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Global landing site access using atmospheric skip trajectories

L. Bryant

Abstract

Mars direct entry, without going into orbit, does not provide global access
to all landing site latitudes. Latitudes accessible via direct entry trajectories
consist of a ring around the backside of the planet, centered about V
infinity. Landing sites outside this ring can be achieved using a modified
approach trajectory entering the atmosphere over the South Pole
“aerocapture fashion” that will skip out to an altitude above the atmosphere
and then re-enter the atmosphere a second time and continue to toward the
North Pole. The first aerocapture maneuver is aligned to provide an exit
orbit that contains the desired landing site with an apoapsis computed to
provide proper ranging for the second entry. A powered maneuver is
utilized during the exoatmospheric phase to remove altitude and flight path
deviations due to uncertainties in the atmosphere occurring during the first
entry. Three guidance schemes are required for global landing site access
analysis. Aerocapture guidance was used for the first atmospheric entry,
Shuttle Powered Explicit Guidance was used for the exoatmospheric
maneuver, and Apollo Derived Entry Guidance was used for the second
atmospheric entry. An altimeter to update the onboard navigation state
after the first atmospheric entry, was required to remove accumulated dead-
reckoning navigation errors and achieve reasonable range errors at chute
deploy.
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Skip Trajectory Analysis
(Provide Mars Global Site Access)

Lee Bryant
2/8/02

PRECISION ENTRY

S

Mars precision entry is obtained by bank
modulation which changes the vehicle’s
drag acceleration, controlling range. The
sign of the bank controls crossrange.
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Opportunity

Type |

Type 11

Type I

Type IV

Evaluation of Type I -1V
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Aerocapture Guidance (HYPAS)

HYPAS = Hybrid Predictor-corrector Aerocapture Scheme

Capture Phase - Provides bank angle command, ¢,,,, to stabilize the trajectory
and drive the vehicle toward equilibrium glide conditions.
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Exit Phase - Analytically predicts the velocity vector at atmospheric exit
altitude, then adjusts bank command so that the velocity achieved at exit
altitude will produce an orbit with the target apoapsis.
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Lateral logic - Bank reversal when inclination error exceeds deadband limits.
Deadband limits specified as a function of velocity.
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Powered Explicit Guidance (PEG)

If gravity is assumed to be constant, theory shows that optimal thrust vector time
history is a linear function of time.

sino(t-5 )

i i
Alsino(t-ty )

tan0 = B
), Q(\ ) H + ;?lcosa(t—tk)

Linear Tangent Guidance

SN

4

il

5\1 cosa(t-t )

For tanO to be linear, its second derivative must be =0
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Prediction Phase

1 11 . r oy T -r -Vt
Given the definition of R and V predicted ~ ™RUsT ““grav —"p 80
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The R and V thrust (also known as RGO and VGO) can be computed in terms

of the first and second integrals of acceleration including integrals with t and
to2
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And R grav and V grav are computed by

Using a first guess of tgo we can compute R and V predicted



PEG Corrector & LTVC

Using Linear Terminal Velocity Constraint at Entry Interface, you can compute
the velocity desired (vd) and update vgo and tgo and iterate until converged

= -=C.,+ _ - =
Vit Vi C] szhl Vmiss =Vp -Vd

Vgo = vgo — vmiss

tgo = (m/m)[l - exp('Vgo/Vex)]

LTVCON SCHEMATIC

Method to compute c1 and ¢2

Use a fixed entry profile and increment the velocity at EI
Iterate to find the gamma which gives the same range

c2 = (vrl —vr2)/(vhl — vh2)
cl =vrl —c2 * vhl




Apollo Derived Entry Guidance

ALTITUDE

~PREENTRY ATTITUDE HOLD
~INITIAL ROLL AND CONSTANT DRAG
_r —HUNTEST AND CONSTANT DRAG
| } ,‘ DOWN CONTROL
| j ' H;[l
sl ‘.‘.‘..,5-..’-.,1., Up CONTRO& A.

: SECOND
T

I 1

|

ENTRY

~ KEPLER o

~—SECOND
ENTRY

oty
|
!
|
|

/

\

Y

\_ SKIPOUT
(02g)

|
|
I
I
|
i
I
|
|
!

\ —i=0
\ \-#=.700 FT/SEC
L 149 INITIATE CONSTANT-DRAG CONTROL
L 05g NOMINAL ENTRY - LIFT UP
SHALLOW ENTRY - LIFT DOWN

RANGE

Second entry phase guidance equations

Predicted range:
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Navigation Model

 Nav dispersions modeled from 2005 knowledge covariance
applied at EI with 111 rad per axis star camera alignment

* Dead reckoning accomplished via LN100S IMU located at
vehicle CG

— Sensor scale factors, biases, axial misalignments, and noise
modeled in simulation

* Altimeter Updates

— Simulations run ~3000 seconds which induces a large
vertical channel nav error in dead-reckoning

— Some studies use a high altitude altimeter and a Kalman
filter to reduce vertical channel error after first acropass

» Calibration assumed to be 90% of bias values in some studies



Vehicle

Vehicle Weight 1950 kg
L/D 0.25 (trim tab)
Mars Gram 2000
Phase Plane Dap

— 5 deg/s2 angular acceleration
— 20 deg/s angular rate

Thrust 172 lbs

— Acceleration 0.04 Earth g’s
ISP 310

— 55 m/s = 35 kg fuel and burn time of 139 seconds
Ballistic number 111 (mach 34)




