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NASA uses six-degrees-of-freedom (6-DOF) simulations tools to design, test, develop Guidance Navigation and Control (GN&C) software, and certify vehicle performance prior to flight.  Therefore, it is critical that the 6-DOF tools used for vehicle design and certification are validated. The focus of this work is the validation of the NASA Marshall Space Flight Center 6-DOF “GeneraLized Aerospace Simulation in Simulink” (GLASS) framework tool. The GLASS tool framework is currently used to support NASA GN&C insight for the Human Landing System (HLS) project, simulating vehicle dynamics during lunar descent and ascent. The GLASS framework utilizes the off-the-shelf Mathworks ® Simscape Multibody® toolbox to model vehicle multi-body dynamics. NASA’s Engineering and Safety Center (NESC) provides a set of 6-DOF simulation verification “check cases” that are available to any user needing to verify 6-DOF tools. The check cases contain seventeen atmospheric and twenty-six orbital test scenarios are provided to validate equations of motion, environmental models (e.g., atmosphere, gravitation, and geodesy) and tool propagators.  This paper compares GLASS 6-DOF simulation results against the NESC check cases’ results via simulation-to-simulation comparisons. The comparisons demonstrate that GLASS simulation results are “in family” with the outputs of the applicable NASA NESC check-cases and verifies the GLASS core framework dynamics and the correct implementation of the check case scenario models. 
Introduction
Verification of 6 DOF simulation tools is of critical importance for any project to ensure that the core dynamics of the tool are accurate. The question is, what is the best way to verify the dynamics? The ideal option for many simulations is comparison to actual data, but this presents challenges in terms of complex dynamics interactions, data rates, and data availability. Direct comparisons to another simulation tool is also an option, although that simulation may also be complex and not verified either. This is where the NESC 6-DOF check cases play a pivotal role by providing the data of several simulations running the same cases to compare against.1 These cases also increase in complexity to allow differences to be isolated and resolved without having to wade through complex dynamics.
GLASS has been run through the orbital check cases to validate various aspects of the 6-DOF dynamics and implemented models.  
The glass framework
GLASS is designed to be a modern, modular, and user-friendly 6-DOF simulation tool for various types of aerospace vehicles. GLASS is built within the Mathworks® Matlab® and Simulink® environment, utilizing the Simscape Multibody® toolbox to generate the 6-DOF equations of motion for a vehicle.2 This approach differs from many other simulation tools that typically are coded within a base programing language such as C/C++ or python, which makes and made verification of the dynamics of great importance for GLASS. GLASS acts as an abstraction layer over Simscape Multibody® to simplify the construction of a 6 DOF simulation through parameterization and componentization. Engineers can construct a fully functioning 6 DOF simulation with very few GLASS library blocks compared to construction of the same simulation out of the base Simscape Multibody blocks as shown in Figure 1.
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[bookmark: _Ref152060054][bookmark: _Ref152060033]Figure 1. Example GLASS 6-DOF Dynamics Model.
Each of the GLASS library blocks are parameterized to allow users to quickly drag and drop any needed blocks into their models. There are numerous other blocks besides those shown above, including a math library for vector operations, quaternion math, and various other methods. Coupling the various blocks and functions together allows users to quickly build and update configurable models.
GLASS also utilizes the NASA Jet Propulsion Laboratory (JPL) SPICE interface for Matlab (called MICE) to extract necessary planetary ephemeris data.3 This functionality allows engineers to quickly and accurately model planetary motion in GLASS using a well-known and verified tool set.
Verification Plan
Simscape Multibody® generates and solves the equations of motion for a simulation without users being able to see and extract those equations for analysis or verification. As a result, users cannot compare the equations of motion for a GLASS simulation to the equations of motion of another tool as they are internally generated for each simulation and will differ between simulations depending on the complexity of the simulation. Constructing GLASS around Simscape Multibody® simplified the creation and management of complex simulations, but it resulted in a verification gap.
The NESC 6-DOF check cases allow simulation tools to verify the correctness of their core dynamics in both the atmospheric and exo-atmospheric regimes. There are seventeen atmospheric cases and twenty-six exo-atmospheric cases, which verify various aspects of 6-DOF aerospace vehicle dynamics.1 The cases use a select number of generic shapes/spacecraft models with provided parameters and initial conditions.  This  allows for the verification of a simulation’s core dynamics, while treating it as a black box in terms of the equations of motion, by comparing outputs to other simulation tools running the same check cases. This provided a path forward to verify that the Simscape Multibody® portion of GLASS was generating the proper equations of motion for an aerospace vehicle.
With the primary use of GLASS as a tool supporting the HLS with focus on the cis-lunar region, priority was given to exo-atmospheric check cases in Table 1.
[bookmark: _Ref152074117]Table 1. Selected Orbital Check Cases1.
	Case Number
	Case Name
	Verifies

