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The InSight mission landed on the surface of Mars on November 26th, 2018. The InSight
system performance met all design requirements, although several performance metrics fell
near the boundaries of the predictions. The peak deceleration was high, the overall timeline
was short, and the landing site was uprange and crossrange from the target. This paper
describes the reconstruction of the entry, descent, and landing trajectory and atmosphere. The
approach utilizes a Kalman filter to blend sensor data to obtain the vehicle trajectory. The
aerodynamic database is used in combination with the sensed accelerations to obtain estimates
of the atmosphere-relative state, which in turn is used to derive the free-stream atmospheric
conditions during entry, until the time of parachute deployment. The results indicate that the
reconstructed atmosphere was approximately 10 below the preflight atmosphere. Analysis
of the reconstructed vehicle attitude angles indicate that the aerodynamic lift was oriented
downward at entry. The vehicle developed a roll rate during entry, which directed a component
of the lift to the north. The low density and aerodynamic lift direction are determined to be the
primary causes of the high deceleration, short timeline, and location of the landing site relative

to the target.

Nomenclature
Ca, Cy,Cny = Axial, side, and normal aerodynamic force coefficients
Py = EMEJ2000 position and velocity covariance at #
R = Specific gas constant, J/kg-K
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Timu = Position of the IMU in the cruise frame, m

Terop = Cruise frame to body frame transformation matrix

Timu2er = IMU instrument frame to cruise frame transformation matrix
t = Time, s

to = Initial time, s

X, Y, Z = EMEJ2000 position components at #

X,Y,Z = EMEJ2000 velocity components at #o

@ = Angle of attack, rad

ar = Total angle of attack, rad

B = Angle of sideslip, rad

20, {15, &3 = Quaternion components of the EMEJ2000 to cruise frame attitude at ¢

V0, V1, V2, V3 Quaternion components of the EMEJ2000 to MCMF attitude at 7
I. Introduction

HE InSight mission landed on the surface of Mars on November 26th, 2018. The spacecraft is a stationary lander
Twith an suite of instruments designed to study the interior of Mars [1]]. The InSight mission made use of an
architecture similar to that of the Phoenix mission, which placed a stationary lander on the surface of Mars on May 28th,
2008 [2]. The Mars InSight entry vehicle is a 70 deg sphere-cone shape with a diameter of 2.65 m and mass at entry of
605.6 kg. The Entry, Descent, and Landing (EDL) concept of operations is shown in Figure[I] The nominal velocity and
flight path angle at entry are 5.5 km/s and -12.0 deg. During the hypersonic phase the ballistic entry vehicle is unguided
and is not spin stabilized. After passing peak heating and peak deceleration the vehicle slows to a Mach number of
approximately 1.56 where the supersonic disk-gap-band parachute is deployed. Shortly thereafter the heatshield is
jettisoned, lander legs are deployed, the radar altimeter is activated, and the lander separates from the backshell and
begins powered flight. During the terminal descent phase the lander flies on a gravity turn trajectory until reaching a
condition close to the landing site, where it descends at a constant velocity until touchdown after which the motor is
powered off.

The InSight EDL system performance met all design requirements although several performance metrics fell on
either the low or high end of the pre-flight predictions, based on 6-DOF flight mechanics simulations [3]]. In particular
the observed peak deceleration was 8.13 g’s whereas the 99% prediction was 8.1 g’s. The system requirement was to be
below 13 g’s. The overall duration of the EDL timeline was short at 349.0 s whereas the 1% prediction was 341.5 s.
The vehicle landed at a point 12.3 km uprange and 6.1 km crossrange of the target site, relative to a 77.4 km by 23.1 km

landing ellipse prediction based on the last orbit determination solution.
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Fig. 1 InSight Entry, Descent, and Landing Concept of Operations

This paper describes the reconstruction of the InSight EDL as-flown trajectory and atmosphere. The approach is
similar to that used for reconstructing the Phoenix EDL performance [4] in which a Kalman filter [5]] reconstruction
method is used to blend on-board sensor data sources to produce an estimate of the vehicle trajectory through inertial
space. These data sources include on-board accelerations and angular rates from the inertial measurement unit (IMU) at
arate of 200 Hz and radar altimeter measurements recorded after heatshield jettison from an altitude of approximately
2.4 km to the surface at a rate of 10 Hz. These measurements are combined with initial conditions based on orbit
determination solutions and the post-landing position fix to provide the initial and final positions of the trajectory. The
next step of the process makes use of the reconstructed trajectory, sensed acceleration measurements, and the nominal
aerodynamic database to reconstruct the atmospheric conditions.

