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In order to provide mission assurance and performance verification of the Space Launch System, the Flight Readiness Analysis Cycle (FRAC) has been developed to provide evidence to support Flight Readiness Review activities. This cycle represents an integrated approach to vehicle assessment, including multiple partners and analysis groups. In order to facilitate launch date variations, the process utilizes a rolling target to phase analysis product deliveries, ensuring adequate time for certification prior to launch. This paper will provide an overview of the FRAC process, including integration with external partners and lessons learned from the initial implementation of FRAC analysis.
Introduction

As the Space Launch System (SLS) rapidly approaches its initial launch date, the engineers supporting the Vehicle Management (VM) Team (which includes trajectory design and guidance, navigation, and control) have shifted from design to verification and flight day product generation. To ensure a successful mission on the launch date, extensive analysis is needed across a variety of partners to meet Flight Readiness Review criteria. This analysis also represents the opportunity to develop launch day parameter inputs, such as insertion targets. To complete this, the VM Team is currently implementing and operating multiple Flight Readiness Analysis Cycles (FRACs) to verify vehicle mission performance across possible launch dates. Two complications arise that increase complexity in the process: external partners’ needs and moving launch windows. Due to the expansive nature of the project and product deliveries between organizational boundaries, there are multiple hand-offs and verification steps between deliveries to allow each partner to perform independent analysis. For SLS, this includes VM analysis of the core stage, United Launch Alliance (ULA) assessment of the upper stage, and VM re-integration at the vehicle prior to delivery to the Multi-Purpose Crew Vehicle (MPCV). Another complication is the impact of a variable launch date and the lead-time required for certification prior to launch. Due to this, the FRAC includes a rolling target approach, where the analysis precedes the launch date by several months to allow time for flight software certification of flight day specific parameters, payload certification and payload mission design. 

This paper will describe the overall process of the analysis, including integration with external partners, such as the SLS subcontractors in charge of the Interim Cryogenic Propulsion Stage (ICPS) Upper Stage, and the MPCV Program.  The cycle begins with development of optimized ascent trajectories that take into account flight techniques relating to planned launch windows. This work is then expanded to include trans-lunar injection targets for the ICPS; prior to handoff, this data is assessed by the cross-program End-to-End Mission Performance Team.  The Guidance Team then uses the ascent information to develop detailed target and delta-psi (change in open loop yaw steering commands during atmospheric flight) polynomials that account for a specific launch time within a window. The navigation and controls engineers then use these input to verify control gains, sensor fault detection thresholds, and other inputs. Following the launch day specific updates, two key products are generated and assessed for delivery to the ICPS vendor, LA:  nominal check case trajectories for every 1 minute within each launch window within a launch period and a series of Monte Carlos with fully dispersed vehicle parameters across each launch window (i.e. with variable launch times) to validate insertion performance of the core stage. This information is then provided to ULA for processing and performance assessment. Upon return to VM, this data is re-assessed to verify integrated performance and provided to the spacecraft, MPCV, to complete mission certification. Lessons learned from the initial FRAC-0 and the path forward towards flight, with a focus on rolling launch windows, will be also be discussed.

Key REquirements To Verify Flight Certification

To support Flight Certification and Flight Readiness Reviews, the various disciplines and engineers supporting the integrated Artemis 1 mission must sign off and provide concurrence in supporting vehicle flight. This process is the culmination of verification and analysis cycles from the earlier Design Analysis Cycles across the vehicle elements. For the SLS Core Stage, the vehicle has recently completed its Verification Analysis Cycle (VAC), providing evidence that the vehicle meets it requirements. These can be summarized at the highest level as safely and accurately placing the MPCV payload into the desired orbit to enable its primary mission objectives. The vehicle must also be shown to have additional capability for off-nominal operations. Discipline-level analysis was used to feed and support high fidelity dynamics simulations to assess vehicle capability. Similarly, supporting analysis is used for cross-verification, including hardware in the loop simulations and independent dynamic simulation. As the design has frozen, the integrated analysis team has shifted to flight readiness analysis, providing specific expected launch dates, including final flight parameter generation and performance verification. This process is the focus of this paper. The process was executed recently under the name of FRAC-0, providing an opportunity for the team to exercise the analysis process, understand time impacts of analysis, and work through the integration elements prior to official analysis, to ensure a timely and efficient operation of rolling target analysis. 
Flight readiness analysis cycle Process

