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ARTICLE INFORMATION ABSTRACT

In this paper, reliability of missile system in its total life cycle is evaluated in terms of its subsystems’
reliability, using Continuous Time Markov Chains (CTMC) and Monte Carlo simulation method, and
results of both methods are compared. Missile system’s life cycle includes storage, pre-launch and
operation states. Missile system is composed of a variety of components and materials, hence different
environmental conditions and various stresses imposed on missile system in each state during its life
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Rzﬁggﬁif}, cycle, stimulates diverse failure modes and mechanisms. Therefore, failure probability distribution
Life Cycle function differs for each subsystem in each state. Flight control, mechanical parts and equipment,

Missile System
Markov Chains
Monte Carlo

engine and warhead are four main subsystems of the missile system. They are linked in series; therefore,
each one’s failure will result in system’s failure. Exponential, Weibull, Lognormal and Gompertz
distributions are used for subsystems’ modeling in different life cycle states. Unlike many other
researches in this field, failure rates are time variant. System is unrepairable during life cycle. Finally,
Continuous Time Markov Chain’s superiority in comparison with Monte Carlo method, both in
accuracy and required amount of calculations is demonstrated and a few suggestions, based on obtained
results, are presented for system reliability improvement.
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Fig. 1 Total life cycle of missile system consisting storage, pre-launch
and operational life states
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function during storage, prelaunch and operation phases

bl
Bn i Nn JS& a>y Mo)led
1.85 59.672 &L 0
1.75 16.850 AR 1
1.65 5.601 ldas 2

o3l b oS cuis 5 BsS Lo by, 41 giludnd b olyan b > mls
1,000 o S e (g5ludcs o 45 2,800 5 10,000 100,000 digas Corex

el oo oold Liales "B K" o g eads 65wk g 45 A se
Ol cds o S cin gilwand jo baises Comex Sl L ws g oo
B35 ke by Cumd 4 oAb (g5Lu ST 50 gy cnl bl Jg ol
96 sgu ;5 SelSe glaggamo 5 Slak ekl Colls cosl oS

Al ge de

oy —4-4

ool s )5 Ll o J i SY (g lo,ll o3l o Kz o5 a8 &b
L J29] ool o 530" =095 5’ = 3.7231 alo e ol (sl o
Jo 85 ol o 3 (S i b ploj 5eSes 123 o
Jlas &b b Selo 5l L8 al>ge o (Kizp o3 m)s8 &b ik
B =5m=207273 & & 55 Jlus &b sloyall 5 cenl oad Jow
el oals (5,811

Jlo 20 oy ol 5 (Kirp S b ooy xSl Sl ol
polin b 5,8 b eglbac ol 5 (Kir S ci8  bl
Bt ol b B0 el sad 5,y =029 ga=0.096 claysll
5 IS5 a5 bl Jlo 4 e il 5 i B olej S
S S ogmy b o il oSel s ye ol e o JlopSY
510,000 100,000 siges ooz b of S 9 B9 jlo (bg, 4 (55l
s 55 eSiln 3 5 e 1000 15 e (s3ltons o o5 2800
b Kooy lirabl colli ool ond osls Gyl "6 JS" s wcen
WSl ge 30,0 93 Jolre ouds ploxl sl 5,8

6 o)l 17 0,93 1396 DR ()30 SuilSe w e



K{F) (Y EQER JUFARVENS

95 )lo Al (sLAS imgas o) SS9, Jl oLl b 9T joc 093 Job )3 SSlge dilebn Ylisebl wsalsB (L))

o o =
“ %0 o

Reliability R(r)

o
=N

0.5

0 2 4 6 8 10 12 14 16 18
I (year)
Fig. 9 Missile system final reliability changes versus dormancy period