The remainder of this paper is organized as follows. Section[[l|describes several coordinate frames that are used
for the reconstruction of the InSight EDL trajectory. Section [ITI] discusses the data sources that are used for the
reconstruction, and Section [[V] describes the methodology used to perform the reconstruction. The results of the

reconstruction are described in Section [V]



II. Coordinate Frames

The Earth Mean Equator and Equinox of Epoch January 2000 (EMEJ2000) [6] inertial reference system is defined
by the Z axis normal to the Earth mean equator at the epoch of J2000 (Julian date of 2451545.0) and the X axis parallel
to the vernal equinox of the Earth mean orbit at J2000. The Mars-Centered Mars-Fixed (MCMF) frame is defined by
the Z axis normal to the equator of Mars and the X axis aligned through the prime meridian. In each frame, the Y axis is
chosen to complete the right-handed system.

The Areocentric (AC) frame has its origin at the vehicle center of mass, with the Z axis oriented toward the center of
the planet, the X axis normal to the radius vector in the northerly direction, and Y axis is to the East. The Areodetic
(AD) frame is defined similarly to the AC frame but has its Z axis perpendicular to the reference ellipse and X axis
tangent to the reference ellipse in the north direction. The Y axis of the AD frame is the same as that of the AC frame.

The Areodetic frame is also commonly referred to as the North-East-Down (NED) frame.

Fig. 2 InSight Vehicle Coordinate Frames

Vehicle coordinate frames relevant to the aerodynamics and flight mechanics are shown in Figure[2] The axes labeled
Xc, Yc, and Z¢ are the axes of the cruise frame and the axes labeled Xpg, Y g, and Zp define the flight mechanics body
frame. Directions of the aerodynamic force coefficients C4, Cy, and Cy are shown relative to the flight mechanics

body frame as are the definitions of the aerodynamic flow angles. The transformation from cruise frame to the flight



mechanics body frame is given by

1 0 0
Torob=10 0 -1 (D
01 0

The IMU instrument frame is defined by the axes internal to the IMU in which the three-axis accelerations
and angular rates are measured. The location of the IMU in the cruise reference frame is given by the vector
]T

Fimu =[ 09952 0.6470 -0.3955 ]' m. The transformation from the IMU instrument frame to the cruise reference

frame is given by the matrix

—0.999998485671136  0.0001357467181835186 0.001735000918828398
Timuzer = | 0.0007450526093386297  0.9343638812743024 0.3563194946485962 2)

—-0.001572752990507626  0.3563202477306758 —0.934362567478589

II1. Data Sources

A. Inertial Measurement Unit

The primary measurement source for performing the trajectory and atmosphere reconstruction is the on-board
IMU, a Honeywell Miniature Inertial Measurement Unit (MIMU), consisting of QA3000 accelerometers and GG1320
ring laser gyroscopes. The MIMU provides three-axis linear acceleration and angular rate measurements in the IMU
instrument frame at a sample rate of 200 Hz. The measured accelerations were transformed from the IMU frame into
the vehicle body frame using the transformation matrices given in[I|and 2] for integration in order to propagate the states
from the initial condition. The integration scheme accounts for the IMU position offset and transforms the accelerations
to the vehicle center of mass.

Note that the numerical integration of these data for propagating the vehicle state makes use of the raw accelerations
with no filtering. A second-order Butterworth filter [7] with a 5 Hz cutoff frequency is also applied to smooth the data
for use in the atmospheric reconstruction. The filter is applied in forward/backward mode to eliminate phase loss. The
raw and filtered accelerations and angular rates are shown in Figure[3]

The MIMU was modeled using the error parameters specified in Table [T] provided in [8] and the quantization
specifications in [9]. These uncertainties were modeled as consider parameters in the Kalman filter so that the

reconstructed state uncertainties are more realistic based on the accelerometer and gyroscope measurement uncertainties.
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Fig. 3 Accelerations and Angular Rates in Flight Mechanics Body Frame