	2
	Keplerian Propagation
	Integration, RNP, orientation

	3B
	8x8 gravitation model
	8x8 harmonic gravitation model

	4
	Planetary Ephemeris
	Third body gravitational forces

	6B
	Aero Drag with Dynamic Atmosphere
	Response to dynamic drag

	9D
	Non-Zero Initial Rate w/ T + F
	Rotational response

	10D
	Non-Zero Initial Rate; Elliptical Orbit
	Gravity gradient modeling

	FULL
	Integrated 6-DOF Orbital Motion
	Combined effects response



Table 1 shows the cases that are highlighted and discussed in this report. The selected cases will demonstrate the performance of a GLASS simulation relative to other validated simulation tools. While all the cases within the study are required to ensure proper modeling within a simulation, these cases were selected, because they contain all the various model tests implemented in the study and culminate in a test case that contains all models/effects within it. 
VERIFICATION OF GLASS 6-DOF DYNAMICS
The GLASS 6-DOF dynamics were verified against the NESC orbital check cases. For conciseness, a selection of the results from the check cases is presented here to demonstrate the various aspects of modeling that were tested within the check cases. While all the check cases are required to demonstrate full verification, the selection was picked to highlight the various aspects of 6-DOF exo-atmospheric modeling matching.1 Selected plots are shown for each case selected to demonstrate the matching based upon the case test conditions. The plots are recreated from the original test case simulation data to provide a reference set to compare the GLASS data against. Case 2 will show many of the comparison plots, as it demonstrates the accuracy of the state integration and gravitational model. Latter cases highlight plots that demonstrate the simulation accuracy for data relevant to the case comparison goal.1
The NESC check cases show comparisons among four simulations (A, B, C, and D) and/or analytical solutions as plots of absolute output states (e.g. inertial position or angular velocity), as well as plots of each simulation's difference from the average of all simulations. The absolute plots are used to show that GLASS produces broadly similar results, and the difference plots are used to show that GLASS's differences are on the same order of magnitude, or “in family,” as the other simulations. It should also be noted that the angular difference plots use one simulation as the “truth” for the difference rather than the average.1
	[bookmark: _Ref49649080][bookmark: _Ref49649066]		
	(1)


