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ABSTRACT

Accurate post-flight reconstruction of a vehicle’s trajectory during entry into a planetary atmosphere can
produce a wide array of valuable information. Data collected through the reconstruction of entry,
descent, and landing system performance enables the quantification of performance margins for future
systems. Beyond the engineering knowledge gained through trajectory reconstruction, the results may
also be used by planetary scientists to generate an accurate atmospheric profile. This paper provides a
reconstruction of the trajectory, vehicle orientation, and atmospheric density profile for the hypersonic
and supersonic phases of the Spirit Mars Exploration Rover spacecraft.

INTRODUCTION

Spirit

As part of the Mars Exploration Rover (MER) mission, the Spirit (MER A) spacecraft was launched on
10 June 2003. On 4 January 2004, Spirit landed in Gusev Crater (14.5°S, 175°E) on Mars.[1] Spirit's
entry, descent, and landing (EDL) sequence was similar to that used for the Mars Pathfinder mission.[2]
The spacecraft decelerated with its aeroshell and heatshield, then deployed a supersonic parachute,
jettisoned its heatshield, and used retrorockets to minimize its velocity above the surface of Mars. The

lander was then separated from the backshell and dropped to the surface protected by airbags. Once
the motion of the lander ceased, the Spirit rover was deployed to make in situ science measurements.

Accelerometer Data

The Spirit spacecraft was equipped with two Litton LN-200S inertial measurement units (IMUS). One
IMU was located in the backshell of the spacecraft's aeroshell, and the other IMU was located in the
rover.[3] Both IMUs include 3-axis accelerometers and gyroscopes. The data obtained by the IMUs has
been archived in the NASA Planetary Data System.[4] The IMUs have a dynamical range of 80 gn
(9n = 9.80665 m/s?) with a 2.4 mgs, resolution, and noise levels of 1.6 mgn. The MER IMUs obtained
measurements at a frequency of 400 Hz. This data rate produced more data than the spacecraft could
effectively use, so the IMU data was summed yielding measurements at an effective frequency of 8 Hz.
This change in the effective data rate reduced the effective noise to 300 ugn.[3] In comparison, the
effective noise for the Mars Pathfinder mission accelerometers was less than 5 mgn [5].

The Planetary Data System contains acceleration data for Spirit's backshell IMU and velocity change
data for Spirit’s rover IMU.[4] The backshell IMU accelerometer data was used in this investigation. The
Spirit IMU output was converted on-board the spacecraft into physical units. The accelerations were
transformed to the center of mass and into the spacecraft coordinate system based on the nominal (not
measured) properties of the spacecratt.[4]

IMU output processing was performed on the spacecraft for all of the 8 Hz measurements. Due to
memory limitations on-board the spacecraft, the frequency of the saved data varied depending on the
EDL phase. Some of the transformed data was transmitted to Mars Global Surveyor during the EDL
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sequence. The radio link between Spirit and Mars Global Surveyor was somewhat intermittent due to
the relative motion of the spacecraft and the real-time nature of the data transmission. The interrupted
communication caused some of this data to be lost. Fortunately, the data returned during entry,
descent, and landing and the stored data sent back after landing are complementary in many cases.
Specifically for Spirit, the two data streams were both at 4 Hz, but on alternating 8 Hz timesteps, which
resulted in an effective 8 Hz data set (minus the data lost over the radio link).[4]

Post-flight analysis demonstrated that the y-axis acceleration was rotated by 0.31528° and the x-axis
acceleration was rotated by 0.10886° relative to the principle body axes.[6] These values were
determined such that the attitude oscillation was centered on 0° (no bias in the mean normal
acceleration signals) for the oscillations near the parachute deployment condition. The total rotation of
the backshell IMU axes was 1/3°.[6]

METHODOLOGY & RESULTS
Entry Conditions and EDL Timeline

The entry conditions and the properties of the Spirit spacecraft were compiled from several sources and
are listed in Table 1. A timeline of EDL events is listed in Table 2.

Table 1: Best estimated entry conditions and properties of the Spirit spacecratft.

