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ABSTRACT 

As the space industry continues to strive for more efficient launch vehicles they must rely on increasingly 

accurate predictive models. Verification of models typically requires physical testing. Flight data measurements 

offer the most real and therefore the most accurate data for model correlation. As NASA prepares for the 

inaugural launch of their new Space Launch System (SLS), Artemis-1, they must rely heavily on predictive system 

models to ensure flight safety. Artemis-1 will be an unmanned scientific mission with the intent of blazing a trail 

for future manned missions. NASA has implemented a system of Development Flight Instrumentation (DFI) in 

the hopes of recovering useful flight data during liftoff and ascent to aid in correlating their predictive models to 

ensure human safety in future missions. An end-to-end assessment of the DFI system was performed to verify 

data acquired during Artemis-1 would be adequate for the targeted flight test objectives (FTOs). This was 

accomplished using a computational simulation of all sensors and Data Acquisition (DAQ) parameters to 

investigate any potential problem areas in the current architecture. Input nominal signals were approximated 

and injected into the system model. Synthesized acquired signals were recovered to verify FTO success. 
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INTRODUCTION 

As NASA prepares for the inaugural launch of their new Space Launch System (SLS), Artemis-1, they must rely 

heavily on predictive system models to ensure flight safety. Artemis-1 will be an unmanned scientific mission 

with the intent of blazing a trail for future manned missions. NASA has implemented a system of Development 

Flight Instrumentation (DFI) in the hopes of recovering useful flight data during liftoff and ascent to aid in 

correlating their predictive models to ensure human safety in future missions. The ESD/CSI Loads and Dynamics 

team performed a system level assessment of the SLS DFI system to assess the adequacy of the system 

hardware and programmable parameters to achieve the desired FTOs. 

BACKGROUND 

As the space industry continues to strive for more efficient launch vehicles they must rely on increasingly 

accurate predictive models. Verification of models typically requires testing and correlation on flight-like parts. It 

follows that data measured directly during flight offers the most insight into dynamic performance. In addition 

to the clear benefit of acquiring data directly from a flight structure, there are several other benefits to acquiring 

flight data. First, flight systems have accurate boundary conditions. Boundary conditions can drastically change 

the result of any test. Throughout ascent launch vehicles operate without grounding constraints. This leads to a 



challenge during typical ground tests, as it is very hard to replicate a free condition when subject to earth’s 

gravity. Second, flight measurements capture actual loading conditions, including loads that may not have been 

predicted in mathematical models or ground tests. In that way flight measurement is as much about verification 

of loading assumptions as it is about the response of the structure to those loading conditions. Thirdly, flight 

measurements are able to capture dynamic fuel changes which occur during any launch. Both simulations and 

ground based tests are only run for a discrete set of fuel conditions thus limiting their ability to predict and 

correlate to all of ascent. 

Although flight measurements are of obvious gain to any launch vehicle program, they are not free of 

challenges. Figure 1 illustrates the advantages and challenges introduced with the three most common ways of 

acquiring data for dynamic analysis. 

 

Figure 1: Advantages and Challenges of Flight Measurements 

Simulations offer the first step for system identification as they are the cheapest and quickest way to obtain 

data useful for processing. However, they are quite limited in utility as they are only as true as the assumptions 

used to generate them. They require accurate predictions of system models and loads to be useful. 

Ground tests can help reduce model uncertainties by measuring the real response of the physical test article due 

to predicted loading. However, the added fidelity of ground tests comes with increased complexity. Special care 

need be taken to ensure measurements are true and valid. Whereas simulations are typically free of data 

pollution, ground test data is subject to two main sources of data pollution.  The first is data pollution 

introduced by the measurement system itself and the second is outside operational noise which may pollute the 

incoming signals during acquisition. Operational noise is typically minimal during ground tests and, if present, 

can be mostly mitigated using averaging techniques. 

As previously mentioned, flight test measurements offer the most information to systems engineers as they 

acquire data due to true loading conditions on the physical structure. However, as was true for ground tests, 

added fidelity comes with even more complexity. Whereas ground tests are typically able to overcome the 

several sources of data pollution with relatively simple fixes, reducing data pollution during flight test 



measurements requires more careful attention. Since flight loads rarely occur in isolation, operational noise can 

have a large impact in polluting a measured signal. In addition, the data acquisition itself is much more limited 

compared to ground based acquisition. Strict mass requirements and the need for reliable data storage even in 

the event of lost hardware impose tight restrictions on DAQ designers which limit hardware and total 

bandwidth. 

