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Dynamics M odeling of Spacecr aft Formation
Flying and Evaluating the M odels Accuracy
under the Effects of Relative Distance,
Eccentricity and Earth Gravitational
Perturbation
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Relative motion of satellites in a formation can be studied in several forms of
dynamics models. In this paper, some of the most applicable models each implying
particular assumptions, constraints and specifications are described in Cartesian and
orbital element spaces. Despite the significant applications of models based on linear
equations of motion in modeling orbital rendezvous and ducking maneuvers, it is shown
that the modeling errors of these simplified models limits their application in long term
missions such as formation flying. Nonlinear equations of relative motion are derived in
addition to 6 other dynamical models to simulate a low earth two satellite formation with
projected circular relative orbit. Models are evaluated under the effects of non-spherical
earth perturbation, relative distance between the satellites, and the eccentricity of the
chief orbit. Analyzing the results of simulations emphasizes the importance of accuracy of
the system.
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3. Distributed Space Systems
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4. Inertial Perturbed Nonlinear Model (IPNM)
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7. Linear Elliptic Model (LEM)
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6. Unperturbed Nonlinear Model (UNM)
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8. Linear Circular Model (LCM)
9. mean motion
10. Linear Orbit Element Model (LOEM)
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12. Linear with Small e Orbit Element Model (LSOEM)
13. Linear Circular Orbit Element Model (LCOEM)
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14. Projected Circular Orbit



av/ s2had (5)3l g pole iyl — sole dolilad
WA Sl /) Byless /0 als

)2 4).‘.091.5 AfA) LSS)?.‘A ).:9@ &Lu.u dl).g oS .)9.».:@ aas Mo
Jde & o (S)Ju“l’ o8y ¢‘_;la.'> Je 93 Cﬁ}lv')lf sl s O
(Sopld K05 S0l zed Ol bsledly ol les e
u_\a& J.\o Y L}’..‘ Solaslsy ue(»l.wo sl d)IJ.o OLJ‘ L;LmJ_\.a
GV B il o 0y i) o5 e s
oLl cul aliae! pl BB oS 58 ad e Jae 4 Cowd
Syl e ole 1y eyl (ol (0SBl Cosnl &8 Wledls

sl 4]y e glas ud) 85, (8) JSG 5 (V) Jo>
L o Ui s dold 558l

P(0) s Aol L2gl33 L o Jue Auglio guls =Y Jgos

Voo | 5. Y- Ve b r©
(Fools)
< X0A C¥YY < ¥AA < YA < YA UNM
VS0 < MR 184 C¥A < YA LEM
A
9,
\YFY CAvA | M SXY. <A LCM 4
Y
aw | o-avs <o <X50 <A LOEM £l
-
Vavy | oLavs “¥\D x50 FRLVY LSOEM
VY0 LOFF - YYY ..yov BA 20N LCOEM
1.8 T ]
UNM d
1.6 o LEM b
LCmM
1.4/ “— LOEM
- LSOEM
1.2l LCOEM
= 1 i
'E r
Sos ¢
0.6 -
£ = 5
0.4 o
e
0.2p*"
00 2‘0 BIO 100

40 60
PCO radius [km]

o Aols 21380 31 5 s 5y g, —0 JSd

Ja (ad s Jhe wgde dbaMe a5 ebplen

b Aol Gl Blie o (gilodad ©lis)d sl

Vo gt b oS conl o coenl b &5 ol o oS

Pl (8,555 b gylae pldl (dad slaJae cyteghs

Cunl ey ol 986 &S (b Jhe 4 S g0 €85 T,

5 o9 e plazel p s Aol Bl s o) 5 Lol slazsls
e Rl as e Jue b auglio ) b Jae ol sl

e Sl cos e €83 (lise () p g lowliad o yiol)] Sl p (Saeld (gilo e

s ad b
@y Jre b awlio o Jue ye clbd o3jglcuna jglaied
Do o Byme Jub o&iwd

& = (|15M ~ Pre |)k

T -

(.)M 5 (Jag ol s ilwand Sloj pl5 535l K oS

(@)