B. Radar Altimeter

After heatshield separation, the on-board radar altimeter (a modified Honeywell HG9580 [10]) was activated to

measure the above ground level altitude of the vehicle during the terminal descent phase. These measurements were



Table 1 IMU Error Parameters

Error Parameter Accelerometer Gyroscope
Misalignment (30) 0.05 deg 0.05 deg
Noise (30) 150 pg 0.0042 deg/s
Scale Factor (30) 525 ppm 15 ppm
Bias (30) 300 ug 0.15 deg/hour
Quantization 0.54 m/s? 0.0115 deg/s
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Fig. 4 Acceleration and Angular Rate Uncertainties

used in the trajectory reconstruction process to provide position data that can be processed by the Kalman filter to
improve the trajectory estimate. The radar altimeter measurements are shown in Figure[5] The measurements are

assumed to be accurate to within 5% (30) with a resolution of 0.31 m [10].
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Fig. 5 Radar Altimeter Data

C. Initial Conditions

The initial conditions used for the reconstruction are based on the orbit determination (OD) solution OD133
[lL1L 12]], which were adjusted to compensate for the small impulse imparted to the entry vehicle at cruise stage
separation prior to entry. The states are provided in the EMEJ2000 inertial frame at a spacecraft clock time (SCLK)
of tp = 596533118.7115 s. These coordinates correspond to a radius from the center of the planet of 3522.14 km.
The position and velocity components are listed in Table[2] The covariance of the EMEJ2000 initial states is given in
Equation 3]

Table 2 EMEJ2000 Orbit Determination 133 Initial Conditions

Coordinate Initial Condition

X, m -3482035.47264304
Y, m 520044.864332262
Z,m 102229.701715811
X, m/s 416.584594960206
Y, m/s -5603.34249567148
Z, m/s 1270.31257657616




6.7958 —1.1424e—-1  -3.6705e1 -2.9613e-3  4.2592e-3  1.4140e-2
—1.1424e-1 7.5547 1.1729¢2  1.4171e-3 -9.1147e-3 -2.2991e-2
—3.6705el 1.1729¢2 2.5588e3  7.6232e-2 -2.4089%e-1 —6.2291e-1
Py = 3)
-2.9613e-3  1.4171e-3  7.6232e-2  4.4306e—-6 —-9.0562e—6 —2.4297e-5

4.2592e-3 -9.1147e-3 —-2.408%9e—1 —-9.0562e—6  2.4504e-5  6.3641e-5

1.4140e-2 -2.2991e-2 —-6.2291e—1 -2.4297e-5  6.3641e-5 1.6698e—4

The attitude initial conditions were extracted from the onboard navigation state contained within the InSight
telemetry data. The attitude is based on a star tracker initialization prior to cruise stage separation that is then propagated
forward in time based on the IMU gyroscope measurements. The attitude conditions at 1o are listed in Table[3] The 3o

uncertainties are assumed to be 0.25 deg in each axis, uncorrelated.

Table 3 EMEJ2000 Cruise Frame Attitude Initial Conditions

Quaternion Initial Condition

0 0.103127965380345
4 0.721053695075494
O -0.683489133451464
e 0.0478413631521303

The orientation of Mars with respect to the EMEJ2000 frame is also required in order to compute the planet-relative

trajectory. The MCMF frame is defined relative to the EMEJ2000 frame at ¢y by the quaternion listed in Table

Table 4 EMEJ2000 MCMF Frame Initial Conditions

Quaternion Initial Condition

Vo 0.917055674387943

Vi —4.689339376369 31e—5
V) 0.000133110931331978
V3 -0.398759163098936

D. Landing Site Location
The InSight landing site location is shown in Table [5] This landing site corresponds to a Mars Orbiter Laser
Altimeter (MOLA) [13] elevation of -2613.43 m. This location is used for trajectory reconstruction purposes to provide

an end point to the trajectory as another form of a position fix. The landing site was determined by matching features



from lander images with those captured from High Resolution Imaging Science Experiment (HiRISE) [14] onboard the
Mars Reconnaissance Orbiter (MRO).