Equation (1) denotes the method used to determine the difference. For the orbital check cases, simulation B was used as the “truth” simulation. This avoids issues with angle wrapping disrupting the average calculation.1
Orbital Case 2
Case 2 represents the simplest of the test cases with only an inverse-square gravitation field centered on the Earth providing any effects on the modeled vehicle. This case compared integration methods of the simulations along with Earth rotation models.1 Small differences in integration techniques or initial conditions propagate over the course of the simulation, resulting in large differences if not resolved. This case was particularly important, as an analytical solution exists for it, thus allowing a direct error difference to be calculated rather than a relative error between simulation averages.
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[bookmark: _Ref152081660]Figure 2. Case 2 Earth Inertial (EI) Position Comparison.
Inertial position comparisons showed excellent agreement between GLASS and the other simulations from case 2. As shown in Figure 2,over the course of the simulation, error remained on the order of 10-3 meters or less in all axes relative to the analytical solution. GLASS fell well within the range of the other simulation results for this check case.
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[bookmark: _Ref152082186]Figure 3. Case 2. Earth Inertial Velocity Comparisons.
Inertial velocity comparisons shown in Figure 3 show excellent agreement between GLASS, the analytical solution, and comparison simulations. Considering the position comparisons, the very small velocity error (on the order of 10-6 m/s) are expected. The RK4 integration scheme used for the GLASS simulation results performed very well.
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[bookmark: _Ref152083129]Figure 4. Case 2 Earth Inertial Acceleration Comparison.
As seen in the prior figures, the inertial acceleration logged in GLASS shows close agreement with the analytical solution and the test case simulations (on the order of 10-7 m/s2). The results in Figure 4 show GLASS directly in-line with the other simulations for the test case. The inertial translational state figures demonstrate that the integration scheme used in GLASS along with the initial condition settings are accurate for producing the desired results for orbital propagation relative to an inertial frame.
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[bookmark: _Ref152083460]Figure 5. Case 2 Earth Spherical Gravitational Acceleration Comparison.
The gravitational model for this test case relies on the gravitational constant for the earth and the position vector between the center of the earth and the vehicle. While a simple model, it is quite useful for simulation comparisons, as it doesn’t insert higher order effects that are seen in more complex gravitational models. Figure 5 shows the comparison of GLASS to the test case results. Because gravity is the only acting force for this case, the results directly mirror the results shown in Figure 4.
This test case also incorporated logging the position of the vehicle relative to the Earth-Centered Earth-Fixed (ECEF) frame. This frame is critically important in later simulations that utilize more complex gravitational models that calculate gravitational acceleration based on the ECEF frame. The study incorporated data from the International Earth Rotation and Reference Systems Service (IERS) to produce rotation, nutation, and precession matrices.1 Unfortunately, this data could not be reproduced for the comparison of GLASS to the test cases, and the SPICE toolkit did not produce an identical ECEF frame. Instead, the initial orientation of the frame was backcalculated from the initial states and a constant Z-axis rotation assumed to produce a frame that aligned closely to the more accurate frames used in the other simulation tools. 
[image: ]
[bookmark: _Ref152083987]Figure 6. Case 2 ECEF Relative Position Comparison.
While not a perfect match for the states, the ECEF position comparison shown in Figure 6 shows relatively close agreement between the simulations with an order of error that keep future case results within family. The largest error is under 0.5 m over the course of the simulation. This allows for more complex spherical harmonic gravity models to be implemented and produce similar gravitational accelerations to those seen in the original study.
While not a goal of case 2, it is desirable to compare the rotational states of the simulations. The initial states were non-zero, producing dynamic data for the angular positions and rates.
[image: ]
[bookmark: _Ref152084800]Figure 7.  Case 2 Body Angular Rates with Respect to Earth Inertial Comparison.
The angular rates of the body were non-zero relative to the inertial frame. The logged simulation results are shown in Figure 7. GLASS produces angular rates in family with the other simulation tools in the study over the course of the simulation with error under 10-4 rad/s. 
[image: ]
Figure 8. Case 2 LVLH Euler Angle Comparison.
The Local Vertical / Local Horizontal (LVLH) Euler angle comparison shown in Figure 8 demonstrates excellent matching again, with error under 10-6 rad. This test case does not provide any disturbance torques to exercise the integration scheme fully. Later test cases will further test the integration of the angular states.
The GLASS results for Case 2 demonstrate excellent matching in all areas. While a relatively simple test case, this forms the underlying framework for future test cases and for GLASS as an orbital 6-DOF simulation tool. With the basics nailed down, the gravitational model complexity is increased for case 3B.
Orbital Case 3B
Case 3B incorporates the highest order spherical harmonic gravity model used in the study. As such, it has the highest chance of showing errors in implementation between simulation tools regarding gravity models. GLASS utilizes the EGM2008 implementation of the Earth spherical harmonic coefficients.4 While this differs slightly from that used in the NESC report, it was desired to limit the number of custom models that needed to be integrated into the simulation tool.1
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[bookmark: _Ref152085730]Figure 9. Case 3B Gravitational Acceleration Comparison.