SLS Artemis-1 is no exception to these challenges. In light of these challenges an end-to-end system analysis was 

performed to ensure system parameters were appropriate to minimize the effect of potential data pollution 

sources and maximize the probability of FTO success. 

Investigation 

An investigation was performed in order to predict the performance of the DFI system for the successful 

execution of the following FTOs: 

1. Modal Extraction 

2. Vibration Environment Characterization 

3. POGO 

4. Aeroacoustic/Buffet Characterization 

Sensor types for each FTO are listed in Table 1. 

Table 1: Sensors Assessed per FTO 

 

A complete system model was required in order to perform the investigation. The system model is represented 

in the flow diagram in Figure 2. The system model was designed to replicate the path a dynamic signal would 

take from its source to final data processing. 



 

Figure 2: DAQ Synthesis Model Flow Diagram 

The first step of the simulation process was to develop an approximation of the analog signal. It was assumed 

the analog signal would be comprised of two parts: the nominal signal and operational noise. According to the 

nomenclature used in this report, the nominal signal is the signal desired to be measured for the particular FTO. 

For example, if investigating the modal extraction FTO the nominal signal would be the structural response at a 

given location to a given dynamic loading exciting the modes of interest. The underlying assumption of this 

investigation was that recovering the nominal signal perfectly would give the data analyst the best chance of 

successfully completing the FTO. It follows that the goal of the data acquisition process should be to capture the 

nominal signal as accurately as possible. 

Nominal signals for the four FTOs assessed were derived from multiple sources as listed in the following bullets. 

1. Modal Extraction: Coupled Loads Analysis (CLA) simulations 

2. Vibration Environment Characterization: Max Predicted Environments (MPEs) 

3. POGO: State Space Models and Heritage Flight Data 

4. Aeroacoustic/Buffet Characterization: Wind Tunnel Data 

Figure 3 shows the loading matrix used to guide the derivation of the nominal signals for each sensor 

throughout ascent. As can be seen not all loads will be applicable at all times during flight. This ascent profile 

also highlights areas of maximum operational noise. Operational noise is assumed to be any signal not desirable 

for assessment of the specific FTO. For example for modal extraction, operational noise would include any 

physical vibration of the structure not due to primary mode response. For this investigation the largest assumed 

contributor to operational noise was vibro-acoustics. NASA had previously performed a study to assess the MPEs 

due to vibro-acoustics. Acceptance levels from the reported MPEs were used to define operational noise levels 

at each sensor as shown in Figure 4. However, as MPEs represent the maximum predicted environment at a 

given location, they are not applicable at all times of flight. MPEs are typically driven by three sequential phases 

of flight: liftoff, transonic, and max Q. During the more quiescent times of flight a knockdown factor of -12dB 

was derived in order to account for a drop in vibro-acoustic noise levels. 



 

Figure 3: Liftoff and Ascent load matrix 

 

Figure 4: Operational Noise Color Contoured Levels at Accelerometer Locations 

Once the analog signal had been derived and simulated the next step was to simulate the data acquisition 

circuitry illustrated in the flow diagram (Figure 2). The DAQ for Artemis-1 was simulated using known equations 

for the various electrical components present using an algorithm developed in Matlab. All parameters needed to 

fully define the DAQ system were given in NASA documents and compiled into a single model. This simulation 

allowed the team to track deviations from the nominal signal at each point during the data acquisition process. 

Several DAQ parameters were found to be critical to the successful recovery of the nominal signal in the 

presence of operational noise as listed below. 

 Clipping: sensor range, anti-aliasing filter, and digital range (set by analog gain) 

 Resolution: gain, word size (dynamic range/bit resolution) 

 Phase distortion: pre-sample filter settings 



As part of the end-to-end assessment a detailed investigation was performed for each of the listed items. To 

illustrate a typical process, the investigation performed for clipping is expanded below. A top level summary of 

the Artemis-1 low frequency accelerometer sensors with various clipping risks is shown in Figure 5. It is 

important to note that clipping was rarely driven by the nominal signals. Instead clipping was largely due to out-

of-band operational noise. 

