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Optimization of planar low-thrust orbit transfer maneuver via fuzzy optimal
control approach

Amirreza Kosari*, Seyed Aliakbar Razavi, Hadi Jahanshahi

Department of Aerospace Engineering, University of Tehran, Tehran, Iran.
* P.0.B. 14399-55941 Tehran, Iran, kosari_a@ut.ac.ir

ARTICLE INFORMATION ABSTRACT

In this paper, minimum-time low-thrust planar orbit transfer problem is solved by fuzzy optimal
control. Trajectory dynamic restricting assumptions and using analytical averaging method, the
governing equations of orbit transfer problem in its desired form with constant acceleration magnitude
are achieved. Then, using Euler discretization method, the whole differential dynamic equations,
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performance function and transversality conditions are represented in discrete form. Calling on
membership function concept of fuzzy environment, this algorithm transfers classical optimal control
including performance index and trajectory transversality conditions associated with uncertainties to
fuzzy environment. Thereafter, introducing slack variables all the inequalities change to equality
conditions. Applying Bellman-Zadeh approach, optimal control problem turns to parameter
optimization problem which is then solved by Lagrange multipliers technique. Finally, solving the set of
nonlinear algebraic equations made by optimality necessary conditions is simultaneously achieved by
nonlinear programming method. Numerical fuzzy optimal control results are validated with available
analytical results which show the priorities of this method in orbit transfer trajectory optimization in
presence of uncertainties. FOC approach is categorized into direct methods for solving optimal control
problems, while it is far from their defects, e.g. curse of dimensionality and burdensome computational
load so that fuzzy approach and expert knowledge are applied to simply solve the problems.
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® Fuzzy Optimal Control (FOC)
© Bellman Optimality Principle
7 Pontryagin Minimum Principle

1 oolouts 17 0931396 (133,98 (e Swile wise

Cothe )lhe sl Azl )3 g S g o et A e oad JpuS
3 (Frae Olrin 58 4 s 2lAS Jlog aie pae (Pb gh o
S 59 (S 5ke el (e g el a3 S plonl it sla)lS
2] 250 15 pdscutS il plard gy oo 2ok sl a¥ss sl
bojlgale JUl jome Lo 5 (Sl ol @85 15 ) 090
Sl ygile (258 Ly Sy eipesl 5l s eSo s L) 935 e (Slple
e yo sl b taio 5 g wles sl s [4] sl i o [3] atugy
et pé axbons Slolhe ( laye e JUST gsleane sl
L Gl 5 (e dote glaclez soztn Ul a5 Wlosges gl 5ol
Syl 3 05 Jlws Sl 0 QLIS b olapians o550l [5] o)l
Slobw iy sl yaw 9§ Kol ey sl o a4 by ey sl o L]
2L 0szsl (S S wiliin b gt 0,5 oo 1,8 oolatul 9,50
ol yon dasin (ul g OLS (so ddsi Cenl (698 (505 Sl e L VL
Sl e (8L by Sl 5 slaygige 4 s Heile (SYsb Sl Glos L
Djlos axlge 355 (o> sl L) age

S laie e 4 e Lolad gy J 58 Wl Jo IS j5boa,
o i 5 pordions IS 3L, 53 T S (s o5 39 ' sl alai g
2 Sty il pel peitae é Jo slagty, gl anlie 9l oo ke
b5 gy sy Bler i i 5 e Jsi Osmmen Fhie 4l
oot i 16] 45 0 Eanl s iy s 5 51Tl 5
5 o5 wlrig b ohle JUl gileange sl Giedsl 6o ol
Sl jo (o syaeln slop sl coS 5 e (b, hvgie
O 2 Sln e Dy s SlacSialins (gledtenS 5 00 S
o ly llbs (g, 90wl 4 oS plag o835 [7] el wols il
slaghy, sl y ols 2 005 e Baa b )l JlEl Hele
ol b JES! g5le sl Az sb 4 gyl LI s oas al,l goue
oaims ol baygile g5 cnl (rm bLS)| 5 00l Jlasl (sla o Jliil 5 by
Al ol (S ada GRIEIL kS & gla s JUsl aS cl pal
Sl JEsl o jgele SG by 039050 ploie 4 ujgele ol SRl L
b oboy aneS JEnl g5lwags sy Kb 8] sgs o aslis atugy
3 eolaul b (g9 ol 0050 Slgiion 1) cenlive B9, coml Sl
21 e Giloaige g s Slle o 5l sl (6565 5Nl
Gl pd a g ool iules 5 lae g lausie slacalus ulul
L9l ol o0y iy 0S5 i el

Sz w8 o )lnl plgre 4 (Llos e Sal, o lsen o cnl 50
s hlsh jo ool 009y axg dj50 g30e o slagul oo
e Ol et lp el Sike Ol et sl plen ol 11960
Sl by g dtwsn ol Glid b oadiosls o5l b (g9 pls jlaw 90
Syge JS AV sl Ldos 5l 59 cmizmon [10] sgai gl 5l el
s lazzS 05l Canny oced @opls lajlae o JE! 6l 5Ls
el ol et slajle o pladsl ke oml cls Jlil
b gl sl (ol slp & Gl v S 698
o by aeS Jsl [11] cul soged o sl e oSSy
sllae 08 L Joo (g)low axmian i > b Jlocad goply slo,lan

! Two-Point Boundary Value Problem
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“ Steepest Descent

® Variation of Extremals

* Qusilinearization
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Fig. 1 Thrust vector and thrust angles
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