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The Space Launch System (SLS) Exploration Mission 1 (EM-1) test �ight
will use open-loop guidance for Boost Stage (BS) �ight. A table of at-
titude commands as a function of altitude, called the chi table, will be
loaded onto the �ight computers. The chi table will be generated using the
measured winds on launch day by the Chi Angle Optimizer (CHANGO)
software tool. Details of CHANGO’s design are given, including a Three
Degrees-of-Freedom (3-DOF) simulation and a numerical minimization
routine. CHANGO’s use in launch day operations is also described.

INTRODUCTION

The Day of Launch I-Load Update (DOLILU) System is the means by which the Space
Launch System (SLS) Vehicle trajectory is designed, veri�ed, and uploaded on the Day of
Launch (DOL) in order to ensure a safe �ight. Launch vehicles are designed to �y down
a narrow angle of attack (alpha or � ) and angle of sideslip (beta or � ) corridor in order to
keep them within structural load limits.1 The alpha and beta response of the launch vehicle
can vary signi�cantly based upon the winds experienced on the DOL. SLS Boost Stage
(BS) �ight employs an open-loop guidance scheme through Solid Rocket Booster (SRB)
separation.2

In the SLS open-loop scheme, the vehicle will �y a prescribed set of attitudes as a func-
tion of the change in altitude since launch. This set of reference attitude values and corre-
sponding altitude reference independent values, called Initialization Loads (I-Loads), are
designed with ground software using winds measured on the DOL with the goal of mini-
mizing alpha and beta and, therefore, related ascent integrated vehicle structural loads.

To verify the design, a Six Degrees-of-Freedom (6-DOF) launch simulation is used to
evaluate loads in the presence of a measured atmosphere (wind and thermodynamics). All
integrated vehicle structural loads must be within limits for a safe launch. If they are not,
the vehicle cannot launch and must delay. When all integrated vehicle structural loads are
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Veri�cation

An independent veri�cation and validation analysis was performed in which Program
to Optimize Simulated Trajectories (POST), a 3-DOF trajectory optimization tool for as-
cent �ight, was run alongside CHANGO for time history comparison. A nominal �ight
was simulated for both programs using the same Ground Rules and Assumptions (GR&A),
including the time to start the gravity turn, the roll program to achieve a heads-down ori-
entation, reference frames, rotation sequences, etc. Both tools generated Chi Tables that
contained an attitude described by an NED-to-SLS-Body roll, pitch and yaw angle se-
quence as function of delta-altitude. Both tools showed an excellent comparison. Figures 7
through 9 show Euler angles (roll, pitch, and yaw) for both CHANGO and POST, along
with the difference between the two simulations.

Figure 7: Roll angle and comparison for CHANGO and POST.

Initially, differences between the two simulations are large because the initial attitude
has a pitch of 90 degrees. As both CHANGO and POST use a yaw-pitch-roll sequence,
this results in unde�ned roll and yaw angles at a pitch of 90 degrees. Once the pitch angle
goes below 90 degrees, the differences in the roll and yaw channels are less than 1 degree,
�nally converging to 0.25 degrees between the two simulations. The vertical red bar on
each plot shows the minimum time before any comparison was made.

Chi Tables from both POST and CHANGO were run in two separate 6-DOF simulations,
and an excellent comparison was observed. Figure 10 shows the total angle of attack dur-
ing BS �ight when run in Marshall's Aerospace Vehicle Representation in C (MAVERIC)
a 6-DOF simulation tool. Figure 11 shows a similar comparison of Chi Tables from POST
and CHANGO when run in a different 6-DOF simulation, Stability Aerospace Vehicle
Analysis Tool (SAVANT). This provides independent veri�cation of the MAVERIC re-
sults, where both results showed an excellent agreement between the two Chi Tables. The
difference plots in this section show that CHANGO is a simple, reliable, and robust tool.
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Figure 8: Pitch angle and comparison for CHANGO and POST.

Figure 9: Yaw angle and comparison for CHANGO and POST.
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