As is typical for spacecraft and launch vehicle analyses cycles, the FRAC process flow starts with generating a 3-degree-of-freedom (3-DOF) optimized mean monthly ascent trajectory via the Program to Optimize Simulated Trajectories (POST).  The mean monthly ascent trajectory is designed using mean vehicle physical and mean monthly environmental parameters.  In order to mitigate loads on the launch vehicle during flight through maximum dynamic pressure (Max Q), the 3-DOF optimized trajectory takes into account the solid rocket booster monthly mean propellant mean bulk temperature (PMBT) when constructing the boost phase throttle bucket.  Simultaneously, the 3-DOF trajectory employs a flight technique to loft the atmospheric portion of flight based on the statistically low 3-sigma monthly PMBT to maximize performance.  

Afterwards, the mean monthly ascent trajectory is used as an input for two parallel efforts.  The first task utilizes the mean monthly trajectory to generate 3-DOF hypergrids to sweep through varying launch azimuths for a launch period.  The hypergrid trajectories are used to seed optimized in-space trajectories through the ICPS’s translunar injection (TLI) generated by Copernicus.  Copernicus decks are setup for each launch period using Artemis 1 ground rules and assumptions (GR&A) agreed to by NASA’s Exploration Systems Development’s (ESD’s) End-to-End Mission Performance Task Team (EMPT).  The Copernicus in-space runs produce SLS ascent guidance targets, launch times, and the ICPS TLI targets that define the launch windows for each day in a launch period.  

The second effort using mean monthly trajectories takes in the throttle bucket design and booster separation states as inputs for Chi Angle Optimizer (CHANGO), the same tool that will be used on Day of Launch (DOL) to generate boost stage open loop guidance commands.  The open loop commands are designed to minimize aerodynamic loads on the vehicle during endo-atmospheric flight through DOL observed winds
.  CHANGO is run prior to each Marshall Aerospace Vehicle Representation in C (MAVERIC) 6-degree-of-freedom (6-DOF) trajectory simulation run out of FRAC-0.

After porting over the 3-DOF mean monthly trajectory and prior to running the first 6-DOF MAVERIC run, the mass properties, flight control system (FCS) gain parameters, and Sensor Data Quality (SDQ) and Fault Detection, Isolation, and Recovery (FDIR) threshold parameters are all updated reflecting the flight version of the vehicle and the respective Guidance, Navigation, and Control (GN&C) parameters.  Subsequently, and for each launch period, the guidance monthly time dependent data (TDD) flight parameters, such as the g-limit parameters, are designed.  If necessary, time corrections (via the DUT1 value) and leap seconds are updated in the MAVERIC time scale plant model as well as in the Redundant Inertial Navigation Unit (RINU) model.  Finally the SLS ascent guidance targets and launch times from Copernicus are used to design guidance launch window polynomial flight parameters.

With MAVERIC setup to run with launch window polynomials, nominal 6-DOF trajectories are run for every 1 minute of each day’s launch window within a launch period.  After the trajectories are officially reviewed, the 1-minute check cases, along with the Copernicus TLI targets, represent the first type of FRAC-0 data products supplied to ULA to design ICPS TLI target polynomials.  These ICPS TLI target polynomials are designed as part of their Final Mission Analysis (FMA).  Next, so-called variable time Monte Carlos are generated where vehicle properties, environmental properties, and launch times are all randomly dispersed for each MAVERIC run.  The variable time Monte Carlos are also run for each day’s launch window and represent the second type of FRAC-0 data products supplied to ULA to verify the design of ICPS TLI target polynomials.  A final type of product, a fixed time Monte Carlo, where launch time is fixed, is generated one time only for an agreed to launch epoch.  

