.4. Fuzzy Design

Fuzzy logic is a method of reasoning that resembles human reasoning. The most basic
concept in fuzzy logic is the fuzzy set. A fuzzy set is a set that has a degree of membership
between 0 and 1 rather than the traditional binary (true/false) membership of a standard
set. This degree of membership indicates the extent to which an element belongs to the set.
Itis particularly useful in situations where precise mathematical models are unavailable or
impractical and can be used to make decisions and control processes.

The application of fuzzy logic control in UHV systems is used to maintain a desired
vacuum pressure of less than 3.757 torr. The control system employs a Single-Input—
Multiple-Output (SIMO) fuzzy controller, where the input is the pressure reading from
a sensor located at the center of the vacuum tube, and the outputs control the voltage
supply to two independent ion vacuum pumps. The fuzzy input variable is the pres-
sure reading from sensor B, and the member function consists of a fuzzy set of five lan-
guage variables {N, SN, Z,SP,P}. The output variables are the voltages fed to the first
and second ion vacuum pumps, consisting of language variables {L,SL,M, SH, H} and
{L2,SL2,M2,SH2, H2}, respectively, as defined in Table 5.
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Table 5. Fuzzy control design to maintain vacuum pressure.

Input Output Output Percent Voltage Voltage

Mo EressureiTnput (Torg) Variable Variable 1 Variable 2 Variable Supply 1 Supply 2
1 <8.75 x 10~2 N L, L2 0 3000 3000
2 3.751 x 107°-7.5 x 102 SN SL SL2 25 4000 4000
3 7.51 x 1079-3 x 10~8 z M M2 50 5000 5000
4 3.01 x 1078-1.506 x 1077 sP SH SH2 75 6000 6000
5 >1.507 x 10~7 P H H2 100 7000 7000

The input and output parameters of the Fuzzy Rules in Table 5 can be generated
and applied using a LabVIEW program connected to a 4UHV ion pump controller for
a voltage regulator that powers an ion vacuum pump via an R5232 cable and a MOXA
module. This allows the system to be operated in real time by a computer. Figure 11
demonstrates the input and output variable assignments of fuzzy rules for fuzzification
using LabVIEW software (LabVIEW 2016, License No. M76X33883, Synchrotron Light
Research Institute, Thailand), and Figure 12 shows the calculation of fuzzy inference using
a fuzzy rule whose principle is “if input, then output” in the diagnostic process, which
is analyzed and processed according to specified conditions with the LabVIEW software.
These rules are used to map input variables to output variables by using fuzzy membership
functions. These functions are used to assign a degree of membership to each input value,
which is then used to generate the output value.

IonpumpFLC_pressure 4557 SIMOS: - iy System Designer - X
File Opente Help
Varables  Rules  TestSystem
Input verisbies  inputversble memberhp functions ¥ N
», 1_:\ Bl !
| g s / = N
m 08 \ EY 7
/ N W
| s
‘o
W = e -
15 SE8  IE7 137 267 2567 W7 ST 47
Range
|| oupaabes Output varible membership functions " ~
onPump! Al BB [ T — T
JnPump2 | [ o
7] o i " =
2 |
x 06+ L ~
L
‘ g |
02
——— = od —%
o T » N & W 0 M B N
Range
¥ close Help

Figure 11. Configure inputs and outputs of the fuzzy rule.

Figure 13 shows the simulation of the generated fuzzy rule. The defuzzification
converts the language obtained in the form of fuzzy inference into a single true output
value from a five-member fuzzy set {0, 25, 50, 75, 100} percent instead of supplying pressure
at {3000, 4000, 5000, 6000, 7000} volts, respectively, by Figure 13a,b when the input pressures
are 9 x 1071 Torr and 3.75 x 10~ Torr, respectively. Thatis to say that when the input
pressure value is less than or equal to 3.75 » 10~ Torr, with the input linguistic value N, it
will enter the first rule to get the output of the first pump, and the second has a linguistic
variable value of L and 1.2, respectively, representing 0 percent output where the supply
voltage is 3000 Volt.
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£ lonpumpFLC_pressure34567_SIMO.fs - Fuzzy System Designer
File Operate Help

