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Preface

Dynamic Environments and Durability Testing represents one of ten volumes of technical papers presented at the 44" IMAC,
A Conference and Exposition on Structural Dynamics, organized by the Society for Experimental Mechanics, and held Jan-
uary 19-22, 2026. The full proceedings also include volumes on Nonlinear Structures & Systems; Dynamic Substructuring &
Transfer Path Analysis; Model Validation and Uncertainty Quantification; Dynamic Substructuring & Transfer Path Analy-
sis; Special Topics & Experimental Techniques in Structural Dynamics; Computer Vision & SLDV for Structural Dynamics;
Topics in Modal Analysis & Parameter Identification in Structural Dynamics; Data Science in Engineering; and Structural
Health Monitoring, Metamaterials, Metastructures & Additive Manufacturing and Dynamics of Biomedical and Bioinspired
Systems.

Each collection presents early findings from experimental and computational investigations on an important area within
Dynamic Environments and Durability Testing & other Structural Dynamics areas.

The organizers would like to thank the authors, presenters, session organizers, and session chairs for their participation
in this track.

Editors:
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Cora Taylor — Michigan Technological University, MI, USA;
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Chapter 1
Application of the Impedance Matched Multi-Axis Testing
Theme of Smart Dynamic Testing

Michael T. Hale, William A. Barber, and Jacob A. Davis

Abstract Execution of vibration testing without imparting major impedance mismatches between the field and laboratory
test environments has long been a challenge in the dynamic test community. The historic technique of designing vibration
fixtures such that the first mode is beyond the maximum frequency of the test is based on the false premise that the vibration
levels imparted to the unit under test (UUT) are uniform at all input points. Testing in a serial single degree-of-freedom
(SDOF), further diverges the classical laboratory test from the true nature of the multiple degree-of-freedom (MDOF) tacti-
cal field environment. The use of a stiff cradle fixture to address captive carry or free-flight environments of a missile system
is a prime example of a test configuration that severely restricts the UUT’s natural modal characteristics, and the resulting
mechanical impedance has no correlation to the field conditions. The Impedance Matched Multi-Axis Testing (IMMAT)
theme of Smart Dynamic Testing (SDT), aims to provide a reasonable representation of the global vibration response of
operating environments such as those that are aerodynamic or acoustic in nature (e.g., captive carriage, free-flight vibration).
This paper will discuss IMMAT and associated SDT themes and illustrate the concepts through a laboratory-based applica-
tion on a dynamically accurate missile surrogate using a reconfigurable test stand.

Keywords Dynamic - Impedance - Multi-shaker - Modal - Test

Background

The traditional approach of the use of rigid fixturing attached to a high impedance SDOF shaker for replicating aerodynamic
environments in the laboratory is known to be poor. This has been recognized by dynamicist and test engineers for many
years; however, in the early years of dynamic testing there were test equipment limitations that restricted testing options [1].
In recent years, significant advances have been made in instrumentation, test hardware and control systems that have opened
the possibilities for more advanced test approaches. Daborn, Ind and Ewins proposed implementation of multiple small
exciters to conduct MDOF testing on a freely suspended structure [2]. Roberts and Ewins focused further on the concepts
of impedance matching and MDOF testing, demonstrating significant improvements over traditional SDOF approaches [3].
The early work with the use of multiple small shakers and impedance optimization by Daborn, Ind, Roberts and Ewings led
to the term Impedance Matched Multi-Axis Testing IMMAT). Daborn used the phrase “Smarter Dynamic Testing” in his
dissertation [4].

Professor David Ewins was a champion of the work referenced above, and he worked tirelessly with the dynamic
test community in an effort to formalize the approach [5]. A Workshop and informal Community of Practice (CoP) was
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established in 2018 and the term “Smart Dynamic Testing” (SDT) was adopted. Understanding the risks of unrealistic lab-
oratory conditions and opportunities to merge test and analysis was recognized by all participants as keys to future test
planning and development [6].

During the 2018 Workshop, the underlying technologies that form the basis of SDT were discussed, and these were
presented as 4 themes which provide a well-defined structure for future development of new testing techniques and of their
eventual documentation and reference. The Technology Themes identified were:

I. Test Specification: Environmental capture and definition.
II. Boundary Conditions and Fixture Design.
III. Excitation Strategy (IMMAT).
IV. Test Optimization and Integration

While engineering associated with each of the four themes is common, developing a more synergetic test approach
integrating across all themes is the objective of SDT.

The Redstone Test Center’s (RTC) Dynamic Test Division has the primary mission of providing vibration, acoustics,
mechanical shock and pyrotechnic shock testing for the US Army and DoD at large. The lab has a wide range of traditional
electrodynamic and servo hydraulic excitation systems in both SDOF and MDOF configurations. In recent years RTC and
other Dynamic Test facilities have begun to integrate SDT concepts into the test paradigm. The presented example is intended
to illustrate a typical SDT approach as related to captive carriage of a typical fixed wing aircraft store.

The example UUT, as illustrated in Figure 1, is characteristic of a typical aircraft store for which captive carry vibration
testing will be included as part of the qualification program. Due to the sensitivity of the test payload, detailed pictures and
specific engineering units were not included in this document.

Fig.1 Five Shaker IMMAT Setup

SDT theme I (Test specification)

For the example UUT, the objectives were to conduct captive carry buffet and non-buffet vibration tests. Ideally, the product
of Theme I, will be a fully populated Spectral Density Matrix (SDM) based on field measurements that would serve as the
test reference criteria. Auto Spectral Density (ASD) reference criteria in each of the three mutually orthogonal directions
were provided at six locations along the length of the test item. Unfortunately, and is often the case, Cross-Spectral Density
(CSD) profiles were not provided. The alternate approach is to utilize the modal characteristics in the test configuration to
compute a CSD. In these scenarios, reproducing all 18 ASDs within traditional MIL-STD-810 tolerances is highly unlikely
and success depends greatly on the enveloping or averaging methods utilized in the original specification development.
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SDT theme II (Boundary conditions and fixture design)

