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The Mars Ascent Vehicle (MAV) will be the first rocket ever to launch off the surface of Mars, inserting Martian regolith samples into orbit. Since the MAV vehicle is a two-stage all-solid rocket with no thrust termination system, orbit insertion accuracy is heavily dependent on pre-flight predictions of the motor performance and dynamics of the spin-stabilized upper stage (MAV2). Therefore, a flight test of the MAV2 as the final stage on a Black Brant IX sounding rocket from Wallops Flight Facility (WFF) is planned. This paper discusses the mission design, post flight reconstruction approach, and instrumentation package proposed to meet the relevant flight test objectives. 
Introduction

MAV is a two-stage all-solid launch vehicle with a Thrust Vector Controlled (TVC) first stage and a spin-stabilized second stage as shown in Figure 1. It will be launched as part of the Mars Sample Return (MSR) campaign to deliver samples of Martian regolith to Low-Martian Orbit (LMO) for later retrieval. Due to mass constraints, only the first stage has an active guidance system. The MAV first stage (MAV1) consists of a solid rocket motor (SRM) with an interstage that contains the vehicle avionics and provides the primary Guidance, Navigation and Control (GN&C) functions. The MAV second stage (MAV2) consists of an SRM, a pair of spin-up rockets, a pair of spin down rockets, and a deployable nosecone that protects the Orbital Sample (OS) payload which carries the regolith collected on the surface. Following first stage burnout, the Reaction Control System (RCS) located on the MAV1 interstage orients the vehicle to the MAV2 burn attitude to raise periapsis. The MAV1 guidance computer sequences the MAV2 separation near apoapsis, which is followed by an open-loop sequence of MAV2 spin up, ignition, burnout, spin down and OS deployment1. The MAV2 has no closed-loop shutdown capability so the orbit insertion at OS deployment is highly sensitive to uncertainties in SRM performance.  
[image: image1.png]r

+Z

+X

Y towards
viewer

Stage One

Interstage

Stage Two

ing, Orl
Sample (0S)




Figure 1. MAV Flight Configuration

Flight Test Objectives
It is also a well-known characteristic of SRM’s that a reduction in performance is sometimes observed in flight that was not observed in ground testing. This is known as a “flight knockdown factor,” and is expressed as a multiplier on thrust and thus impulse.  It is thus called because no explainable cause has been assigned, though it could include errors in inert mass accounting, errors in mass flow rate estimating, or unmodeled physics due to the accelerating frame.  This has been observed in both launch booster and in-space/upper stage configurations.  Figure 2 shows this effect for a number of in-space motor families, where they have been sorted by their family average knockdown factor.  This suggests that each configuration is likely to have its own knockdown, separate from any motor-to-motor variation. Lacking any additional information, a new rocket motor performance model should include this range as a possibility.  (Note the two points above 1.0 we have assumed to be incorrectly referenced.) 
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Figure 2. In-Space Motor Families’ Average Knockdowns

In addition to the above dataset, NASA has characterized the Reusable Solid Rocket Motor (RSRM) knockdown performance over many Space Shuttle launches, and also the Ares I-X launch.  This data are shown in  Figure 3. The Ares I-X mission used a single Shuttle RSRMs as the first stage on a test flight configuration2.  Its raw knockdown is shown as the lower green point on the right of the plot and is bounded by Shuttle flight experience. The RSRM data shows how significant the average motor family knockdown is relative to its unit-to-unit variation.  Therefore, even a single flight test would significantly reduce the overall uncertainty in motor performance.
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Figure 3. Space Shuttle and Ares I-X RSRM flight knockdown data

A comparison of dispersed insertion orbit results assuming a reduction in knockdown factor uncertainty with a flight test vs. no reduction without a flight test is shown in Figure 4. The red dots show the dispersions when the full range of SRM knockdown possibilities are included, the green dots show how the dispersions are reduced when the knockdown can be estimated by a flight test. Characterization of this knockdown factor is Flight Test Objective (FTO) #1 for this mission.
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Figure 4. Dispersed Orbit Apsis Accuracy with Flight Test (green) vs. without (red) 
Since MAV2 is spin stabilized, data must be obtained to determine if the actual flight dynamic performance agrees with predicted MAV2 flight dynamic performance. Contributing factors include pointing, nutation, tip-off, motor residual impulse, and other dynamic responses from separation to simulated OS release. Characterization of the second stage integrated dynamics is FTO #2 for this mission.

