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Part 1: Problem Definition

The problem of navigating to Mars



@

» Interplanetary Transfer — patched conic OK for est but not nav
»  Non-spherical gravitational (NSG) profile
»  Solar wind may be an issue (solar radiation pressure)

Typical Mission to Mars Profile

»  Staging (Conjunction Class) Trajectories

»  Minimum energy for unmanned prestaging of equipment
»  Staffing (Fast Transit) Trajectories

»  Minimum transit time to minimize exposure to radiation

»  Mission sequencing — one option:
>  #1. Staging to surface (surface hab, fuel gen, spare rtn vehicle)
»  #2. Staging to Deimos/Phobos (orbital hab, com relay & remote
sensors, landing & return “D/A” vehicle, spare provisions)
»  #3. Staffing to Deimos/Phobos (CEV, transit hab, staff, spare
Descent/Ascent “D/A” vehicle)
>  #4. De-staff Martian surface and return to Earth.



Mission Profile: Segment Timeline
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Non-SphericaI Gravitational (NSG) Profile
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» Interplanetary Transfer occurs in NSG environment:
»  Two body and Restricted 3 body problem (RTBP)
simplifications insufficient (need gravity gradient description)
» May also need drag term, for Solar Radiation Pressure (SRP)
» Question: how do we navigate arbitrary NSG fields?




Navigation: So easy a caveman can do it

» Charles Stark Draper’ s 1981 example of caveman navigation:

(From Ref [4])
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avigation: So easy a spacecraft can do it

» Charles Stark Draper’ s example applied to spacecraft navigation:

Gravitational Propulsion, Guidance, and Navigation Control
__imteractions | T L L LTI
|
Power R :
i’ - - Actual
Propulsion, Actuation Support, and Spacecraft Structures Trajectory

1 Correction Forces

Attitude Control Actuators

Mechanical Effectors

I
1
|
1
I
1
|
1
I
1
|
1
I
1
|
1
I
1
|
1
I
1
|
1
I
1
|
1
I
1
|
1
I
1
|
1
|
1
]
1
I
1
|
1
v

y N
-7 77 777" " I'correction T T T T T T T T T T TTTTOrIU Actual
Commands ¢ States

o ! Correction I
Desired | : Estimate I
Destinatiop | - Situation Sensed Sensed |
— === Attitude  LEstimate|  Attitude State g States |

| Desired 1 . Det inationle_Info

_ i etermination|« .
I TrajectoryI P! Correction Attitude :
— T e .| Sensing |
Geometrical | | |
And Temporall 1
References | | 1
B |
I

1 I
1 , (Adapted From Ref [4]) Information Handling l



Part 2: One Approach to a Solution

Navigation to Mars with the aid of X-ray Pulsars



Pulsar Theory and Background

> Neutron Stars — pulsars are rotating neutron stars ( Refs [1], [2], [3],
(collapsed supernova remnants with residual angular art from Wikipedia )
momentum)

> “Lighthouse Effect” - A beam of radiation is emitted
along the magnetic axis, which is not in general aligned
with the spin axis
- can emit in a range of wavelengths (RF, IR, visible,
UV, and Xray)

> Can suffer from “glitches” in period

> Types of Pulsars:
» Rotation Powered (spin down in 10-100M years)
» Accretion Powered (binary, with one accreting matter
into the other)
» Magnetars (magnetic field powered, ~10 GT field
strength, live only ~10,000 years)

> X-ray Pulsar Sources, a.k.a. MSPs, or millisec pulsars:
» Rival Atomic Clocks for accuracy
» Unaffected by Interstellar medium (ISM)
» Easier to detect with smaller antennas than RF
» Xray only pulsars with buried magnetic fields can live
billions of years




Important Pulsar Parameters

v

Spatial position of Pulsar (cataloged by Pulsar name)
= Ecliptic lat/long, Galactic lat/long, right ascension/declination (J2000)

Pulsar Frequency of emission and spin down derivatives

= Rotational frequency and derivations f [t], df /dt [t], df /dt? [t], epoch of pulse
ephemeris (Modified Julian Date), spin down power (for rotation powered)