The aforementioned process described above is carried out for two launch periods at a time.  FRAC-0 consists of four launch periods in total.  This is done to accommodate a large integration loop between SLS ascent, ICPS, and MPCV trajectories and in order to keep GN&C flight parameter generation and trajectory flight certification out of the critical path.  Eventually, ULA provides back to SLS the integrated ascent and in-space 1-minute check cases for each launch period as well as an integrated fixed time Monte Carlo for use by MPCV GN&C and Flight Operations Directorate (FOD) flight certification and flight operations mission planning.
Trajectory Generation and Porting to MAVERIC 

Once the mean monthly trajectories for the given launch periods have been designed by the Trajectories Team in POST 3DOF, they are ported to MAVERIC 3-DOF with a close match seen between the two simulations.  Placeholder MAVERIC 6-DOF cases, along with placeholder CHANGO input files, are set up for each day in the launch period(s).  At this point the Guidance, Navigation, and Control Teams perform updates to the GN&C flight software parameters and finalize the MAVERIC inputs for the individual days.

Guidance Target and Polynomial Design
Most GN&C inputs can be set for all launch days and times. However, some inputs, mostly for the guidance system, will have different values for different launch months, and some will have different values for different launch days. Seasonal and monthly atmospheric differences cause differences in Solid Rocket Booster (SRB) performance and trajectory dynamics. As a result, the Boost Stage (BS) trajectory designed by CHANGO uses a different target for each month. Inputs to the throttle manager also vary for different months.

Guidance’s Powered Explicit Guidance (PEG) algorithm targets a constant apogee, perigee, and insertion altitude for all launches. Due to orbital geometry, the orbital plane target varies continuously during each launch window. The guidance system uses reference plane targets, with adjustments to the reference to target the plane for the launch time. The right ascension of the ascending node (RAAN) and inclination adjustments are expressed as fifth-order polynomials as a function of launch slip time. The target plane for each launch time is found using Copernicus. The trends in ideal targets are different before and after the reference launch time, so two separate polynomial curve fits are used, one for early and one for late launches. The fifth-order polynomial captures the underlying data quite well, with errors due to the curve fit being small compared to other sources of insertion errors. The open-loop BS trajectory is modified with a yaw bias to begin plane changes in BS flight. The yaw bias uses a single fifth-order polynomial, designed to effect a plane change while keeping BS loads at acceptable levels.

