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1. Introduction reliability, wher e t he ti me

As a vital f|igmudbogtmomgumk&%@%We%ep'°yme”t must stay
ensures flight safety, stabif?'[g/?b' 'dt%rar]de'cc[aot‘g/r d"‘}rustm
depl oyment perf ormance reliakgiylniatm)ilcd FeEPnyPlnﬂhE‘?sW'tH% :
vehicl eds mission success. Thteorebfer'«Té'Od‘?lfj ﬁig\/laamg/cesséh\oéartso

the reliability oofmatnkte d)épltd%/é/n%f%&‘fapsmrgpf planar multibod

wing system. cc earances. 1HIlexaemi redad adant ac

Generally, successful deploryen\{ HIUIPSlgéﬁltévewd't\nhec'ls‘éaﬁdéer
mechani smés depl oyment ti me 'F‘%?nla?'ﬁ'ssr[]nodé'rnag”Fhr”éosdhold.us'l

har sh environment s, t his aIM§Jd<rqSﬁ\§boeldJaedSEdsrﬂ/inrl:gnerov}‘lqazrafqeopr
term operati dfbuidhenag deytn aani .c

(*) Correspo
Eemai |l addres Z. ZGR®IMIOD &S VA p168245143082AQ@1 XDRCOMDM AP VB 17y)xi eneu@L63
ZhgddDRCODDM BT D2 P145940488242Q@1 N ORKEMD DD BH VD Pl0ei wang@sau.
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fl exi bl e muwyleteidl ipmke shsi gvii t h j oi nAt cdreeagemtc,e. many et ehiabil it
224 ocused on depl oyment me ¢ hdaemrii svnesd. Tbey vdaervied uosMe otecdh i aChai

model ffolre xriibgied sol ar sail s yssitmeunh ad yi oaami (cMCSWi t hs j dihret mos
clearances.214imuetat ead . spat i alumdareipd aoly meinuy® 2a t 42 bwna ndggatpgpd d ael
mechani sms, studying t he i MmMLSt € o006 btcaienartamec edy ndaanmpi nwee,
friction, gravity, and f |l exi bmelcihtayn iosnm.d yHoawe vce rp,e rtf e mafnfcie

studies offer val uabl e i nsi gahctcse pft @rd ewshteanb | @dcsohni shugngi a Ry d t elsnoy
dynamic model s for fiotlhdi mlge avrissirgouehsad H aomiss msmwl t i body -osrydsetre
Traditional series system reeéel aéaneitihiofdy GFIDRMMadri yonef hivoil e
assumption of independent c owmiplolne htav & ail laurgees . e rHoowesv ewh e n
compl ex engineering scenari pg,oblcemponént orfdadrl utr @ s b aod fatneci
exhibit statistical correlatrehijatihlichy makebkuadthieo n38 éhedpse n
assumptidin iomhatr amodel s i nvalbiedeen Fpariolpuorsee dc o rSrueplPabhrat® nvael cstoo
was first proposed by Epler wihndelhywsubedni ot uwdeiledabiid idept:
many scMalrahal | 2efiral. procpapsaebd | ity of artificial neur
a multidimensional exponent i all sdoi sbter iubswetdi a7 4msdicheslo,f avi3gh dnyg d
basis for many subsequent f aial goe hcaosr r & | ggtoioaln faintatliyrsg s e inf
FI emBmpgoposéed ather model , whomwrhi nheaasr i t e and |l ocal resp
advantages of few parameterent rsoipnyh Bi@cliilgoych awved hdéd etxo bap p
However, this model i s-orodhedryr eapphseabpgdreobtabi Isietcyondlensi t
redundant systetmspr oYaowsreido tertep plrlaaxiianat i o n44GSPM) salev d ot he
par ameter (BP) model , whi ch ad¢eaemsibtey afpypnhdéteidon o( BRRF)X ubét &t
fai
dat
mo d

ure probability of each oarcdceurr adtierleyc.t |lyn fardodm ttihoen ,k ntohwen
Fl &@mrionmgo ead atthe Mul ti pl @7c@rne eskt iLlelt tamal MGé&) t he mech
I on thd alwd 0irs mofdett he whi thegeewtdekbuwrusediet hod based
i n ailure correl atipampargaeldy fiipe.r oMo sna¢ e ettheal PDF by t he
or model, which? fiactmor ema@deiug 2t &1 It htame stehet ypes of met

Currently, pol ynomi al Mmush b d | ecdli ebedompbald fastute irmatei ff

-~ - 0 o

fac

parametrilBmadeltsurare also progfgausecnfby, ftahd umaj ority of
correlation amBapryosp oss.e d haa nugn ieatt cadinldu t é ® naf depl oyment mec!l

probability based on safety, thairure)iabdl hypredaiondor ma!
approxi mate the reliability acaslecsimetnitomf pfrwlbdiemg fwirngs de
parall el , and voting systemMmRxanwmhegrzredonbedereiln@biflaiittyur e
correlation. Al thought o hde aalb lwetehmetr hod&i ar et adyedoes not
the failure correlation problemntttiéy afrainicet dude eafIsy atnhael
causes of system failure cor rrealnadtoinronaemady mhamii ¢2t9¢ B dBl a hPe
et 3aBproposed-l avaehsstremdyt h i ndepl eyeneae¢ performance and ir
model , whi ch not only avoi dsoltdhienga ¢ sau rhp tsiyesnt emmf by ftalhé ur
independence", but al so doedowevterr,eltyheon nt hee nccoer rcefl ajt @
coefficient. This research c ane pdrooywiedda sa atrhee onroettGhdcarbs ibdaesrd
establishmémnty ofmodel $ albior s iami-dieaprt he nsgtiundeye ra mgt he synchr
Ssystems. met hod does not consi deghdthien
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characteri sBRosnsi Wemrgdett hael f aiylhethe ocnorzrael @ani. on 3) Proposi
of the folding wing system anrdelsiodlvieldi tyhemdeel pymbat eff éli ice
through -laevey-stlemadt h inter freetemacdks mockelveri fied by exam
Nonetheless, this study did nsottu daineasl ytzhee trhesl isamidltiraoyr iazedtdine
the conditionalstdtepboyment asglinmédi baot mah, parameters are
l'imiting applicability. guidance and data support fo
To comprehensively address wboek shfors¢icmimi aigsf olfditihge wibrog