k

Cala Jdo plo g x> pe Jdo & bgype s 5 4

oozl (AY) Al I dwo s s pjglcana sy

D9l o

6 = M %100 (ov)
Pret «

P (0) owwi Aold 31

G952 2R L bl iluhs Wb gly o5 )sboles
ol Gl glad bawlie )3 ojleale 93 s e glad
Jiel e yao Syd sl sl &8 p Ly Oyao x5 0 0)lenle
Gil3) il sl 3Us)) glil & (s ilodend (dad csln e
Zors Sl i sl ol 48,5 &y (Lmogilo oo Aol
s el 3 o Aol S 5 als s g S5 )
QLal feeV gonl Seap e @y Bilgale jlle S5
Sl st s p 1) (ad o Jue slbs (F) S0l ol

A2 o i g S by 0(0) =25Km

0.25

o
N
T

e

—h

o
T

Error [km]

LCOEM

00 60 120 180 240 300 360
True anomaly [deg]

>0 0)19.&‘.5 J%f«_iiJ&o BEl LMJ..\A dUa>—f N



‘_Q'I)g.ijgbi.\w

U»Lw.cl).w)ub)ib&cm:l o5 des e Jde 4 Cand (gl
w‘o)ydy)l«wy))d)u&wm J2

J, pliag! ,31

S Sl gt g s Aol el 9> pwyp
b odalie 35 (mej (gs9)S e | (8L plazel ()18
5 P(0)=0.5Km b (giluand gl ool 538> (g sshaion;
lazzl g1 ool Lt s 0gMe o Cal 0 pbul €=0.001
Jo b Jae opl 5l Glawslie ¢ gylie slodl Jos Jao g9y 0 J,

ol o 03l isled (V) UK 50 ol aad o &l)) Jas y

0.7 T T H T e

0.6¢

0 60 120 180 240 300 360
True anomaly [deg]

Om) P9 955w Lzl 31 =Y S8

LOEM o jl J, jblaze] Gls | &8 3950 dlandle
b ocwl al iolidl ply g3 dgds 4 Jio opl lewgie (slas
ol (b Joe gilodse > (alasel 51 cpl (58,5 k)
PN Sy Jae 4 Cud g5Vl <y LOEM (gl
ol 03l L UNM

SN ge>

A r Silan gl 3 s &8 o Gl (sla o (gles
g ey Blgale Jle JS 5o jl zg )t Clye (s Alold Sl
3o g b el Candes e O39S e e I
A odmliie (S )5 5 A8l ygody eyl aw oyl

Jao pgmen ol gloJae o o o 508 ol @l
SYoleo > a4 5l pae o> oblie 3529 L CW oad aidlis
Loanlie )3 obj glas (bs Olyr ouah) Jewsl i
Mo S pe 5l zed > @i GRIFI L g Sl b Jas ple
JBye g 4BV Copwar bde ool s gpe o)lsale
Lgd oo 0dlaiwl

L2 (5513 g pole (otmghs — ele Aalilad / OA
WAY g / V) Byled /0 sl

e8> wiajls Nt oy slacggels logas o i 55 s
sl > Jbe jobody i Wojlgale (s Cusbge > (oYL s

Sio od N> Slyzl (S8 s Aol b oo il 13 gdo Y pj
s oyl 315 3390 B> (538 2 o8 395 0 b

€5, ilEess Fl

o) 586 e lsple e e 3l g (1B L ity ol
3ol sy silodnnd S (o gy Jde <3 ) el
@l g oxd pll s SIS b (sapls S35 cloS o Jl 2o
FoAE gwp Syl oad o3ls Jiles (F) JS5 9 (V) Jgi
PO) = 05K oy 5 S8 b (s 2ol 2l ol 5
g Gl c.:L.; )l L;}Lou]a;; ul);‘ [ W w)f)lm)o

