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WHY?

LOWER LAUNCH REDUCE WEIGHT AND SIZE MORE ROOM FOR
COSTS OF CURRENT SATELLITES PAYLOAD

OVERVIEW
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4. OPTIMIZATION
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CHALLENGES

VAN ALLEN RADIATION BELT

HIGH-ENERGY PARTICLES CAUSE
RADIATION DAMAGE TO THE SOLAR CELLS

X

. OUTER

INNER

TRANSFER TIME

ELECTRIC ORBIT-RAISING TAKES A SIGNIFICANTLY

LONGER THAN CHEMICAL TRANSFER

21 March

EC LIPSES 23 September

INTHE ABSENCE OF BATTERIES, ENGINES

ARE NO LONGER POWERED BY SOLAR
PANELS

POWER REQUIREMENTS

MASS BENEFIT COMES AT COST OF
HIGH POWER REQUIREMENTS



HIGH-INCLINATION INJECTION ORBITS

MINIMIZE
RADIATION
INCIDENCE

CONSIDERED THE
EIGHT-LIKE SHAPE OF
THE VAN ALLEN BELT,
A HIGH INCLINATION
INJECTION ORBIT CAN
MINIMIZE THE

REDUCE TIME IN INCIDENCE OF
ECLIPSE RADIATION

LONGER SOLAR
EXPOSURE FOR THE
SOLAR ARRAYS
AVOIDS MULTIPLE
ECLIPSES AND
REDUCES ENERGY
STORAGE SYSTEM
REQUIREMENT




SPHERICAL COORDINATES

Dutta, Libraro, Kasdin, Choueiri, 2012

STATE VECTOR

POSITION VECTOR

VELOCITY VECTOR

Cartesian
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MOTIVATION

QUATERNIONS

7 QUATERNIONS ARE BOUNDED TO BE BETWEEN -1 AND | four <80 L0 LS8 @/ VRS iNe ] 10 R g ) ] S0

7 NONSINGULAR EQUATIONS OF MOTION 1

HIGH-INCLINATION INJECTION ORBITS

BIGGER SET OF MISSION SCENARIOS

REDUCE ECLIPSE TIME

4 CHALLENGES

REDUCE RADIATION INCIDENCE



MATHEMATICAL FRAMEWORK

CONSIDER A 3-2-3 ROTATION BY:

(0. )

ASSUME THE FOLLOWING CONSTRAINT
HOLDS:

”gbz—écosqb w3 =0

RADIAL VELOCITY

STATE VECTOR:

(T7 d1,492,43,44,W1, W2, W, m)

Y

Libraro, Kasdin, Dutta, Choueiri, 2014 ANGULAR VELOCITY IN
THE ROTATED FRAME

CONTROL VARIABLES:

(T', o, B)



KINEMATICS

Kane, Likins, Levinson 1983

START FROM

APPLY THE CONSTRAINT:

q4 q3
1 —q3 44
2 42 —q1
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KINEMATIC EQUATIONS:
A=t}
1

g1 §(Q4w1 — q3w2)

, 1
d2 5(%001 + quw2)

g3 = = (—qawi + qrws)

gy = —(—q1w1 — Qows)




FQUATIONS OF MOTION

DYNAMICS EQUATIONS:

V=r€,+rw X e,

o

w = wi1b; + wabs + wse,

Il CONSTRAINT:

ACCELERATION:
a—=17€,+2rw X €, +rw X é,.+

+rw X w X é,

FORCE:

F = Fiby + Fyby + F3é,

+ 2 CONSTRAINTS!




MATLAB INTEGRATION

2D TRANSFER

e 800 km ---> 10,000 km
® i =90deg

eT=3N
e Isp =2,000s
e m= [|,000 kg

TEST CASES

3D TRANSFER

e 10,000 km ---> GEO
® 90 deg ---> 0 deg
eT=0.29 N x4 (BPT-4000)

o Isp=1,788 s
e m= 3,500 kg

NONDIMENSIONAL UNITS

LU = GEO radius = 42,157 km
MU = 1,000 kg

TU=13,716.85 s
Libraro, Kasdin, Dutta, Choueiri, 2014



2D CASE:POLAR ORBIT-RAISING

TANGENTIAL FORCE PROFILE

Tv rWo ~ rWi «

NUMERICAL ALGORITHMS: F=—=T—7b; — —by +

- NDFS: Numerical Differentiation Formulas
- ABM: Adams-Bashforth-Moulton

- RK23: Runge-Kutta (2,3)

- MR2: Modified Rosenbrock Formula (2nd order)

- TR: Trapezoidal Rule TOLERANCES
- TR-BDF2: TR+Backward DFs (2nd order) RE: 102-3

AE: 1072-6

NEW QUATERNION-BASED FORMULATION IS LESS SENSITIVE TO NUMERICAL ERROR!