Mechanical Setup

It is acknowledged that the best impedance match to aircraft captive carry boundary conditions would consist of the UUT
attached to an isolated launcher assembly with the isolation frequency tuned to the first bending mode of the aircraft wing.
However, limitations of launcher availability often restrict this approach and require alternative levels of attachment to
the vibration source. As discussed in Reference [1], each alternative comes with a level of compromise with respect to
impedance, but some are certainly better than others. For example, the historically acceptable practice of conducting a
vibration test by placing the UUT in a cradle fixture significantly influences the natural modal characteristics of the test article
yielding structural responses with minimal correlation to that of the fielded configuration. Unfortunately, such practices
continue today across the industry. Other techniques such as exciting the UUT with a single shaker stinger assembly at one
end of the payload have limitations in that only the portion of the UUT nearest the drive point would come close to the
desired reference criteria. The use of dual exciters for a single axis test with some level of rotational relief (e.g., stingers,
radial bearings) at the attachment points has shown significant improvement for captive carry vibration especially when
coupled with a launcher interface, but this approach is typically limited to a single translational axis of vibration and does
not fully capture the effects of the coupled degrees of freedom. All the techniques described above employ large, fixed base
high force exciters with large spatial footprints that are heavy and not practical to configure for multiple translational DOF
excitation.

For the test example, a launcher was not available and the UUT was simply supported with elastic cordage. This setup is
most representative of free-free boundary conditions, although analysis has shown that the captive carry boundary conditions
are not significantly different from the free-free boundary conditions. It is acknowledged that this mechanical setup does not
induce loads through the launcher interface, but this was not an objective of this particular test.

Test Fixtures

The collar fixtures that allowed connection of the stingers to the UUT were repurposed from previous dual shaker trials. Due
to the relatively large mass of the collars (approximately 10 pounds each), the free-free modes of the UUT were reduced
by approximately 5% as shown in Figures 2 & 3 and Table 3. While not ideal, they provide a rigid connection to the UUT
across the bandwidth of interest and were considered sufficient for initial trials.
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Fig. 2 Left: Free-Free: Mode 1. Right: Configured for IMMAT: Mode 1
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Fig. 3 Left: Free-Free: Mode 2. Right: Configured for IMMAT: Mode 2

SDT theme III (excitation strategy)

While SDT themes I, II, and IV are primarily analysis based, the Theme III Excitation Strategy requires infrastructure and
test hardware. For replication of the captive carriage vibration environments, it is important to select an excitation strategy
such as the IMMAT technique that provides distributed excitation while avoiding over-constraint of the test article’s structural
modes. With the inclusion of the IMMAT method in the pending release of MIL-STD-810J Method 527, it is important to
understand the practical implementation and limitations associated with the IMMAT approach.

The RTC IMMAT infrastructure consists of eight electro-dynamic exciters and a reconfigurable framework from which
the exciters could be mounted were integrated into an existing test facility. The random force ratings of the original suite
of shakers range from approximately 120 to 500 Ibf rms. The shaker displacements vary from £0.25 inch to 0.5 inch.
Figure 1 illustrates the reconfigurable IMMAT platform in the five-shaker arrangement used for this example.

Shaker Setup

An IMMAT test configuration appears to look very similar to a multiple exciter modal test, however, there is a significant
difference in that the shakers will be required to impart significantly higher acceleration levels to the UUT. For this reason,
the stinger attachment between the shaker and UUT will need to be more robust and still allow relative motion in DOFs other
than the drive direction without damaging the shaker itself and minimizing the effect on the overall mechanical impedance.
This of course, is a premise of Theme II. The stingers employed for this example initially were a preloaded cable/strut
design with an elastomer joint at each end that allows rotational and cross axis translational motion [7]. While these would
have been sufficient for vibration up to 500 Hz, the losses between 500-2000 Hz required the struts to be replaced with
solid threaded rods (5/8” diameter) to provide more efficient transfer of high frequency vibration into the UUT structure.
Initial indications are that the threaded rods provide improved axial stiffness and sufficiently low rotational stiffness to
protect the shaker armatures from side loading during test. Variations of the threaded rods, including reduction of the rod
diameter, will continue to be assessed in an ongoing effort to maximize axial stiffness while minimizing rotational stiffness of
connection.

Drive Points and Control Accelerometer Locations

A traditional right hand rule Cartesian coordinate system was used to define the motion degrees-of-freedom. The origin was
considered to be the forward centerline tip of the UUT with +X assigned to the direction of flight and +Z upward. Triaxial
accelerometers were placed along the length of the top of the UUT at the positions defined in Table 1.
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Table 1 Accelerometer Locations

CH Location DOF Type
1 1 +X Control
2 1 +Y Control
3 1 +Z Control
4 2 +X Control
5 2 +Y Control
6 2 +Z Control
7 3 +X Control
8 3 +Y Control
9 3 +Z Control
10 4 +X Control
11 4 +Y Control
12 4 +Z Control
13 5 +X Measure
14 5 +Y Measure
15 5 +Z Measure
16 6 +X Control
17 6 +Y Control
18 6 +Z Control
19 7 +X Control
20 7 +Y Control
21 7 +Z Control

The accelerometer positions correlate directly to the positions from which field data was measured to develop the test
reference profiles. For the initial trials, the drive points, as defined in Table 2, were selected to match the captive carry
attachment points used in previous dual-shaker tests. Optimization of the drive points, a product of Theme IV, is planned for
subsequent trials and will be discussed later in this document.

Table 2 Drive Point Locations

Drive Location DOF Shaker Mdl
3 6 +X V — 100
5 6 -Y V — 300
6 4 -Y V — 300
7 4 4 V — 350
8 6 -Z V — 350

Strain Gage/Bending Moment Instrumentation

The use of tactically placed strain gage measurements during the field data acquisition phase of a test program is always
highly recommended. The direct relationship between strain and fatigue and the ability to estimate moments imparted on
the test item of interest can serve as key parameters in evaluating laboratory test fidelity. For the example UUT, strain gages
were installed at six locations (three vertical and three lateral) and bending moment calibration was conducted by applying
static loads to the structure at predetermined distance from the measurement points.

Formulation of the Spectral Density Matrix

As discussed for Theme I, ASD reference criteria in each of the three mutually orthogonal directions were provided at six
locations along the length of the test item. Unfortunately, and is often the case, CSD profiles were not provided. Ideally,
the product of Theme I, will be a fully populated SDM based on field measurements that would serve as the test reference
criteria.
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For the cases in which CSD terms are not provided, the approach outlined below is employed. It is essentially a minimum
drive approach and is based on the assumption that the impedance match between field and laboratory is close and that the
forcing function was uncorrelated between DOF’s. The process below takes advantage of the Hermitian structure of the
n z n z d structure of the SDM, preserving the phase and scaling the magnitude as coherence squared.

