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Post-Flight Reconstruction Approach for Space Launch System Artemis I Mission
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Upon completion of the first Space Launch System (SLS) flight, NASA personnel will begin post-flight analyses. Telemetry from across the vehicle will be combined with external radar tracking and environmental observation data in order to close validation criteria. This paper will describe the approach taken by the SLS team to integrate flight data from multiple flights sources into Best Estimated Trajectory (BET), pre-flight simulation and testing results, primary sources of uncertainty, and path towards processing flight results. This paper also includes a brief description of algorithms and approaches to estimate as-flown vehicle parameters such as booster specific impulse, booster (and core) thrust multipliers and dry mass.
Introduction

After the Artemis-1 mission, NASA will use trajectory reconstruction and Best Estimated Trajectory generation to validate the operational performance of the integrated ascent vehicle. Data from across the vehicle will be integrated with external ground radar measurements to determine the as-flown trajectory. The data ‘across the vehicle’ primarily consist of inertial measurement data on the Core Stage, Interim Cryogenic Propulsion Stage (ICPS), and the Orion vehicle. An important measurement supporting trajectory reconstruction will be Global Positioning System (GPS) observations on the upper stages of this vehicle. External measurements from range assets, such as ground radars will augment these states. This data will be blended together using an Extended Kalman Filter with forwards/backwards smoothing to estimate the exact location of the inertial sensors over the flight. Using additional data from vehicle sensors and thrust levels, it will be possible to translate the measurements back to a Center of Gravity (cg)-relative reference. One of the key uncertainties in this integration will be sensor uncertainty in terms of angular mounting errors and flexible body dynamics across the vehicle. The analyses included will present an overview of the various data sources, primary uncertainties, and algorithmic approaches. Nominal results are being generated prior to the flight using high fidelity software simulation outputs for both local sensor outputs and truth dynamics for comparison. 

In addition to working with Guidance, Navigation, and Control (GN&C) performance simulations, the team is also working with the hardware-in-the-loop laboratory to establish data processing requirements for flight-day data. This provides an alternate source of vehicle simulation (via independent plant models) and allows for generation of flight-like telemetry streams (intended to be a match to flight day telemetry). Using this data, processing requirements are being developed to support early testing. This will provide the capability to run reconstruction tests on additional simulation inputs, and the ability to support data processing as part of launch operations simulations prior to SLS launch. In addition, comparisons with other heritage tools are being pursued to provide a high level of confidence in our tools prior to flight. This is important due to the quick turn-around analyses required between the end of ‘ascent flight phase’ and report generations to close out validation criteria.

In addition to the reconstruction of the as-flown vehicle states, work is underway to develop and characterize the vehicle’s flight characteristics to obtain ‘day of launch’ performance insight. This includes aspects such as vehicle aerodynamic coefficients, tank and engine parameters, and specific engine reconstruction. Approaches under consideration for performance reconstruction and initial analysis efforts will be described.
Post-Flight Validation Requirements
Years of analysis and test have led to verification, validation and certification of the SLS Block 1 vehicle for the Artemis-1 mission. The final step in validation of the vehicle and integrated GN&C system is the flight test, where all systems will be analyzed from pre-launch through burnout and disposal of the Core Stage and the ICPS. To perform this final validation step, vehicle data obtained from the telemetry stream along with radar tracking and GPS metric data will be applied in various analysis tools to determine the best estimate of vehicle and GN&C system performance. This will then lead to the refinement of these tools and vehicle models to make ready for the next mission.

As designers of the GN&C software for the SLS Block 1 vehicle, the MSFC Vehicle Management/GN&C team took part in specifying parameters to be in the telemetry stream during flight. This Operational Flight Instrumentation (OFI) data was chosen so that vehicle trajectory, dynamics and algorithm performance could be assessed post-flight by comparing with preflight predictions. In addition to OFI, Development Flight Instrumentation (DFI) was also specified in order to gather measurements that could aid in refining vehicle models for future flights. Yet another category of data in the telemetry stream, Engineering Flight Instrumentation or EFI, is typically used for detailed analysis/assessment of subsystems such as the RS-25 Core Stage Engines. With these flight data, GN&C engineers can complete predefined Flight Data Analyses (FDA) that will not only provide an assessment of flight performance for Artemis-1 and satisfy Flight Test Objectives, but will serve to validate the trajectory design, vehicle models and GN&C algorithm design.