€ 550 o Ll b o ae duglin gl =Y Jga

.y A YA ) o) €35l zg>
YA | exed | oevay | oevAY | exA UNM
A | oerea | oeyay | oevar | oaxa LEM 4
vaary [ vy | vas | ss “YVA LCM 34
o)
LSV LY50 LYY LYoy ERLVY LOEM 3
e
veor | oexvw | oexey | oxev | -0aa | LSOEM =
vexvy | oaaey | ovava [ -on -y-4 | LCOEM
1.8 T T
~— UNM
1.6 “— LEM
“ LM
1.4 ~ LOEM
1.2k LSOEM
~— LCOEM
£ 1 '
s
i 0.8}
0.6/
0.4} : : . ;
i H {i; — & o : £
% 2 3 a4 5 6 7 8 9

Chief orbit eccentricity

F o3z ol gl s s s, x5, -5 JSW
o (s all g (LEM) (59> 058 J3o 93 sl 1
(Sl Jie ol Do B i, % 550 ] s il (LCOEM)
s 5 b Jae oyl o bl s polde eialyb cpl s ply 0 Koo
O e o s pl bles .l odaliie BB (F) JSS 5 (dladsl
b bgye e ol slo o 5 5, ] (8,555 4 Logye
Sl des ela Jae WL cdy Son cusby B &S .l (g3l JaS



04/

[20]

[22]

[23]

s2bad ()l g psle iyl — pole dolilab
WAY s /) Bylad /0 als

Vadali, S. R., Vaddi, S. S., and Alfriend, K. T., “A
New Concept for Controlling Formation Flying
Satellite  Constellations,”  Advances in the
Astronautical Sciences, Vol. 108, No. 2, 2001, pp.
1631-1648.

Toledano, J. G. T. and Succar, L. E. S., “Bayesian
Networks for Reliability Analysis of Complex Systems,”
Computer Scince, Vol. 1484, No. 465, 1998, pp. 1-17.

Barlow, R. E, “Using Influence Diagrams,” Accelerated
Life Testing and Experts Opinions in Reliability, 1988,
pp-145-150.

Xie, M. and Wohlin, C., “An Additive Reliability
Model for the Analysis of Modular Software Failure
Data,” Proceedings of the Sxth  Interrnational
symposium on Software Reliability Engineering, 1996,
pp. 188-193.

Krishnemurthy, S. and Mathur, A. P., “On the
Estimation of Reliability of a Software System Using
Reliabilities of Its Components,” Proceedings of the
Ninth International Symposium on Software Reliability
Engineering, 1997, pp.146.

Ghokale, S., Lyu, M. and Trivedi, K., “Reliability
Simulation of Component Based Software Systems,”
Proceedings of the International Symposium on
Software Reliability Engineering, 1998.

Gran, B. A. and et.al, “Estimating Dependability of
Programmable Systems Using BBNs,” Proceedings of the
Safecomp, 2000, pp. 309-320.

Jensen, F. V., Bayesan Networks and Decison Graphs,
Springer, New York, 2001.

Amasaki, S. and et. al, “A Bayesian Belief Network
for Assessing Likelihood of Fault Content,”
Proceedings of the 14™ International Symposium on
Software Reliability Engineering, 2003, pp. 215-226.

Boudali, H. and Dugan J. B, “A Continuous-Time
Bayesian Network Reliability Modeling and Analysis
Framework,” |EEE Trans Rdliability, 2006, Vol. 55, No.1,
pp. 86-97.

Doguc, O. and Marquez, J. E. R., “A Generic Method for
Estimating System Reliability Using Bayesian Network,”
Reliability Engineering and System Safety, Vol. 94, No.2,
2009, pp. 542-550.

Abou Nassar, L. and et. al, “Spacecraft Structures and
Launch Vehicles,” A Presentation in Department of
Aerogpace and Ocean Engineering, Virginia Tech
University, 2004.