MAV2 will separate from MAV1 using a custom-built system that has limited flight history. Data is needed to assess the function of the separation system and will be used to validate separation system models. Demonstrating that the first stage and second stage maintain positive clearance and alignment margins during the separation event is FTO#3 for this mission. 
MAV Flight Test Configuration

A sounding rocket will boost a flight test version of MAV to an altitude above the sensible atmosphere (> 100 km) so that the MAV2 SRM can be flown in an environment similar to conditions expected near Mars apoapsis for the actual MAV mission. The MAV Flight Test Vehicle (FTV) will be launched on a Black Brant IX motor stack consisting of a Terrier Mark 70 first stage and a Black Brant second stage. The FTV consists of two sections, MAV1 and MAV2, which is enclosed by a nosecone during endo-atmospheric phases of flight. Like the actual Mars flight, the MAV1 FTV section provides sequencing and attitude control during the coast phase between Black Brant burnout and MAV2 FTV ignition. MAV1 FTV consists of a mass simulator designed to emulate the mass properties of the expended MAV1 as well as the necessary avionics and telemetry systems that will be designed and built by the NASA Sounding Rocket Operations Contract (NSROC) team at WFF. The FTV and sounding rocket configuration is shown in Figure 5.
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Figure 5. MAV Flight Test Vehicle Configuration
Flight Test Modifications

To collect the necessary data, the MAV2 FTV will be modified from MAV2 to replace the OS and its deployable nosecone with a roll-stabilized Inertial Measurement Unit (IMU), a Global Positioning System (GPS) receiver and a telemetry system. This has driven changes to the Outer Mold Line (OML) of MAV2 such that the FTV version is physically longer than the Mars-flight equivalent. At the same time, it is important that the mass properties of the MAV2 FTV are in close agreement with the actual MAV2 so that the measured dynamics during the test flight are still relevant. The GNC functions of the actual MAV interstage are supplied by the NSROC-supplied avionics in the MAV1 FTV.
Range Safety Considerations