Variables  Rules  Test System

Rules
1. IF 'Input’ IS ‘P* THEN 'lonPump1' IS 'H' ALSO 'lonPump2' IS 'H2'
2. IF 'Input’ IS 'SP' THEN 'lonPump1' IS 'SH' ALSO ‘lonPump2' IS 'SH2'
3. IF 'Input’ IS 'Z' THEN 'lonPump1' IS ‘M ALSO 'lonPump2' IS ‘M2’
4, IF 'Input’ IS 'SN' THEN ‘lonPump1' IS 'SL' ALSO 'lonPump2' IS 'SL2'
5. IF 'Input’ IS 'N' THEN 'lonPump1' IS 'L" ALSO 'lonPump2' IS 'L2'

Figure 12. Fuzzy rules to control pressure values via LabVIEW software.

While Figure 13¢,d shows the input pressure is 3.76 ~ Torr and 7.5~ Torr, respectively,
which enters the second rule, with the linguistic variable of the input SN, the output of the
first pump and the second pump with the linguistic variable is SL and SL2, respectively,
representing 25 percent of the output where the supply voltage is 4000 Volt. Similarly,
Figure 13e,f shows the input pressure values of 7.517° Torr and 37 Torr, respectively,
which enter Rule 3, with the linguistic variable of the input Z, the output of the first pump
and the second pump with the linguistic variable of M and M2, respectively, representing
50 percent of the output. The input pressure is 3.01 Torr and 1.506~7 Torr, respectively.
Rule 4 with the linguistic variable of the input SP, the output of the first pump, and the
second pump with the linguistic variable of SH, SH2, respectively, representing 75 percent
output, as shown in Figure 13g,h, where the voltage is supplied at 6000 Volt, and Figure 13i,j
shows the input pressure values of 1.5077 Torr and 5~° Torr, respectively, which enters
the law of 5 with the input linguistic variable P; the output of pump 1 and 2 is linguistic
variable H, H2 respectively, representing 100 percent output, which will supply voltage at
level 7000 Volt.

Fuzzy Pressure Control Improves Test System Performance

Table 5 establishes fuzzy rules that were tested on System 1, which is a vacuum
chamber connected to a vacuum pump. Figure 14 illustrates the hardware used for testing
and demonstrates how the fuzzy rule controls the voltage power supply to maintain
pressure in the vacuum chamber. Figure 15 shows the supply voltage to the sputter-
ion vacuum pump with 3000, 4000, 5000, 6000, and 7000 volts, respectively, (left y-axis)
in relation to the vacuum chamber pressure at the location where the pressure value is
to be controlled. It is clearly divided by the fuzzy rule range with a dotted line (right
y-axis). It can be seen that the pressure change follows the properly designed fuzzy rule.
That is when the vacuum chamber pressure is lower than 3.75 x 10~ Torr, the pump
supply voltage is 3000 volts, and 4000 volts is supplied if the vacuum chamber pressure is
3.75 » 10~ Torr and is in the range of 3.751 x 10-°-7.5 x 10~ Torr. When the vacuum
chamber pressure increases in the range of 7.51 x 10~°-3 x 10~® Torr, the pump supply
voltage is 5000 volts. When the vacuum chamber pressure increases in the range of
3.01 x 1078-1.506 x 10~7 Torr, the pump supply voltage is 6000 volts. If the pressure is
greater, the pump supply voltage is 7000 volts.
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Figure 13. The simulation of the generated fuzzy rule. (a) minimum rule 1; (b) maximum rule 1;
(¢) minimum rule 2; (d) maximum rule 2; (e) minimum rule 3; (f) maximum rule 3; (g} minimum rule
4; (h) maximum rule 4; (i) minimum rule 5; and (j) maximum rule 5.