Stengel, R., “Launch Vehicle Design: Configurations and
Structures, Space System Design”, One Course in
Department of Mechanical and Aerospace, Princeton
University, 2008.

Vesely, W. and Goldbrg, B, “Fault Tree Handbook,”
United Sate Nuclear Regulatory Commission, 1981.

MIL-HDBK-217F Notice 2, “Reliability Prediction of
Electronic Equipment,” 1995.

MIL-HDBK-H 108, “Sampling Procedures and Tables for
Life and Reliability Testing (Based on Exponential
Distribution),” 2002.

MIL-HDBK-338, “Electronic ~ Reliability = Design
Handbook,” 1995.

e il ot e €8 line oy g Lowlias die il Slop (Seolis (5l Jde

e 6yl el slaJae b 5,5 (sla Jae duslie
oS clp ped dud Cubl &5 58 b lge 0ld
29035 bl oyl €8 YL 4 (o3bj S8 I, il

Css] b.\ul.wy |) ng O)yu_‘a.& Qs d.))lyo
Lo)d w3 A 53 (B3 )lge (5l 3 &5 D9 dr g L

Sl ol 5 oad (giie 03 i lad 4 e j
5 bt slisl e 5wl o il b s Coygelo
J, Ll g Sy 5l g e Aol gz alge 2k b
Jro sl e Coygele slassiajls & 2255 b g &gl
5 Shwbe gbanie e glodlas L) gl (Seelod
@ gjledie sbalad Mol s 3)90 S8 slaajo

Sl plos

&l

[1] Kirieger, G., Moreira, A., Fiedler, H., Hajnsek, 1., Werner,
M., Younis, M. and Zink, M., “TanDEM-X: a Satellite
Formation for High-Resolution SAR Interferometry,”
IEEE Transactions on Geoscience and Remote Sensing,
Vol. 45, No. 11, 2007, pp. 3317 —3341.

[2] Fowler, W., and Bettadpur, S., and Tapley, B.,
“Mission Planning for The Twin GRACE Satellites,”
AASAIAA Space Flight Mechanics Meeting, Paper
AAS 00-164, Clearwater, Florida, 2000.

[3] Dunn, C., and et. al., “The Instrument on NASA’s
GRACE Mission: Augmentation of GPS to Achieve
Unprecedented  Gravity  Field Measurements,”
Proceedings of ION GPS, Portland, Oregon, 2002.

[4] Beugnon, C., Calvel, B., Boulade, S. and Ankersen, F.,
“Design and Modeling of the Formation-Flying GNC
System for the DARWIN Interferometer,” Proc. SPIE
5497, 2004.

[5] Shahid, K. and Kumar, K. D., “Formation Control at
the Sun-Earth L2 Libration Point Using Solar
Radiation Pressure,” Journal of Spacecraft and
Rockets, Vol. 47, No. 4, 2010, pp. 614-626.

[6] Schaub, H. and Junkins, J. L., Analytical Mechanics of
Space Systems, AIAA Education Series, 2003.

[7] Clohessy, W. H. and Wiltshire, R. S., “Terminal
Guidance System for Satellite Rendezvous,” Journal of
the Aerospace Sciences, Vol. 27, No. 9, 1960, pp. 653-
658.

[8] Schaub, H. and Alfriend, K. T., “Hybrid Cartesian and
Orbit Element Feedback Law for Formation Flying
Spacecraft,” Journal of Guidance, Control and
Dynamics, Vol. 25, No. 2, 2002, pp. 387-393.

[9] Inalhan, G. and How, J. P., “Relative Dynamics &
Control of Spacecraft Formations in Eccentric Orbits,”
Journal of Guidance, Control, and Dynamics. Vol. 25,
No. 1, 2002, pp. 48-59.

[10] Alfriend, K. T., Rao Vadali, S., Gurfil, P., How, J. and
Breger, L., Spacecraft Formation Flying: Dynamics,
Control and Navigation, Elsevier, 2010.