Step I: Send a set of uncorrelated drive signals with a flat spectrum shape over the bandwidth of interest to each of
the shakers and measure the drive and control point time histories.
Step II: Compute the following: ®,, (Cumulative Input Auto-Spectrum Estimate)

®, . (Cumulative Cross-Spectrum Estimate)

H,, (Transfer Function Estimate)
Step III: Compute &, = H,, O, H,
Step IV: Assign the spectral density matrix (SDM) as @, at each spectral line.

Step V: Compute normalized spectral density matrix (SDMn) by dividing each cross terms SDM(j,k) term at each
spectral line d by /G ;G-

Step VI: Replace the diagonal (ASD) terms of SDMn with the Reference ASD terms for the test of interest.

Step VII: Convert SDMn back to SDM by multiplying each of the cross terms SDM(j k) term by /G ;G i wWhere
the diagonal terms are now represented by the Auto-Spectrum of the desired Reference. This will yield the reference
criteria for the test as a fully populated SDM.

Note that the cumulative (average) spectral estimates above will have errors associated with the number of averages
taken, therefore estimates with 100 measurement DOF or more are recommended. Using the reference ASD’s that were
provided for each of the control points defined in Table 2 and the CSD development process outlined above, the natural
coupling between DOFs will be preserved. Reference SDM’s were established for the Buffet (10-500 Hz) and non-Buffet
(10-2000 Hz) environments of interest. A frequency resolution of 1.25 Hz was selected for both cases. Multi-Shaker random
testing was then conducted for each case. Time histories were captured during each trial run and processed posttest.

Trial Results

The results of the IMMAT trials are discussed in terms of three primary test objectives: 1) Modal Similarity, 2) Control of
the Spectral Density Matrix, and 3) Bending Moment Characterization.

1) Modal Similarity

As a check to quantify the effects of the natural modal characteristics of the UUT while configured for the subject
IMMAT test, a modal survey was conducted on the UUT in a free-free mode and again with the collar fixtures installed and
attached to the freely suspended shakers as configured for the IMMAT test. Figures 2 & 3 illustrate the first bending modes
of the highly symmetric UUT as computed for the free-free and the IMMAT configuration.

The Modal Assurance Criterion (MAC) matrix in Table 3 provides a comparison of the free-free modes to the modes of
the UUT as configured for the IMMAT test. Observe that there is an approximate 5% reduction of the frequency of the first
bending modes and an increase in estimated damping, both associated with the combination of the additional collar mass
and attachment to the shakers. Very similar differences were also observed for the second and third bending modes.

2) Control of the Spectral Density Matrix

The initial 5-shaker IMMAT test configuration yielded strong similarities to the Buffet reference criteria across the 18
control channels of interest. [llustrating the SDM results for the 18-channel control scheme is difficult in the limited size of
a traditional manuscript, so a reduced version illustrating only the dominant Z-Axis control channels is provided in Figure 4.
The graphic takes advantage of the Hermitian nature of the SDM by plotting the ASD’s down the diagonal with phase
information on the lower triangular region and the associated coherence in the upper triangular region. The test yielded very
similar results for the X and Y-Axis control channels as well.
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Table 3 CMAC between free-free and IMMAT configured UUT

Cross-MAC Table

Shapes (IMMAT) 90 - 100
il 2 3 4 5 6 7 | Test CRSS| 50-89
Shapes (free-free)| 39.00| 39.77| 67.12|108.09|112.42(177.62(185.05| 3% | AUl | 0-49
41.02/mes 99 | 99
2 41.59 S 99 | 99
3 68.69 9 38 96 | 98
4 109.15 9 9 | 9
5 114.89 43 S 98 | 99
6 187.41 9 97 | 98
7 197.40 9 97 | 98
FEM 3% cE || B9 | &6 99 98 97 97
CRSS All 9 | 99 | 98 99 99 98 98

Moment Comparison (POS 72) Dashed:(Dual scaled to -6dB) Solid:(IMMAT -6dB) red: V Green: T
Blue: Composite Pos 72 T&V from IMMAT Buffet Run

107

72V () EU,__: 4960.2541
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Fig.4 SDM of the Z-Axis control channels. Red: Reference vs. Blue: IMMAT Trial
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A compact review of the test results is shown in Figure 5 as a summation of the first five singular value ASD plots and
the associated percentage of the total system response as provided in Table 4. The singular value ASDs are generated from
taking a singular value decomposition of the full SDMs. This process is detailed in reference [8]. This compact view contains
information from all the translational ASD’s and associated CSD’s. The associated singular vectors will contain estimates of
the associated operational deflection shapes.

T-Data

POS 72: V-moment vs T-moment

. 1n* IMMAT MDOF: Magenta IMMAT Trans Ony: Green IMMAT Vert Only. Bue

_1 3 5 L L L
-2 -1.5 0.5 1 1.5 2
V-Dala 10%
Fig.5 Line by line sum of the five Singular Value ASD’s (Left: Buffet Reference & Right: Non-Buffet)
Table 4 Tabular view of Laboratory test results relative to Reference Singular Value ASD RMS values
Buffet Non-Buffet
Lab2Ref | Ref2RefSum| RunSum2RefSum Lab2Ref | Ref2RefSum| RunSum2RefSum
(rms) % (rms) % (%) (rms) % (rms) % (%)
Svo1 96.7 40.60 40.60 SVol1 71.60 40.60 40.60
SV02 101 27.70 68.30 SV02 67.70 25.40 66.00
Svo03 102 16.70 85.00 SVo03 66.30 16.10 82.10
SV05 104 11.10 96.20 SV05 63.50 11.40 93.50
SV05 118 3.82 99.92 SV05 67.90 6.50 100.00
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The left-hand graphic in Figure 5 is associated with the Buffet vibration as was Figure 4. The right-hand graphic in
Figure 5 is associated with the non-Buffet environment. Observe the wider test bandwidth and significantly different spectral
shape of the non-Buffet reference. In the initial non-Buffet trials, it proved difficult to couple the higher frequency energy (>
1000 Hz) into the UUT with the initial shaker configuration as illustrated in the right-hand graph of Figure 5 and associated
Table 4 results. The less-than-favorable results are also in part due to the specification variations between closely spaced
control locations. This issue is typically an unintended artifact of the specification development process and may indicate
a local response on the measurement vehicle that is not present in the test article (e.g., loose fins or internal components).
In test, this requires some level of averaging or notching between the control locations which effectively reduces the overall
similarity to the reference ASDs at these locations. The combination of difficulty in coupling the high frequency energy into
the structure and the nature of the proposed reference criteria restricted the maximum attainable non-Buffet test level of the
current test configuration to approximately -3 dB of the current reference criteria.