Figure 14. Hardware installed for system 1.
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Figure 15. Show how fuzzy rules work for system 1.




142

Systems 2023, 11, 116

17 of 28

When the pressure control characteristics of the vacuum chamber 1 system are known,
they can be applied to a two-chamber system using the same fuzzy rules established in
Table 5. The behavior is that the vacuum pressure value at the middle position of the pipe
connecting the vacuum chambers is used as the pressure value for the control. This is
because the pressure value at this position is the highest in the system. If the pressure value
at this position is in control, the pressure value at any other location will be within the range
of the UHV pressure value. The regulating pressure is achieved when the two sputter-ion
vacuum pumps operate according to the established fuzzy rules. The equipment used to
test this system is shown in Figure 16. The control results can be seen in Figure 17 and
expanded for clarity in Figure 18. These figures demonstrate that the vacuum pressure at
the center of the pipe, which is the position of the maximum pressure, can be controlled to
be below 3.75 x 10~ torr.

The real test results revealed the efficacy of fuzzy pressure control in optimizing
the performance of the system. Fuzzy logic is used to regulate the supply voltage of the
sputter-ion pump to achieve different pumping speeds at the same pressure for various
voltage levels. This allows for better control over the pumping process and ensures that
the optimal pumping speed is maintained for the given pressure conditions. Fuzzy logic
can be useful for controlling various processes in UHV systems. In UHV systems, it
is important to maintain a very low-pressure environment to prevent contamination or
interference with the experiment or process being performed. Fuzzy logic can be used
to control the parameters that affect the pressure inside the UHV system, such as the
flow rates of gases, the temperature of the system, or the speed of vacuum pumps. By
adjusting these parameters using fuzzy logic, it is possible to achieve the desired pressure
conditions while minimizing energy consumption and maintaining stability. In a system
that does not have fuzzy logic, controlling the various parameters and components of a
UHYV system can be more challenging. Without a fuzzy logic controller, the system may rely
on conventional control methods, such as PID (proportional-integral-derivative) control
or on-off control. Conventional control methods can be effective in maintaining a set
point for a given parameter, such as pressure or temperature, but they may not be able
to handle the complexity of UHV systems, which often involve multiple parameters and
interactions between components. For example, in a UHV system with multiple vacuum
pumps, conventional control methods may not be able to optimize the pumping speed
of each pump to achieve the desired pressure conditions. This can lead to inefficient
operation, longer process times, or decreased product quality. In addition, conventional
control methods may not be able to adapt to changing conditions or non-linear behavior in
the system. This can even cause instability in the system. Overall, the use of fuzzy logic
in UHV systems provides a more flexible and adaptive approach to control, allowing the
system to respond to changing conditions and optimize performance in real time. Fuzzy
logic can also handle complex systems with multiple parameters and components, making
it a more effective control method for UHV systems. From the above experiments, the
vacuum pressure at the location where the measuring instrument is installed is known, as
well as the voltage supplied to the sputter-ion vacuum pump. However, the outgassing rate
of the system is unknown, and more importantly, the efficiency of the pump in pumping
is unknown. This is because the pump has a long service life, and through heavy use,
there may be some factors that reduce the pumping efficiency, resulting in a decrease in
pumping speed. Therefore, this research has studied the behavior of the vacuum pressure
profile in the experimental system using the Molflow+ software application, starting with
the experimental system 1 vacuum chamber. This will allow for a better understanding of
the characteristics and behavior of the vacuum pressure, which will be discussed in the
next section.
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Figure 16. The equipment used to test this system 2.
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Figure 17. The control results for system 2.
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Figure 18. The control results expanded for clarity of the system 2.

4. Pumping Speed Efficiency Estimation

The pumping speed efficiency is an indicator for assessing the capacity of a vacuum
pressure system. If the pump has poor performance, it will negatively impact the results of
the vacuum chamber pressure. Therefore, understanding the performance of the pump is
essential for planning to achieve the desired pressure. In this section, we will apply the use
of Molflow+ and artificial neural network (ANN) to predict pump speed efficiency.