studies and to improve the c oprepuwtpaetcitdnwvel o&f frieciierbciyl iasy.mu
possible in the reliability alslseesemgani zpartoicoens sof wtehitso ok
folding wing deployment mechaeamriessne naass tthhee oebsjteachtl iosfh nehnits asr
and comdudigmpetdh st udy on the nmeldiedbiolfi ttyh ea sfselsdsinmregntwi ng me
process including failure cecelani dns hlows ttatke ngy sit mtmo r o
consideration the probl ems t hreetc hhaanvissindeaddmegeh a¢ b ms ied eroad e
above studijtec.t he kegdt tofonourc kmroevd pargei,nd heebkipbbil ity ev
nNo systematoinc trheepa el i abilitysgssemsmehi abfi |depyl oymerBtect i c
ti me and depl oyment synchr omezatoidon sof | Itithset rfadledli by tWwih @ c
system with clearance consi dereilna@hbfidiflfyerewmdtoh rahad mo nv,arwh
al so the purpose of this stuwudy.culmtetdi sTld udyn c lwes icoomnsiis
failure cor retlartnoln rdared otmo | % alf{/l’?amicaaﬂa%/sis jof(i’oidiﬂgtwing mechanism with joint

clearances in the folding Winggshetem. The depl oyment ti
reliability and the deployment synchronization reliabilit
mul tiple depl oyment s ar e algomegﬂgli/ 21 .ComlguorstI elzromnoraen,d
reliability assessmefitcimentloyd s difdeSp Sd pdyed ttherer are four
the reliability. which are symmetrically arran

In this paper, the contribu@fioddearfel isiuhnimavebtea!l &8s fTder
(1) The deployment dynamic mod@Raniostmstpid fHEdURPEwi Rgan
mechanism with joint clearan®é@nies P afNiqun ed landeaeh v 8¢

The reliability models consFABBFERhES feli@cutrrel Cc6YtéNFdE€Fonn
establ i shedegonmhiizcend caast wi t h or without
57 .
,,,,,,,, !;,,,,,,,,,,,,,,,,,,,,,A“,XF'??W,W!",Q,,,,,,,999?(9'???, z
= 0 z
Il |
O T
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Fi.gSlt ructure of folding wing system
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[0} Main wing (Crank)

Revolute joint A Auxiliary wing (Connecting Rod) v\ Revolute joint B

Q.
\ N

Electric cylinder  Revolute joint C Slider Slot Locking pin

O

FigFol ding wing mechani sm composition

The deployment actions of tdhleovwmuirngFbgpseeoB,ggidslhaii megr covein

mechani sms are all XOWpheteddeormrcnrnlbel the tkéative posi ti
main wing can be simplified absearicmg,nkwhiwdlhll ies tdxepraxs$ ¢ d aa
can be simplified as a connecting rod.lT MslI sshoAwih in Fipgur

taking the first group of f whiedwemmg® awien d henegdmmei almisz eads c @

exampl e, in the unfoldinge promaessfornt heheyjlowmdral wandd tshe
driving force wild.l push the sd adeé&rarteo mbee tarl aoomsgf arhma tsil con
the crank wil/ rotate and uncfoolrdi marmaedendyshemrboatitbe pa

Finall y,r etalcehessl itcheer speci fiedwl bbkiegppositbohheagenhbrial i:
time the whole deployment prowWeswWarires ffheipheidti on vectors

2.2 Contact force analysis obfeajro'inngt CV\‘I%intthercI'enartahneceIocal ¢
Generally, the rotating pairs of the mechanism are not id

X
Fig.Red ative position of bearing and jour

When the journal and the beatihbecodol medefwthbh eaohaot her
shown i n Figure 4= asdetfhien enotrhmea |lu nvietc tvoerct or
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t
] \ S0
) FO
>
Fi4gCollision of bearing and journal
During the collision phase, there wil!/l kjf,e_Q a c"gczartain pene
v — — — ®
d e pibret ween the journal and the bearing, which is calcul at
as: wheOandare the modulus of el a
Vy OKAT vy Y MRT § C journal, Tasgdgacei vbdkey.Poisson
wh e rYea,ndr epresent the radii offe@fiénBeamnidng oXa@dpparighmerad
respedtiisvetthhe cl earance size.inner circle of the bearing
Denoting the contact pointd esPeE®RéeéNetYe journal and th
bearing during Otahneli r. cTchlel iwdlohbprasgal cul ation equation fo
calculation formullasndfoan cheftMddt Sp@iing sdiven as foll ows
expressed as foll ows: 0 OGO Qb X
T T Yi whemwa,enotes the fiiQstrieomr ecsoee
- o . & . . .
" AT Y1 the sign Wuscti dyhaamnad corr ec

wher e, the superscripted bl adkpeods oh the vaogentriraprest
first derivative concerning tiTmee centroids of t he beari

The normal and tangentcioalt acegapect eange oksuhéamel d&birces:

velocity are: ¢ 'Ol O ¢ 1]
N | IﬁT The moments experienced at |
. | e T journal components can be det

0 I €V I € w
wheeepresents the unit tangent vector. ] .
. N 2.3 Dynami _cs of folding Wi

The expression forOblheemdoomall heont act force

. clearance

L-N model ilsh B8ven by
As shown in Figure 5, the ori

”n, t 8 _

o uvs"op v i s | ocated at A. The gener a
whebBag,epresents the ftedeniot esi@ameceocetfifnigci ead, and o$dhi-der
penetrati gnr evwerleosceinttys, t he | n®ROfalangdmiet r.atr eapectively.
vel ooirteypr esents the stiffnesonreeetfingikadarmdvid htea Aig thies n
expressed as: the slidEaxiamdi & h@en ocCtoendss i @@ 1
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inclusion of clearances in the rotatioewadahpeirs B and C
constraint equations of the folding V\;rwngd{m@ééuhanism ar_ e