As vibration specifications are refined and models are developed for the example UUT, optimization studies will be
conducted targeted at addressing the current deficiencies in addressing the higher frequency reference criteria of the non-
Buffet environment.

3) Bending Moment Characterization

The bending moment test results presented below are based on the Buffet reference criteria since that is the scenario for
which maximum bending moments are expected. For the subject UUT, as demonstrated above via modal analysis the key
bending modes have been minimally affected by the test setup. Figure 6 illustrates measured moment comparisons between
previous dual exciter vertical axis testing and the IMMAT trials. Observe that the shape of the moments induced by vertical
axis motion and associated rms levels are comparable between previous dual shaker vertical trials in which the drive points
correlated to the bomb rack attachment points, and the current S-shaker IMMAT trials. Also observe that the IMMAT trials
simultaneously yielded the moments induced by the transverse axis as well. The green dashed curve illustrates the cross-axis

Z-Axis: SDMn Lab (blue) vs. SDMn Ref (red))
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moment measured during the vertical axis dual shaker trials. Note that the much smaller set of shakers employed in the
IMMAT yield the expected bending moments.

Prior trials with the same UUT used in this example have been conducted with dual shakers to perform sequential axis
vibration testing. Such trials have shown evidence of uneven joint wear associated with dwelling in a uniaxial state. Figure 7
illustrates through a scatter plot of bending moment time histories as measured during the 5-shaker IMMAT trial vs. exciting
the structured in the Y and Z axes in a 1-DOF manner. While the peak bending moments in each axis are similar, observe
the distribution of bending moment vectors that is clearly evident in the IMMAT approach, eliminating the aforementioned
uneven wear issues associated with the 1-DOF approach.

Line Sum of Ref SV ASDs (blue) and Line Sum of Lab SV ASDs (green)

Tolerances: +3 dB (<500 Hz), +6 dB (>500 Hz)
SV-Ref-Sum: 4.5295 i

- SV-Lab-Sum: 4.5154 g

rms

G%/Hz

10 : ' —t_1_1_t - .
10" 102 108
Freq (Hz)

Fig. 7 Scatter of Moment Data Between IMMAT Approach and serial 1-DOF

Theme IV (Test Optimization and Integration)

The objectives of Theme IV are largely associated with identifying opportunities to improve the fidelity of the test by
addressing gaps in the environment definition, test boundary conditions, and excitation strategy. Comprehensive analytical
models that utilize modal characteristics of the system to identify optimal drive and control points have the potential to
be valuable optimization tools but often require high fidelity models and a significant level of expertise. In the absence
of validated finite element or other analytical models, iterative changes to the test setup and excitation strategy can help
to improve correlation to the objective ASDs, but may also lead to costly mechanical changes that rely on engineering
judgement as opposed to analytical assessments. As with many test scenarios, the tradeoff between analytical and iterative
approaches is often dictated by cost and schedule constraints.
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In the example presented, analytical models were not available to fully optimize the drive points into the UUT struc-
ture. Instead, initial attachments points were defined at locations corresponding to the launcher interfaces and the shaker
sizes were initially based on engineering judgement. Several iterations in the stinger design were evaluated and some im-
provements were observed especially in the higher frequency transmissibility. Overall, satisfactory results were achieved
with a reasonable number of iterations in the setup. However, deficiencies were identified that may require more substan-
tial and costly changes (e.g., procurement of additional shakers) in order to achieve the defined higher level qualifica-
tion environment(s). To address these deficiencies, analytical methods will be employed to mitigate the risk of ineffective
solutions.

Conclusions

Clearly the implementation of the four themes of SDT takes considerable forethought. As demonstrated in the example
employed in this document, it is still possible to conduct a quality IMMAT test without having all the desired information to
fully address each of the four themes of SDT. Iterative approaches to test optimization are typical in the classical laboratory
environment and expected to be so for IMMAT trials as well.

While initial trials have been limited to half-level vibration, the captive carriage example above yielded very favorable
preliminary results for both the 10-500 Hz Buffet and the 10-2000 Hz non-Buffet vibration environments. Current projections
are that both environments can be achieved up to approximately -3 dB, but some adjustments of the shaker configuration
will be required to achieve full level. For both the buffet and non-buffet environments, spectral control in each axis at the six
control points were in family with results from prior 1-DOF trials, but the ability to excite all axes simultaneously provides
much more realistic loading of the UUT structure.

There are clear benefits that have been identified in the application of IMMAT testing techniques. As illustrated above in
the Figure 7 discussion, issues such as uneven wear of joints associated with dwelling in a uniaxial state are avoided. While
a properly planned IMMAT test allows the UUT to flex in a natural manner, it also yields the advantage of only requiring
the test to be configured once and requires only one-third of the run-time as compared to traditional serial 1-DOF testing.
This is very advantageous when dealing with a UUT that is being tested at temperature extremes with significant amount of
instrumentation. IMMAT tests address the four themes of SDT well and allow rapid changes in setup to improve results.

Future Work

While the initial IMMAT trials discussed proved successful, there are still significant improvements possible that should
yield additional fidelity. Specific planned improvements associated with the four SDT themes are as follows:

Theme I: Continue to highlight the need to develop IMMAT references that are highly correlated to the tactical deploy-
ment environment. Techniques such as significant sky lining of multiple events with dissimilar spectral characteristics
should be avoided. To address such cases, multiple reference criteria are preferred and easy to implement once the test
is configured.

Theme II: Design and integration of a lighter/reconfigurable collar assembly to provide greater flexibility in placement
of shakers while minimizing added mass to the test setup. Design and integration of a stinger assembly with improved
high frequency transmissibility characteristics is in progress.

Theme III: Integration of additional midsize shaker systems to address current test level limitations.