Finally, the guidance system automatically responds to loss of a core engine (called engine out, EO), by modifying the open-loop BS trajectory and selecting a different Main Engine Cut-Off (MECO) target if needed. The BS modifications and target selection criteria are driven by monthly effects, so different EO parameters are designed for each month to maximize the availability of preferred alternate targets.
Control Design Verification
During entry into FRAC-0, a few key dynamic model updates relevant to controls (eg. booster thrust tailoff, structural test-based flexible modes, slosh damping via test and model evaluations, and thrust vector control (TVC) stiffness parameters) are incorporated into the time and frequency domain simulations.  Linear frequency domain evaluations of system stability are conducted, and gain, filter, and lookup table parameters were adjusted to best align the flight control system design to the mean vehicle trajectory and appropriately allocate stability margins for maximum robustness.  In addition to standard Monte Carlo analysis, several checks are performed to ensure the design parameters and resultant vehicle time and frequency domain response are verified and perform as intended including multiple tool simulation comparisons, automated parameter file cross checks, and stress cases.  The stress cases include parametric time domain stability margin recovery analysis recover time varying aero/phase/gain margins (with and without slosh), tailored dynamically challenging cases to challenge the control system, and cases designed to address key flight software requirements. 
Navigation Parameter Development
From a navigation perspective, two keys areas are verified prior to performing official Monte Carlo Analysis. The first step, as also laid out in the other disciplines, is to check the flight parameters planned for use. The scope of these parameters focus on frame definition (i.e. defining the True-of-Date epoch for initialization of the inertial navigation frame), as well as fault detection parameters. These parameters focus on detection and isolation of faults within the RINU FDIR
 and Rate Gyro Assembly(RGA) SDQ
 algorithms. For FDIR analysis, fault cases are assessed in order to verify expected fault detection and isolation for notional first and second faults, as well as verification of no false positives. For the SDQ analysis, which relies on cross-vehicle dynamics for fault detection of a sensor as a whole (i.e. Sensor Redundancy Check), the max/min observed rates between the sensors locations are re-assessed to verify adequate margin. The main drivers to these are changes in the dynamic motion of the vehicle and its interaction with flex and slosh dynamics. Upon verification of the parameters to be used in flight, the performance of the integrated vehicle can be assessed. 
6-DOF Analysis of Launch Dates
In order to assess vehicle performance of the integrated vehicle, two key analysis products are generated and assessed for delivery to United Launch Alliance:  nominal check case trajectories for every one minute within each launch window within a launch period and a series of Monte Carlos with fully dispersed vehicle parameters across each launch window (i.e. with variable launch times) to validate insertion performance of the core stage.
For each day in the given launch period(s), a set of cases are set up to simulate launch at one-minute intervals (UTC) over the launch window for the given day.  These cases are nominal cases set up for the given day with no dispersions applied, and the only change from case to case is the launch time.  The results from these cases are inspected to ensure the Guidance target polynomials are working properly and that the vehicle reaches the desired target orbit.
For each day in a launch period(s) a Monte Carlo set of 2,000 runs is performed having the launch time be randomly dispersed via uniform distribution across the launch window, and utilizing all dispersions applicable on the Day-of-Launch.  These dispersions include booster modeling uncertainties (burn rate, propellant mean bulk temperature, etc.), core engine performance run-to-run and engine-to-engine uncertainties, mass uncertainties (dry and propellant masses, center-of-gravity, and inertia), aerodynamic uncertainties, measured atmospheric and wind data for the given launch season, Navigation sensor uncertainties, actuator uncertainties, stacking misalignments, flex and slosh uncertainties.  Winds used for each day’s Monte Carlo were chosen to be conservative based on the length of the launch window for that day, i.e, the wind applied is not based on the launch time since the design time for each individual run.

This data is provided to the upper stage provider for verification of its own performance and for generation of in-space targets and operational sequencing. This data is used in Monte Carlo analysis at the vendor to provide expected performance capturing the ability to place MCPV on the final desired orbit based on the provided Trans-Lunar Injection orbital targets. Additionally, the results of the Monte Carlo included expected lunar flyby conditions needed to assess payload disposal requirements
. 
Flight Performance 

Once the daily Monte Carlos are complete, the results are inspected to determine flight performance and to ensure that the several flight requirements are met at 3-sigma levels (P99.73 with 90% confidence).  The requirements include orbital insertion requirements (apogee error, semi-major axis error, and wedge angle should be within prescribed limits), vehicle load limits (total angle-of-attack in the buffet regime, dynamic pressure, maximum axial acceleration), MPCV Service Module (SM) Panel jettison and Launch Abort System (LAS) jettison event requirements (body rates, dynamic pressure, axial acceleration, total angle-of-attack results within prescribed limits), booster-core interface load requirements (tension and compression), core inlet pressure requirements (LOX and LH2 inlet pressures, surge pressure at MECO, net positive suction pressure), engine/motor gimbal margins, and remaining core propellants at insertion.
Once the ascent results are verified and reviewed by the teams, the data is provided to ULA for assessment of in-space performance. The vendor then performs its analysis for all launch dates and provides results back to NASA. The SLS team then reviews this data, ensuring proper meeting of orbital insertion targets, lunar flyby, and expected impacts on the MCPV mission. Along, with Boeing and ULA’s concurrence packages, this data is reviewed and concurred upon by NASA for flight certification.
Review approach 