Parameter Value Source
Arrival Date 4 January 2004 8]
Arrival Season Winter 8]
Local Time of Day at Landing Site Approximately 2:00 p.m. [7]
Landing Site Radius 3392.330 km [7]
Landing Site Location 14.571892°S, 175.47848°E [7]
Entry Direction Posigrade 8]
Entry Radius 3522.2 km £ 0.2087 km* [7]
Inertial Entry Velocity 5.628 km/s £ 0.000046 km/s [6,7]
Relative Entry Velocity 5.399 km/s [6]
Inertial Entry Flight Path Angle -11.4949178° £ 0.01° [7]
Inertial Azimuth 79.0252068° + 0.003° (7
Areocentric Entry Latitude -17.7419926° £ 0.0032°* [7]
Areocentric Entry Longitude 161.776543° + 0.0172°* [7]
Entry Mass 827 kg [8]
Heatshield Mass 89.6 kg [9]
Aeroshell Diameter 2.65m [10]
Parachute Diameter 14.1m [12]

*Uncertainties are based on an entry time error of 0.186 s.[7]

Table 2: A timeline of EDL events for the Spirit spacecraft.[13]

Event Time after Entry (s)
Parachute Deployment 25]a
Heatshield Jettison 271a
Retrorocket Firing Initiated 339.42
Parachute Bridle Cut 348.2b
Landing 350.5p

aReconstructed.[13]
bMean value obtained from a simulation.[13]
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Angle of Attack History

As shown previously for reconstructing the trajectory of Mars Pathfinder [14, 15, 16], the total angle of
attack can be found using the accelerometer data, the following equations, and an aerodynamic
database for the entry vehicle [18]. The normal and axial accelerations can be computed as:

ay =+a, +a, (1)
a,=a, (2)

where a,, a,, a, (= a,) are the accelerations along the body axes of the spacecraft, a, is the axial

z
acceleration, and a,, is the normal acceleration. The ratio of the normal to the axial aerodynamic force
coefficient can be computed as:
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where C,, and C, are the normal and axial aerodynamic force coefficients, F, and F, are the normal
and axial forces, p is the atmospheric density, v is the spacecraft relative velocity, S is the
aerodynamic reference area, and m is the mass of the spacecraft.

Based on the accelerometer data, a time history of Spirit's total angle of attack can be estimated and is
shown in Figure 1 for the continuum hypersonic regime [1] up until the time of parachute deployment.
The Mach number profile is shown in Figure 1, for reference, based on the subsequent velocity
reconstruction. The pre-flight prediction of static instability at approximately Mach 16 is clearly shown in
this data as is the significant damping present in the region of peak dynamic pressure. Pre-entry
analysis of Spirit's angle of attack history predicted angle of attack discursions less than 3° over all
flight regimes.[1] Figure 1 shows angle of attack discursions as large as 8° at the time of parachute
deployment.

The larger angle of attack discursions are in agreement with a prior study of the Mars Exploration Rover
angle of attack histories that used quaternion information from the IMUs.[19] Post-flight reconstruction
revealed anomalistic disturbance torques during the entries of the Mars Exploration Rovers. Due to the
accessibility of the remains of Opportunity’s aeroshell, the Opportunity rover took pictures of its
aeroshell on the surface. These photographs showed that portions of the aeroshell thermal blanket
assembly still remained.[19] This blanket assembly was supposed to burn off very early in the entry.
However, the thermal blanket design was carried over from the Mars Pathfinder mission, which
experienced significantly more heating during entry due to Pathfinder’s higher entry velocity.[8] This
study estimated the aerodynamic torques that the thermal blanket remnants could have produced
during the entries of the Mars Exploration Rovers. A comparison of two estimates of the aerodynamic
torque perturbations (one extracted from telemetry data and the other from Mars surface photographs)
showed exceptional agreement.[19]
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Figure 1: A time history of Spirit’s total angle of attack and Mach number.

Atmospheric Density Profile

The angle of attack history and pre-flight aerodynamic database estimate was used to determine an
atmospheric density profile at the time of Spirit's EDL with the use of Equation 4. This method has a
long history in trajectory reconstruction but assumes perfect knowledge of C,.[20, 14, 15, 16] The
density profile is shown in Figure 2. There is good agreement between this estimate and a previous
study as shown in Figure 3.

ma
p=7-—>~ (4)
EWSCA
A quadratic curve fit for the reconstructed atmospheric density profile is shown in Equation 5..
p=exp(—7.00870x10"*h?
—3.69095x107*h 5)

—4.75556)

where the altitude (h) must be in kilometers, and the density is in kilograms per cubic meter.
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Figure 2: The reconstructed atmospheric density profile for Spirit’s entry.
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Figure 3: Comparison of the atmospheric density profile quadratic fit with Ref. [11].