» Pulse emission spectrum characteristics

= Spectral index, spectral content per energy band, pulsed luminosity, pulse width at
50%, 10% of peak

» Pulse strength: amplitude, form, and quality
= Noise temperature, SNR (assuming a collecting area), quality factor per 10° samples

» Pulsar Catalog Content Example:

v

Table 2.1: 50 best () pulsars: coordinates, flux density, SNR. ()

Name o P ! h' rx A DA Spectral’ S..1’ Tea” 1" SN )’
(deg ) dey) (deg) dey) ) (deg) (e # p Index () K (K dB ) CdB
U D) DEET - [ ( ) - o 0 22 r 3 9

( Extracted from Ref [2] )



Maps of Useful X-ray Pulsars

» Best 15 pulsars
in Galactic Plane: & in Ecliptic Plane:
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Figure 2.1: Position of the 15 best () pulsars, in galactic coordinates, The sizes of the cireles indicate the

pulsar quality factor ). Dark color circles indicate pulsars with periods under 100 ms, and light color Fi 94 Fie 2.1 1 inti .
. . . S . - - gure 2.3 Same g 2.1, i ec - coordinates,
circles correspond 1o pulsars with periods longer than 100 ms. The dashed line shows the ediptic planc, 15Ul ame as tig i ecliptic coordinates

( Extracted from Ref [2] )



X-ray Receivers for Spacecraft

Design considerations: § [ o
>  Operation (pulse integration, etc) ., Hm:i.’i:"’.”.".”.”.”.”.".”.”.”.”.”.”.iiéf.”.”.”.’ﬁi e
. Integrate N pulses for higher Q R
»  Design of detectors:
° Use MicroChanneI Plate (MCP) (MCP flown on CHANDRA, coded mask

. . A flown on Integral Sat, Ref [10])
for superior time resolution (50 pS)

. Can operate with a coded mask for § Az
wider Field of View (FOV) —

»  Orientation on Spacecraft: :
4 receivers for »  Gimbal each receiver for W|der FOV coverage
2peisradcoverage 5. Qverlap coverages to allow for fault tolerance

of at least one X-ray receiver

S/C

( Refs [9] - [14] )
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Useful Coordinate and Time Systems

» ECI = Earth Centered
Inertial Coordinates
» (UTC time)
» SSB = Solar System
Barycenter Coordinates
» (TCB time)
» LC = Local Coordinates
» (Local Time)

» MCI = Mars Centered
Inertial Coordinates, i.e.
» Mars-centered Mars
Mean Equator and Equinox
of Epoch

» (MTC time)

> Strategy: translate
everything to SSB/TCB for
Interplanetary Navigation
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(See Refs [1], [6] for more details)




Pulse Processing and Timing Estimation

Pulse Timing Model, aka “Spin down eqn” — unique for each Pulsar (Ref[1])

> “Pulsar Centric”- it describes pulse train timing (phase evolution) at the Pulsar
> Expressed in terms of total phase: F(t) = F(to) + f[t-to] + (1/2)df /dt [t-to]? + (1/6)d2f /dt? [t-to]3
» Frequency f and spin down derivatives are unique to each pulsar and are catalog lookups

TOA, Time of Arrival estimate of pulse at Spacecraft (S/C)

> Includes time of flight along null geodesic from the Pulsar center to S/C, as well as Doppler
delay, annual parallax, pulsar proper motion & transverse motion, and Shapiro delay (i.e.
gravitational time dilation).

> Covert from Pulsar centric Coordinates — need to apply barycentric time transfer to correct
to SSB coordinates: (tssBn — tTn) — ( tscn- tTn) = tssBn — tscn, and this latter term must be
applied to S/C measured pulse times to get them to SSB coordinates and TCB time.