Y v p L
foll ows: Sl @ o
r— o
Revolute joint B
with clearance
Y
Main wing pivot
point A
AL
I
—— v
(Y- b
\&/J
Revolutejoint C o he P
with clearance
Fi®A set of folding wing mechanism with | oi

According tohesecontymated Rarcweser®@j s the peak of the drivi
the joint B, can be determi nedDuring the wunfolding proces
¢ ol 0"l "0 fio auxiliary wing experience ae
) ) . PP mass of the crank and the ¢
£ £ "Oh O . ) ) )
aerodynamic drag Qaaoifdc,eswhidehm
whe¥ @andare the unit nor mal a”cdonttai”ngueo”utsIV)&-Si&noétshjei F'ped'cé’i'itﬁih\ne
B.
. ) y\Q _lr'f\r"\l .,Q 'l
Based on Egqg. (8), theueat><np;1re33|onsOfmg)(rl tsﬁe n%mments P

O at the crank and connectingwhe®idée senheoi@ds acehees tati yre tla bayy:

0 "l 3 oc the wing i liQiesd lsnetshse. proj ect i

o 7l 3 folded wivagioers ttthe flight s
whew»e ,ane are the radius vect,orys qQfe the crank and
connecting rod. The flight attitude (pitch
Si mi Itérel yccont act forces 3in qm$|h@hebsCthgeﬂﬁ§gﬂdpﬁg dyn
angd , the corresponding momemntyg exXgeratiedgiaty dhepnsl igdegunan

connectilha@niad are decomposed into t wdaago smpaxmen

The folding wing mechanism ig$ 2lc39 oh4bi erthle tOr OVtiMkealn ii &kl o
forces. The electric cylinderi,neglpqlaib(?%, "i‘m‘é)raic‘fi@glefgﬁ?ﬁlei
the center of mass of t he Sl\A}hdeenr-thTeheandgiIreeCBéto\ﬁeearJ wWay s
t owar ds thaaipBosiTthievesegmentaIubwgpai%mr%%gq%%sioqn the 1grsou
for the variatiOwi ohoitdheedr i Wieng nfeqy G ma g in i"@ouagine Bbdi c al ¢ u

p @O T oo T8ip 0 @0 Qs Q ptio pu
O Q ™p O TP po

s % . wherbde | s t he mais ks o0 6 mptbhnee n t
pTEO @& TP O TEHG ! P h

acceleration of gravity.
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Y Direction of flight Horizontal plane

a<o
Mgsind Mg cosd
Mg

Horizontal plane Pitch angle Direction of flight

Fi@gThe flight attitude of flight vehicl

Figure 7 illustrates the fweact#oodrsespbundison oont hteh emacsrs
connecting rod and the sI|HdeexprTess<gdenaas:alized force vec
can be derived: E QQathn i i i B oy

0 adeE o whedaeQ pglo r epresents ithecommgsn

—_
"n—"

K'e) B 0Q pitfo represents the momdrht
:5*) . component. These parameters
M & d Q¢ 0 "On a ) 3 .
E "o o ! PO O —a a o 2 PR pw
1 0 ':' whet egpresents tihb dempbhdnhb]|
4 0 Q¢ 'O O " . . o
1 i denotes its voll waoreredpdnds ona
l.l.o ' t hteh component.
w v
. ) The core of the 2Bdwemgarnt epre
The dynamic equations of the folding wing mechanism can
) ) constraint violation during =
be formul at-8df onmt he i ndex )
B e Based on this, Eq. (17) can
l o
<. . . . E
17D P X E L . : T cm
I l
wheragepresents the second derivative of the.qeneralized
] wherleand ar e stabi i zad 140, co
coordiepdhemst es the transpose of the Jacobian matri x

for constrdirepregeatsonhde LagPandeC®mbl® iplier

O (%, Y0,
Crank

0, (%) ¥».0,)

Connecting rod

Slider

Y, O ( Y Y3vCI3) d’ - .
\\Ly 14 >
o X I\/I?f\'/ Fy

FigForce analysis of. mechanism component
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The dynamic simulation par amebkSisnualraet ischro wna ri anmelTtadbnl & af

this study, we ded iaméd nt e ionltea3Bah®® Ypbdg Parame Valuﬁe
and C as wequal. This is becauseéed it J|'5500pchs;,sih,bl1,3 1t'02k993ed
b ¢ q . bl ) 0 300 nw w o 7hm_mh
number o random varia es in one278bmfr83|6on6 which
accordingly reduces t he samplesd usegodof {HBye SUHS gGu en
reliability analysis and reducesy the z@mpmut atg onallobournden
same ,tismech a definition does nwot maveni*hl |y affedt9 the
reliability models and assessmeat meét@8Hs pPoposdl GPn t
study. It i&.tHBaseameonwiEtgh (203, a "8’y ami ¢ 0. 33
. . . . ’8 550 (o} 200 G
numeri cal simulation is conducted, the rotation angle of
. . . g il ¢ et ed @ 140 n ' 0.3
main wing iir ildwrse r&at e ; 9 5 0 1
s} 1
1 T T T T T
——with clearance
0.9 - -wi:hout clearance 0.94 T
0.8 -
)
g07r -
0.6 i
g 0.2625
;::05_ 0.262 7]
Soar 1
'::}0.3 | 02605 - o4 ]
a u.zo(,' 0.635
0.2} 025 063 T
0.1F 0.414 0.418 0.422 0426 |
0 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Deployment time (s)
Fig.Ma8 n wing r-etation angl e
3. Reliability analysis of folding wing mechanism system Wi ng We can derive the follc
Oh hQ o "Q pltfofy
3.1System reliability anal ysis WI no t conghﬁgeringcp
depl oyment synchronizati on wherQNErNepr sents the deployme
_ o funcQi,and@ correspond to the p
3. IRelliability model wing thickness and joint itch ec
Considering t he randomness ott tohfe fopediagi wgng.ondi tions
actuator performance, design amdt hissesmbil o y,p viptc eiass lrSesoatfli rot
folding il whanng® are treated as in®rmaksr ama®m t heh et hdreeps hooylnde n
variables. Since the sizes ofr eblejagybdiolgistayapdspounfhafel dnnigh:
wing components will have uncert¥i 0t QehshQindhd t h¥ manuf accgt ur
process, which wusually obey nolrmmapr aldtsitgalbuénhgnne@amidng, nt
assembly mode ihsera dlse aurnacnecrets gfisimte,yn tbohit ¢ meoperate under tI
clearance size. Through st at i3s5t iTchaelr eafnoarley,s iist, iist rceace PLa rky
the clearance sizes obey the imortmal sdyissBerm ddd loiwantEigl]itt(y.2) i
to nofQec@arméht or each set of & ghivhaerei ol aeeti vékawnid i nfTlhu
independent and identia@@l | yi ndirsotdrubchtnidoeads.o F tDe fii miinmgt er dep
plglolt as t he actual deétphl osyenie notf fifaonlediifog o h eWh edd mdadien oc owiisst G
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solely de®Qewamiahed hbeyn t he f aillwnderevel se quend a mddsusii onngs .t h°
considered to be mutually inddpesrndantar &hd hey sdhlesne rcwatdii dn
reli &Rircabhybe determined as: distri butwiaojddyr iwhg Itehe subseq