There is a significant range safety concern with this flight that must be addressed. A typical sounding rocket flight is unguided, with the only controls being adjustments to the initial launch attitude based on measured winds. Therefore, there is little to no concern about an errant sounding rocket impacting in a restricted area. However, the MAV2 FTV has significant delta-V capability (~1,800 m/s) and must be deployed in the correct trajectory and at the proper attitude to ensure impacts do not stray outside of predictions. A sounding rocket malfunction could result in MAV2 FTV being deployed while still within the atmosphere, with unpredictable implications for the trajectory. A malfunction of the Attitude Control System (ACS) on the NSROC-supplied MAV1 FTV could result in the MAV2 FTV being deployed at the incorrect attitude which could potentially result in impacts well outside the predicted area. One approach to this problem would be to add a Flight Termination System (FTS) to the MAV2 FTV that is either autonomous or controlled by the Range that would inhibit ignition unless both trajectory and attitude requirements are satisfied. However, this would add weight, complexity and schedule delay to the flight test project. Instead, a simplified set of inhibits will be added to the MAV1 FTV flight software that will ensure that the MAV2 FTV will only be deployed if the sounding rocket performed within predictions. Fortunately, the MAV2 FTV ignition is sequenced by an open-loop timer that is triggered at separation from the MAV1 FTV, which means that if separation does not occur, the MAV2 SRM will not be fired. This allows the sounding rocket trajectory to be the only criteria for MAV2 FTV ignition because it will be designed such that the MAV2 FTV has insufficient energy to cause an impact on populated land masses at any separation attitude. 
The flight test will be conducted from Wallops Flight Facility (WFF) in Virginia and must be compliant with WFF Range Safety Manual 8009-T1. This means that the non-failure mode impact should avoid occurring within pre-coordinated offshore zones that are part of the Virginia Capes Operating Area (VACAPES) air and land areas. VACAPES is designed to protect popular fishing locations along the continental shelf. If the impact locus overlaps a zone within VACAPES with sufficient probability, active surveillance via air assets will need to be maintained to ensure that area remains clear during the operation, increasing cost and schedule risk. Therefore, the design goal is to keep the 2-sigma non-failure mode impact dispersions East of VACAPES as shown in Figure 6. 
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Figure 6. MAV2 FTV Impact Locations with VACAPES
MAV flight test trajectory design
In addition to Range Safety considerations, there is a requirement to achieve at least 2 minutes of flight time post-MAV2 FTV burnout to allow adequate time to characterize tailoff thrust magnitude. The desire to avoid VACAPES while maximizing flight time are in tension such that earlier MAV ignition times increases overall flight time while pushing the impact locus farther West towards VACAPES. 
Flight Sequence
The goal of keeping impacts east of VACAPES is predicated on a non-failure mode launch where the trajectory is within 2-sigma predictions. Since the MAV1 FTV must properly orient the MAV2 FTV prior to separation and spin-up, several credible failure modes were identified that could result in impacts that fall well outside of 2-sigma predictions. If it can be shown that these failure mode impacts never reach populated land masses, an FTS on the MAV2 FTV will not be necessary, avoiding significant cost and schedule issues. Therefore, a trajectory was designed such that, given a sounding rocket that performs within 2-sigma variation, the MAV2 FTV will not have sufficient energy to impact land. 
The overall trajectory sequence is shown in Figure 7 and the flight sequence is listed in Table 1. The mission starts at T-zero with Terrier stage ignition followed by spin rocket ignition at T+0.9 seconds. The vehicle achieves a roll rate of 1200 deg/sec due to both the spin rockets and cant of the Terrier fins. At 6.2 seconds, the Terrier stage burns out and separates. After a short coast, the Black Brant stage ignites at T+16 seconds with a roll rate maintained by aerodynamic moments generated from the cant of the fins. At T+43.5 seconds, the Black Brant stage burns out and the vehicle coasts until aerodynamic forces are negligible so that a Yo-Yo weight de-spin system can be deployed to null the roll rate. A few seconds after de-spin, the MAV2 FTV separates from the Black Brant and the vehicle continues to coast until aerodynamic heating drops to an acceptable level for the nosecone to be jettisoned. After nosecone jettison, the vehicle re-orients to a near vertical orientation using the MAV1 FTV ACS. After coasting for a period determined according to the process described in the next section, MAV2 FTV separates from the MAV1 FTV. Shortly after separation (SEP + 0.4 seconds), the spin rockets are fired to spin up the MAV2 FTV to a roll rate of approximately 900 deg/sec, followed by SRM ignition at SEP + 3.0 seconds. The MAV2 FTV SRM burns for approximately 18.7 seconds. After SRM burnout, the vehicle coasts for a pre-determined duration of at least 2 minutes after which the spin down rockets are fired prior to the altitude dropping below 100 km so that tailoff thrust and other vehicle dynamics can be captured.  

[image: image7]
Figure 7. MAV Flight Test Concept of Operations
Table 1. Flight Sequence

	Event Name
	Mission Elapsed Time (sec)
	Geodetic Altitude (km)
	Inertial Velocity (km/sec)