The True, Nominal, & Best Estimate Trajectories

The true, nominal, and best estimate trajectories are related as shown in Figure 4. The true trajectory is
not knowable since all uncertainty in the motion of the spacecraft cannot be eliminated. The best
approximation of the true trajectory is the nominal trajectory. The nominal trajectory is created by
modeling the motion of the spacecraft, and the best estimate trajectory can be determined by applying
the extended Kalman filter to the nominal trajectory and the observations. As such, the best estimate
trajectory does not rely on pre-flight models of the atmosphere.

True
Initial State

Assumed @, True Trajectory

Initial State <7
~

Figure 4: The true, nominal, and best estimate trajectories.

In this investigation, the best estimate trajectory for Spirit was generated using an extended Kalman
filter and the backshell IMU accelerometer data. This extended Kalman filter has been used
successfully for the reconstruction of the Mars Pathfinder trajectory.[14, 16] The theory and
mathematics of the extended Kalman filter will not be discussed here. For details on extended Kalman
filtering as applied to EDL trajectory reconstruction, the reader is directed to References [16] and [21].

Reconstructed Trajectory

Plots showing Spirit's reconstructed entry trajectory are provided in the following figures.
Reconstruction is performed from the atmospheric interface (radius of 3522.2 km) to parachute bridle
cut using a spherical gravity model. This trajectory reconstruction does not rely on pre-flight modeling of
the atmosphere. Figure 5 shows the observed, nominal, and best estimate of the axial acceleration.
Figure 6 shows the best estimate of the altitude-velocity curve. Figure 7 shows the best estimate of the
velocity time history with 3-o uncertainty bounds. Velocity uncertainty is quite small, approximately
+0.03 m/s at the time of parachute bridle cut. Figure 8 shows the best estimate of the altitude time
history with 3-c uncertainty bounds. At the time of parachute bridle cut, this uncertainty is
approximately £1.0 m.
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Figure 5: The observed, nominal, and best estimate axial accelerations.

For comparison, the Ref. [7] reconstruction, which incorporates other EDL measurements (e.g. radar

altimeter data and the post-landed radiometric position estimate) is also shown in Figure 6, Figure 7,

and Figure 8.
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Figure 6: The best estimate altitude-velocity curve.
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Figure 7: The best estimate of the velocity time history.
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Figure 8: The best estimate altitude of the altitude time history.

Table 3 compares the pre-flight predictions of peak deceleration, velocity at parachute deployment,
dynamic pressure at parachute deployment, and landed position with the best estimates from this

investigation. Parachute deployment time was estimated based on locating the mortar deployment
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acceleration in the backshell IMU data set. Table 4 compares the pre-flight EDL timeline of events with
the reconstructed time of events from this investigation.

Table 3: A comparison of some pre-flight EDL parameters with best estimates.

Pre-Flight Pre-Flight
Parameter Prediction Range Best Estimate
Peak Deceleration (g) 5.92 55-6.3 6.3
Velocity at Parachute Deployment (m/s) 4072 377.5-436.52 399
Dynamic Pressure at Parachute Deployment (Pa) 725.62 654.8 — 796.32 7214
Landing Site Latitude 14.59°Sp 5°N - 15°S¢ 14.51°Sd
Landing Site Longitude 175.3°EP - 175.4°Ed

aFrom Ref. [13].
bFrom Ref. [22].
From Ref. [23].
dBest estimate values of latitude and longitude are given at bridle cut since no backshell IMU data was recorded after bridle cut.

Table 4. A comparison of the pre-flight and reconstructed EDL timelines.

Time after Entry (s)
Event Pre-Flight Meana Pre-Flight Rangea Reconstructed
Parachute Deployment 2455 237.9-253.1 251
Heatshield Jettison 265.5 257.9-273.1 271a
Retrorocket Firing Initiated 346.7 317.3-376.2 339.2
Parachute Bridle Cut 349.7 320.6 - 378.7 341.2
Landing 352.3 322.9-3815 -b

aFrom Ref. [13].
®No backshell IMU data was recorded after bridle cut.

CONCLUSIONS

A flexible trajectory reconstruction tool created for the reconstruction of the Mars Pathfinder mission
trajectory has been successfully extended to the Mars Exploration Rover mission, demonstrating the
tool's flexibility. The results of this reconstruction are consistent with those of other MER flight
reconstruction analyses and the predicted pre-flight design performance.
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