4.1. MolFlow+

Molflow+ is free software copyrighted by CERN and E.S.R.F, and it is a Windows
program that calculates the steady-state pressure in complex geometries under UHV
conditions. The simulation process typically involves four steps: importing the geometry;
setting simulation parameters, such as temperature and reflective properties; defining
outgassing and pump locations; and viewing pressure profiles [41]. It is gaining attention
from the scientific community for its ability to perform detailed 3D calculations of vacuum
in the molecular flow regime. The software is discussed in relation to vacuum calculation
methods, and examples of its application in the design and analysis of vacuum systems at
CERN and elsewhere are presented [42]. The steady-state and time-dependent algorithms
behind the program are also discussed, along with strategies for addressing common issues
that arise when simulating large systems. The results are compared to the theory and
validated through experiments.

In this study, the Molflow+ software was utilized to analyze the behavior of vacuum
pressure in an experimental system. The process involved determining the outgassing rate
by setting a pumping speed of 288 1/s and measuring pressure values in millibars. The
results were then compared with pump efficiency at different percentages of outgassing
rate, as shown in Table 6.
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Table 6. Pumping performance at a speed of 288 L/s for a vacaum chamber experimental system 1.

%Outgassing Rate Q (mbar. L/s) Pc (mbar) Pi (mbar)
15% 2975 < 10 255 x 10 10 197 x 10710
—10% 3.15 x 10~1 2.70 x 10~10 2.09 < 10710
—5% 3325 x 101 2.86 x 10710 2321 s¢10=20
normal 3.5 x 10711 3x 10710 2.92%10-10
5% 3.675 % 10711 3.15 x 1010 244 < 10710
10% 385 <10 1 331 x10 1° 256> 10 10
15% 4,025 x 10711 345 x 1010 2,67 x 10710

The results from Table 6 indicate that when the pumping speed is held constant, an
increase in the outgassing rate leads to higher pressure in the vacuum pump (Pi) and the
measuring device (Pc) attached to it. This aligns with the theory that the outgassing rate is
the rate at which gas is removed from the system, thereby reducing the pressure. Factors,
such as the permeability of the material surface, also play a role in this process. The more
gas particles are removed, the higher the pressure will be. On the other hand, when the
pumping speed is constant, a decrease in the outgassing rate leads to a lower pressure
in the system, creating a higher vacuum at both the vacuum pump and the measuring
instrument’s positions.

Molflow+ software is utilized to visualize the behavior of vacuum pressure in an
experimental system. The software displays the vacuum pressure values along individual
color axes generated within the system, with the distance being represented as 0-100% of
the axis of each plane. The simulation results of pressure values are separated into two
experimental systems: vacuum chamber system 1; and the system connected between
vacuum chamber 1 and vacuum chamber 2 by pipes. These systems have an inner diameter
of 60.3 mm and a length of 1000 mm.

The vacuum chamber 1 has a diameter of 152.4 mm and a height of 285 mm, with a
total volume, including the flange, of 4,498,615.15 mm?®. The red axial pressure value is
measured from the position of the sputter-ion vacuum pump to the cover of the top flange,
with a length equal to the height of 285 mm. The green axis, from the CI’ 70 flange position
to the edge of the vacuum chamber, is 194 mm long. The blue axis, from the flange position
CF 70 to CF 114, is 273 mm long. These values are shown in Figure 19, and the vacuum
pressure values at each position of each axis are shown in Table 7.

Figure 19. The axial pressure in vacuum chamber 1 with the Molflow+ software.
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Table 7. The vacuum pressure in the vacuum chamber 1 from Molflow+ software.