Table 5 InSight Landing Site Coordinates

Coordinate Value 30
Radius 3393079.5 m 5m
Longitude 135.62343 deg  0.000337 deg
Declination  4.50238 deg  0.000471 deg

E. Mass Properties Model
The vehicle mass properties were reconstructed based on the as-flown timeline and commanded thruster firing
history. The vehicle mass, inertia, fuel mass for each tank, and vehicle center of mass location were constructed as a

function of the vehicle timeline at a sample rate of 10 Hz. The reconstructed total vehicle mass is shown in Figure [6]
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Fig. 6 Vehicle Mass

F. Atmosphere Model

An atmospheric model is available based on data taken from the Mars Climate Sounder (MCS) instrument [[15]
onboard the MRO. The profile, labeled MCS 4.24, was obtained two days prior to landing at a spatial location above the
landing site. The profile provides density, pressure, and temperature as a function of MOLA altitude. An atmosphere
model [[16] was used to generate dispersed profiles centered around the nominal MCS 4.24 profile. An ensemble of
100,000 dispersed cases were generated about the nominal MCS 4.24 profile. The mean profile and the 30~ bounds of
the ensemble distributions are shown in Figure

The atmospheric winds assumed for the trajectory reconstruction are based on a preflight wind model. The wind

model included 8000 dispersed profiles that were used for preflight trajectory Monte Carlo analysis. The mean wind

10



profile and the 30~ bounds of the distributions are shown in Figure[7] Note that the wind dispersions are uncorrelated to
the atmospheric dispersions in the model.

Instrumentation in the InSight Auxiliary Payload Sensor Suite (APSS) [17] include atmospheric pressure sensors to
be used for atmospheric science [18]. Surface pressure data at the landing local mean solar time were gathered for Sols
14 through 40 after landing. A linear fit was performed on this data, which was then extrapolated back to the landing
time on Sol 0. The result is a surface pressure of 733.724 Pa with a 30 uncertainty of 6.865 Pa. The extrapolation is in
agreement with measurements from the Mars Science Laboratory (MSL) Rover Environmental Monitoring Station
(REMS) [19] that were scaled for the altitude difference, resulting in a pressure of 733.131 Pa. The surface pressure

measurement data are shown in Figure [§]

11
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G. Aerodynamics Model

The aerodynamics database for InSight is identical to that developed for Phoenix. The aerodynamics database
was built using computational methods and best practices originally established for Mars Pathfinder and data from the
Mars Exploration Rover (MER) and Viking programs. Aerodynamics coefficients were provided as functions of total
angle of attack and Knudsen number, velocity, or Mach number, depending on the flight regime [20]. High-altitude
(non-continuum) coefficients, as well as dynamic damping characteristics, were taken from MER testing and analysis.
Hypersonic static coefficients were generated with non-equilibrium Navier-Stokes computational fluid dynamics (CFD).
Supersonic static coefficients were developed using CFD on the forebody and a Viking-derived pressure correction for
aftbody contributions [20]. Uncertainties were unchanged from Phoenix, deriving heritage from Mars Pathfinder and

MER (21} 22].

H. Gravity Model
The Mars gravitational acceleration is modeled using the MRO110C model [23]]. This model is based on tracking
data of Mars Global Surveyor (MGS), Mars Odyssey, MRO, and MOLA-derived topography data. The model contains

spherical harmonics up to degree and order 110.

IV. Reconstruction Methods

A. Trajectory Reconstruction

The InSight EDL trajectory was reconstructed using an Iterative Extended Kalman Filter (IEKF) code that computes
six degree of freedom trajectory estimates based on the available measurement data and associated uncertainties.
The filter is formulated as a fixed-interval smoother that merges a forward and backward pass through the data
so that each data point in the trajectory is estimated from the entire set of available data. The approach uses a

modernized implementation of the Statistical Trajectory Estimation Program (STEP) [24} [25] known as NewSTEP

13



[26H30]]. NewSTEP is a MATLAB implementation of an IEKF for solving trajectory reconstruction problems, with
modernization and algorithmic improvements over the original STEP code. Mathematical details of the filter formulation

including process and measurement models can be found in [28]].