Once the integrated analyses are complete, the results are presented to management to get Discipline Lead Engineer approval and buy-off. This cycle is increasingly important for the FRAC analysis, and ensuring the vehicle is good for flight. The review approach for FRAC analyses and products is a multi-tiered approach. Within the GN&C Teams, FRAC results are reviewed first by team members at respective weekly team meetings.  Then, the GN&C FRAC results are reviewed and vetted through the SLS GN&C Team forum attended by the GN&C Leads, members of the GN&C Teams, as well as other Vehicle Management Teams such as Flight Mechanics, Liftoff and Separation, etc.  Next, FRAC results are presented to the Ascent Flight Systems Integration Task Team (AFSITT) for vetting by VM Discipline Lead Engineers and cross-program exposure/vetting.  While multiple (rolling) launch periods are evaluated, the FRAC analysis and results for the actual launch period are documented in an SLS Program document titled Flight Readiness Review Assessment: Artemis I Mission.  Finally, the FRAC analysis results are summarized and provided to the SLS Flight Readiness Review (FRR) board to support flight readiness decisions.
OVerview of verification products

The previous section provided an overview of the process and the kinds of analysis that is performed in order to document flight certification. In addition to the exact products, it is very useful to provide an overview of the specific products that are generated and provide insight to the vehicle’s performance. The products of several disciplines are given below, summarizing results from the FRAC-0 process. 
6-DOF Performance 
For the 6-DOF daily Monte Carlos several data products were produced to verify the results including daily Monte Carlo time history plots and tabular statistical results as well as other plots comparing the min/max boundaries and boxplots comparing all daily Monte Carlo cases in a launch period. Some examples of these are given below. Figure 1 provides an example of a typical carpet plot showing overlaid time histories for a given variable. In this plot, the nominal run is captured as a solid black line. These plots are used to ensure expected operation across all dispersions and identify any performance outliers. These are generated for a large number of integrated performance, as well as Guidance Navigation and Control (GNC)-specific variables to ensure proper operation. Similarly, the results of these runs are captured at specific events across the trajectory, such as booster separation and insertion. Table 1 provides an example set of data in terms of dynamic properties at Solid Rocket Booster separation. Multiple statistical properties are also collected in order to support insight and requirement verification as per recommendations.
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Figure 1 Example Daily Monte Carlo Set of Time Histories (Pitch Body Rate)

Table 1. Example Daily Statistical Results
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SRB SEPARATION EVENT STATISTICS:

  Time, sec 1.2794E+02 1.3712E+02 1.3154E+02 1.3258E+02 1.2950E+00 1.2798E+02 1.3711E+02 1.2840E+02 1.3673E+02

  Dynamic pressure, psf 1.3929E+01 2.6447E+01 1.9651E+01 2.0791E+01 1.9447E+00 1.3934E+01 2.6419E+01 1.4350E+01 2.6034E+01

  Mach number 3.8160E+00 4.4780E+00 4.1134E+00 4.2153E+00 1.0468E-01 3.8214E+00 4.4773E+00 3.8872E+00 4.4697E+00

  Altitude, ft 1.6073E+05 1.7053E+05 1.6387E+05 1.6556E+05 1.4507E+03 1.6078E+05 1.7049E+05 1.6129E+05 1.7021E+05

  Axial acceleration, g's 6.7089E-01 6.9609E-01 6.8576E-01 6.8230E-01 3.9198E-03 6.7096E-01 6.9577E-01 6.7140E-01 6.9351E-01

  Lateral acceleration, g's 5.8523E-05 4.9058E-03 6.6563E-04 1.6076E-03 7.7919E-04 6.2878E-05 4.7915E-03 8.5104E-05 4.2266E-03