	Liftoff
	0.6
	0.1
	0.378

	Terrier Spin Rocket Ignition
	0.9
	0.1
	0.387

	MaxQ
	5.9
	1.7
	0.752

	Terrier Burnout
	6.2
	1.8
	0.746

	Black Brant Ignition
	16.0
	6.1
	0.583

	Black Brant Burnout
	43.5
	35.2
	2.311

	Despin
	65.0
	75.2
	2.128

	Black Brant Jettison
	69.0
	82.1
	2.096

	Nosecone Deploy
	90.0
	116.1
	1.936

	ACS Turn to MAV2 Ignition
	95.0
	123.6
	1.899

	MAV1 Apogee
	258.8
	243.7
	1.172

	MAV1/MAV2 Separation
	378.2
	180.0
	1.595

	MAV2 Spinup
	378.6
	179.6
	1.598

	MAV2 Ignition
	381.2
	176.8
	1.614

	MAV2 Burnout
	399.9
	167.0
	1.832

	MAV2 Spindown
	599.2
	159.3
	1.890


Pre-MAV2 Separation Coast Duration Optimization
The coast duration between MAV FTV separation and MAV2 SRM ignition is determined as an optimization problem where maximizing flight time is subject to constraints on the minimum allowable downrange distance of impact loci for a worst-case failure mode. Shorter coast durations result in longer flight times but smaller downrange impact locations. This problem was implemented in POST2 and a separate set of Matlab scripts. The process for determining the shortest allowable coast time that satisfies all possible failure scenarios is listed below:
1. Identify the minimum apogee case from sounding rocket dispersed runs received from the NSROC trajectory team (generated by their GEMS program)

2. In the POST2 3DOF model, constrain Black Brant burnout apogee altitude to match minimum apogee case by varying Black Brant stage impulse

3. Minimize MAV2 FTV downrange distance by varying ignition attitude assuming a given ignition altitude (determines pathological worst case from a range safety standpoint)

4. Repeat step 3 at various coast times resulting in ignition altitudes between the minimum Black Brant burnout apogee altitude identified in step 1 (~200 km) and 100 km
5. Formulate a polynomial fit to relate MAV2 FTV ignition altitude to worst case downrange distance (assumes a 20 km standoff to account for unmodeled dispersions in 6DOF)

6. Evaluate polynomial to determine MAV2 FTV ignition altitude that satisfies the desired minimum downrange distance

7. Run max uprange, downrange, left and right crossrange cases at the fixed MAV2 FTV ignition altitude determined from step 6 to generate an impact ellipse
The minimum coast duration identified using the above procedure results in a MAV1/MAV2 separation time of T+378.2 seconds and a MAV2 FTV ignition altitude of 176.8 km. This means that this separation event does not occur until after Black Brant burnout apogee. As expected, the optimal attitude to maximize flight time is a near vertical orientation with respect to the local horizontal, so a second apogee occurs at around 500 seconds. This results in the unconventional altitude vs. time plot shown in Figure 7, but maintains the locus of possible impact locations offshore from any populated land masses as shown in Figure 8.
[image: image8.emf]
Figure 8. Bounding Cases for Extreme Uprange, Downrange, Left and Right Impact Locations
Failure Mode Analysis
To confirm the results from the optimized 3DOF trajectory trade-off between keeping all potential MAV2 FTV impacts offshore and maximizing flight time, a no-fail mode plus seven (7) different failure modes were analyzed using a 6DOF Monte-Carlo simulation implemented in Simulink using the Universal Controls Analysis Tool (UCAT), developed at NASA Launch Services Program (LSP) for expendable launch vehicle and upper stage analysis. 
A listing of these failure modes, a description of each, and the estimated Probability of Failure (PoF) are in Table 2 and the impact loci for each failure mode is shown in Figure 9. An overlay of these impact locations against the locus of worst case impact locations from the 3DOF trajectory design is shown in Figure 10. In all but a few out of 8000 cases, the 3DOF worst case impact locus envelopes the failure mode analysis from the 6DOF.
Table 2. Credible Failure Modes

	Failure Mode
	Description
	PoF

	MAV1 FTV ACS Failed Thruster “On”
	One of the ACS thrusters required to orient MAV2 FTV to the proper ignition attitude fails in an open condition and never closes.
	0.002

	MAV1 FTV ACS Failed Thruster “Off”
	One of the ACS thrusters required to orient MAV2 FTV to the proper ignition attitude fails in a closed condition and never opens, causing an off-nominal ignition attitude
	0.002

