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Engage RCS
MAV vehicle sensitivity requires high- Deadband 2 Closed Loop
precision, closed-loop orbital insertion Stage 1Bumout  Attitude Hold WC;@;FE le‘fa“’
guidance. Other attempted methods were /
not providing orbital accuracy. \
L. . _. RCS: roll, pitch, yaw
Original attempts for closed-loop guidance: \ command Stave 2
ge
—  Open-loop vs. Time, Open-loop vs. Alt Open Loop Lookup Tables .~~~ 4 Burn 2 Start Burnout
—  PEG w/ numerically computed thrust integrals TVC:pitch /yaw .~ Stage + Stage duration (for tipoff
RCS: roll e forces if applicable)
—  General energy management steering and g Guidance Target Steer to CL , ,
PEG Suih || CrAWIRCS  Eiher oospat o xess =0
Hold ‘
—  Cross-Product Steering @ Apoapsis
) ] ] . y Begin TIG calcs
Resulting guidance algorithm after studies: \ Begin dV excess calcs
Open-loop vs. Alt for burn 1, Simple Cross- NN egin C1. calcs
7777

Closed-Loop second stage guidance
developed for Mars Sample Return (MSR)
Mars Ascent Vehicle (MAV)

Product Steering (SxS) for burn 2

MSR Solid Vehicle
Nominal Flight Plan

Simple Cross-Product Steering (SxS) frgo frw[r
¥, : REQUIRED IMPULSIVE VELOCITY L= (F/m) dt = (F/m) ds dr
ifi i i ¥t ACTUAL VEHICLE VELOCITY
- Modlfled Cros_s—Produ_ct Steering (different Vg Y -¥ i VELOCITY-TO-BE-GAINED ° o Jo
velocity targeting routine) 9 :LOCAL GRAVITY VECTOR _ feo two [t
ay : THRUST ACCELERATION VECTOR . - .
—  Smart ignition time calculation o d [o Efmytdr—Q ]{: /ﬂ fmyt ds dt
Yo ¥r-g=g,=p-gy
= Based on velocity targeting partial : A
g0 o |1
H= [ (F/m)¢* ar = f [ (F/m)¢* ds dt
Cross-Product Steering 0 o Jo

(McHenry)
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. Target orbit is not fully inertially constrained, in order to avoid
algorithm infeasibilities.

— Constrained orbital plane, but floating argument of periapsis and
eccentricity.

. Targeted parameters:
— a4 - target semi-major axis
— 2, —target orbital right ascension of the ascending node (RAAN)
—  iq —target orbital inclination

. Target Frame Construction:

—sin(Q,4) sin(iy)
cos(Q,4) sin(iy)
—cos(iy)

R Inertial Frame
l y =

_ r— (F'iy)iy

N |F - (77 ) iy)iyl

Iy X1,

N

lz

|8 X T |

. Notes on target frame construction:
— Similar derivation to PEG

—  Subtraction of out-of-plane component in i, does not effect this
algorithm (as will be seen)
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: . . 2-dimensional 7 nulling analysis:
*  Velocity targeting assumes:

— Impulsive maneuver h? 1
. - n=—Fr—""
— Final state will lie on the apse Starting True Anomaly vs. Required Delta-V for SMA Targeting 1 u 1+ e cosby
line of target orbit (+ nulling) 25 e = hege
, =—2
= Used to bleed off excess energy T
of vehicle (energy management) S hy
11 =
2 1 r
2 1 Vehicle 2" stage sizing can be Ury = hy €1 5in 6
vy = lul-—— —_ designed somewhere within
= @ ! — 2 2
d rooag §, s potential AV range from SxS vy = ’vl1 + vy,
e (%
5 Y1 = atan —-
g Vi
Va = Vqlg >
g ! Av = \/vlz + v5 — 2v,v;, cos(y1)
a

. Values that will not change

: . during coast to apoapsis:
* Note that only 7, appears directly b e g
in U,,, along with the following - BVl
simplification: 0
120 130 140 150 160 170 180 190 . Values that will change during

Starting true anomaly of burn coast to apoapsis:
- 01’r1=r2’e2ah2

" " = Ay
e Xiy  TXI,

l
z Note: not real MAV Data

x| |[Fxi,
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« At some time during flight, required velocity for burn (v,)
will approximately equal vehicle 2" stage capacity (v.gy).

— — = = Underperforming 1%t Stage
Nominal
— - - —Outperforming 1 Stage

- This time can be predicted forward if the change in v,
over time is known.

A Newton-Raphson iterative scheme can be applied to e
determine time to ignition, t;,: o-—---=-- ';/
- vcap
f(tig) = ng(tig) e e A
£ —t f(tig) _ . vgo(tig) — Vcap Av
9k+1 ~ "9k f,(tig) M9k %
Stig .
. . . .. ) Time
*  Velocity targeting routine is simple enough to provide a
stable solution for Newton-Raphson scheme. b L2 t3 Ly
Velocity targeting partial components:
Vg0 _ 8lTgo | _ O : -
AT - Radial Distance Effect — v, will decrease in time as vehicle coasts to
apoapsis (in the negative i, direction)
*  Velocity targeting partial: «  Target Frame Rotation — Downrange (i,) direction of the target frame will
change over time in the negative radial direction (i,)
8Vgo b o vl M
5‘? ~ T ogr? [7- 91t = va 3 P, taT «  Gravity — v,,will change over time proportional to how v changes over time
(gravity)
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. In greater excess energy cases, burn 2 (insertion) is pushed earlier

by SxS to place more energy into 7 nulling o ereee——————————————.
Target / ------------------ Sy
£ 1
. In lesser excess energy cases, burn 2 pushed closer to apoapsis 00 L : 1
for more optimal burn location ]
: 1
0.05% | '
o . . . N - == == -0.05% A lsp I
Mechanization notes: 00% A lsp :
— lteration scheme skipped if burn predicted to not have enoughenergy | [ 0.05% A lsp I
for successful maneuver | i I
—  Maneuver off of nodal crossing leads to either RAAN or inclination !
dispersion 2 : :
.8
— 14 (and vehicle attitude) should be frozen at significantly low values 5+ Apoapse [
_ lterative scheme does not have to be called every minor guidance 2 Periapse :
cycle g
< L I
I
7 I
I
b . r Burnl 1
]
' - e e e e e e s
‘r - i Coast
Burn 2
B i | | | | | | | | | |

Time (sec)

Iteration Count

Time (sec)
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- Dispersion results heavily dependent on upper _ Final Orbit: Apoapsis and Periapsis
stage I, dispersions and accurate guidance
estimations of v,

> ON

* Future work: i > OFF

— Test different velocity targeting routines (i.e.

Altiude of Apoapsis [km]

ov
. . go U0
LTVC), including ” B
— Develop more dispersion results for further | | | |

testing

Altitude of Periapsis [km]

— Continue development of algorithm for use on
MAYV MSR mission Example of targeting 348 km. circular orbit

I i i st
— Test applications to a lunar environment for with and without SxS for varying 1" stage I,

lunar braking burns
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