GN&C FDAs include Best Estimate Trajectory (BET) and Trajectory Reconstruction, covered herein, as well as GN&C system performance, pogo analysis, liftoff dynamics, separation dynamics, reentry and footprint analyses. Related to these are the Vehicle Management FDAs covering Mission and Fault Management and Natural Environments, which provide supporting data for GN&C FDAs. Many other FDAs provide supporting data for GN&C FDAs including those from Core Stage Engines, Booster, Structures and Dynamics, Avionics, Systems Engineering, Core Stage, ICPS and MPCV. All of these supporting data products have been predefined and coordinated through agreements among the vehicle elements and are documented in the Artemis-1 Post Flight Evaluation Plan
. Telemetry required for GN&C FDAs are included in an appendix to that document.

In addition to telemetered vehicle state data, range radar and deep space tracking data will be needed to complete the BET. BET will provide vehicle state estimates from liftoff through all phases of atmospheric and in-space flight, including the trajectories of Booster and Core Stage reentry and ICPS disposal. The SLS Communications and Tracking Network
 for Artemis-1 is shown in Figure 1. 
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Figure 1. SLS Artemis-1 Ascent Communications and Tracking Network
The SLS Core Stage will provide telemetry via links with the Eastern Range (ER), Exploration Ground Systems (EGS), and the Communications and Tracking Network (CTN). The initial path for ICPS telemetry is to the Eastern Range sites (Jonathan Dickinson Missile Tracking Annex (JDMTA) and TEL-4. Just prior to getting out of range of these sites, the ICPS will switch its downlink and route through the Tracking and Data Relay Satellite System (TDRSS) and/or Ground Stations. A subset of vehicle data will be sent to Orion and will be forwarded to the Mission Control Center (MCC) as a backup path for flight critical data in the event of primary telemetry path failure. 

The CTN consists of communication assets which will provide telemetry support services to SLS. It includes the Space Communications and Navigations Program (SCaN), the NASA Integrated Services Network (NISN), and external communications and other tracking elements. The SCaN Program provides an integrated space communications and tracking capability. The NISN Project provides terrestrial communication services. SCaN-owned assets include the Near Earth Network (NEN). SCaN may also negotiate support from third party organizations which could include DoD, international, or commercial providers. The CTN provides communication coverage to the SLS Vehicle during nominal prelaunch, launch, and ascent through spacecraft or payload separation. It also provides continuous communication coverage to the ICPS through the end of the ICPS mission. 

The Communications, Distribution and Switching Center located at Kennedy Space Center receives and processes SLS telemetry and range tracking data for distribution to MSFC and other NASA centers. OFI telemetry will be available in the Huntsville Operations Support Center (HOSC) first, so analysts can begin processing the data into analysis tools within minutes after launch. 

Figure 2 illustrates data flow from retrieval of data from the HOSC to the BET and Trajectory Reconstruction final products. Telemetry and radar tracking data must first be assessed for data quality then preprocessed into coordinate frames consistent with analysis tools. At this point, the data will be compared with preflight prediction provided by 6-DOF simulation and anomalies, if any, will be identified and provided in the Quick Look report. Processed telemetry and tracking data will be passed to the BET team, and vehicle state (inertial position, velocity, attitude, acceleration, body rates) is provided, along with orbital parameters, atmospheric environment variables and wind-relative aerodynamic angles. These data represent the “as flown” trajectory and will be used by various other post flight analyses, including Trajectory Reconstruction (TR). Other post flight analyses feed BET and TR, providing data such as flight event timing, engine and propulsion system performance, natural environments, Thrust Vector Control (TVC), and avionics performance. Trajectory reconstruction will estimate values of parameters that affect vehicle performance. As part of that, vehicle thrust and aerodynamic coefficients are reconstructed, along with uncertainties, and provided to other post flight analyses. 
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Figure 2. Flow from Receipt of Flight Data to BET and TR Final Products

The BET and TR analyses provide metrics that are key in evaluating success criteria for flight test objectives such as validating induced environments, trajectory performance, orbital insertion accuracy, control margins, disposal footprint of Core Stage and Boosters, and separation events. Orbital parameters including right ascension of the ascending node, inclination angle error, semi-major axis, apogee, and perigee will be compared with target values. Estimated 6DOF aerodynamic coefficients and vehicle thrust will be compared with prediction and used to determine aerodynamic and propulsive forces and moments experienced in flight. Predicted versus actual propellant usage will also be provided and used in determining propellant reserve for future flights. 
Post flight analyses are challenged by an aggressive schedule, and BET is at the forefront since the “as flown” trajectory parameters are used as input to so many other FDAs. BET generation will be complete 30 days after launch.  A Quick Look Report for all FDAs will be submitted within 24 hours after launch, and a Final Report 6 months after launch. To support delivery of the Quick Look Report, preliminary data and assessments will be supplied at L + 4 hours, and detailed analyses at L + 4 ½ months for the Final Report. Simulation and analysis tools developed preflight will be brought to bear in order to meet schedule. By exercising these tools with flight-like OFI from Hardware In the Loop (HWIL) simulations and replicated tracking data prior to launch, time to integrate flight data will be minimized and expectations for trajectory performance will be well understood.