Theme IV: Build/acquire a FEM of the UUT and experiment with the use of ATA IMAT modal pre-test utilities to
further optimize instrumentation and drive point selections [9].
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Chapter 2
Combined Electromagnetic and Piezoelectric Shaker System
for High Frequency Environment Testing

Jacob Cox, McKaelin Edralin, Matthew S. Allen*, Michael Denison,
Troy J. Skousen, and Washington De Lima

Abstract A prior work [1] showed that piezoelectric actuators could be combined with electrodynamic shakers to impart
wideband random vibration input to a Device Under Test (DUT) up to SkHz, while significantly reducing the drive voltages
required for an electrodynamic shaker alone. The goal of such a system is to use electrodynamic shakers and piezoelectric
actuators together for low and high frequencies respectively, where each is most effective. At the same time, the piezoelec-
tric actuators provide additional inputs that may overcome the anti-resonances at the electrodynamic shaker head, where the
nodes of a major mode reside in the single input system. This work builds on that effort, presenting the design and charac-
terization of a general system that incorporates several piezoelectric actuators in series with a large electrodynamic shaker
to impart a wider broadband input to a DUT. A model is presented which was used to facilitate the design. The model was
calibrated by comparing measured and predicted transfer functions between the DUT accelerations and the actuator input
voltages. Particular attention is given to the model for the piezoelectric actuator and amplifier. This is shown to be a limiting
factor which depends on the number of actuators available and the current that the amplifiers can supply. Measurements are
presented from the completed system with quantified capabilities.

Keywords Electrodynamic shaker - Piezoelectric actuator - Random vibration environment

Jacob Cox - McKaelin Edralin
Undergraduate Students, Brigham Young University, Department of Mechanical Engineering
e-mail: jgc53 @byu.edu; bedralin@byu.edu

Matthew S. Allen
Professor, Brigham Young University, Department of Mechanical Engineering
e-mail: matt.allen@byu.edu

Michael Denison - Troy J. Skousen
Technical Staff, Sandia National Laboratories®
e-mail: mdeniso @sandia.gov; tjskous @sandia.gov

Washington De Lima
Honeywell Federal Manufacturing and Technologies?
e-mail: wdelima@kcnsc.doe.gov

*Sandia National Laboratories is a multi-mission laboratory managed and operated by National Technology & Engineering Solutions of
Sandia, LLC (NTESS), a wholly owned subsidiary of Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear
Security Administration (DOE/NNSA) under contract DE-NA0003525. This written work is authored by an employee of NTESS. The
employee, not NTESS, owns the right, title and interest in and to the written work and is responsible for its contents. Any subjective views
or opinions that might be expressed in the written work do not necessarily represent the views of the U.S. Government. The publisher
acknowledges that the U.S. Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the
published form of this written work or allow others to do so, for U.S. Government purposes. The DOE will provide public access to
results of federally sponsored research in accordance with the DOE Public Access Plan.

THoneywell Federal Manufacturing & Technologies, LLC operates the Kansas City National Security Campus for the United States
Department of Energy / National Nuclear Security Administration under Contract Number DE-NA0002839. NSC-614-7407 08/2025
Unclassified Unlimited Release

© The Author(s), under exclusive license to River Publishers 2026 13
Kristin B. Zimmerman, PhD (eds.), Dynamic Evironments and Durability Testing, 2026, Vol. 7, Conference Proceedings
of the Society for Experimental Mechanics Series, https://doi.org/10.1007/978-8-743-81446-7_2


jgc53@byu.edu
bedralin@byu.edu
matt.allen@byu.edu
mdeniso@sandia.gov
tjskous@sandia.gov
wdelima@kcnsc.doe.gov
https://doi.org/10.1007/978-8-743-81446-7_2

14 J. Cox et al.

Introduction

Mechanisms and electronics in rockets, aircraft, and automobiles are often subject to a high-vibration environment. To ensure
the reliability and durability of these components, they are tested using electrodynamic shakers, which use an electromagnetic
force to generate controlled vibrations. While current electrodynamic shakers are capable of producing large forces, they do
have failure limits. One such limit is associated with high frequency resonances as studied in [2], that lead to mechanical
failure of the shaker armature which in turn limits their frequency range to below about 2000 Hz. Attempting to exceed
this frequency range can cause catastrophic failure, as shown in Figure 1, requiring expensive and project-delaying repair
or maintenance. This limitation poses an issue because many mechanical and electrical components experience significant
vibration environments up to 5000 Hz.

Fig. 1 Catastrophic failure due to an electrodynamic shaker being driven at a resonance in which the armature bends,
leading to excessive stresses in the cylindrical part that is shown.

Romero et al. [3] seem to have been the first to combine piezoelectric actuators such as these with other systems to re-
produce combined environments. This work builds on a recent study by Singh et al. [1], who demonstrated that piezoelectric
actuators could be integrated with an electrodynamic shaker to enable testing from 2000 - 5000 Hz. In that work, the elec-
trodynamic shaker was operated between 100-2000 Hz, with the piezoelectric actuators providing the forces needed from
2-5kHz, thus creating a high-frequency environment. Despite Singh’s promising results, much remains to be understood
regarding the best practices in designing and modeling practical piezo actuator configurations. Furthermore, we desired to
create a system that was modular, with a plate where test articles could be mounted just as they are in conventional shaker
systems.

During the 2023-2024 academic year, Sandia National Laboratories enlisted a team of undergraduate Mechanical En-
gineering students to create a modular system that combined a large shaker with a set of PPA40XL piezoelectric actuators,
to enable regular environmental tests at high frequencies, using the approach envisioned by Singh et al. [1]. The system
consisted of a base plate that interfaced with a 2000-1bf LDS V830-335 Shaker at BYU, but with a bolt pattern that would
also be compatible with Unholtz-Dickie shakers at Sandia Labs. The system was to consist of a top plate with a standard bolt
pattern, where a variety of test articles could be attached. The team completed the design, as detailed in this report, yet did
not have time to resolve all of the issues with the modeling and testing of the system. Authors Cox and Allen subsequently
completed testing and resolved issues with the modeling, and their findings are summarized here, as well as the design that
was created and the analysis and considerations that led to the design.

Hence, this paper builds on the work of Singh et al. [1] by presenting the design of the piezo/electromagnetic shaker
system that the students developed and presenting models that capture its axial dynamic behavior. Measurements from the
completed system are provided, highlighting its capabilities, the accuracy of our models, and offering suggestions for future
iterations on the MIMO test system.