Timing Residuals:
> The difference between the total TOA and the integer value of TOA is the timing residual

» dTOA ={ F(t,.,) — nint [ F(t,,.) 1 * [ Pulse period ] }

> Measured versus corrected timing residuals can be compared to compute time corrections:
Measure L Convert to
actual tscw | Measured tssBn _ Calculate Compute
predicted dTOA,, | External Time
»| measured dTOA Correction DTDOA
Compute _ Convert to o Convert to
- "| Predicted tscw | Predicted tssBn —

predicted tTn DTOA =dTOA, - dTOA,




Attitude Determination and Kalman Filtering

»  Kalman Filters oredict (}c i
> Theory of operation: rediction orrection
. . Time Update Measurement
» A recursive, weighted -ime Tpeale Update "

- - - t meas
algor ithm for eSt'mat'ng 1) Project states 3) Compute State
the states (physical ahead " ﬁalémtm gtaitns Estimates

pdate state >
parameters) of a Sy stem 2) Project estimates with Error
. icti covariance measurements Hstimates
> 5 eqns: 2 for predictions,
. ahead 5) Update error
and 3 for corrections covariance
>  Typical Nav Inputs: angular |Kalman FilterU

position est, velocity,
acceleration, & time |

corrections '
> Sources of errors & handling C:i?ft%:s 5553‘2%%‘ MealsrLtfc:.rr:laelg'\tl?‘\ISead
of residuals: (DTOA) Inputs Reckoning” Inputs
> Time series of nav \__ —
measurement inputs S
allows KF to estimate Navigation Inputs ( Refs [7], [8] )



Motion Control in Arbitrary Gravitational Fields

» Motion Control: (See Ref [5] for more details)
= Picking a desired trajectory (plan the work)
= Following the trajectory you’ve picked (work the plan)

» Russell-Lantoine Optimal Control of Relative Motion in e

= = = = = . F'It
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» R-L calcs trajectories and corrects to them, but...
= Need to accurately know relative inertial orientation of S/C (from Inertial Sensors)
= Need to accurately know absolute location of S/C in space (from Star trackers)
= Need to accurately know absolute time (from Atomic Clocks &/or X-ray Pulsars)



Suggested GNC Block Diagram

> Inertial References: Accelerometers, rate gyros (fiber-optic or ring laser gyros)
> Position: “M” Star Trackers, possibly supplemented with sun sensor
> Time: “N” X-ray Telescopes (Receivers) with pulse processing / disambiguation,

possibly supplemented with on-board atomic clocks for free-running backup

> Attitude Determination Processor: Kalman Filtering

> Attitude Correction Processor: “CURVE” Optimized Motion Control (Ref [5] )

Correction commands for Time fr_om
trajectory correction atomic Platform
clocks Motion
__________________________________________ |
: Correction I
: Estimate I
I
[
—_—— = : “CURVE” State Kalman Inertial Inertial |
| Initial Ref | L__,| Motion Control Estimates  Filter Meas Attitude :
| Trajectory SR & Attitude Attitude [T |  Sensing i
: Correction Determination (rate gyros, |
Geometrical 1 heas(ti?r:gs y y FOGs, :
References T Star RLGs...) |
(stars) : - Trackers time I
-ray Pulse i I
Temporal ———| Receivers » brocessor corrections ;
References l_ ___________________________________________ i
(pulsars)

Guidance, and Navigation Control Information Handling, (Ref [4] )



Benefit Summary & Conclusions

> Beneficial improvements in navigation performance
> Lower absolute time errors should improve Kalman Filter Attitude
Determination & Russell-Lantoine Trajectory Correction

> Lower risk / higher redundancy
» The addition of X-ray pulsar receivers and pulse processing backs up
and improves the time keeping of on-board atomic clocks, as well as
the position estimates derived from star trackers

> Less Infrastructure / higher autonomy
» Enables fully autonomous absolute correction of on-board time and
position without any data relay or communication from Earth or other
control stations

> Possible Side benefit: Could act as a com relay sync source
» If communication with Earth is required for mission data relay both the
spacecraft and Earth orbit communication relays could synchronize
with the same designated pulsar, thus providing a snyc source




Suggestions for Future Work

»  XNAV configuration dependent Kalman Filtering simulations

»  Optimal trajectory control for various missions to Mars with
XNAV inputs

»  X-ray sensor simulation, and spaceborne X-ray sensor
specification development, design development, prototyping,

and demonstration

> Let’ s shake out the system by practicing with Lunar missions



Any Questions?

» You are here
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( Pulsar map of Earth on Pioneer 10 plaque)
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