Red Line Axial Pressure Green Line Axial Pressure  Blue Line Axial Pressure

L
the x (mm) P (1071 Mbar)  x (mm) P (10~ Mbar) x(mm) P (10-1° Mbar)
0 0 232 0.00 3 0.00 3.03
0.05 14.25 2.38 9.70 3 13.65 3.01
0.10 28.50 243 19.40 2.98 27.30 2.96
015 4275 247 29.10 2.95 40.95 2.89
0.20 57.00 2,51 38.80 29 54.60 2.79
0.25 71.25 2.55 48.50 2.82 68.25 2.76
0.30 85.50 2.58 58.20 2.77 81.90 2.75
0.35 99.75 2.61 67.90 2.76 95.55 275
0.40 114.00 2.64 77.60 2.76 109.20 2.75
045 128.25 2.67 87.30 2.76 122.85 2.75
0.50 142.50 2.69 97.00 2.76 136.50 2.75
0.55 156.75 2.73 106.70 2.76 150.15 2.75
0.60 171.00 2.76 116.40 2.76 163.80 2.77
0.65 185.25 2.78 126.10 2.76 177.45 2.81
0.70 199.50 2.78 135.80 2.76 191.10 291
0.75 213.75 2.78 145.50 2.76 204.75 3.07
0.80 228.00 2.78 155.20 2.76 218.40 3.21
0.85 242.25 2.78 164.90 2.76 232.05 3.33
0.90 256.50 278 174.60 2.76 245.70 345
0.95 270.75 2.78 184.30 2.76 259.35 3.56
1.00 285.00 2.78 194.00 2.76 273.00 3.63

According to Table 7, the red line represents the height of the chamber, the green
line represents the diameter distance, and the blue line represents another diameter
distance. The intersection of the three colored lines represents a vacuum pressure of
2.76 % 10 ~1° mbar at the position indicated in the red frame. The data from the simulation,
which uses values measured by sensors in the x = 0 mm position of the green and red
lines from the experiment, serves as reference values to simulate the outgassing rate over
the entire surface of the gas vacuum chamber 1. This outgassing rate was found to be
3.5 x 10~ !! mbar.L./s when the pumping rate was set to 288 L/s. This value aligns with
the equation that displays the relationship between vacuum pressure values at 3000 V, as
shown in Table 3.

In this research, an experimental vacuum system was constructed, consisting of two
vacuum chambers (1 and 2) connected by a tube. The dimensions of chamber 2 are
152.4 mm in diameter, 310 mm in height, and a total flange volume of 5,248,639.03 mm?®.
The tube connecting the chambers has an outer diameter of 65 mm, an inner diameter of
60.3 mm, and a length of 1000 mm (as shown in Figure 20). The vacuum pressure values
in each axis show the relationship between the values measured from the position of the
instrument. Measurements A, B, C, and D are represented by the blue, green, red, and
black lines, respectively. The pumping speed of each pump was determined by substituting
the pressure pumped by the pump into the pressure source equation (shown in Table 2).
This allowed for the determination of the outgassing rate of each system. By comparing
the simulation data with the measurement data from the combined vacuum pressure
instrument, it was determined that the starting point in the blue and red axis is the location
of the pump, which has the best vacuum pressure value. The pressure continues to increase
axially to the upper cover of vacuum chambers 1 and 2. The black line axis shows the
pressure at the location where sensor D is installed, while the green line axis shows the
pressure along the length of the pipe connecting the two vacuum chambers. The center of
the pipe at sensor B has the highest pressure in the system, at which point the researchers
used to control the pressure to a UHV to confirm pressure values in other locations. This
ensured that there was also a UHV pressure value.
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Figure 20. The profile pressure in vacuum system with the Molflow+ software.

The next step is to apply the information obtained from the vacuum pressure sim-
ulation in the Molflow+ program using an artificial neural network to find the model
of the vacuum system that has been created. The process begins by using fuzzy control
to adjust the voltage supply to the sputter-ion pump in order to optimize the pumping
speed within a specific pressure range. Data on pressure at various locations is collected
using a measuring device, and the pumping speed is calculated from the actual measured
pressure. The situation is then simulated using the Molflow+ program to obtain data on the
outgassing rate of the system. The process is iterated until a sufficient data set is obtained
for learning through the neural network to model the vacuum experimental system. This
step will also allow for the determination of the pumping speed efficiency of the pump,
which will be discussed in the next section.