Trajectory Reconstruction
The Best Estimated Trajectory (BET) is produced using an Indirect or Error state Kalman filter.  This type of Kalman filter determines the best estimate of the errors in the states rather than the states directly.  An important distinction in this filter is that of the states of the vehicle, such as position, as opposed to the error in the states.  The filter states are the errors, not the values.  Meteorological values are calculated using relevant values from the BET filter combined with other data such as balloon soundings.  The BET is run for three stages of the vehicle.  Each stage has a separate inertial navigation unit and runs an independent copy of the Kalman filter.  A post processing step is included to apply a Rauch–Tung–Striebel (RTS) smoother to the BET filter results.  The design of the Kalman filter and smoother are detailed in subsequent sections.

Data Inputs

The filter was designed and tested using data output from Marshall Vehicle Representation in C (MAVERIC) simulations.  This data can be categorized into three types: values needed for initialization of the filter, values needed to predict the next vehicle state in time and measurements needed to provide corrections to the filter.  Initialization data includes the time of initialization of the filter, the initial position of the vehicle and the initial orientation of the vehicle.  

The initial position and velocity are provided in the Earth-centered Inertial True of Date (eciTOD) reference frame in feet and feet per second from the earth center respectively.  The x-y eciTOD plane coincides with the Earth’s equatorial plane with the x-axis thru the prime meridian at GMT 0:00 but the axes do not rotate with the earth.  The eciTOD z-axis is aligned with the earth north pole with the y-axis forming a right-handed coordinate system.  The eciTOD and Earth-Centered-Earth-Fixed (ECEF) frames coincide at GMT 0:00 each day.  An eciTOD to ECEF quaternion is maintained as a rotation about the eciTOD z-axis at the earth rotation rate.

The orientation is maintained as an eciTOD to vehicle body quaternion, Qi2b, combined with a fixed sensor to body rotation.  The body frame has the z-axis pointing upwards along the longitudinal body axis at launch. The sensor to body rotation is defined by RINU/IMU mounting.
The time is used to determine the eciTOD to ECEF quaternion needed for gravity corrections of the specific force.  The eciTOD to ECEF quaternion is an identity quaternion at GMT 0:00 each day.  This quaternion is subsequently updated by applying the earth rotation rate about the z-axis linearly in time.

 The prediction step of the filter uses acceleration and angular rates.  The accelerations are provided by MAVERIC in the sensor frame and rotated to the eciTOD frame using a sensor->body->eciTOD rotation.  The accelerations are converted to delta velocities and integrated to get velocity in the eciTOD frame.  The rates output by MAVERIC are converted to delta angles which are applied to the current eciTOD to body quaternion.  The position in the eciTOD frame is found by integrating the average velocity over the period.  These position, velocity and orientation values are transformed to other desired frames using the respective rotation.

Measurements Inputs

Inputs to the measurement step of the Kalman filter are GPS position and velocity, and radar range.  The difference between these measured values and the corresponding predicted values of the filter are taken as the error in the corresponding states.  These errors are the values that are used as measurements in the Indirect Kalman filter.

Data Outputs

The output data is specified in the SLS-Plan-1001 document and includes values in Table 1.  Values determined by the BET filter are in the eciTOD frame at the RINU/IMU.  Appropriate rotations or lever arm corrections are applied as needed to convert to the frame or location as called for.  Meteorological values are calculated using values from the BET Kalman filter combined with other measurements such as balloon soundings. Additionally, Orbital parameters at Low Earth orbital insertion (MECO + 12 seconds), PRM, TLI and ICPS disposal are also estimated. Standard deviation of all the parameters will be provided except for Time from T-0.
Table 1. Data Outputs

	Description

	Free stream atmospheric density [slugs/ ft3] 

	Free stream static pressure [lbs/ ft2] 

	Free stream speed of sound [ft/s] 

	Free stream temperature [deg R] 

	Time since launch [s 

	Wind-relative angle of attack [deg] 

	Body x-axis acceleration at the center of gravity [ft/s2] 

	Body y-axis acceleration at the center of gravity [ft/s2] 

	Body z-axis acceleration at the center of gravity [ft/s2] 

	Wind-relative angle of sideslip [deg] 

	Wind-relative dynamic pressure [lbs/ ft2] 

	quaternion element 1 (inertial to Body) 

	quaternion element 2 (inertial to Body) 

	quaternion element 3 (inertial to Body) 

	quaternion element 4 (inertial to Body) 