	MAV1 FTV IMU Failure
	One of the gyro’s in the MAV1 FTV IMU that provide the necessary knowledge fails with zero rate output, causing an off-nominal ignition attitude
	0.002

	MAV2 FTV Spin-up Rocket Fail
	One of the two spin-up rockets necessary to spin-stabilize MAV2 FTV fails to ignite, causing an off-nominal ignition attitude
	0.05

	MAV2 FTV Motor Ignition Fail
	MAV2 FTV rocket motor fails to ignite, delivering no impulse. This would be the same as a “no-separation” condition because ignition is sequenced from the MAV1/MAV2 separation event
	0.05

	MAV2 FTV Motor Case Fail
	MAV2 FTV motor case ruptures at some point during the burn, only delivering a partial impulse
	0.05

	MAV1/MAV2 Separation High Tipoff Rates
	Partial separation failure results in very high tipoff rates causing an off-nominal ignition attitude
	0.1
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Figure 9. MAV2 FTV Failure Mode Impact Loci
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Figure 10  Specific Failure Mode Impact Loci vs. 3DOF Extreme Bounding Case Locus

instrumentation 
The onboard sensors for MAV2 FTV are unique to the flight test and will not be used for the actual Mars vehicle but are necessary to satisfy the three FTO’s discussed above.
Sensor Selection
Instrumentation on board the MAV2 FTV will be critical for post-flight reconstruction and satisfying FTO’s. Instrumentation for the MAV2 FTV can be split into IMU and GPS components, both of which are required for high fidelity post-flight trajectory knowledge. The team pulled from existing WFF-proven navigation components where possible. 
Spin-stabilized launch vehicles impose unique instrumentation challenges for inertial navigation, primarily due to gyro scale factor error contributing to increased attitude error growth during long exposures to high spin rates. Historically, this technological challenge has been overcome with roll-isolated IMU’s oriented in-line with the vehicle spin axis, originally developed for reentry vehicle systems. Most recently, the GLN-200 was developed by Sandia National Laboratories in 1998 for use in such applications4,5, and since then NASA WFF has repurposed this technology for use in their sounding rockets, called the TERN6. The TERN was selected for its extensive heritage and exceptional performance for use in sounding rocket missions and is shown below in  Figure 11. 
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Figure 11. TERN INS

A GPS receiver is critical for velocity and positional knowledge of the MAV2 FTV during ascent. The Javad TRG2-HDA GPS receiver has been selected due to its high performance, low size weight and power, as well as its heritage operating on WFF Flight Test Programs. The TRG2-HDA will provide high-rate carrier-based doppler velocity measurements along with position measurements at 20 Hz. A series of L-band patch antennas will be utilized to maximize GPS coverage during flight7. 
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Figure 12. JAVAD TRG2-HDA GPS Receiver
Radar observations will be provided from Wallops Flight Facility’s four fixed single object tracking sites (see Figure 13) and three mobile/transportable single object tracking Radars. The radars operate on S-band skin tracking and typically supply data at 10 Hz. These observations are used to augment on-board state information during telemetry outages, poor GPS coverage, or in the case of anomalies.
[image: image12.png]



Figure 13. Wallops’ Radar Tracking Station 3
reconstruction approach

Best Estimate Trajectory (BET)

To generate the truth-reference trajectory for post-flight analysis, a Best Estimate Trajectory (BET) Extended Kalman Filter (EKF) was created based on a similar filtering approach to that which will be taken for Artemis I8. Data from across the vehicle will be incorporated into the Kalman filter, including raw IMU observations from the TERN INS, GPS Receiver, and S-Band radar tracking provided by Wallops Flight Facility with site locations along the eastern shore as well as Bermuda.  