Ysrn B Oiogs Y co equal to the obeyghRapitfEdnb e al

wherogys "QQMOM wwh is the depl oy meenti nteidmeasoft he diel syme mtf tfio
t hteh set of f ol ding wdiagldaurned eurn dtehre tchmanidil it x ®@cjgh hééépl oy ment

fixed. L .
arranginm ascending order,

Defind'pgldiodgn Y !'Q phoh : t he
statiogfhbcisE D & . The probabi
probability of all four folding wing mechanisms in the s
operating nor mah higi su ntdheer rmaatnr’qetz[nwcttidg(fd sof
expectation of their conditional reliability function:
4 B 1w N K i L 4
'y Q6 0 Diogn 'Y Q @ Qg ;5 owh & O OWN Qs  Owh (0]
FI ~
! wheiOg,; osoh represents the con
Q01 0T Q@ ¢T distributionoignction (CDF)
wheiQe® an®) are the probabilityWaenanday ef fnxteidond heithr sleal
ot a nid folding wing succaefslsifguhtl ymiusns
Furthermore, after each fliR@texhrsasohnd ayery set of fo
wi ng mechanism needs to be d|sassezmbledYaquorep4,aced XTh

conditionmghc®DFbefdesfsiogehd .as

Then Eq. (24) can be rewrittenTr?ies:SyStem depl oyment me r f

flight missions i s:
Y Q@01 B | Qg owmh A ® qu
Yoo Qe Q1 04 "oh Q ® gy
When a flight vehicle operates under a specified airspac
t he uncertaint

flightoaedoéityht at)i avedecopstr@hthdgiiend
However, there are many airB®pPRR&S PhL HRMPY @ 4KILN IPi 5K &9 rd
operates, which ah® pifefei nedO P&l i goal period, it is typ
Statistical analysis oandhfe GHMREhed faaf bl 4R, Wi sEpg Eampl |
the flight vehicle in thes 8PFRbhlbbY Ofo 15U e P REY n oV o

di stribution. I n this study, accornmlnegdnuoytthheotuskomaeescr|
regul ations given in the enganégf",héf drnéjjeéjc n’detnﬁe fqoi gshetq
wi || complete multiple missicoonnépler{oetm'glhq“?ar?n?\esad fl"rghx‘nﬁlﬁ

miisens, the flight vehicle ngeﬁrsr't?)Utc'oonqlnvﬂh'ctoCv@‘&rlPelr?)‘
same airspace, which means thaf} |Qn trﬂ\ep Brocessmpr%r%mcoﬁé‘)le
multiple missions, t he foldingsaﬁing OnPeQﬁ%)huéﬂ%?az tpﬁeesfs’lI

vehicle will be deployed in tdheé:)loaynmeen|r985£8rmﬁ8ﬁ/8verel'd
thesti mi ssion, t he alrspacesyrpcwﬁ th"f”h'oq‘llﬁﬁtn \Peh|%kft
operating is ranadodnf &ahe veaPePBRRBIl LY:

random during the first mi ssi on. Upon'chmﬁjlr‘Etpion of the

mi ssi on, the airspace in whiph f}vhﬁegdgemi@Ig%"@ﬂper'@]t@soﬁ;an
determined, which in tuwmnall ows for the determination of
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3.1Re2l i ability assessment metbbdowing expression:

The efficiency of MCS is hindered pyjpphe_ijntegrati on gRer

and unknowncuewmuwmldatiiwealdi stri buti on unctions.

f
wh e plthoft i s itt ec.u ant of
The surrogate models demand numer"o&(s sampkr or precise
gl obal model s, they also spend m*.hCh. time in predicting s
failure probabilities through Ia.“rge &r,aicming sets. ®Na me

¢
accuracy for integration tasvx)ﬁeré“(f‘%fﬂdharonathl ’fi%PAt (ﬁ’&%?l’

estimating distribution funct|-|ometae|a!|s nuTnl?buaSto éa%'dslb%tp%%%(
the numeri cal integration and SPA to solve the reliabilit"

The Ghersnsite quadrature formulalidiudinilzed o handil &7
the integration operation in FEHe elx3p0)essanti sbhet Hal D afc

integration methodenseffkeiancbyal\:ﬂim]cd:e ‘b.etwe pe

numer i cal integration (FFNI) method is applied to discret
0 <0 - - agu
integration operation in Eq. (30) rlz’esulting i n:

Y B 61 p wher e,andz are the CDF and PD
. . L — nor mal vari ablteend@he: par amet e
N t-B B 0 0 Ogy "W, |

o o QE gl @ U i
‘" g, | ‘ op iy - oo

wheteand represent the number of ci"UntleLg)jrlation nodes.