	Flight path angle [deg] 

	Geodetic altitude (i.e., altitude above reference ellipse) [ft] 

	Geodetic latitude [deg] 

	Longitude [deg] 

	Wind-relative Mach number [dimensionless] 

	Local NED Pitch angle [deg] 

	Local NED Roll angle [deg] 

	Local NED Yaw angle [deg] 

	Wind-relative total angle of attack [deg] 

	X-axis inertial velocity [ft/s] 

	Y-axis inertial velocity [ft/s] 

	Z-axis inertial velocity [ft/s] 

	North (planet-relative) velocity [ft/s]

	East (planet-relative) velocity [ft/s] 

	Down (planet-relative) velocity [ft/s] 

	Wind-relative velocity magnitude [ft/s] 

	Body x-axis inertial angular velocity [deg/s] 

	Body y-axis inertial angular velocity [deg/s] 

	Body z-axis inertial angular velocity [deg/s] 

	X-axis inertial position [ft] 

	Y-axis inertial position [ft] 

	Z-axis inertial position [ft]


Kalman Filter Design

The BET Kalman filter is an Indirect Kalman filter in which the errors of the states are the estimated values.  After each measurement update the error states are added combined with the corresponding states.  At this point, the states are the best estimates of the system and the errors are thus reset to zero. An overview of this process is given in Figure 3. The states are updated at each IMU cycle.  The position is updated using the average of the previous velocity and the newly updated velocity. At the beginning of each measurement update, the states are assumed to be the best estimate of the system available, so the error states are set to zero.  A rate matrix is calculated and the covariance is propagated as usual.  Since the propagated error states are zero, the new error states are then estimated to be new error, or the difference between the GPS position and velocity and the propagated position and velocity. The Kalman filter gain is calculated as commonly done from the current covariances and GPS uncertainties and the measurement update is performed.  The newly determined error states are added to the full states and the error states reset to zero for the next iteration.
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Figure 3. BET Data Processing
The BET Kalman filter includes 33 error states as follows in Table 2 and defined in Equation 1.  The primary inertial measurement unit sensor error terms are included to provide insight into the as-flown sensor performance. It is also important to identify base frame of each term, which drives the implementation of the rate matrix, as given in Equation 2.
Table 2. BET Filter Error States

	Error state
	Symbol
	# States
	Reference frame

	Position (ft)
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	eciTOD

	Velocity (ft/s)
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	eciTOD

	Attitude (radians)
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	3
	Body to eciTOD

	Acceleration Bias (ft/s2)
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	3
	Sensor

	Acceleration Scale Factor
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	3
	Sensor

	Acceleration Misalignments
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	6
	Body to sensor

	Gyro Bias (radians/s)
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	Sensor

	Gyro Scale Factor
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	Sensor

	Gyro Misalignment
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	Body to sensor
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Rauch–Tung–Striebel (RTS) Smoother

After the BET Kalman filter has estimated the states from T=0,…,N a RTS
 smoother is applied.  At each time step of the Kalman filter, the rate matrix F, the a-priori and a-posteriori states [image: image22.png]% el -1
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 are saved.  These values are then used for RTS smoothing in the backwards direction.  Starting at the final time TN, the smoothed states and covariances are initialized with [image: image30.png]el
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.  A smoother gain is calculated as
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Working backwards in time, smoothed states and covariances for k=TN-1,…,0 are
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Results
The BET filter was designed and tested using outputs from MAVERIC simulations.  These simulations include “truth” values so it is possible to estimate the performance. The MAVERIC truth values are derived from an INS solution before errors are added to the accelerations and rates.  Three comparisons were made to truth: a dead reckoning or INS solution with no measurement updates compared to truth, a Kalman filter solution incorporating GPS measurements to truth and a RTS smoothed solution compared to truth.  Differences between each of these three solutions and truth are shown in Figure 4 for position in the eciTOD frame.  The blue curve is the difference between truth and an INS solution obtained by integrating the accelerations and rates from an initial state.  The red curve is the difference between truth and the solution from the BET Kalman filter incorporating GPS measurements.  The green curve is the BET Kalman filter states after application of an RTS smoother.  IMU errors generally lead to INS position errors on the order of a few hundred feet after 490 seconds.  Incorporating GPS measurements into a Kalman filter typically reduce the errors to tens of feet.  Adding a RTS smoother further reduces the position error and also reduces the jitter from step to step.