B. Atmosphere Reconstruction

The InSight entry vehicle did not have the benefit of a heatshield instrumentation system to make direct measurements
of the atmospheric environments during entry such as that used for MSL [29,[31]. Thus, the as-flown EDL atmosphere
profile was reconstructed using the classical approach [32} 133]] in which the nominal aerodynamic database [20] is
used in conjunction with the measured accelerations and reconstructed wind-relative velocity (assuming the mean
atmospheric winds) to compute an estimate of the freestream density simultaneously with the angles of attack and
sideslip. Density is used with the reconstructed altitude and the gravity model to integrate the hydrostatic equation in
order to produce an estimate of the atmospheric pressure. Temperature is computed from the ideal gas law using a
specific gas constant of R = 190.7817 J/kg-K corresponding to an atmospheric composition of 96% CO2, 1.93% Ar
and 1.89% N2 [34]. Uncertainties of the reconstruction are computed by means of linear covariance analysis [32,[33]].
The reconstruction can be performed from the upper altitudes where there is sufficient signal in the axial acceleration up
until just prior to parachute deployment. In theory the method can be used to reconstruct atmosphere while under the
parachute, but the parachute drag coefficient is not well known and so the reconstruction is ceased prior to parachute
deployment.

Since the atmosphere reconstruction does not cover the full altitude range from entry interface to the surface, other
data must be utilized to estimate the full range of the as-flown atmosphere profile. For this work, a single case from
the 100,000 dispersed 4.24 MCS ensemble was extracted that was a best fit to the reconstructed density. This profile
provides a self-consistent atmosphere model from entry interface to the surface that represents the as-flown atmosphere
profile. The match was determined from a weighted least-squares fit to the reconstructed density. The weighting was
determined by the ratio of acceleration to the peak acceleration, so that the reconstructed density at the maximum

deceleration where there is the best signal-to-noise ratio received the highest weight.

V. Reconstruction Results

A. Inertial Trajectory

Components of the vehicle trajectory relative to the Mars surface are shown in Figure 0] along with the OD133
initial conditions and the landing site location. Events along the trajectory are also indicated. Position and velocity
uncertainties are shown in Figure[T0] The planet-relative velocity magnitude and flight path angle are shown in Figure [T}
The velocity magnitude at ¢y is 5542.2 m/s. The reconstructed initial relative flight path angle at #( is -12.57 deg. The

peak deceleration during entry is 8.13 g. The reconstructed velocity magnitude at touchdown is 2.7 m/s. The vehicle

14
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Fig. 9 Reconstructed Position and Velocity

East-Down frame along with the total attitude uncertainty are shown in Figure[T2]

body Euler angles relative to the North

The total attitude uncertainty is shown in[I2[d). The entry capsule developed a roll rate during the dynamic pressure

pulse that caused the vehicle to roll from its entry attitude of 180 deg to approximately 30 deg at the time of parachute

15
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Fig. 10 Reconstructed Position and Velocity Uncertainties

deployment. The Mars Phoenix entry capsule exhibited similar behavior although of a lesser magnitude [35]]. This roll

behavior was not observed in pre-flight trajectory simulations and the root cause remains unknown [3|.
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Fig. 12 Reconstructed Attitude

B. Atmospheric-Relative Trajectory

This section describes the atmospheric-relative trajectory that was reconstructed from the inertial trajectory,
accelerations, and the nominal aerodynamic database. Figure[I3|shows the aerodynamic flow angles. Two sets of angles
are shown. The first set is based on the inertial reconstructed trajectory with the nominal wind profile superimposed,
labeled as IMU. The second set, labeled ADB, is based on the ratios of normal and side accelerations to the axial
acceleration for determination of angle of attack and sideslip, respectively. In both cases there is clear signal that shows
the hypersonic bounded instability. The ADB reconstructed angles are fairly noisy initially due to poor signal to noise
ratio early in the trajectory where the dynamic pressure is low. The impact of the low signal to noise ratio is also evident
in the ADB total angle of attack uncertainty shown in Figure [I3(d).

The reconstructed vehicle attitude and aerodynamic flow angles can be used to determine the direction of the
aerodynamic accelerations relative to the planet. The flow angles provide the direction of the aerodynamic acceleration

in body axes, based on the measured accelerations from the IMU. The body axis accelerations can then be transformed
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Fig. 13 Reconstructed Aerodynamic Angles

into a planet-relative frame using the reconstructed attitude angles. The results are shown in Figure [[4]in which the
direction of the lift and drag accelerations are shown as components in the NED frame. The reconstruction indicates that
the lift direction was oriented downward toward the planet surface at entry. As the vehicle rolled during the dynamic
pressure pulse, a component of the lift became directed toward the north. The orientation of the aerodynamic lift is
considered to be one factor that explains the shortened EDL timeline and the uprange/crossrange location of the landing
site relative to the target coordinates. Additional details of the entry capsule aerodynamic performance can be found in
136].