UL and denote the intea@mati onvhWeieightssthe second debai.at i\
represent the' ' ian'‘cgrettibeg moars. comMPupmstt, the use of the
andare the standard deviationmssauss gquadrature for mudmdiitsi c
Fo®spn, it can be sob vedd,amsi cDFSPAorLatl nodes are obtai
approxi matlesl 6ma h h dode used to sgeachmane z &thieon can be cal ct
cumuigenerating furdcti ogn vé EGH)y | ashter ated in Figure 9.

System Reliability Analysis

Input random variable distribution parameterg

l

|
|
|
|
I- Deterministic multibody dynamic | Using the FFNISGNI method to discretize the
|
|
|
|
|

analysis integration with common cause variables

Identifying Gaussian integration nodes of othgr Solving for the first four order origin moments of the
conditional response corresponding to all integrgtion

|
|
|
|
|
|
|
nodes |
|
|
|
|
|
|

the input samples

|
|
random variables by FFNI method and combin."s:
|
|

Using Eq (20) to solve the deployment time
response of the folding wing mechanism with jof
clearances

i
| 1
i

Using Eq (31) to solve the reliability of the folded win:
system without considering synchronization

|
|
|
|

Fi gRelBi ability assessment .process without s
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3.8ystem reliability analysfd8dictoingn &lelry.ngn udeep'|ioCyanhe nsti mu |
synchroni zati on The Pearson distribution fa

3. 2Rell iability model the distribution's parameter

momented. Q= be the performance

I n some extreme <conditions, thd% %qpalnodyarE%ntskﬁiw%&iwé)r{kuFtacS:g

folding wing should not d'ffoetoarteoo mu c h . Ot her wi s e, it
result in a reduction of Stab'l'I,}y'wd')l"fﬁ]nﬁthis case, the de
synchronization reliability alsorp,,nee,d(JS“UQﬁhh’f considered.
studydi ftfheer ence bet ween the maxilxmumwand gJhnlmum TP
depl oyment time within the systerppis takerj as the indicat
system rYecloinashiideirtiyng synchronizatlln'l on~ for Q(F'rlQé flight
mi ssion can be expressed as: The RBPF the standarsditzedie
" WH"QO'J"Q? ﬁidd)a‘nsﬁ "\Fﬁ(d)«bsﬁ given diffed@mt2 al equation
R - T¢
GaQé, T Q) @ o X
wherfies the given differgemce \\jvgle&')g’_hr Qﬁolcd@a}j({aén’tﬂaremtrsela1
Gowady ; Qb ,,sh GOD f . Wih & mid the first four moment s.
are fixed, t he '\ésoﬁnodfi ttihoen aflo Irdeilniga bwidnighgw il |l ustrated with

systeinf Ifioght mi ssions can be lex@fided®@serd aans bfeg|siod we:d by &t he
. g Qwan@can be calcul a o wh Swiblsle
Yer 01Z o5 ™Mz -y oy R

be approxi mated. It is i mpor:
wherteh,e syQinimolt he wupper right fcornéot hepirheesemazi mhm and . m
ith flight mission. Fortunately, methods such as
By combining Eq. (37) Yaotl Edmpl(o38)d the r gleinabialtiety suf-
the folding Wihigghtysmiessif ons ¢growheiQophbmi.nedssumi ng téhat

as follows: sampl es ar e gle ne rodtseed ,v a ttihcen
v L0 e 'VSH'Q“I@ o o§ﬁQph;hfh c‘j;\n ‘be‘obtalned:
0 0 o} 0
The tot al reliability of the fculd?ngn,whng system coRpgid
synchronization i s: o) fo) o) c‘)
Y B 601/ p N tY 1T where, the second number in
3.2Re2l iability assessment metfh§gnumber of groups.
o . The conditional system r el
When cal-gybantiznog  Q plglolt need t o )
mi ssi on:
be calcul ated, so t he reliability mo d e | t hat introduc
synchronization is more compl ex and'desiﬁffﬁchu"Q'It to sol vl C

the |l ong computational ti me rwﬂeqr“ei,rreéjprféjgdtrﬁtogrvo{vﬁgiﬁn%h'g‘“'mte
dynamic with clearances, MCS gl fddiddndiCe 2ROt i nHS LA
training datasets for surrogate Blgdgkﬁrgggeaiggifbppg\tmgy

computational ti me, especially whp O(wpredlc:tlnga spovnses

multiple flight mi ssions. Th"g?efonre, t hi si OFROIEQOR pr(ese)r

efficient approach combining ®WBRERStAB fiINitEwa ndiks Pine nVel, tphetr !
Pear ssotnr idiuti on family to solve the reliability model.
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atimes to gener aofg. tThtee ssaampdleeTssestt ©ibhdi ti onal reliabilit

defined as: perfofMmilnght missions, can b
"l Al a7
Y —B B Ol TX

H 0 6 6 E o0 o o o p

' 6 o o E o6 o o o " v Whewe, o b M M

[ I = o o 2 3 o 2 ,,?l’l

ne € e € e € & & &y By combining Eq. -((4407)), wihtel
w» 0 o o E 0o o 0 o0

reliability, demottea efsficier

where, the upper right cornghtpye@beh| egPaer68RAt gr bbesyumi
of times the mission was performed.

| System reliability with synchronization

| Input random variable distribution parameterg

I
Deterministic multibody dynamic analysis | y
Using the FFNISGNI method to discretize the
| integration with common cause variables
,

random variables by FFNI method and combini ¥
the input samples | Solving for the mearstandard deviatigrskewness

and kurtosis of the conditional response
corresponding to all integration nodes

! I

Using Eq (20) to solve the deployment time | — — |
response of the folding wing mechanism with jofs | Summarizing all the samples and then obtaining the
clearances | set of samples corresponding to each integration |
| nodet_

I
I
‘ Identifying Gaussian integration nodes of othg
I
I
I
I
I
I
L

| Using Eq (39), Eq. (40) and Eq (47), the reliability |
| of the folding wing system with synchronization ¢an |
be solved

Fi g.RelG ability assessment process with syn
4. Examples of reliability analysis exampl es.