Solver NDFs ABM RK23 MR2 TR TR-BDF2

Quaternions 0.3892 0.3895 0.3896 0.3898 0.3898

Cartesian 0.542- 0.3483 0.4363 0.4357 0.4165

RADIAL DISTANCE (GEO ='1)
Libraro, Kasdin, Dutta, Choueiri, 2014



53D CASE: TRANSFER TO0 GEO

THRUST PROFILE:

5 v(t . o h(t
COS ,30% + sin ,3()%”),

T(t) = COS Jo% — sin ,’3()%,

0

METHOD: ABM
TIME STEP: 1.58 S

ifv, <0

ifv, >0

ifv, =0

Trajectory projection

Table 2 3D Orbital Transfer from a Polar Orbit to near-GEO

Coordinates rF
Quaternions 42,164 km

Cartesian 42,164 km

tp

263.65 d

263.65 d

mp

1993.0 kg

1993.0 kg

Fuel Expenditure
1507.0 kg

1507.0 kg

Libraro, Kasdin, Dutta, Choueiri, 2014



GENERAL SCHEME

MISSION OBJECTIVES:

e TRANSFER TIME
e FUEL EXPENDITURE

e RADIATION FLUENCE

AVAILABLE CONTROLS:

e THRUST MAGNITUDE

e THRUST DIRECTION

SOLUTION TECHNIQUES:

¢|NDIRECT METHOD

eDIRECT METHOD

DYNAMICAL MODEL.:

*SPHERICAL EARTH
eJ2 EFFECT
*INJECTION ORBIT OPTIONS

eENERGY STORAGE MODEL

PROBLEM OF INTEREST:

DETERMINE OPTIMAL TRAJECTORY BY MINIMIZING MISSION
OBJECTIVES

TAKE INTO ACCOUNT DYNAMIC CONSTRAINTS (EOM)
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SOLUTION METHODOLOGY

DIRECT METHOD

? DISCRETIZATION OF THE TIME INTERVAL

? DISCRETIZATION OF THE STATE AND CONTROL VARIABLES

? DEFECTS EVALUATED AT EACH SEGMENT (TRAPEZOIDAL SCHEME)

hi

Ch =Tk — Tp—1 — 7(fk+fk—1)

? PARAMETER OPTIMIZATION UsSE NLP (NONLINEAR PROGRAMMING) SOLVER

GOAL: MINIMIZE MISSION OBJECTIVES BY DRIVING ALL DEFECTS TO ZERO
15



THE SOLVER IN STEPS

SET UP DECISION VARIABLES, BOUNDS,
INITIAL GUESS AND CONSTRAINTS

INITIAL GUESS
e e R R BOUNDS FOR VARIABLES
TOLERANCES
Vanderbei, 2006 NUMBER OF NODES

EXTRACTS STATE AND CONTROL
VARIABLES FROM FINAL SOLUTION

PLOT TRAJECTORY, STATE AND
CONTROL VARIABLES




FQUATORIAL TRANSFER TO0 GEO

Trajectory projection on xy—plane

INITIAL ALTITUDE: 800 km

INITIAL MASS: 1,000 kg

Thrust Angle: Quaternion vs Spherical Coordinates

THRUST ANGLE:

=)
(0]
©
N
©
C
S
©

NEAR TANGENTIAL
SINUSOIDAL VARIATION
AMPLITUDE INCREASING OVER TIME

TRANSFER TIME:

tr=15.1702 d
lr=15.1703 d
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FQUATORIAL TRANSFER TO0 GEO

QUATERNIONS EVOLVE
SINUSOIDALLY
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POLAR ORBIT-RAISING

INITIAL ALTITUDE: 800 km

FINAL ALTITUDE: 10,000 km

INITIAL MASS: 1,000 kg

ST

TRANSFER TIME:

=9.1203 d

19



PLANE_CHANGE MANEUVER INITIAL ALTITUDE: 25,000 km

INITIAL MASS: 2,000 kg

INCLINATION FINAL TIME

INITIAL INCLINATION: 50 deg

0 DEG 9.7 d
10 DEG 19.4 d

Trajectory
20 DEG 35.7 d B
30 DEG 50.6 d
4O DEG 65.5 d

50 DEG /9.6 d




PLANE-CHANGE MANEUVER

x-y Projection
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e WE APPROACHED THE LOW-THRUST PROBLEM USING A GLOBALLY NON-SINGULAR
QUATERNION-BASED FORMULATION;

e A NON-SINGULAR FORMULATION ALLOWS FOR THE INVESTIGATION OF HIGH-
INCLINATION INJECTION ORBIT OPTIONS;

e HIGH-INCLINATION INJECTION ORBITS CAN POTENTIALLY ADDRESS SOME OF THE
MAIN CHALLENGES FACED DURING A LOW-THRUST TRANSFER;

e THE NEW QUATERNION-BASED FORMULATION HAS BEEN TESTED AND COMPARED
TO THE CARTESIAN FORMULATION PROVING TO BE LESS SENSITIVE TO NUMERICAL
ERROR;

e THE MINIMUM-TIME LOW-THRUST PROBLEM HAS BEEN SOLVED FOR BOTH PLANAR
AND NON-PLANAR TRANSFERS;

THE POLAR ORBIT-RAISING MANEUVER PROVES HOW THE NEW
FORMULATION ALLOWS TO PUSH THE INCLINATION OF THE INJECTION ORBIT
TO ITS UPPER LIMIT;

e FUTURE WORK INCLUDES INTRODUCING RADIATION AND PERTURBATIVE FORCES
INTO THE PROBLEM IN ORDER TO INVESTIGATE THE POTENTIAL OF HIGH-
INCLINATION INJECTION ORBITS AND THE APPLICABILITY OF THE NEW
FORMULATION.

TR T TR
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THANK YOU!

libraro rinceton.edu
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