The gravitational accelerations shown in Figure 9 show that over the course of the simulation time, the GLASS results diverge quicker than some of the other simulations. The overall oscillatory drift is quite small on the order of 10-5 m/s2. Considering the ECEF frame approximation and the differing spherical harmonic constants, this result verifies that the implementation yields results within family.
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[bookmark: _Ref152085966]Figure 10. Case 3B Earth Inertial Position Comparison.
The gravitational acceleration differences propagate to the inertial position states over the course of the simulation. Figure 10 shows a maximum error on the order of approximately 10m at the end of the simulation time. While denoted as an error, this is more of a modeling difference in terms of spherical harmonic coefficients and rotation, nutation, precession modeling. Overall, the results align closely with the other simulations.
[image: ]
[bookmark: _Ref153187981]Figure 11. Case 3B ECEF Position Comparison.
Figure 11 shows the overall ECEF position comparison error lies very close to the error seen in the inertial position comparison (on the order of 10 m of error). This error is due to both the rotation, nutation, precession modeling differences and the gravitational modeling differences. Overall, the result is very small and considered in family for the comparison study.
Orbital Case 4
Case 4 incorporates 3rd order gravitational effects from the Sun and Moon.1 The effects of these disturbances can be quite large depending on the orbital dynamics. Ensuring proper modeling is incredibly important while operating in the Earth-Moon system. The gravitational models for all three bodies are modeled using the basic spherical gravity model to minimize errors due to the spherical harmonic model implementation. GLASS relies on the JPL SPICE ephemeris data to position the Sun and Moon relative to the Earth to achieve the desired effects.
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[bookmark: _Ref152086814]Figure 12. Case 4 Earth Inertial Position Comparison.
The inertial position accuracy shown in Figure 12 demonstrates that GLASS aligns very closely to the average of the four test case simulations with GLASS errors under 10-3 m. Similar trends are seen for the inertial velocity and acceleration states. Angular states remain unaffected by third body gravitational effects and are not shown here for brevity.
Orbital Case 6B
Case 6B utilizes the Marshall Engineering Thermosphere (MET) model to produce a dynamic drag calculation on a sphere.1 GLASS opted to use the US Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar 00 (NRLMSISE-00) atmospheric model.5 This is due to the integration of the Fortran-based MET model being outside the scope of work for verification and the availability of the model within the Simulink® framework. The models perform similarly although some differences are noted. Future work will incorporate the Global Reference Atmospheric Model (GRAM), as it incorporates the MET model for the thermosphere and is written in C++, which is easier to incorporate into GLASS.
[image: ]
[bookmark: _Ref153188013]Figure 13. Case 6B Atmospheric Property Comparison.
Overall, Figure 13 shows the atmospheric properties compare well between GLASS and the NESC simulations. Altitude differences are under 2 m and the calculated air density error is on the order of 10-12 kg/m3. The air density model in GLASS has more variation over time than that of the MET model. This trend is also seen in the temperature comparison. Temperature was only an output of the model and was not used in any internal GLASS computations. The overall trend of the temperature variations was similar, but the atmospheric model used by GLASS exhibited much larger variations over the cyclical orbit and has error approaching 200 K.
[image: ]
[bookmark: _Ref152657335]Figure 14. Case 6B Earth Inertial Position Comparison.
The inertial position comparison seen in Figure 14 shows GLASS performing extremely well relative to the other simulations even with the differences in atmospheric models and drag. The overall position error is under 20 m of error. Since the atmospheric drag calculation with the NRLMSIS-00 model compares quite favorably with the MET model for this case, it was decided to continue using the model for the remaining test cases.
Orbital Case 9D
Case 9D incorporates generic force and torque effects on the vehicle after 1000s and lasting for 1000 seconds. This demonstrates the effects of force and torque on the vehicle states along with having non-zero body rotational rates.1 Cases prior to case 9D slowly build up the effects. The results are shown here for the final case in the case 9 series.  
[image: ]
[bookmark: _Ref152090005]Figure 15. Case 9D Earth Inertial Position Comparison
The inertial position comparison in Figure 15 shows GLASS performing extremely well compared to the average of the simulations from the study. Relative to the simulation average, GLASS produced results on the order of 10-3 m of inertial position error. The force applied to the vehicle must be precisely applied at the proper magnitude, direction, and time. Any small differences result in large divergences from the expected position over the course of the simulation. 
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[bookmark: _Ref152089994]Figure 16. Case 9D Earth Inertial Acceleration Comparison.
Comparing acceleration terms in Figure 16 demonstrates the divergence after 1000 seconds with the simulations. This further emphasizes the need to understand the proper application of the force to ensure correct simulation results. The GLASS acceleration matched the NESC study average results extremely well with error on the order of 10-8 m/s2 over the course of the simulation.
[image: ]
Figure 17. Case 9D Body Angular Rate with Respect to Earth Inertial Comparison.
The torque applied to the vehicle causes the simulations to diverge at 1000 seconds of simulation time. As seen with the previous translational states, excellent agreement is seen between the GLASS simulation and the NESC study simulation tools. The overall body rate error experienced by GLASS is under 10-8 rad/s relative to the NESC simulation average.
[image: ]
Figure 18. Case 9D LVLH Euler Angle Comparison.
The LVLH Euler angle comparison tells a similar story to that of the angular rates of the vehicle. Divergence can be seen at the 1000 second mark when the force and torque are applied to the vehicle. The GLASS simulation remains with extremely small error relative to the other simulations in the study, with errors on the order of 10-5 rad.