  Angle-of-attack, deg -1.8178E+00 1.4103E+00 -1.4017E-01 -2.6029E-01 5.1091E-01 -1.8163E+00 1.4057E+00 -1.7777E+00 1.3213E+00

  Sideslip angle, deg -1.4744E+00 3.4799E+00 1.4762E+00 5.0986E-01 7.8329E-01 -1.4695E+00 3.3995E+00 -1.4410E+00 2.9938E+00


These products are standard analysis outputs that are used to asses performance and capability for a given mission or launch time. As the FRAC cycle is expanded to include nominal check cases as well as dispersions across launch time within the window, additional outputs are needed to help visualize the data. These focus on providing overview of the insertion or dynamic parameters across launch time and dates. Figure 2 provides one example, showing min/max captured values across multiple Monte Carlos for varying launch dates. The nominal in blue shows the expected baseline performance. This plot shows the variation of Q-Alpha, the product of angle of attack and dynamic pressure, over the launch windows, providing verification that the vehicle properly ascends within structural load limits. Similarly, this plot provides good insight for any variation for day-to-day effects, which should be limited. Figure 3 shows another method for capturing event-specific statistics and their effect over launch dates. This plot, also known as a boxplot, shows the error in the navigated apogee at the end of core stage flight. The x-axis represents specific launch days, with the boxes representing the interquartile bounds (25th to 75th percentile) with the equivalent 3-sigma statistics (P99.73/C90) denoted, and outliers beyond 3-sigma shown as red crosses. These plots are generated for multiple parameters and provide an alternate method of visualizing integrated vehicle performance. 
[image: image3.png]Q-Alpha (psf-deg)

2000

1000

—1000

—2000

20

SLS-10011 EM-1 FRAC-0 MinMax Envelopes

40

60

Time Boost Stage (sec)

80

100

120

Nominal (Day 1)

01/27/2021 (MinMax)
01/28/2021 (MinMax)
01/29/2021 (MinMax)
01/30/2021 (MinMax)
01/31/2021 (MinMax)
02/01/2021 (MinMax)
02/02/2021 (MinMax)
02/03/2021 (MinMax)
02/04/2021 (MinMax)
02/05/2021 (MinMax)
02/06/2021 (MinMax)
02/07/2021 (MinMax)
02/08/2021 (MinMax)
02/09/2021 (MinMax)
02/10/2021 (MinMax)




Figure 2. Example Min/Max Boundary Plots Comparison of Monte Carlo Results (Q-Alpha)
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Figure 3. Example Boxplot Comparison of Monte Carlo Results
Controls Performance and Stability
Monte Carlo simulations using the SLS nonlinear time domain simulation tool, MAVERIC, are generated for each day across the entire launch window with launch times uniformly distributed across the window. Additionally, single run simulations are simulated with a launch occurring every minute within the launch window. Time domain performance of the system is judged by the manual inspection of key variables, including attitude and rate errors; thrust vector control (TVC) actuator effort; and angle-of-attack, dynamic pressure, and the product of the two, which is relevant to vehicle loads. Typically, only the bounding responses, i.e. maximum and minimum envelope, is of interest. To streamline the manual analysis process and reduce the memory footprint in comparisons of day-to-day simulations, the envelopes of each launch window are co-plotted, allowing for easily discernable differences in the results. Envelope co-plots of each launch window are carried for an entire launch period. Figure 4 below displays an example the Monte Carlo envelope co-plots for the LP3, corresponding to 16 launch windows from December 30, 2020 to January 14, 2021. 
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Figure 4. Envelope Co-plots of 16 Launch Window Monte Carlos from Launch Period 3