The reconstructed dynamic pressure and Mach number are shown in Figure[I5] The vehicle reached a peak dynamic
pressure during entry of 5174 Pa at a Mach number of 15.87 and altitude of 30.33 km. The reconstructed conditions at
parachute deployment indicate a dynamic pressure of 511.3 Pa and a Mach number of 1.522, occuring at an areodetic
altitude of 5.523 km. The 30 uncertainties of these reconstructed quantities are 128.1 Pa in dynamic pressure and 0.212

in Mach number, respectively.
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C. Atmosphere

The reconstructed atmosphere is shown in Figure[T6] This figure shows the reconstructed atmosphere and the 30
uncertainties based on the nominal aerodynamics and measured acceleration, compared to the mean 4.24 MCS profile
and its 30~ uncertainty bounds and the best fit atmosphere profile case from the 100,000 case ensemble. The atmosphere
was reconstructed over the areodetic altitude range from 77.62 km to 5.64 km. The reconstructed density is roughly 1o
below the mean 4.24 MCS profile over the altitude range in which the reconstruction was performed. The reconstructed
pressure is correspondingly below the 4.24 MCS mean profile. The consistent low density in the upper altitude regime
is considered to be an important factor in the high deceleration and shortened timeline of the EDL operations. Due to
the low density, the vehicle went deeper into the atmosphere before beginning to decelerate, thus encountering a higher

density for any given velocity.
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Fig. 16 Reconstructed Atmosphere

The best-fit model case matches the reconstructed density to roughly within 5% over the altitude range. The
reconstructed density shows a low altitude feature in which the gradient reverses just prior to parachute deployment,
which also appears in the reconstructed temperature. This feature could either be caused by a wind shear (recall that the
mean winds were assumed in the reconstruction) or the near surface boundary layer. Similar inversions were noted in the
Mars Pathfinder and Mars Opportunity reconstructed atmospheres [37, 38|, as well as the recent ExoMars Schiaparelli
mission [39]. Interestingly the best-fit model case displays a similar feature due to the boundary layer, although it occurs
at a lower altitude.

The best-fit model case is shown again in Figure|l/|over the entire altitude range from entry interface to the surface.
Since this profile is just one case from a Monte Carlo ensemble there is no associated uncertainty model. To be
conservative, the 30~ bounds of the entire 100,000 case ensemble were applied to this profile. This profile matches
the reconstructed density to within roughly 5% between 77 km to 10 km, over which the matching was performed.

The surface pressure from this profile is 729.352 Pa which is also in agreement with the surface pressure at landing
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Fig. 17 Best-Fit Atmosphere

extrapolated from the pressure measurements made by the lander at the appropriate local mean solar time, which

indicated a pressure of 733.724 Pa (6.865 Pa 30).

VI. Conclusions

The Mars InSight entry, descent, and landing trajectory was reconstructed using a Kalman filter to process inertial
measurement unit data, radar altimeter data, orbit determination initial conditions, and landing site location. The
atmosphere was then reconstructed using the on-board measured accelerations and the nominal aerodynamic database.
The reconstructed atmosphere was roughly 1o below the mean profile determined from Mars Climate Sounder
measurements. The reconstructed vehicle attitude indicated that the aerodynamic lift vector was oriented downward
toward the planet at entry and as the vehicle developed a roll rate, similar to Mars Phoenix, a component of the lift
became directed toward the north. The combination of low density and the direction of the aerodynamic lift are deemed

to be the factors that most likely causes the high deceleration, compressed EDL timeline, and the uptrack/crosstrack
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landing site location relative to the target coordinates. The reconstructed density was then matched to a case from an
ensemble of 100,000 dispersed cases around the mean Mars Climate Sounder profile. The matched case agreed with
the reconstruction to within 5% over the altitude range of the reconstruction. This profile provides a self-consistent
atmosphere model from entry interface to the surface that represents the as-flown atmosphere profile during the Mars

InSight entry, descent, and landing.
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