4.2. Artificial Neural Network (ANN)

Machine learning is a powerful technique that is used to solve several problems in
the engineering field. Computational technology is rapidly growing in both hardware and
software architectures which allows machine learning to be applied to complicated works.
An artificial neural network is an efficient algorithm of machine learning that is utilized
for outgassing prediction in the UHV pressure control system. Supervise learning neural
network based on a multivariable regression approach was utilized to tackle prediction
model training. Moreover, this research has been focusing on the effect of various network
structures that need to be optimized to achieve the desired performance of the prediction
model. To develop the purpose neural network model, it would be addressed at each step,
as shown in Figure 21.

Initialized
[CollectData} {PFCPTDC“SD““‘} { Network ]

v
___________________ Analysis model Select Training
Performance [ Algorithm

Use Model

Figure 21. Neural Network Training Process Flow.
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4.2.1. Data Collection and Preprocessing

To investigate outgassing and pumping speed prediction, the training data set was
collected based on simulation software. The process to generate the training data set was
performed by using the data from a Molflow+ simulation to train a neural network that
predicts the pumping speed of ion pumps and outgassing rates in different parts of a
system. The system is divided into three sections: the first vacuum chamber (Qa); the
conduit between two vacuum chambers (Qb); and the second vacuum chamber (Qc). The
neural network is trained using data collected at steady-state intervals to test for changes
in pumping speed and outgassing rates and verified by the Molflow+ program. The inputs
used for the prediction are pressure values from different parts of the measuring instrument
in the experimental system (Pa, Pb, Pc, Pd, Ppumpl, and Ppump?2), and the outputs are
the pumping speed (Spump 1, Spump 2) and outgassing rates (Qa, Qb, and Qc). Data
preprocesses. All cases have been arranged into a matrix of input and output which overall
have 90 samples. To evaluate model performance during the network learning process, it
needs to divide the data into three sections for training, validation, and testing, accounting
for 70%, 15%, and 15%, respectively. To handle the complicated relation of input and
output data, the model would be separated into the independent model for outgassing and
pumping speed prediction, as shown in Figure 22.

Pa cand— >
=
Pb e
— Funcion Fiting Neural Network
Bc ; Outgassing Prediction model

Pd

=
Ppump1 ;

Ppump2 @—»
INPUTS

Pumping Speed 1

Pumping Speed 2

Function Fiting Neural Networki

Pumping speed Prediction model

Figure 22. Independent model for Outgassing and pumping speed prediction.

4.2.2. Select Architecture and Training the Network

The development of the neural network could be addressed in varying implemen-
tations, which can consider three major categories, including classification, prediction,
and regression model. In this work, we provided the multilayer network architecture
that was performed in a regression task used to approximate a function of input corre-
sponding to the continuous output from the model. In general, there are various factors
to take into consideration for a good network depending on the complex relation of
data and area of application. One of the most common techniques that are possible
to examine network performance is changing of hidden layer size and neural number
in each layer. Moreover, the learning algorithms are the crucial points that need to be
regarded to optimize the weight and bias of the network. The Scale Conjugate Gradient
(Trainscg) is a potential algorithm for regression that corporate to the Linear Transfer
function (purelin) in each neural node of the model. The configuration of the network
on the MATLAB program (MATLAB 2020b License No. 199467, Suranaree University of
Technology) was displayed in Figure 23.
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Figure 23. MATLAB program pretraining configuration.

The training part is performed to allow the network to adjust its weight and bias
parameter corresponding to the error between the estimated output and the target. The
random initializing of weight and bias caused the difference of result in training; by this
reason it needed to be retrained beneficial to capture the best network model. As the result,
Figure 24 indicated the performance curve based on Mean Square Error (MSE) cost function
of the outgassing and pumping speed prediction model.