The velocity errors are shown in Figure 5.  Truth values were provided by the MAVERIC simulation.  The INS solution was obtained by integrating the delta velocities obtained from IMU values with errors.  Differences between truth and the INS velocity are typically on the order of a few feet per second.  The red curve is the velocity error determined by the BET Kalman filter incorporating GPS measurements while the green curve is after the application the RTS smoother.  The RTS smoother greatly reduces the jitter between steps.
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Figure 4. Difference between true position in eciTOD frame from MAVERIC simulation versus INS solution with no measurements (blue curve), Kalman filter solution with GPS measurements (red curve) and RTS smoothed solution (green) curve.
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Figure 5 Difference between true velocity in the eciTOD frame from MAVERIC simulation versus INS solution with no measurements (blue curve), Kalman filter solution with GPS measurements (red curve) and RTS smoothed solution (green) curve.
Model Testing 

As shown, initial testing of the algorithm has been completed using 6 Degree of Freedom simulation using the MAVERIC simulation. This allows for a defined truth reference with well-defined inputs/outputs and rate groups. As the tool continues to evolve and prepare for flight day usage, it will be tested against hardware and software in the loop testing, with expected flight telemetry elements. This will allow the next step in verifying input units, frames, and timing to enable proper solution and provides additional data sets. Lastly, the tool will become part of launch day simulations, and will use processed telemetry as generated during flight testing. This will allow for exercising the data retrieval process. Additionally, flight-like data from the hardware in the loop laboratories will provide a test data set with un-synchronized data, providing a platform for tuning of the data correlation processes. 

Model Validation

To support validation efforts of the BET software development, an existing trajectory analysis tool, the New Statistical Trajectory Estimation Program (NewSTEP) was utilized. NewSTEP is a modernized trajectory reconstruction tool derived from the Statistical Trajectory Estimation Program (STEP), a Kalman filter based statistical estimation package developed by NASA Langley Research Center in the 1960’s. The tool has assisted in reconstruction efforts for a wide range of missions over the last 60 years, including the Ares I-X launch vehicle flight test
, Mars Science Laboratory Entry Descent and Landing
, Dream Chaser helicopter drop test and landing, the Low Density Supersonic Decelerator flight tests
, X-43A trajectory reconstructions
,
, and Orion impact tests
 among others. 

NewSTEP utilizes an Iterative Extended Kalman Filter (IEKF) for trajectory reconstruction with optional smoothing using the Fraser-Potter approach. The IEKF produces estimates of position, velocity and attitude, atmospheric terms such as pressure, density, and wind, and can be augmented to produce IMU error estimates like bias, scale factor, and misalignments. Additionally, the tool provides an option to output vehicle aerodynamic information such as angle of attack, sideslip, and aerodynamic roll. NewSTEP is capable of rapid configuration to incorporate various measurement sources such as GPS, ground radar tracking, altimeters, and Flush Air Data Sensing (FADS). The proven heritage and performance along with its robust, modular design make it a valuable tool in the validation of the MSFC BET Simulation. Work is under way, in conjunction with a team at Langley, to begin comparison testing of the two simulations for Artemis-1 trajectory reconstruction. 
Performance Reconstruction
The SLS Vehicle Management (VM) flight mechanics discipline is responsible for doing the ascent performance reconstruction. There are 3 main purposes of performance reconstruction: 1) to provide estimates of parameters that are known to be performance-drivers, e.g., booster thrust, core stage thrust and specific impulse (ISP), 2) to inform model owners of any needed model changes, and 3) to provide trending data over the SLS flight history. If parameters are statistically ‘out of bounds’ with respect to expectations, for instance, that may call for a model change. 

The methodology outlined in this paper is based loosely on the methodology that the space shuttle program used for its performance reconstructions. The two launch vehicles, and flight techniques, although different in many ways, are similar enough that some of the shuttle process can be applied to SLS reconstruction. The software tools and numerical methods used are different but the approaches are similar insofar as the parameters that are reconstructed as well as trajectory parameters that are enforced as constraints.  
The next several sub-sections go into more detail on the performance reconstruction methodology. These include an overview of the process and the parameters to be reconstructed, the role of the force and moment collectors, aerodynamic coefficient reconstruction, how to adjust the process in the event there are in-flight anomalies, and finally, the approach to pre-flight testing.
Process Overview

The performance reconstruction process is illustrated in Figure 6 below, showing the inputs and outputs of the process and the sequential flow. The inputs are described next. Performance reconstruction depends heavily on post-flight reconstructed parameters from various SLS elements and disciplines. For purposes of performance reconstruction, all of these inputs will be taken to be true, exact values. One of the primary inputs is the BET which VM Flight Mechanics is also responsible for generating. The BET is produced by combining available tracking radar data and onboard inertial measurements (from SLS, ICPS, and MPCV stages), using Kalman filtering techniques. The BET product will provide time histories of the “true” vehicle position, velocity, acceleration, attitude, aerodynamic angles, and angular rates. 