 

Figure 5: Artemis-1 LFA Sensor Clipping Summary 

Clipping of a signal is detrimental to signal quality as it tends to “wash out” the nominal signal. This occurs 

because the clipped peaks add random artificial impulses to the data set which in turn translate into artificial 

broad band frequency content. When the nominal signal is lower than the broad band clipping levels, the 

nominal signal spectral content will be “washed-out” and unrecoverable. Figure 6 illustrates this effect on a 

typical sensor’s nominal signal. The plot shows the progression of the signal’s spectral content at each step 

along the data acquisition chain. As noted, the nominal signal has distinct peaks at low frequencies 

corresponding to the target modal frequencies. The signal maintains this quality until the digitization 

(quantization) step where it experiences digital clipping. Once clipping is experienced, the low frequency peaks 

of interest are washed out and the data is no longer useful for the intended FTO. 



 

Figure 6: Effect of Clipped Signal on Spectral Content 

Figure 7 illustrates the flow of a signal through the two clipping gates common to the Artemis-1 DAQ system. 

The first gate is the sensor range. A sensor will clip if the total level within the sensor bandwidth (ie. nominal 

signal plus out-of-band operational signals) exceeds its internal voltage capacity. Sensor clipping has a large 

effect on signal quality as, once clipped, the electrical signal typically requires a long recovery time for the signal 

to decay back to its correct state. Assuming the original excitation did not clip the sensor it will travel to the 

digitizer which introduces the next gate. Prior to digitization, the signal can be amplified using an operational 

amplifier. The amount of gain is set based on the desired resolution of the output signal. As the voltage limits 

remain constant, this signal amplification induces a new clipping limit (digital range). The digital range of a signal 

is typically set at or below the sensor range. As Figure 7 shows, if this is the case and no other mechanism exists 

in between the two gates to decrease the signal level, digital clipping may occur. This was found to be the 

common source of clipping on Artemis-1. 

 

Figure 7: Signal Range Gates Clipped Signal Example 

Wherever such clipping problems were uncovered, the investigation sought to answer the question: what 

alterations should be made to the DAQ system in order to remove signal clipping and thus help ensure modal 

extraction success? To answer this question requires a complete understanding of the signal at risk and its 

intended purpose. For example, the first solution that may come to mind in this case would be to increase the 

digital range (decrease the gain amplification). At first glance that would be a workable solution. Unfortunately, 

since gain is inversely proportional to resolution, simply increasing the gain may lead to an intolerable loss in 

digital resolution of the nominal signal. Recall however, for modal extraction the bandwidth of interest is only 

low frequency modal response. Therefore, a better solution would be to apply an appropriate low-pass filter to 

remove the higher frequency vibro-acoustic noise causing clipping prior to digitization. This solution is illustrated 

in Figure 8 by way of altering the anti-aliasing filter to cut-off at a much lower frequency then currently 



implemented. Figure 9 illustrates the effect of the change to the simulated signal DAQ process. As noted the 

updated filter alleviates the clipping risk and helps maintain nominal signal quality in the low frequency range of 

interest. 

 

Figure 8: Effect of Modification to Anti-Aliasing Filter on Clipping 

 

Figure 9: Effect of Modification of Anti-Aliasing Filter on Spectral Content 

CONCLUSION 

Flight missions are a critical but expensive step in the validation of models and critical to ensuring human safety 

in space travel. Confidence in flight measurements begins with confidence in the DAQ system used for 

measurement. As this study illustrates, full system knowledge of a given system is necessary to define DAQ 

parameters. An end-to-end system assessment proved to be a very useful tool to investigate probable problem 

areas in the current DAQ set-up for Artemis-1. The methodology presented herein, gives the engineer the 

necessary information to make well informed decisions about how to fix potential problems and ensure 

successful execution of the flight test objectives (FTO). It is clear that an end-to-end assessment such as this 

would be a very useful step in the initial phase of DAQ system design. Flight missions will continue to present 

unique challenges for test engineers, but by using the right tools early in the process we can still have high 

confidence in our measurements. 
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