o3l Jsb Sl oy Sige ailoles o5 oliabl colls s 9SS
bl Olgs

25 0085 Ol Sl s i e el alie L Ll el o Jlosl (Solo
eSS s wlg o b 3 pyas a plaebl Coll aulxe
Dl e 85 4 G Slp g Senl eI Bg5 e g 4 S s
Soaiges Conez 3l oolaiwl o9 sslitwl T 10 YU sladiges Curax
G5 onl @l ol ol Glelxe (g5 pley Bro pilies YL
olas laebl bl anlbre 53 1) GeS )l i, oYL cds g oyu
oy b 3l eslaial BB glacdls slasy o0 Cudgase w0 e
ol il o el e Il gy Sloy BsS e claadl>
g Wog a1y 256 lyls bl 3 5l l3l 4 Yz 5 65155 o sile
wizse wdbee plores Jowsdlis dslae 256 Glojes o (dxe 4 0l
b a5 b Lo pa b (S BT e 5 S5l by, b
5 Caled (bgy 99 (nl o Glpebl Colll aculre ogi ggale gl
el Sgn B 50 brdiges Comex olaws GiolBl L oS mls IS oo
il alols @l oo sl 93 s Wl e
25 ol SllB S35 o a0 Gl 2505 & s asllls b
o g glalioda BB IS8 & Sllae 5 s 51 L3 sloal> o
slaas sg2g Judo a4 Jole ol ol bl sz plygs o ol U
g5te P lappilie 5 Lol S8 s Jolie (nl 5o i jlews
5 Sige ailols Gliabl colll mls anylie Ll il oo Sige aibols
Oliebl Colill Dlss b og)lo,lil Jlo 00 51 ey (g5l0) L1 al> o (slozil
lilos 5 Sl 5l 8 alo e 5l 10l 00 0550 el (5w o allels
bl ©ls o3k ;o bawe fliebl el pals a5 o S sanlive ;ylgs oo
il e ailoles 6,18, 05k lirebl colils 2l bl Jale g ools &,
o alels a5 el ool oley S 51 26 claebl collB sl zals
Ao yo nl )3 s9a 0l ploy Do IS (oo (S Jb g 9 Sy Sl
Skl ol sl 2alS a4 e laebl Sl 55 08 cod 925 b
ol Jele 25,5 amts gicse Cales 5 ool 00 alipo ol 53 lizab
5 aibse o @)ls,lal Al e Sige ailals liabl colils o J35 56
il sl szl by 5o ailole liobl ol Lis (Bus aS 550
Sloy sroyss 10 U osd sl gluexi 9 o yib el slocaulon
Slakad (aygad g e b albolr (ylicadsl Colbl (gl )Ll al> o j0 ¢ ol
& Sty el bl b olyts solisial oo 59 5 955 il s

6 o )laids 17 0,93 1396 )55 s ()0 SilSe s

0.934
+ + . R
0.933F  tre., 1
+
o + + . .

0.932f . e, ]
S o "’++., p
=0.931 . o, .
> ° 4, Q
£ 093 ° o, X 1
= e y,
8 o ‘+“
5 0.929 . ™, 1

0ong | ~Markov o 8, ]

‘ - Monte Carlo 100,000 T,
0927L * Monte Carlo 10,000 0 t‘% ]
o Monte Carlo 2,800 % #\
0.926 : : : e
9.9 9.95 10 10.05 10.1
1 (year)

Fig. 6 Reliability of warhead during missile system life cycle
Scign Alalo yas 0,90 Job 45 (Ko poo Sliabl CollE 6 S5

0.766
0.764
0.762
ko)
= 0.76 |
20758
=
-T!; 0.756
P~ a
0.754} -+Markov o,
- Monte Carlo 100,000 "ﬂ.,n
0.752F . Monte Carlo 10,000 %,
075t ° Monte Carlo 2,800
9.9 9.95 10 10.05 10.1
t (year)

Fig. 7 Missile system reliability
Seige alelos ylabl collE 7 S8

1
095}
& 0.9
2
E
= 0.85F
()
=
— Markov
0.8 . Monte Carlo 100,000
--- Monte Carlo 10,000
-- Monte Carlo 2,800
0.75 . L L L )
0 2 4 6 8 10

1 (year)
Fig. 8 Reliability of missile system during its total life cycle (10 years
dormancy and 30 days pre-launch period before operation)

Slles) jae Lol 0558 Jsb 55 (SKiige aillals liobl colls ol oi5 8 JKb
(5l oo SLs 51 L3 055,30 5 s Al 10 o5k 51 ey

& 5 4om -5
ol 5 550 (S8 g Zale laailolu ) (laebl colilB b)) analie
5 5 le Uy w5t Sl Gldail )l a5z oyl (6l Lo Jo oS
S alie cnl jo eanl cavny @l waul gl s e plas 1) Ll >
S5 by, cllie 5l sl oad ool 305 o), 5 ke (6 lodans LBy,

420



K{F) (Y EQER JUFARVENS

95 )lo Al (sLAS imgas o) SS9, Jl oLl b 9T joc 093 Job )3 SSlge dilebn Ylisebl wsalsB (L))

o olad acgorma X

L giy)

sl f

adgl 1

260 5l bedl owjlas M
&lp-7

[1] D. W. Kim, J. H. Kim, H. G. Shim, S. Park, The Ammunition
Reliability Analysis Applied by Prediction of Life Cycle,
Proceeding of 48th AIAA Aerospace Sciences Meeting Including
the New Horizons Forum and Aerospace Exposition, Orlando,
Florida, USA, pp. 791, Jan 4-7, 2010.