In this section, the first thdedMattheamplicecalarexanrlde to val
accuracy of the proposed methocdy nsy dMGS.a Istersheulssleams el
t hat obt apirneicnigsi anghdynamic TFE SghuyMeS €15] . T fRE T Ff €Sponse of ec
a significant amount of si mulgatgedmet feMeQofe®dN S ¥ &N oy . U

MCS to compute the reliabilityinthepfopquth and fifth ex
is not practical. Furthermoreg HhRpP UkRP OFSTRDI f heof g t h
examples is to explore the variatiorb td@nds of the sys
reliilaty under different randogn ¥Bafa0aPrige FoRd! i oned - padohe s
examploe exspltore the wvariation Il aw ofp tB@ reliability

considering the randomness of gt hegppip®! G " QoWRA 90! eggt hs. S
the proposed method is wused in thegeogrtphy, fifth andy s
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The series system ekample 1

RN 27N YRR YRR
(o (o (o (o
~_7 ~_7 <_7 <« _ 7

A L L

Fig. l1llustration of the system in Exampl

The random variables are mghbated e siamfhe Pee Nsdezfets, R d pbh A

di stribution parameters are shl\?ewtnhoinSaTn‘apbllee s2i.. Sampl e si

. ) ) synchroni synchron
Tabl.Ra@dom variables and dIS[KA(L:gUIEG PP ametr er s, §mn

exampl e 1.

Random v Distri Mean vStandard Thmeet}:;]ro 75 75
) Nor ma 1 0.05
AAANA Nor ma 1 2 0.05
ARARARA Nor ma 05 0 1 1.0 T T T T ! '
Defining the r &YsTphoen ssey sttherne sr 09 The propesed method 8
at one working time is shown I8p > VO - sy
worksi mes, the syktEm)worikmse f %ZZ
t he observaatei otnhse osfame agheéeor :::E():S
calculated results of system EM “iogl
As&d increases, t he di spersio 03
Z aOw® decreases. Tohied diObf er Zi
needs to be | ess tthan Ftilgar g :
presents the r @&l icamid ivty tasr Threshold 7,
increases, the system reliabii ity aisu 1 nHuvi caseos. U an

operating condition, the relFildRGia) tRelil pmbrtdldodust eswinewEr g e a ic

di mini shes unt il it reaches ¢

The sample sizes for both m 1.0 7 1 P e 3.
relative errors compared to t 097 i : re
. 08| g
12(e). I n this study, the cal )OS
07} .
is determined by the rel ahte ve coa // | bab
expression i s: Zost /O .
= | /' Proposed method, m=20
o~ 04 Proposed method, m=10|-
Q I | — TW Proposed method, m=5
03 F Proposed method, m=2 |7
. . . . . . O MCS, m=20
whewd,s the reliability obtai 0.2 oMcs,:=10 7 d.
. . . . . ) o1k O MCS,m=5 |
Y i s t he reliabil iltny foabctta,i n : O _MCS, m=2
. 0'0_\;ee-?“’ 1 1 1 I
calculation results based on -10 7 4 s ® D od
approxi mate consistent At t Theeshold B )

samples required by the proposegd pRet NQFi | St #! 8r 88! dwidt ho
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0.0006 T T

1-0 T T
—m=2,1=4 ——m=2,1,=7 ,‘_E: —=— m=2, 1=4
0.9 F—m=2,1=10——m=2,7 =13 ,'é 0.0005 | |—o— =2, =7 .
08 FF — m=51=4 — - m=51.=7 E —— m=2, 1=10
b - m=5c=10- — me5,5,=13 2.0.0004 - [T m=2, =131 .
070 o Mmcs o wmes £ —o— m=5, 1=4
O MCS 0 MCS = m=5, t=7
E0.6 A MCS A MCS . S0.0003-| m:5’::10 -
% 0.5 ; = 4 ; —e— =5, 1=13
= i £ 0.0002 .
& 04 ; e
] 2
0.3 1 = 0.0001 .
0.2 . o ,
3 0.0000 = '
0.1 & 4 -15 -10 5 0 5 10
0.04 ; . % Threshold 7 (s)
-15 -10 5 0 5 10
Threshold Tp Fig{el2Failure probabilit.)
synchroni zati.on for Ex
Figdej2Reliability curmels with gdynghrgniiabheh (hEbrarinem
Consi debara meawhani sm system
- L 5 . T 5 13. The system con<iast snecthan
2036 ... . . | with the driving link rod 1 b
= o
@ 032 _mjl 7 of each rod?Yitk plgtEexn at eTdh eb yr o d
=2
S 028 e sy " di stribution parameters are i
1
= s
= 024p [ m=10 | | Tabdlei stribution parameters f
& i ‘
< 0204 @20 Randc .oy Meal Stanc
5 0l . vari a valuedevi ati
[ g
B Y Nor ma 53 1
o YLYLY Nor ma 122 1
5 0.08 YUY Y Nor ma 66 . E 1
[}
% 004 ‘ Taking the f-bastmgrcbapiseim f
0.00) E—————— out put ias:gl e
0.9 0.92 0.94 0.96 0.98 1
MCS reliability ¢ (Ol OOoHE—o VTt
_ _ _ wher ©, CcYY{i QR O Y'Y Y®é+ O
Fig(d})2Failure probability relative error without _
synchronizati.on for ExampYIeYl_Y CYY we The @ahueht
example.is 100.5
Y
""""""" Group |
Group Il
Y
lY hd
3 / 77777777777
Y
Fi.g.T®0 set-baof méobani sms
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It is defined that s hmhedsyste— - -3 "' == - b=