Methods
System Design

The final design is shown in Figure 2. The five major components are more thoroughly detailed in Figures 2-4 and the
descriptions that follow.
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Fig.2 Exploded CAD view of the piezo assembly with the following components: 1) base plate (designed to be mounted to
the top of a large shaker), 2) mounting brackets, 3) PPA40XL piezoelectric actuator, 4) top plate, and 5) mass that simulates
the loading of a DUT.
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Fig. 3 Bottom plate part drawing. This design allows for a 2, 4, 6, and 8 piezo actuator configuration.
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1. The base plate serves as the foundation of the system, connecting the electrodynamic shaker and piezoelectric actua-
tors. The dimensions and hole layout can be seen in Figure 3. The plate features two hole patterns: one for connecting
it to the electrodynamic shaker and the other for attaching the piezo actuator mounting brackets, as shown in Figures 2
and 4.

2. The mounting brackets secure the piezo actuators to the top and bottom plates and ensure they are level to prevent
overstraining. According to the manufacturer, the piezo actuators are machined with a height tolerance of 200 pm.
However, their maximum tensile strain is 15.5 pm. Hence, there was concern that they could exceed this strain when
bolted into the assembly. To address this, the bracket design shown in Figure 4 allows shim stock to be used between
each bracket and the top and bottom plate, so one can avoid over-straining when assembling the system. The mounting
brackets were also precisely machined and sanded to within 2.5pm. (It should be noted that this design only works for
a maximum of four piezo actuators because the edges would interfere if more piezo actuators were used. A modified
mounting bracket was also designed that allows for more piezo actuators but was not used in this study. This modified
design can be seen in Figure 24 in the Appendix.)
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Fig. 4 Mounting bracket design used for four or fewer piezo actuators

3. The piezoelectric actuators utilized in this research were PPA40XL parallel pre-stressed actuators from Cedrat. Piezo-
electric actuators convert an electrical signal into a displacement through the use of quartz crystals. In this system, the
piezoelectric actuators exert a force between the EM shaker and the top plate to supplement that provided by the EM
shaker.

4. The top plate interfaces with the mounting brackets and transfers forces to the DUT. A finite element model (FEM)
was used to predict the modes of the plate in free-free conditions and are shown in Fig. 6. Most of the modes have
nodes at the plate center, so they won’t affect the displacement of a DUT mounted there. Hence, the focus was on
maximizing the frequency of Mode 3 so as to minimize its influence on the DUT motion. Furthermore, when the
piezos and top plate are mounted to the shaker, there is a mode in which the top plate bounces on the piezos. This
reveals that a tradeoff exists. The plate should be small and thick to maximize the frequency of the flexible mode, and
yet it should be as light as possible (and hence as thin as possible) to maximize the bounce mode frequency. Ultimately,
a 9.5 x 1-inch plate was chosen to balance these competing objectives. However, as will be seen later, the final results
suggest that more should have been done to minimize the mass of the top plate.
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5. The DUT is the mechanical or electrical device subjected to testing. For this research, the DUT is a rigid block of
aluminum that has similar mass and stiffness to a typical DUT. Unfortunately, time constraints did not allow the
system to be tested with the DUT attached, so all results presented in this paper are for the system with a bare top
plate.

Many components of the piezo assembly are costly. To ensure that the piezo assembly would not break, could survive
repeated use, and would meet desired performance metrics, a discrete mass model was created that predicts the dynamic
behavior of the system in the axial direction. Using this model, two major failure criteria were analyzed, the voltage and
strain limits of the piezo actuators. Later, the current limit of our amplifier was found to be a limiting factor and was added
to this analysis.

Once the system was assembled these models were evaluated against experimental measurements. The models were
then tuned using experimental data. Using these updated models, we hope to more confidently predict the behavior of other
design variations. Therefore, in the following sections, results are presented for both the initial and updated models.

Discrete Mass Model: MATLAB

A discrete spring-mass model of the system was created to size the actuators and obtain preliminary performance estimates.
Simulations of this model were implemented in a MATLAB script. The system was modeled as a 3DOF system, shown in
Figure 7. Two masses represent the EM shaker and capture its first axial mode, while the other mass represents the top plate
and DUT, both of which sit on top of the piezo actuators.

X
mTup Plate —T 1

1
2Mpiezo

K piezo
1
2Mpiezo

X
mShupper —T 2

Ks,é + Csn

Mshiower

HES

Fig. 7 3DOF model of the shaker assembly. The top mass represents the top plate, with K, the total equivalent spring

constant of all four piezo actuators, C,, the total equivalent damping coefficient, and mp;c., the mass of four piezos and

required brackets. The shaker is modeled as a two DOF system, with the armature mass split between the upper mounting

surface mgp, and the lower portion mgy . Ky, is the shaker stiffness and Cyy, is the damping coefficient of the shaker.
Using this model, a mathematical model of the system was developed as follows:

Mx+Cx+Kx=F 1)

where X = [x1, 72, 23]T are the displacements of the masses shown in Figure 7.

MTop Plate + %mpiezo + Mpayload 0 0 Cp —Cp 0
M= 0 Mghu + %mpiezo 0 5 C= _Cp Cp +Cqp —Cy 5 2)
0 0 Msh,1 0 —Csh Con
Kp —Kp 0 Fpiezo
K=|-K, Ky+Kgy —Ka|, F=1 —Fhjeswo ¢, 3)
0 —fysh Ksh Fsh

It is worth noting a deviation from the model presented by Singh et al. [1]. In their model, the shaker force was applied
to the upper shaker mass. In contrast, our model applies the shaker force to the lower mass. This aligns with the functionality
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of our electrodynamic shaker, where the applied force is generated by coils at the bottom of the armature. This approach was
also found to better match the experimental behavior of our system, which is presented later.

The values of all of the constants used are listed in Table 1. Initially, values from Singh et al. [1] were used, supplemented
by measured mass characteristics of the new system. However, damping and stiffness values were later tuned, matching the
theoretical transfer functions to the experimental ones (see Sections and for additional information on experimental transfer
function collection and tuning results).

Table 1 The parameters used in the 3DOF MATLAB model.