~5 __Best Validation Performance is 3.9643¢-23 at epoch 97 Best Validation Performance is 14.4588 at epoch 140
¥ " [ S
- $= 10° 74
[— Train Train
Validation| - Validation
3z ——Test H
E w0 Bost 2
= Goal =
H ;
& { E 102
- i E
: L
Z |40 H 7
10 i s
= i =
L -
! 104
Outgassing model Pumping Speed model
10
0 20 40 60 50 100 v 20 40 60 80 100 120 140

103 Epochs 146 Epochs

Figure 24. MSE of Qutgassing and Pumping speed model.

The two performance graphs displayed the minimizing of MSE over the training itera-
tion (Epochs). The minimum value of MSE would be the best network model; meanwhile,
it needs the validation check in each epoch to manipulate an overfitting phenomenon. The
experiment revealed that the optimal network of outgassing and pumping speed model is
verified MSE representing 3.9643 x 10~%* at 97 epochs and a14.4588 at 140 epochs. Imple-
mentation of the regression network model must be evaluated using the R>. For perfect
function approximation are given R? = 1; however, there are many uncertainties that affect
this value, for instance, outlier, missing value, and amount of data point. Figure 25 illus-
trates the recession result in R? at the best validation point, which is displayed as 0.99851 for
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outgassing and 0.99234 for the pumping speed model. It is implied that the network model
can be used to predict the output in a limitation of supervising data set. The analysis result
will be validated with actual experiment data. Consequently, the appropriated network
can apply to the control system, which leads to increased reliability of the UHV process.

<1070 All: R=0.99851 All: R=0.99234
= 320

O Data
300 p | Fit

O Data

w

5]
i

1*Target + 3.8e-13
9

(O 7Y

Output ~= 0.98*Target + 6.3
3 o

Output
s

Outgassing model 200 Pumping Speed model

1 2 3 200 250 300
Target x 10710 Target

Figure 25. R? of Outgassing and Pumping speed model.

4.2.3. Analysis of Estimation Model Performance

Table 8 displays the steady-state pressure values for the measuring instruments from
four experiments, along with the predicted outgassing results from the neural network.
These predicted values are further validated by Molflow+ simulation. The correlation
between the obtained values and the measurement data can be seen in Table 9.

Table 8. The prediction of outgassing by an ANN from the pressure measurement experiment.

Data M

ing from an I of the Experi 1 Outgassing Prediction from ANN

Pa Pb

Pe rd Ppumpl Ppump2 Qa Qb Qe

9.0659 x 10~ 18665 x 10~ 22665107 25331 x 10~ 58662 x 1071° 17332 x 10-° 589 x 107 263 x 10°1 3.13 x 10710
83993 x 1071 17332 x 1070 22665x 107° 2398 x 107° 61328 x 1071 17332x 10~° 583 x 1071 224 x 1071 3.11x 10710

1.039 x 107°  1.8665 x 10

2398 x 107 25331x 107° 50662 % 1071 18665 x 107¢ 588 x 1071 243 x 10711 3.05 x 10710

9.1992 x 107 1.8665 x 10~ 22665 x 10~* 25331 % 107 6.5328 x 1010 1.7332 x 10~° 597 x 10~ 284 x 10-1 3.11 % 101

Table 9. The comparison result between prediction and experiment.

Experimental Results for Determining the Pumping Speed and Root Mean Square Error

Calculation ANN RMSE
Spump1 Spump2 Spump1l Spump2 Ppump1 Ppump2
312.34 342.26 253.33 266.00 9.84804 » 10-22 7.53585 x 1021
313.56 34226 242.81 272,79 5.95539 » 1022 2.82551 x 10~22
308.29 34431 249.88 268,52 1.15294 x 1020 1.35753 x 10720
315.31 342.26 239.84 273.63 5.96047 x 1023 1.35492 » 10~21