t he MCiSstagce iln -IF4(geu)r.e 14 (d) 0.030

TablTehes sample sizes for. both me

1.0 T T
exceed th¥ tThhreesrheollidabi I ity i s o ———
l14(a). Consider this sgsiemst ha | of
- . 0.8 B PP (PR SRP PRV PR
and akt hQ [ge) operation, each roi
3,0.7 ; Py r Baveis asasee hanas N LN
removed and replaced. Then the £ ty is
_ . o _ _E06 e\
in FiguréibhdéftlehnseAs the rellablg ‘
) ) ) 93 [—=3 ‘—r2=3.3—r2=3.6 9 |
response di spersilonr b&dodimeg s me ,l/ Tl = I ¥ I
h - 3.0k 1,40 =45
O MCS O MCS O MCS © MCS
03 O MCS O MCS & MCS A& MCS [T
d"}sgéto describe t he di fference _ £ Mes 2 Mo 2 MG 2 MBS The
0‘2 Ky 1 1 L 1
81 82 83 84 85 86 87
synchroni zatt o.n Tthher esyhotledm irsel i Threshold T, (°)
f oar na r iven in Fi r 4 A i.gher val .
car cand vare g © gure I]—'lé.c.)Rle4l(|ca51b|gl |ety cauruveesm>vl|th
offl eads to higher reliability. Wi th the continuous increa
0.075 T T T T
Y, the increment of reliabilityg | || it
a plateau. The MCS results alsgo,%o_ B : Il v of
proposed met hod in al |l cases.g_’: ‘ |
=
met hods are |listed in Table 5. 3§ "%
s
£
&

Sampl e si Sampl e s 0.015
Met ho P . P .
synchroni synchroni
MCS 310 310 L0 |
The ro 0.9 0.92 0.94 0.96 0.98 1
P 375 375 o
met hoc MCS reliability
rrr1 7T 7 Fig. .Fladi(ldyr e probability re
09+ E
M. | synchronizati.on for EX
0.7 N
_;2‘0.6- J 0.0020 T T T T l | T : T l
é 95p ] £ —=— N=2,1=3
o4t - 2 —e—N=2,1=3.3 /
[ e ‘ —<—q
03} 1 2 0.0015 |- [——N=2,7-3.6 I\‘/ .
Al i a2 —v—N=2,=3.9| | 3 (T
® —— N=2,1=4.2 %
0.1+ - E : ‘
£ Ll = T N=21=45 4
e 77 78 79 80 81 82 83 84 85 86 87 & 0.0010 - |——N=51=3 /"“‘_’_'
Threshold T, (°) z NS 3 L g
. . . . ) e ——N-se36) 0 g o
Fig(aRledl i ability curve witlhout § —e—N=5,0=3.9|
E 0.0005 | |——N=51=4.2 proomi e N R B
1.0 —————— % re Nt
09 Proposed method, m=20 4 )4 D6
B Proposed method. m=10)| i ; : b
0.8 H— Proposed method, m=5 ] 0.0000 e e et T T
Proposed method, m=2 75 76 77 78 79 80 81 82 83 84 85 86 87
0.7H © MCS.m=20 4
. O MCS.m=10 Threshold T (s)
E06H o Mcs,m=5 1
= MCS, m=2 . . . .
%“5' 1 Fig. .Fladi(lewyr e probability r
~ 04 1 . .
sl ] synchroni zati.on for EX
02 e
.l | 4.Bepl oyment performance r el
- P—— system

0.0 = s
75 76 77 78 79 80 81 82 83 84 85 86 87

Threshold T, (° .
el The random variables of the

Fig. . Redl(ibagbi | ity curves milt hoate symeEwn oinn zRrd b loen & .or
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Tab6De stri bution parameters ofi ndapémnmewnar icakslee sanfdorf dioll Wri e

wing system are shown in Figure 15(h). A
Mear St and
val L devi a

Paramet Uni Distri the folding wing series syst

® m/ s Norma 140 10 i ndependent case are more coO
| a Nor ma 0 5 whereefaokwurel ation is consid
'Q;'({'?;'Q N Norma 550 10 bet ween t he t wo cases becom
®,0,0,0 mm Nor ma 7 0.25 .
66 6 5 mm Nor ma 1 5 005 i ncreases. However, when the
Figure 15(a) depicts comiper refiifah§negnge ySgagsathy nombens:
flight midsisnocornesasess the relibiPee§y K@M fynCiree@ses, and

response dispersion decreased@SSHE dc dNdeprdde ndy f@F€o PieLd
is included is shovwmsigreéagarabtliecB@byamphensi zes for. both
0.57 s, tthecosmaese toHe main factMethiodﬁ?sﬁynénprg%eirgsé giwglhfoiii
reliabiIYisyl ewWbemhan 0Ub&ddmes t hecssi ze oXF19 1320

the main factor. Figure 15(c) TheeRrlempos t hel14% | jiabtlt?%y fo
val uést, odh dwWhYes greater than 0 9 : —__ —

the vidilaue toffie denser tBeomndling o9 e R —

to diff draeer€tontsii es i ng td,e asnce¢ 08
shown in Fjgseré®. 55@cnd, the exp 07
planned 0f(bi ghipigp ) s For tanie gi Z%T
205

(W @th®y , the reliability.incrsg
WheNexceeds O0.57 s ifr easuhlitgsh eirn vz

Proposed method, m=10
o4l = P 4B | Proposed method, m=8 | |

i Proposed method, m=5
0.3

Proposed method, m=2 4

reliability curves OcBrgasponddi O MCS, m=10
0.2 MCS, m=8 =
illustrates the mel ivdibsidlti ttyo uln O MCS, m=5
_ _ R . u O MCS, m=2 ]
Under thendgivieea system reliabi gl : : : .

053 054 055 056 057 058 059 0.60

an incheadwyYemoceeds O0.57 st hi
Threshold 7 (s)

result in denser reliabili.ty curves corresponairng to diff
I is evident that bot'Yantdhe hdd PP bRBaeinalitliinfey tChthreVsthSo Mg Lt ho
number of d e pal wiygreinfti ctainmd sy i1 T - T j e T

system reliability. I n the con % e dep
synchronizat i“vanid @telanyamyi vear "

|l eads to | ower syst'damdrlelviedhi la i

i ncr efdseeadisn t o higher"Ysystemses;%Z':_

the system reliability first gém "'fz t hen
a stable state. Takingtyaopb cc L e | ain
under tWegagivena &maelaldsr to hi | fﬁg"s 9 s T -
system reliabilWYtgn@d Un dae fh itghhee 0,1.._',..5‘5”‘ ,’1{,1,.3:5‘ i B s Al

res UI ts in |0 wer S y stem rel I a b 0.00.540 0.5I45 0.5‘50 0.5I§S 0.5i60 D.SIGS 0.5I70 [].5‘75 0.580