[2] C. Hu, Z. Zhou, J. Zhang, X. Si, A survey on life prediction of
equipment, Chinese Journal of Aeronautics, Vol. 28, No. 1, pp. 25-
33, 2015.

[3] C. A. Packard, R. Weiler, The reliability problems in guided
missile development, Transactions of the IRE Professional Group
on Quality Control, Vol. PGQC-1, No. 10, pp. 34-41, 1952.

[4] T. W. Howard, G. D. Davis, Challenges in Missile Life Cycle
System Engineering, Army Missile Command Redstone Arsenal,
Report No. AMSMI-TR-RD-QA-97-1, 1997.

[5] M. A. Farsi, M. Najafi, Reliability estimation of multi-state system
based on fault tree analysis, Modares Mechanical Engineering, Vol.
15, No. 1, pp. 257-266, 2015. (In Persian)

[6] S. A. Marotta, A. Kudiya, T. K. Ooi, H. A. Toutanji, J. A. Gilbert,
Predictive reliability of tactical missiles using health monitoring
data and probabilistic engineering analysis, First International
Forum on Integrated System Health Engineering and Management
in Aerospace, Huntsville, Alabama, USA, 2005.

[7]1 G. P. Basharin, A. N. Langville, V. A. Naumov, The life and work
of AA Markov, Linear Algebra and its Applications, Vol. 386, No.
5, pp. 3-26, 2004.

[8] A. T. Bharucha-Reid, Elements of the Theory of Markov Processes
and their Applications, pp. 66-72: New York, Courier Corporation,
2012.

[9] A. Kolmogoroff, Uber die analytischen Methoden in der
Wahrscheinlichkeitsrechnung, Mathematische Annalen, Vol. 104,
No. 1, pp. 415-458, 1931.

[10] S. M. Ross, Introduction to Probability Models, Tenth Edition, pp.
349-399, California, USA: Academic press, 2014.

[11] R. Kumar, A. Jackson, Accurate reliability modeling using Markov
Analysis with non-constant hazard rates, Proceeding of Aerospace
Confrence, IEEE, Big Sky, MT, USA, pp. 1-7, Mar 7-14, 2009.

[12] E. Zio, The Monte Carlo Simulation Method for System Reliability
and Risk Analysis, First Edition, pp. 19-25, London, England:
Springer, 2013.

[13] P. A. Tobias, D. Trindade, Applied Reliability, Third Edition, pp.
33-35, CRC Press, New York: USA, 2011.

[14] B. M. Ayyub, R. H. McCuen, Probability, Statistics, and
Reliability for Engineers and Scientists, Third Edition, pp. 519-525,
Maryland, USA: CRC press, 2011.

[15] Q. L. Yan, S. Zeman, A. Elbeih, Recent advances in thermal
analysis and stability evaluation of insensitive plastic bonded
explosives (PBXs), Thermochimica Acta, Vol. 537, No. 1, pp. 1-12,
2012.

[16] J. S. Lee, C.K. Hsu, Thermal properties and shelf life of HMX—
HTPB based plastic-bonded explosives, Thermochimica Acta, Vol.
392, No. 5, pp. 153-156, 2002.

[17] M. Pecht, Prognostics and Health Management of Electronics,
First Edition, pp. 1-9, Hoboken, New Jersey: John Wiley & Sons
Inc, 2008.

[18] C. Y. Z. Shengkui, J. Yanzun (China Airborne Missile Academy,
Luoyang 471009, China), Integrating design of performance and
reliability for flight control systems [J], Journal of Beijing
University of Aeronautics and Astronautics, Vol. 2, No.1, pp. 2-19,
2008.

[19] J. Yuan, Y. Long, The Missile Flight Control System reliability
analysis based on hybrid fault trees, Proceeding of 2™

421

g pelas Coj90le e (512

Jsl (25w 055 el (i 90 1 Olgi o0 |y Geins (l 5l ol s
O 9 oSl ey ar S BoS )l g, s S50 )0 ol mls
ol i o el liabl bl Slasbre Jdos 51 ol gl pgo
s cy> slbil Jsl ol a le laisl 4 a5 ol Jol> odes ases 4w
i 5 otbne oo ) plabl Jyar ely 45 G55 a5 b
Sy FeS L85 g gl e B9 Lo (g, 5l eolitul L el ST (g0ue
Slo S5 5 aassS 5 oy & S5l i, b eslin 3 5 Ctn
FB S5 le gy p0 45 ool slasi 50 Codgue S92g ipgm Bl
OeolS Jol als ol odes doel dw 5 ped i (0 el eolaiul
A Sl S e et Dlilee 5 SULS 1 S e o Glpebl c Ll
3 olimebl cullB Cdl Sedle ol ) e pgd 3l (gl LSl Al e
s3> 0Ly loy o pliabl CollB 2alS oyt (gl Ll al> o
clio slacunlow 3BT (pgu 09d oo Al o (pl 4 bgaje cal> o cpl )
et Glaebl Colll 4 Govms; Gl L Olisd )0 IS 5 s
b 5970 wOlles ploj 5o