Although the end-to-end trajectory will be dependent on the time of year of the launch date, from an inner-loop perspective, day-to-day variations of launch dates produce only insignificant differences in relevant variables. As such, only a subset of the day-to-day Monte Carlo simulations are analyzed in the frequency domain. The trajectory (and associated vehicle states, mass properties, etc.) from MAVERIC is linearized at different points in the SLS frequency response design and analysis tool, Frequency Response Analysis and Comparison Tool Assuming Linearity (FRACTAL). All Monte Carlo trajectories are linearized in 10 second increments, with some additional time points reflecting key events, such as Max Q. The frequency responses of all Monte Carlo seeds are analyzed in FRACTAL, which extracts key stability metrics, such as phase margin, gain margin, disc margin, and sufficient attenuation of flexible body dynamics (“flex attenuation margin”). Nominally, a 6dB/30˚ disc and 12dB of flex attenuation margin are used as control design objectives for SLS. For dispersed cases, the disc margin is relaxed to a 3dB/20˚ disc and the flex attenuation margin objective is reduced to 6dB. Linearized time points are analyzed in the frequency domain to verify that all stability metrics are achieved.
Range Safety Products
In addition to providing internal review of the vehicle’s performance, external customers also use this data in their insights and analysis prior to flight. For example, Range Safety requires the full bounds of possible vehicle trajectories in order to devise destruct lines in case the vehicle severely travels off-course.  The bounding trajectories would include engine-out cases as well, and as such, the no-failure results are bounded by engine-out cases which cover the full range of launch azimuths.  For this reason a set of trajectories are designed to provide the bounding results in terms of downrange and farthest north/south trajectories.  It is expected that these bounding trajectories would encompass all possible launch periods, and as such, would not need repeating for the rolling target approach.  Range Safety also analyzes the core stage footprints, as seen in Figure 5, for both no-fail and off-nominal conditions in order to determine the likelihood of human loss of life.  Here is an example set of Core footprint debris results for a FRAC-0 case with launch varied across the launch window, which shows ample margin relative to the foreign/US land mass requirements shown as red lines.
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Figure 5. Example Core Footprint Results
Separation Verification Products 
In order to certify liftoff and booster separation events for flight, as part of the FRAC-0, special care is made to ensure tower and stage separation clearances analyzed, respectively, bound expected trajectories during planned launch periods.  For liftoff tower clearance, this is accomplished for any launch within a year by accounting for the full yearly range of Booster PMBTs derived from the Shuttle Performance Assessment Databook (SPAD).  This approach is appropriate as liftoff clearance is launch time independent.  This eliminates the need to conduct liftoff clearance analyses for new launch periods that may be defined.  Figure 6 illustrates SLS drift while clearing the launch tower, as an example of FRAC-0 liftoff clearance analysis results, from the CLVTOPS multi-body dynamics simulation tool.  
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Figure 6. FRAC-0 Liftoff Drift from Monte Carlo Simulation
The approach for Booster/Core Stage separation clearance analysis is intended to bound all launches within the FRAC-0 range of possible launch dates while limiting the number of Monte Carlos needed to draw definitive conclusions about the clearance results, for the sake of schedule and limiting use of computing resources. To this end, specific launch dates are chosen based on statistics of the booster separation initial conditions from the MAVERIC variable time Monte Carlos, defined by several states at the booster separation event, including aerodynamic parameters (e.g. dynamic pressure (Q), angle of attack (alpha), angle of sideslip (beta), etc.), mass properties, and the vehicle kinematics/dynamics. These states provide measurable quantities that can be correlated with both launch conditions that vary between different launch windows and booster separation clearances, thus linking the launch condition inputs with the clearance outputs.  Figure 7 shows representative results from booster separation clearance analyses from the CLVTOPS tool, namely the clearance between the booster and core stage aft strut.  As new launch periods are assessed as part of the rolling targets paradigm, booster separation states are assessed whether they are bounded by the original FRAC-0 states analyzed for the initial four launch periods to assess whether clearance analysis is required to confirm certification of booster separation for flight.
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Figure 7. FRAC-0 Worst Case Aft Strut Clearance
An additional major product of booster separation FRAC-0 analysis is the set of values for the parameters that control booster separation event timing logic to be set in the flight software of the Artemis I vehicle. Therefore, analysis is used to verify that the timing parameters are sufficient to ensure adequate clearances.  At the beginning of FRAC-0 analysis, these parameters are initially set to their baseline values from design certification results, and they remain constant throughout the entirety of this cycle as long as positive clearance results are exhibited by all cases assessed.  Additional flight software parameters that significantly affect booster separation clearances are those governing the throttling logic just before and during the booster separation set by the SLS Guidance Team. These parameters are also baselined as the design certification values and assessed as part of FRAC-0 analysis.
Off-Nominal Analysis 