The sample sizes for both met Threshold T (s) e 7.
relative errors compared to tHhReg. MRS [(raebilliidtye dc uirnv esinrglu rt é
15(g). According to the MCS results, the proposed methods
suitable for solving the reliability of the folding wing
I n order to visualize the differences between the fail
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=
>
R

1.0
0.04
0.9
08
07 0.03

fayed
s L
R
Relative error of failure probability

0'00 1 1 1 1 1
0.9 091 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1
MCS reliability
Fig. .Fla(Ifure probability re

synchronizati.on for EXx
Fig. .Rebl(icadbi | ity curveiastansdk di f = ' i

—®— N=2,7=0.03
0.005 |- |~ N=2,7=0.032|
—— N=2,7=0.034|
[—v—N=2,7=0.036
—— N=2,7=0.038
—<—N=2,7=0.04

—— N=5,7=0.03

—e— N=5,7=0.032
[—*— N=5,7=0.034
—*— N=5,7=0.036
——N=5,1=0.038
[—— N=5,7=0.04

5

=3

=3

S
T

0.003 -

5

=3

=3

N
T

5
=3
=3
—_
T

Relative error of failure probability

' 0.000 &—s—s ety
0.53 0.54 0.55 0.56 0.57 0.58

= - - NE10 Threshold T (s)
E = Fig. .Flabi(lgyr e probability r
- - Nc1o synchronizati.on for EX

1.0 T

rveso with

] ! |~ -— without correlation,n=4

=
(=2
T

[— with correlation,n=4
[— - — without correlation,n=8
— with correlation,n=8
— - — without correlation,n=20 ||

Reliability

k]
&
e
IS
T

— with correlation,n=20
— - — without correlation,n=50

with correlation,n=50 -

£ o 02}

[— - — without correlation,n=100

— with correlation,n=100

— - — p =0.7] & 4 T
fa Z 7 1 L 1 1 1

: 0.0 — L
E e 0.52 053 0.54 055 056 057 0.58 0.59 0.60 0.61
E Eam Threshold T (s)

---p,709 Fi g. .OLi5f(fhe)r ences bet ween the
EZ in and failure correlation

o B0 4. .Reliability of deployment

value variations
Fig. ReSl(iembi | ity curves withh synchronization for different

This section assesses system
mean values of random variahb
Tabl e 8. Figure 16(a), 16(c)
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- -~

reliability withoutyarcdr.oni : g
Figure 16(b), 16(d), 16(f), 16 4 _j'_"_'1e roe
with synchronizatigdmoanmdQrand gs .
and. 0.7 =
Tab8 &ean values of random vargZ0 5
operating conditions §°~5 2
D
0.4 . _ gpast g e E
Numb RandEMean Nu mb RanqSMear =
vari e vari ¢ val 03 |
1 ® 100 ( 6 @ 8 (nm o L e =
2 ® 180 ( 7 ko) 600 | ' 1 .
. 0.1} Hp=100m/s =2 L7 ;
3 ] 30 ) ( 8 Q 500 | | , Ly, m180 s
_ o 0.0 1 1 I e 1.2 1 1 1
4 ! 307 C 9 © 2(-mm 0.50 051 0.52 0.53 0.54 0.55 0.56 0.57 0.58 0.59 0.60
5 @ 6 (m 10 ° 1(mm Threshold 7 (s)
The synchronization tafreshol d S denoted as
Wiadt oSttt 8t )y i s sed itso ed.uta,l Hg - &slbability curves consi
. an randeomaesegonéitiqgqns 1
It can be seen that wi t hout con5|%er|ngsyncsnronlzaqlon
randommessystems with the, smal 19 — —
| arger mejan swall U e ro e alna rvgad ru er  09G /'»:;2""“2‘ -
—us= °, m="
val ue aonfd |l arger meanrnhivbailtuehic 08f—us30°m=s .
[—— 1=30°, m=8
reliability. When the means of 0.7 H— oo w0 [ 1 hang
H . o) | f--- u730° m=1
mean and di spersion of t he 55_50‘6..--,,57300,,“:2 ange
. . . B 05 - a0, s
However, wi t h t he introducti = L and
. . . 04 0 |
randomniessufrarng the ascending i e s y
curves (a)t, thmalslaemme din@madh ‘aaldu e 0'2
| arger mednQaalues |l ead to hig il [
reliability. In the stable ph oo . b . cur v
. . . 0.50 0.51 0.52 0.53 0.54 0.55 0.56 0.57 0.58 0.59 0.60
same)y, Q and continue the <chanc
) ) ) ) Threshold 7 (s)
reliability curve in the ascenalng phase, wnile tne smal/l
val ue esfults in the higher systie®n rBEGGHRIGIYY Gorvesywighh
operating fdorcdietaisers, lasnearl vy, t he relqoarbq'lti't%/nsal3soand 4
increases, and the rate of inc 19 1 y.
= 0.9
" #4,=100 m/s, m=1 2l 0.8
Ok —:;‘,:100 m/s, m=2
0.8 11,7100 /s, m=5 - 0.7
——"£,=100 m/s, m=8 L
0.7 1~ |— 4,~100 mss, m=10 ¥ . £06
F--- 4,180 m/s, m=1 o ] =
EO'G B ----Z,,qZISO /s, m=2 ; Ly :g: 0.5
205k w180 msm=s Lo ool | S
% ----ZW:]SOm/sA,mZS "l Loy & 04
~ 0.4 ===A,,q:18:0m/5.m‘210 /,’ :.’ ‘;' . . 03
0.3 20 d
0.2
02 |
011
0.1 E
; 1 i A 1 1 1 0.0 =
ST 0EE0E. I e EE e e e 0.50 0.51 0.52 0.53 0.54 0.55 0.56 0.57 0.58 0.59 0.60
Threshold 7 (s) Threshold 7 (s)
Fig6(mReliability curves withhiud FHUERPIAI Iyt iCHf VEESr consi
conditions 1 and 2 and randoamoessopnflitions 3
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