From experimental Table 9, data from four measurements were collected and used
to calculate the pumping speed. The table on the left displays the results calculated from
the equation, the middle shows the results obtained from the neural network method, and
the right displays the calculation of the root mean square error for each data. During the
experiment, there were two sputter-ion pumps. Firstly, the values of pumping speed 1 and
pumping speed 2 calculated via the equation were 312.34 and 342.26, respectively, while
the values obtained via the artificial neural network method were 253.33 and 266.00. The
corresponding root mean square errors were 9.84804 x 10~2? and 7.53585 x 10~%!, respec-
tively. Secondly, the values for pumping speed 1 and pumping speed 2 calculated via the
equation were 313.56 and 342.26, respectively, while the values obtained via the neural
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network method were 242.81 and 272.79. The corresponding root mean square errors were
5.95539 x 1072 and 2.82551 x 10722, respectively. Thirdly, the values of pumping speed
1 and pumping speed 2 calculated via the equation were 308.29 and 344.31, respectively,
while the values obtained via the neural network method were 249.88 and 268.52. The
corresponding root mean square errors were 1.15294 x 1072 and 1.35753 x 102, respec-
tively. Lastly, the values for pumping speed 1 and pumping speed 2 calculated via the
equation were 315.31 and 342.26, respectively, while the values obtained via the neural
network method were 239.84 and 273.63. The corresponding root mean square errors were
5.96047 » 1072 and 1.35492 x 10~ respectively. Upon considering the root mean square
error, it was found that the values were very small. Furthermore, when considering the
increase and decrease of the pumping speed, it tends to go in the same trend.

5. Conclusions

Synchrotron light production requires advanced vacuum technology to stabilize and
prevent electron interference in a UHV pressure environment of about 10~ Torr, which
may affect the quality of light. To achieve this, a vacuum pressure system is created, and
leak detection is performed. A fuzzy controller design is used in UHV systems to measure
pressure from the instrument in a steady state. The Molflow+ program is used to simulate
the outgassing rate of the system and feed it into the learning process of a neural network to
create a model of the UHV system. Since current mathematical models are insufficient and
complicated for estimation in all situations, an artificial neural network is used to simulate
a mathematical model that aligns with experimental results.

The experimental results revealed the steady state pressure at the location where the
measuring instrument was installed. The pressure obtained from the test corresponds
to the pumping speed equation, but it cannot determine the outgassing rate of the sys-
tem. To determine the outgassing rate, Molflow+ simulations are used. The simulation
results are then used in neural network learning to model the vacuum system and pre-
dict pumping speed performance. The resulting model is validated by comparing the
results of the reverse simulation with the Molflow+ program and the actual measurement
data. It was found that the obtained values were similar, with RMSE values ranging
from 1.3575 x 102 to 5.9554 x 10~2. In this research, the efficiency of the pump was
evaluated by utilizing the Molflow+ program in combination with an Artificial Neural
Network (ANN). This method enabled suitable UHV control as an alternative to complex
mathematical models. The findings can be applied to predict the pump’s service life and
maintenance planning.

In addition, there are several industries that use UHV systems in their manufacturing
or research processes, such as the semiconductor industry; UHV systems are used in
the production of semiconductor wafers to create highly precise, defect-free electronic
components. The UHV environment helps to prevent contamination and ensure consistent
quality throughout the manufacturing process. In the thin film deposition industry, UHV
systems are also used in the production of thin films for various applications, such as optical
coatings, electronic devices, and solar cells. The UHV environment is necessary to achieve
high-quality, uniform deposition of the thin films. In surface science research, UHV systems
are used extensively to study the properties of surfaces and interfaces. UHV systems allow
researchers to investigate these surfaces without interference from atmospheric gases or
contaminants. In all of these industries, the use of fuzzy logic can help to optimize the
performance of the UHV system and improve the quality and consistency of the products
or research results. By using fuzzy logic to control the various parameters and components
of the UHV system, it is possible to achieve highly precise and efficient operation, leading
to better results and reduced costs, as well as reducing the risk of human error.
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