Based on the use of Chief Engineer performance margin to obtain earlier abort-to-orbit times, the Guidance Team worked with the Trajectories Team to design the engine-out PARs for each day/month in a launch period.  A series of Monte Carlos were performed to analyze the vehicle performance in light of single engine-out and single stuck throttle with shutdown scenarios.  The results of these tests were reported at 2-sigma (P95.45 with 90% confidence) and compared to the same requirements as no-failure Monte Carlo cases. Off-nominal results are passed on to LDI (Loads, Dynamics, and Integrated Design) personnel for further loads analysis, and core footprints are passed on to Range Safety, as mentioned above.

Approach to rolling targets

As described previously, each potential launch day requires a different guidance target design. Additional guidance algorithm inputs vary from month to month. Since the daily orbital geometry and average monthly atmospheric effects are known, inputs for any given launch date can be designed at any time. However, since each launch day includes a unique input set and a unique earth-moon geometry for simulation, each launch day must be simulated and analyzed as described above. To better distribute workload, a rolling target approach is taken, with one launch period designed at a time. Inputs for all of the launch days in a launch window are designed and simulated, followed by review and approval.

The rolling approach includes a number of advantages. A single launch period’s worth of data is small enough to be manageable, and allows comparison of different days to confirm that different days are in family. Several trajectory effects vary month-to-month, allowing analysts to gain a sense what to expect without having to allow for an entire year’s worth of variations. Similarly, launch simulations will maintain characteristics such as event timing and aerodynamic effects for the given period. A launch period corresponds to a lunar month, so each launch period starts approximately 4 weeks after the previous one. This allows the schedule of design and analysis to follow a predictable cadence. Finally, future process improvements for design and analysis can be introduced for each new launch period as they are discovered.
LEssons Learned and Conclusion
This paper provides a summary of the analysis process used by SLS to assess flight readiness. The FRAC process touches on all GN&C, and Flight Mechanics disciplines, and relies on inputs and analysis from the other fields, including aerodynamics, structural design, mass properties, engine performance, expected weather, etc. and crosses multiple contractual paths, from NASA cross program performance teams to core stage development with Boeing, upper stage design from United Launch Alliance, analysis by MPCV, and integrated final review at the ESD level. This analysis cycle represents the integrated results of multiple teams and integration across the programs. 

As the SLS Vehicle Management team has moved on from FRAC-0 to preparing for FRAC-1, the lessons learned have been used to clean-up processes, formalize reviews, and update analysis products. For example, outputs from FRAC-0 included updates to account and negotiation on the specific launch windows, requiring coordination across all Artemis 1 elements. Similarly, the analysis products have been streamlined to integrates results from multiple launch windows and verify in-family performance. A key aspect that enabled FRAC-0 to complete in a timely manner is the automation of tools as much as possible, in order to focus analyst reviews on out-of-family results. This was enabled by the employment of scripts to set up trajectory cases and post-process results, when possible, in order to quickly turn around the necessary analyses for each launch period in the rolling targets approach. Additionally, another key lesson is the need for maintenance and peer review of all inputs, as much as possible, to avoid potential simulation errors. Verifying analysis back to prior analysis cycles can help to identify any changes in performance results and identify traceability. As SLS moves towards flight certification, these lessons are being applied in the upcoming FRAC-1 process, which will utilize the rolling window approach to provide concurrence and go for launch from a vehicle design perspective.
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