The Meteorological profile, or MET, will provide the true atmospheric and wind data via weather balloons released shortly after launch. Reconstructed mass properties will provide dry masses, cg and inertia data. Also included as part of reconstructed mass properties are the total core stage LOX and LH2 masses at liftoff and remaining liquid LOX and LH2 (AKA, LOX and LH2 residuals) at orbit insertion. The master events list will provide the times of key events, such as Solid Rocket Booster (SRB) separation and Launch Abort System (LAS) jettison. In pre-flight 6-DOF simulations, the timing of these events varies depending on dispersed flight conditions, but for performance reconstruction, these times are fixed according to the master events list. 

GN&C performance is of no concern when performing performance reconstruction, so the GN&C model is disabled during performance reconstruction, and the as-flown TVC angles are used in lieu of TVC commands and actuator models. 
The Booster Element Office (BEO) provides post-flight thrust traces for each of the two boosters based on internal booster pressure measurements. It is expected, based on past experience, that these pressure-derived thrust traces will over-predict the true thrust. One of the primary outputs of interest of the performance reconstruction is the booster thrust multiplier as it will validate the 1 percent degradation factor that has been used in the pre-flight booster models.
Base force, an aerodynamic force which corrects for the effect of engine plumes, is expected to be estimated fairly accurately using pressure transducers on the vehicle. The final input to the process is the throttle time history which replaces the guidance-commanded throttles and engine throttle response model.
Performance Reconstruction can be decomposed into 3 major steps, as illustrated in Figure 6. The first step is reconstruction of RS-25 Isp. This can be done independently of the rest of the process. The Ispestimate is used in the subsequent steps. The second step is the most complex part of the process. For this step, a modified version of MAVERIC is used, deemed Performance Reconstruction MAVERIC. MAVERIC is the primary integrated SLS vehicle performance 6-DOF simulation. In this step, RS-25 thrust and mixture ratio (LOX/LH2), a mass collector which is an extra mass applied to the total vehicle mass at liftoff, a booster thrust trace scale factor, and force and moment collectors are all reconstructed. The problem is formulated as a 4 constraints, 4 unknowns problem that has a unique solution and can be solved by Newton-Raphson iteration. Finally, the 6 aerodynamic force and moment coefficients are reconstructed using results from the second step.
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Figure 6. Overview of Ascent Performance Reconstruction
Force and Moment Collectors

The force collector is a proportional-integral control law that generates corrective forces to keep the performance-reconstructed ECEF velocity close to the BET velocity. The moment collector is a proportional-derivative control law that generates corrective moments to keep the performance-reconstructed inertial-to-body attitude and body angular rates close to those of the BET. The magnitudes of the force and moment collectors are proportional to the combined unmodeled or incorrectly-modeled forces and moments in MAVERIC plant models and reconstructed data. These include, among other things, aerodynamic coefficient uncertainties, booster thrust vector misalignment, booster Isp mismatch, RS25 thrust vector misalignment, c.g. uncertainty, and booster thrust shape errors. The collectors absorb a lot of individual unmodeled effects that cannot be resolved separately. Likewise, the mass collector absorbs any mass-related uncertainties or mismodeling.
The smaller the collectors, the more confidence one has in the models and reconstructed data. For a perfectly nominal flight, all collectors should be near 0. The “axial force collector” is the component of the force collector along the x-body axis (out of the nose) and it is required (in the Newton-Raphson solver) that the integrated net axial force be 0. This means the force collector itself imparts no net impulse on the vehicle and any total impulse uncertainty is absorbed into the reconstructed booster thrust trace multiplier.
Specific Impulse Reconstruction

RS25 Isp reconstruction is the first step in the process. The approach is very similar to the space shuttle approach, in which least squares optimization is used to determine the Isp value that minimizes the sum of the squared error between the calculated acceleration and the BET-derived acceleration. The time period of interest is limited to the steady-state period about 10 seconds after LAS jettison, to let any post-jettison attitude transients die out, until the start of the g-limiting phase- typically a window of about 200 seconds. In this time period, there are no significant maneuvers or throttling and aerodynamic forces are low, allowing for accurate reconstruction. Calculated accelerations are a function of mass and force estimates and include the effect of reconstructed TVC thrust and their angles, plume effects, nominal core stage thrust, TVC cryogenic auxiliary power unit (CAPU) overboard LH2 flows, and utilizes a mass collector to absorb modeling errors. The mass estimates at time [image: image40.png]


 during the reconstruction window starting at [image: image42.png]


, 10 seconds after LAS jettison, are given by 
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 is the total impulse imparted by the vehicle, and [image: image46.png]M ponpropulsive



 is the nominal overboard non-propulsive flowrate. The force estimates are generated by the following relation: 