Monte Carlo Atmospheric Exit (100 cases)

KNAV_5 Atmospheric Exit
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Monte Carlo Kepler Maneuver (100 cases)

KNAV_S Kepler Maneuver
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Monte Carlo Entry Interface (100 cases)
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Monte Carlo Chute Deploy (100 cases)

KNAYV_5 Chute Deploy
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Delivery errors which cause 4 cases to be greater that 10km in actual range are:

Downtrack

Crosstrack

Hd

Gamma

Azimuth

Delivery Errors

18 - 36 km
120 km

3.0 km
0.3 -0.45 deg

1.5-3.0 deg
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ROTN(1)
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Dispersions

=5.4467 /0.38% 3 sigma Weight
=0.050 /10% 3 sigma Cl
=0.0048 / 4% 3 sigma Cd
DEG =0.1 / Longitude

DEG = 0.1 / Latitude
=5:0 / Velocity ft/sec
DEG = 0.05 / Gamma

DEG = 0.1 / Azimuth

KM =0.5 / Altitude
=1.0
=1.0 / Random number in covariance, position
=1.0
=1.0
=1.0 / Random number in covariance, velocity
=1.0

MTR = 2.4525e-4
MTR = 2.4525e-4 / Accelerometer biases
MTR = 2.4525e-4
=4.84814e-6
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= 4.84814e-6
=4.84814e-6

=111.0e-6
=111.0e-6 / Navigated attitude
=111.0e-6




Type I and Type 11

2007 Opportunity, Depart Earth 9/23/07, Trip Time = 210 days, C3 = 18.8 km?/s?

Type |
Landing Lighting and Latitude for Direct Entry JSC Mars Sample Return Type |
(2007 Opportunity, Date/Time Septem%%r 23,2007 12:00:00.0, Trip Time 210 Days)
e nsat—— T8O
V-Infinity = 3.90 km/s —_————
Inertial Entry Velocity = 6.28 km/s| -0 0-0-0-0:0 ? O -R-0180.165" Direction of Planet bl
Min. Landing Latitude = -85.9 deg| . | \ it : Rotation |
Max. Landing Latitude = 42.7 de | ' [ Mo
% e 9 i A I S ﬁ‘:,‘g Day
‘;JJ ‘ ke “‘,' 9 |
f } i~ 7 717 71 Landing Access | T % |
T 1 |
: fes i
= | ! Sub-Solar
g | Point
x = | P LR A LEET
‘ g | Latitude (deg) 3 -l
i £
| 3 Sub-Earth
| Point
Vinfinity 1
| Vector
‘ 7| View [ 2
‘ ] ol i \ - : ; i
> By | PP 1 e ' | Unconstrained Earth Vlew & Daylight Earth Vlew & 4 Hours  Earth Vlew & 6 Hours Earth View & Night No Earth View &
b—djor <[-p=g-oqu-a1o e [ Dariohe Deyiht o S
WSS SRRIRLATESA e T W B, RO S AR TR Mol B L S | Landing Access
Posigrade Landing i~ st Retrograde Landing

Relative Right Ascension Measured from V-Infinity Vector (deg)

2007 Opportunity, Depart Earth 9/21/07, Trip Time = 365 days, C3 = 12.8 km?/s?
Type 11

Landing Lighting and Latitude for Direct Entry JSC Mars Sample Return

n
(2007 Oppo(tunity. Date/Time S_qp@ejvlbg 21 2907 »12:00:(‘)»07.0,7Trip Tlmf 365 Days) e

Veinfinily = 2.76 ks e o kg T ) [ = e
Inertial Entry Velocity = 5.65 km/s i * Landing Access - - | ‘ | Direction of Planet
Min. Landing Latitude = -43.2 deg| | ? ) ! I T Rotation |
Max. Landing Latitude = 74.8 deg ! : | a3 i
et T 604 $ . i g ,‘
o e 8 el o) B0 1
[ oay ey
. Sub-Solar | | Sunset 3 s ‘
Point | 30+ ‘ § |
- ey ) LR - 8 |
i Sub-Edth | i ‘
§_ ' Poin ! { L V-infinity (2] |
c v . |
- U ) N ol ' %
5 I |
8 el ek [
| ‘
g e !
| Earth |
| View | _ _ . Landing Access ‘ iy e bl
[ g | [ o] % : \
! Il A0 80 U . | p
; t =} —y e | Night i 60 1~ = = = - . p—
a o 'fﬂ s £ ety ght | ' J Unconstrained  Earth View & Daylight  Earth Vlew &4 Hours  Earth Vlew & 6 Hours  Earth View & Night No Earth View & ‘
; | ¢ 1 | Da Dayight Alowed Dayight
‘ 1 ‘ i l ‘ i ! ‘ ‘ ! ‘ . | [ light fight yight J
| ' | ' | [
I ) Ao T TR I e MR e N e W W e | e
Posigrade Landing —<alf————mmmemeemeeeifg  Retrograde Landing

Right i from V-Infinity Vector (deg)



2007 Opportunity, Depart Earth 1/13/07, Trip Time = 706 days, C3 = 9.0 km?/s2
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