e o 5g8 -6
olas ) dcgomxe E
CDF _ros mjy &b Fr

PDF Jli>l J&> &b fr

25055 e G
s P a8l sl als 9
S
o jlet g 2l BISK
o 0,90 Jol e olass o iy Nipax
Ddiged Corex N
Corez LU o lo 5l oszge slaaigel slas s

D diges
o e yile g o s Lo
J o i a5l e s by ez
Iz &b
e ooy BT
Sy g b ol sl U

axlyaly £ U
solas anl 3 X
g e

FeS @iy @b S el a

Jles @iy @b IS8 sl B

FreS @ig &b lde yulll

Jlos @59 @l olede ey T

il @ o A E5 A

&b G b sl gk o) 2k, ol K
JusssY s

& A b slaple mrb i)l lene Sl O
JesY 39

el S g5,8 by T

6 o)l 17 0,93 1396 DR ()30 SuilSe w e



K{F) (Y EQER JUFARVENS

95 )lo Al (sLAS imgas o) SS9, Jl oLl b 9T joc 093 Job )3 SSlge dilebn Ylisebl wsalsB (L))

Patuxent River, Maryland, USA, 1994.

[25] D. Pratt, Results of Gear Pump Reliability Investigation, Report
No. TM 89-24 SY, Naval Air Warfare Center, Patuxent River,
Maryland, USA, February 1990.

[26] R. Bayer, W. Clinton, C. Nelson, R. Schumacher, Engineering
model for wear, Wear, Vol. 5, No. 5, pp. 378-391, 1962.

[27] N. P. R. Data, Nonelectronic Parts Reliability Data Publication
(NPRD-2016), Reliability Analysis Center, pp. 95-110, Griffiss
AFB, New York, USA, 2016.

[28] N. S. W. C. NSWC, Handbook of Reliability Prediction
Procedures for Mechanical Equipment (NSWC-11), Carderock
Division. Logistics Engineering Technology Branch, Eleventh
Edition, pp. 57-85, Washengton DC., USA, 2011.

[29] W. L. Yu, S. Q. Dong, M. L. Zhu, S. L. Wang, Research on
Storage Reliability of Missile Warhead Explosive Charge, Journal

of Air Force Engineering University (Natural Science Edition), Vol.

2, No.1, pp. 12-17, 2005.
[30] G. C. Li, T. M. Jiang, Analyzing Several Evaluation Methods for

Mission Reliability of Missile Warhead, Chinese Journal Of

Explosives And Propellants, Vol. 29, No. 4, pp. 6-12, 2006.

6 o )laids 17 0,93 1396 )55 s ()0 SilSe s

International Asia Conference on Informatics in Control,
Automation and Robotics (CAR 2010), IEEE, Wuhan, China, pp.
158-160, 2010.

[20] N. E. Wu, O. Aydin, Reliability-Based Modeling & Analysis of
Fault-Tolerant Flight Control Systems, Proceeding of AIAA
Guidance, Navigation, and Control Conference and Exhibit, San
Francisco, California, USA, Aug 15-18, 2005.

[21] S. M. Tam, Demonstrated Reliability of Plastic-Encapsulated
Microcircuits for Missile Applications, IEEE Transactions on
Reliability, Vol. 44, No. 1, pp. 8-13, 1995.

[22] L. Han, J. Hong, Y. Ma, M. Dou, Research on Bayesian approach
for storage reliability assessment of missile-engine, Proceeding of
The Proceedings of 9th International Conference on Reliability,
Maintainability and Safety, IEEE, pp. 420-425, Jun 12-15, 2011.

[23] W. Dawei, Z. Liming, H. Jie, Selection of reliability parameters
and targets assessment for certain missile turbofan engine, Journal
of Beijing University of Aeronautics and Astronautics, VVol. 12, No.
3, pp. 8-15, 2009.

[24] D. Pratt, Results of Dayton 5A701 Linear Actuator Reliability
Investigation, Report No. TM 93-98 SY, Naval Air Warfare Center,

422


http://dx.doi.org/10.2514/MGNC05
http://dx.doi.org/10.2514/MGNC05