                         (7)
Using altitude thrust, [image: image48.png]Faze;



, based on nominal nozzle exit area, a best estimate of atmospheric conditions, in conjunction with[image: image50.png]


 and [image: image52.png]


, the gimbal angles of each of the four RS-25 engines, denoted i. Aerodynamic base force terms,[image: image54.png]


, are included to account for plume effects.
During the reconstruction window there are Programmed Test Input (PTI) maneuvers, low-amplitude TVC commanding, but studies have shown that they don’t degrade the quality of the reconstruction.  Preliminary testing shows Isp can be estimated to within about 0.02 seconds, which is under the range that ascent performance is sensitive. The reconstructed Isp is taken to be the truth value in the second step of the process and is used as a single scale factor

Propulsion Performance Reconstruction (Booster, RS-25)

This is the second step of the reconstruction process. It is formulated as a nonlinear root-finding problem with 4 constraints: No net impulse imparted by the axial force collector, the ECEF speed at the start of the g-limit phase has to match the ECEF speed of the BET, and the LOX and LH2 residuals at insertion have to match the reconstructed residuals, as provided by the Stages contractor. There are 4 unknown inputs to be solved: core stage engine thrust, booster thrust trace multiplier, core stage engine mixture ratio, and a mass collector which is an extra mass that gets added to the liftoff (core stage dry) mass.

For the initial estimates, undispersed values, e.g., nominal thrust, nominal mixture ratio, nominal thrust trace, and nominal dry mass are used. The numerical method is the multi-dimensional Newton-Raphson (NR) method which works well for smooth functions with good initial guesses. It typically takes about 6 or 7 iterations to converge on a solution. The NR Jacobian matrix can be calculated prior to flight and fixed for use in the Newton-Raphson iterations. The analyst might want to sweep the inputs and plot the outputs to learn more about the values that will be used. The sweeping plots will show that the outputs are smooth, which is a requirement of the NR method. Figure 7 below is an example of sweeping the core thrust multiplier to watching the smooth plot of the two residuals.

There are not many examples of using NR with simulation inputs and outputs. Partials are calculated between each of the following as values of interest (integrated force collector, G-limiting speed, Liquid Oxygen Residual, Liquid Hydrogen Residual) with response to the design parameters (SRB Thrust Multiplier, Core Engine Thrust Multiplier, Core Engine Mixture Ratio, Mass Collector Multiplier). Four MAVERIC runs are executed using the 4 values from the design variables to construct the Jacobian. The inputs are the denominator and the outputs are the numerators. Each iteration will consist of 1 MAVERIC execution which uses the input values of the previous iteration. The delta inputs will have to be tuned so MAVERIC will run without going unstable.
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Figure 7. Varying Core Thrust Multiplier to Assess LOX Residual
Figure 8 shows a notional diagram of the MAVERIC baseline and performance reconstruction configurations. Baseline MAVERIC has the SLS GN&C model generating TVC and throttle commands. The baseline version of MAVERIC is modified to read and incorporate post-flight reconstructed data from the various disciplines, including reconstructed core stage engine Isp. In the performance reconstruction version, the GN&C model and GN&C commands and the actuator model are replaced by the as-flown TVC angles and throttle time histories. Force and moment collector models generate small corrective forces and torques, resulting in the performance-reconstructed trajectory and attitude tracking the BET trajectory and attitude. All plant models that do not affect ascent performance are disabled, e.g., GN&C, and navigation sensor models slosh/flex, tail-wags-dog, dog-wags-tail, etc.
The Performance Reconstruction MAVERIC simulation is configured to output new parameters: Force and moment collector vector time histories, and the input constraint parameters discussed above that must be solved in the Newton-Raphson solution procedure. The Performance Reconstruction MAVERIC version has a Newton-Raphson solver wrapped around it to evaluate the effect of combinations of the primary reconstruction parameters, booster multiplier, RS25 thrust and mixture ratio and mass collector. This software wrapper is a python script that manages the MAVERIC input files and calls the MAVERIC executable. The analyst sets NR tolerances in the wrapper. The wrapper will terminate the NR estimate loop after all estimate errors are less than the given tolerances.
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Figure 8. MAVERIC: Baseline and Performance Reconstruction Configurations
Aerodynamic Coefficient Reconstruction
As part of the primary reconstruction step, aerodynamic forces and moments are calculated in MAVERIC, using the same ascent aerodynamic coefficients database as is used for pre-flight predictions. The corresponding force and moment coefficients can be back-calculated. The force and moment collectors, in whole or in part, can be added to the reconstructed aero forces and moments within MAVERIC, in order to construct an uncertainty band of aero forces and moments, and corresponding aero coefficients. Some forces collected could be caused by aero force coefficient errors or forces collected could be from plant model errors. The analyst can use a percentage contribution and study the plots to determine the origin of these errors.
The quality of the aero coefficient reconstruction is strongly dependent on mismodeling/uncertainties in non-aerodynamic models. The propulsion forces are about 20 times larger than the aerodynamic forces so aerodynamic reconstruction works best if all the non-aerodynamics forces and moments are close to nominal or otherwise captured in the reconstructed data. Significant uncertainties in non-aerodynamic models leads to low aerodynamic signal-to-noise ratio and can degrade the aerodynamic reconstruction.
If an in-flight anomaly were to occur, e.g., an engine failure, the general performance reconstruction process outlined in this paper still applies. The difference is that the simulation and supporting scripts will be configured so as to simulate the type of failure that occurred during flight. If, for example, there is an engine failure or a stuck throttle, MAVERIC has data inputs to specify which engine went out and at what time, and data inputs to specify which engine got stuck and at what throttle level and at what time. One may expect a degradation of reconstruction accuracy, depending on the type and severity of the failure.
Pre-Flight Testing  