The filter propagates the inertial state of the vehicle at the MAV2 FTV TERN mounting location, at the 200 Hz rate raw IMU data is received from the TERN INS. GPS measurements are incorporated through a loosely coupled approach at 20 Hz, where observed position and velocity states are utilized over raw pseudo range observations.  Radar observations are incorporated to refine the position estimate at a low frequency when available and are utilized through mapping of measurements from a local-spherical frame at the radar site into an inertial frame. The flow of the BET filter can be visualized below in Figure 14.
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Figure 14. BET Filter Process
The BET filter is an error state filter, which is estimating the error in state, not the state itself, which is an optimal approach for applications that do not run in real-time. The filter contains 7 states with 33 unique elements. Nine unique states are reserved for the inertial state of the vehicle, and the remaining 24 states capture the errors in the IMU observations, including bias, scale factor, and misalignments. 
Table 3. BET Filter States

	Error State
	Symbol
	# Unique States

	Position 
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	Velocity 
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	Attitude 
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	Acceleration Bias 
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	Acceleration Scale Factor
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	Acceleration Misalignments
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	Gyro Bias 
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	Gyro Scale Factor
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	Gyro Misalignment
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Where the M matrices capture both scale factor and misalignment for the gyro and accelerometers and are shown below.

The inertial dynamics for this EKF can be described by the following state transition matrix

Where the sequence of states follows those displayed in Figure 14. The term R denotes the rotation matrix from body (or sensor) frame to the true of date inertial frame. The terms denoted by τa and τg are the gyro and accelerometer bias stability time constants receptively. The G term represents the gravity gradient, or the velocity error rate due to gravity. The f and ω terms represent sensed specific force and angular rate from the IMU. Tuning the process noise, Q, and initial covariance, P, utilizes TERN INS performance specifications provided from WFF. 

Calculating Knockdown Factor
The approach for determining a knockdown factor for MAV2 SRM from GPS flight data is straightforward and does not require detailed attitude information from the onboard IMS. Using a 3DOF simulation of the stage implemented in POST2, a targeting problem is set up where the initial conditions at pre-ignition are taken from GPS data and constraints on injection orbit energy, inclination and argument of perigee are determined from post-burnout GPS data. The POST2 3DOF model then iterates on the controls in pitch/yaw attitude and a multiplier on assumed motor performance to satisfy the post-burnout injection constraints (3 variables, 3 unknowns). The motor performance multiplier is analogous to the knockdown factor of the MAV2 SRM. This method was tested using 6DOF Monte-Carlo data. The scatter plot below shows the derived knockdown factor as determined from the 3DOF optimization methodology vs. the truth value used in each of 1000 runs. As expected, there is a very strong correlation between the derived and truth values, demonstrating that this method is a sound way to determine motor performance.
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Figure 15. Correlation of Estimated vs. Truth MAV2 SRM Knockdown Factors
ConclusionS AND FUTURE WORK
A mission design, sensor suite and post-flight reconstruction methodology has been identified that satisfies the three major FTO’s. An FTS on MAV2 FTV will not be required as separation inhibits can be implemented in the MAV1 FTV Flight Software that effectively precludes MAV2 FTV ignition in the event of a sounding rocket trajectory that could result in an impact on land. It has been shown that GPS data alone is sufficient to satisfy the intent of FTO-1 while the TERN IMU has been shown to provide sufficient fidelity to capture MAV2 stage dynamics during spin up, burn, coast and spin down to satisfy requirements on collecting data on dynamic behavior of the vehicle. Future work on the MAV flight test will begin in October 2023 with a test flight scheduled for December 2025. 
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� Senior Flight Design Discipline Expert, Launch Services Program, NASA VA-H1, Kennedy Space Center, FL 32899


� GNC Engineer, Guidance, Navigation, and Mission Analysis Branch, NASA EV-42, Marshall Space Flight Center, AL 35808


� Principal Systems Engineer, a.i. solutions, Launch Services Program, Kennedy Space Center, FL 32899 


§ GNC Lead, NASA Sounding Rocket Operations Contract, Code 810, Wallops Flight Facility, VA 23337


** Flight Performance Engineering Lead, NASA Sounding Rocket Operations Contract, Code 810, Wallops Flight Facility, VA 23337


†† Propulsion Engineer, Solid Propulsion Systems, NASA ER-62, Marshall Space Flight Center, AL 35808
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