Parameter Definition Initial Method Initial Value | Final Method | Final Value
Mpiezo Mass of piezo (kg) Direct Meas. 0.195 Direct Meas. 0.195
mp Mass of Brackets (kg) Direct Meas. 0.17 Direct Meas. 0.17
Mgh Total mass of shaker armature (kg) Shaker Spec. 12.83 Shaker Spec. 12.83
Mshu Upper mass of shaker armature (kg) Exper. Calib. 10.89 Exper. Calib. 10.89
Mish,1 Lower mass of shaker armature (kg) Exper. Calib. 1.94 Exper. Calib. 1.94
mrp mass of top plate (kg) Direct Meas. 2.905 Direct Meas. 2.905
K, Piezo stiffness (N/m) CEDRAT catalog 1.59e8 Exper. Calib. 3.66¢7
Cp Damping within the piezo (N*s/m ) | CEDRAT catalog 90.74 Exper. Calib. 544.44
Kqg Shaker armature stiffness (N/m) Exper. Calib. 3e8 Exper. Calib. 2.97e8
Cin Damping within the shaker (N*s/m) | Modal Analysis 7.82e3 Exper. Calib. 1.56e2
Mpayload Mass of payload being driven (kg) - 0 - 0
Fy Force Factor (N/V) CEDRAT catalog 186.7 Exper. Calib. 46.7

Once the mechanical system was defined, transfer functions relating the shaker and piezo input forces to the displacement
of each mass were found as follows. Starting with Eq. (1), the force vector can be separated into components, resulting in

Eq. (4).

0 1
[~w?M + iwC + K] X(w) = Fin(w) 0] + Fpieso(w) | —1 @)
1 0

Treating each force individually, the transfer functions become Egs. (5) and (6), where the rows of H, g, refer to the
transfer functions from the input force to the displacement of: 1.) the top plate, 2.) the top of the EM shaker, and 3.) the
bottom of the EM shaker, respectively.

0
H-”E,Rh (CU) = [—ng + iwC + K} -1 0 (5)
1
R
Hr,Fp,w, (w) = [_WQM + 1wC + K] B -1 (6)
0

The required forcing signal was then calculated using Eq. (7), where a(w) represents the desired acceleration environ-
ment, and the transfer function H; , in the denominator is multiplied by —w? to convert the displacement transfer functions
in Egs. (5) and (6) from displacement to acceleration over force.

a(w)

Fi(w) = W

, where i = (sh, piezo) @)

This was done for both the shaker and piezo input forces as if they were individually responsible for recreating the
entire environment. Afterwards, the forcing signals were set to zero over certain frequency ranges so that the shaker was
fully responsible for recreating the environment up to a cut-off frequency (typically 1700 Hz) and the Piezos provided the
environment from the cut-on frequency (typically 500 to 1700 Hz) up to the maximum frequency (typically 5000 Hz). Then
the forcing signals were multiplied by the displacement transfer functions to simulate the movements of each of the masses.

X(w) = Ha,, (W) F3 (w) ®
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Piezo Voltage Limits

In addition to the mechanical system, the electronics also needed to be characterized in order to correctly size the actua-
tors and predict failure. As in Singh [1], a linear force to voltage relationship was assumed and characterized by a force
factor (F7), as given in Eq. (9). Combining this relation with our forcing functions, the time domain voltage signal for any
acceleration environment could be calculated and compared to the voltage limits of the piezo actuators.

V. Fe
Vpiezo: piezoﬁ = 3;;20 (9)

The allowable voltage range for the piezo actuators is -20 to 150V. They are driven through an amplifier that increases
the voltage by a factor of 20 with a DC bias so that the input to the amplifier can be centered at zero. With a DC bias of 65V,
the maximum sinusoidal signal is 85V (or 85/20 = 4.25V at the output of the control software). To account for the DC bias
and amplifier inaccuracies, the amplitude was limited to 75V in this study, which provided a 10V buffer.

Piezo Strain Limits

The manufacturer specifies the maximum tensile strain for the actuator to be 15.5 pm. The maximum compressive strain is
not given, but the maximum resonant displacement is specified to be 27 pm peak-to-peak, so that the maximum vibration
amplitude is approximately the same as the maximum tensile strain. They also state the maximum strain of the piezoelectric
material is 0.12%, which would correspond to a total displacement of about 48 psm. The largest displacement that the piezo
actuators can create is nominally 43 pm [6]. In operation, the displacement consists of the dynamic movement of the system
during testing and a static displacement caused by the 65V DC bias. Hence, it seems that the system can survive 21.5 ym of
displacement about the biased state.

In this work, the dynamic portion of the displacement was estimated by transferring the displacements obtained from
Eq. (8) into the time domain and then taking the difference (25 — x1) to find the stretch in the piezos. The static portion (Dy)
is calculated using the force factor and stiffness of the piezos as follows:

~ VhiasFy

=5 (10)

While some of this stretch may actually be taking place in the bolted bracket assembly, it is conservatively assumed that
the stretch takes place entirely inside of the piezos.

Amplifier Current Limits

The electrical current capabilities of the amplifier provide another limitation. In this research, two amplifiers were utilized,
each capable of outputting 6.8 A, which was found to limit the maximum frequency and displacement amplitude the actuators
could achieve. The piezo actuator expansion is dependent on the speed with which the amplifier can fill the capacitance of
the quartz. At OV and room temperature, the capacitance of an individual actuator is reported as ¢ = 17 uF. For our modeling,
the capacitance was multiplied by a factor to account for temperature and voltage effects per the recommendations found
here [4]. These effects seem consistent with those mentioned in Sherrit et al. [5], yet the authors were not able to find any
literature that reported actual data as was available on [4]. In this work, a factor of 1.4 was selected, based roughly on our
maximum voltage amplitude and operation at room temperature.
Using the fundamental equation for current through a capacitor,

I=c— (11
The frequency domain current signal can then be calculated from the voltage signal and then converted to the time
domain using an inverse Fourier transform. The amplifier current was found to be the strongest limiting factor for shaker
performance. Consequently, two analyses were performed to better understand the effects of exceeding our current limits.
First, the amplifier limits were quantified by considering sinusoidal inputs at various frequencies. While each piezo actuator
could be driven by a separate amplifier, in this work, only two amplifiers were available and so each amplifier drove two
piezo actuators. Given the limits on I (two amplifiers) and ¢ (four piezos with 17 uF each and a temperature factor of 1.4), the
maximum value of the derivative % =13.6 A/95.2 uF = 142857 % The value of %’ that is needed depends on frequency.
If we desired to supply a sinusoidal voltage to the piezo actuators at a voltage amplitude of V),, i.e.