Given the tight schedule for providing post-flight reconstruction products, it is important to test and verify the reconstruction software tools prior to launch. This will also allow the analysts to become familiar with tuning the reconstruction variables which is sometimes considered an art. The testing approach involves selecting nominal and dispersed trajectories from baseline MAVERIC Monte Carlo sets, with known dispersed values for thrust, Isp, booster thrust multiplier, and core stage residuals. Dispersed simulated data sets, e.g., BET data, base force data, TVC data, actual throttle data, event times, etc., are captured from the selected test trajectory. The dispersed data is input into the performance reconstruction version of MAVERIC. The entire performance reconstruction process is executed to evaluate how well dispersed thrust, Isp, mixture ratio, and thrust multiplier are reconstructed. It is rather cumbersome to test, but the effort will provide valuable insight to the expected accuracy of the reconstructions. Ultimately, testing will incorporate the full BET generation process as well as trajectory data from the System Integration Lab (SIL) into the pre-launch test campaign.
Example Results and Analysis Process
This section provides an overview of the overall process being taken during reconstruction. The first stage is shown in Figure 9. This shows how the NR iterates to the expected thrust multiplier. The blue line is the expected value and the green line is the current NR iteration output. Notice how the green line overshoots and comes within the tolerance and causes the NR to stop iterating. 
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Figure 9. Example NR Result
After the analyst completes the NR estimates, the Mach time history is used in the aero coefficient formulas. Using the Mach table generated, we can derive the aero CA coefficient at 0% (through 100% at 10% steps) force collector contribution. Figure 10 shows CA, CY and CN vs Mach number using the last NR iteration as inputs.
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Figure 10. Aerodynamic Estimation
After dispersing the dynamic pressure and cg for 2000 MAVERIC runs, the coefficients are plotted vs Mach number as seen. This provides insight into the amount of coefficient variation vs Mach for a selected percent force collector contribution. Figure 11 shows the dispersions of the dynamic pressure used in the aero force calculations. The two example coefficient plots are 0 percent and 10 percent. The moment collector can show anomalies in the aero moment coefficients. Using the final Mach, cg, dynamic pressure, we can also derive the aero pitching moments.
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Figure 11. Example Coefficient Plots
Isp Reconstruction Testing

Statistical analysis was performed to assess the accuracy of the Isp estimation model. To do so, a 2000 seed Monte Carlo simulation was performed using MAVERIC. The test case assumes nominal values for initial mass and Isp at the start of the reconstruction window, as well as nozzle exit area, atmospheric conditions, and vacuum thrust, consistent with expected post-flight knowledge. Figure 12 below shows the comparison between the MAVERIC and estimated ISP. This error is found by comparing the estimated Isp to the average MAVERIC Isp during the reconstruction window. The one sigma value of the absolute estimate error is .005 seconds, within acceptable bounds.
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Figure 12. Isp Reconstruction Performance
Future work and Next steps
This paper provides insight to the development and application of the SLS best estimated trajectory and flight reconstruction algorithms. These algorithms will be used to support the detailed post-flight processing of the vehicle telemetry during flight. This data and these results will be used to validate the design and simulation software, fine-tune expected performance metrics, and provide additional insight to the vehicle. Taken with the additional flight instrumentation, the Artemis-1 flight will serve to validate models and assumptions across the vehicle. As the SLS team moves towards flight training and simulations, these tools will be integrated into the overall process. This will be useful in terms of both gaining experience with the tools and ensure efficient operation post-flight. 
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