Case 9D demonstrated that GLASS is capable of properly modeling forces and torques applied to the vehicle and propagating the states of the vehicle during orbital case scenarios. The results from GLASS aligned extremely closely with the results of the NESC simulations.
Orbital Case 10D
The Case 10 series focused on verification of the gravitational gradient model in the simulations. Case 10D was highlighted here as it includes the gravitational gradient, non-zero initial rates, and an elliptical orbit, which shows the largest amount of deviation between the simulation tools.1 GLASS utilized a different gravitational gradient model than the NESC simulation tools.6 As stated with the atmospheric model, it was desired to not implement additional models if they were not required by the HLS program. Ideally the two gravitational gradient models would perform similarly enough to allow the comparisons to continue.
[image: ]
[bookmark: _Ref152135178]Figure 19. Case 10D Earth Inertial Position Comparison.
Since the gravitational gradient within GLASS does not have an impact on position, but rather angular states, Figure 19 shows the excellent matching between GLASS and the other simulations with respect to inertial position with errors under 10-5 m.
[image: ]
[bookmark: _Ref152139343]Figure 20. Case 10D LVLH Euler Angle Comparison.
The Euler angle comparison shown in Figure 20 reveals that although the gradient models are not identical, the performance of the GLASS gravity gradient model is similar in behavior to that of the NESC model. The pitch comparison is by far the closest; while the other two axes show similar trends, although with poorer matching. It should be noted that for this comparison, one simulation was selected as the “truth” simulation, which is why there is the grouping of simulations that disagree with the truth. 
[image: ]
[bookmark: _Ref152140302]Figure 21. Case 10D Body Angular Rates with Respect to Earth Inertial Comparison.
The body angular rates compare quite favorably between GLASS and the NESC simulations. Figure 21 shows excellent matching in the pitch and roll axes while the behavior in the yaw channel follows a very similar trend to the other simulations. The differences in the yaw and pitch rates are relatively small and overall, the oscillatory trend is in family with the other simulation tools with errors on the order of 10-5 rad/s for the pitch and yaw axes and 10-17 rad/s for the roll axis.
Case 10D showed that the gravitational gradient model implemented in GLASS performs reasonably well against the NESC simulations. While not a perfect match, the differences are reasonably small and the overall trends very similar. With earlier cases confirming rotational dynamics accuracy, the differences here can be attributed to the gravitational gradient model differences.
Orbital Case Full
The “Full” test case implements all the previously seen effects in terms of a spherical harmonic gravity model, gravity gradient, third body effects, aerodynamic drag, and an elliptical orbit.1 Combining all these effects results in a relatively complex simulation that will cause small initial differences to grow into large differences by the end of simulation. This case will demonstrate the overall performance of GLASS relative to the NESC check case simulations.
[image: ]
[bookmark: _Ref152142517]Figure 22. Case Full Earth Inertial Position Comparison.
The inertial position comparison in Figure 22 shows very close matching between GLASS and the NESC simulations. The overall accuracy per axis is under 10 meters, which is quite acceptable. The differences here are due to the simplified ECEF assumption within GLASS along with the different spherical harmonic gravity model.
[image: ]
[bookmark: _Ref152142917]Figure 23. Case Full Earth Inertial Acceleration Comparison.
The inertial acceleration comparison shows the same behavior present in the position comparison. Figure 23 shows that GLASS follows the same trends at the same level of error relative to the average of the simulation tools in the study with errors on the order of 10-5 m/s2. Again, the differences here are attributed to the gravitational model differences and the simplification of the ECEF rotation.
[image: ]
[bookmark: _Ref152143253]Figure 24. Case Full LVLH Euler Angle Comparison.
The Euler angle differences show similar trends to that seen in case 10D with the addition of the gravitational gradient model. Overall, GLASS follows very similar trends through the first half of the simulation and then begins to diverge from the other simulations as seen in Figure 24. 
[image: ]
[bookmark: _Ref152143688]Figure 25. Case Full Body Angular Rates with Respect to Earth Inertial Comparison.
The body angular rates shown in Figure 25 show a similar trend to the Euler angle comparison. The differences are attributed to the gravitational gradient model differences producing different torques throughout the simulation time. 
This case demonstrates that the modeling differences result in differing results, particularly in the angular states of the vehicle. The translational states agree very closely throughout the simulation, even with the different spherical harmonic gravitational model and simplified ECEF frame rotation. The angular states agree for approximately half of the simulation before the gravitational gradient effects from the GLASS model produce different torques to that of the NESC study model. Overall, GLASS performs very similarly to the NESC simulation tools with all the effects enabled.
Conclusion
The GLASS simulation framework, Simscape Multibody® solver, gravitational models, and atmospheric models were successfully verified against the selected NESC 6-DOF orbital check cases applicable to the HLS program. This work also verified the underlying Simscape Multibody® dynamics solver utilized by GLASS simulations. Since GLASS relies on the Simscape Multibody® solver to create and solve the equations of motion of a simulation, the verification of the simulation proves the validity of this approach to modeling. GLASS matched the simulations in the study extremely well for all cases, with small differences driven by gravitational and atmospheric model selections. Even with the differences caused by the model selections, the overall matching remained well within family with the other simulation tools. 
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