V(t) =V, sin(wt) (12)
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then the derivative would be
dV

dt
and its maximum value is V},w. Hence, when V), = 75 V the highest frequency at which the amplifier can achieve the required
%/ is 303.2 Hz. Conversely, the voltage amplitude V,, would have to be limited to reach the desired peak frequency of 5
kHz. The largest input voltage at 5 kHz is thus found to be 4.55 V.

To verify these calculations, tests were performed in which a sinusoidal input was supplied to the amplifier with two
piezo actuators connected to each channel and the voltage out of the amplifier was recorded and is shown in Figure 8. When
a low voltage was used, for example, the curves labeled 50 mV (the entries in the legend are the voltage amplitude sent to
the amplifier), the output is 0.91 V (1 V expected) whether the frequency is 2 kHz or 5 kHz. As the input voltage increases
to 200 or 250 mV the output from the amplifier scales nearly as expected to 3.42 V (4 V expected) and 4 V (5 V expected)
when the frequency is 2 kHz. Both of these are within the 11.37 V limit computed using the equations above. Specifically,

= V,w cos(wt) (13)

av

WV goss7Y —11.37 rad
dt S

X (2000 x 2m) = (14)

Channel

In contrast, when the frequency is increased to 5 kHz, the output from the amplifier distorts noticeably and the voltage
amplitude is only 3.18 V when 5 V were expected. The peak voltage computed for the amplifier for this case, using Eq. (13)
is 4.55 V, which is about 40% higher than the voltage that seems to have been achieved. These tests provide evidence that
our amplifier current limits likely inhibit the performance of our system, and that the model in the equations above gives a
reasonable approximation of the system’s behavior.

Voltage

-3.2 -3 -2.8 -2.6 -2.4 -2.2 -2

Fig. 8 Voltages from piezo amplifier for various input levels

The current limits were also evaluated using our discrete mass model. When simulating the performance of the system,
the required current signal calculated from Eq. (11) was crudely clipped, more specifically, all current values exceeding our
limits were set to the limit (in the time domain). Then, this updated current was run through the relations presented previously
to find the resultant acceleration environment (i.e. Eq. (11), (9), and (7) in that order). The results are presented in Sec. .

Experimental Test Procedure

After the initial round of modeling, the system was designed, manufactured and tested. All tests were performed without a
DUT attached, as shown in Fig. 9. Experimental transfer functions were measured between the input voltages to the shaker
and piezos and the different accelerometers using DataPhysics SignalCalc software. These are compared with those from
the model in the following sections.

Environment Testing was performed using SignalStar Matrix vibration controller software. For these tests, the software
was set to utilize two output signals, one for the electromagnetic shaker and one for the piezos. A single output channel was
split to the two piezo amplifiers, each of which fed two of the four piezos. That signal first passed through a high pass filter
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(a) Isometric view of original (b) Top-Down view of original (c) Top-Down view of adjusted
accelerometer placement accelerometer placement accelerometer placement

Fig. 9 Accelerometer placement during environment testing

(Krohn-Hite Variable Filter 3341) with a cutoff frequency of fgp =500 to 1400 Hz, depending on the test. The control signal
for the big shaker was fed through a low pass filter (same model) with a cutoff frequency of fip =1800 Hz. Originally,
one of the two accelerometers on the top plate, placed as shown in Figure 9a and 9b, was used as the control. However,
further testing revealed that moving one accelerometer outward, to the position shown in Figure 9c, allowed the controller
to recreate somewhat more powerful environments.

Results

Model Verification: Modal Test

To better understand the potential limitations of the lab setup, a roving hammer test was performed on the whole piezo
assembly while attached to the shaker as shown in Figure 9a. Three accelerometers were included in the test, two on the
top plate and one in the center of the base plate, and twenty force locations were used: 8 on the base plate and 12 on the
top plate. The approximate accelerometer and forcing locations are labeled in Figure 10. The accelerometers were uniaxial,

Fig. 10 Approximate accelerometer (green rectangles) and force (red rectangles) locations on the top plate (blue) and base
plate (black). Note that the center accelerometer was actually on the base plate.
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pointed in the direction of the shaker’s force, and remained at the same locations in the qualification tests as shown in 9b,
and were judged to be sufficient to observe all modes. The forcing locations were selected to allow the mode shapes of the
system to be adequately visualized.

The composite FRF measured in the modal test is shown in Figure 11. There are seven clearly identifiable modes in the
FRF. The natural frequencies and damping ratios, along with the descriptions of these mode shapes are given in Table 2. The
operating deflection shape at 1427 Hz is also included in Figure 12, since this frequency is of interest later.

The key modes of interest are the bounce mode of the top plate on the piezos and the axial mode of the shaker. Mode 3
at 1179.5 Hz is likely the bounce mode, although the identified mode shape shows that it also involves some rotation of the
top plate and perhaps slight deformation or bubbling. This suggests that the DUT might not move uniformly in the vertical
direction even if it is mounted at the center of the top plate. (The system also has two lateral modes at lower frequencies
of 815.6 and 991.1 Hz.) The axial mode of the shaker can be discerned to reside between 2022.5 and 2180.9. The top plate
should have two asymmetric bending modes in this frequency range, yet the measurements show three, so the shaker’s axial
mode is likely coupled with these, causing an additional resonance that manifests with a similar shape.

The first bubble mode of the top plate is found to occur at 3057.7, which is similar to the 3511.6 Hz frequency predicted
by the free-free FEM in Fig. 6, presumably lowered due to the mass added by the piezos.
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Fig. 11 Composite FRF Measured in Modal Test

Table 2 Natural frequencies, damping ratios, and descriptions of measured mode shapes

Mode Number | Natural Frequency (Hz) | Damping Ratio (%) Top Plate Motion Base Plate Motion
1 815.6 1.8 Rocking Vertical Translation
2 991.1 2.2 Rocking Slight Rocking
3 1179.5 1.2 Rocking and Bubble Vertical Translation
4 2022.5 0.5 Asymm. Bending Slight Asymm. Bending
5 2115.7 0.4 Asymm. Bending Slight Translation
6 2180.9 0.5 Asymm. Bending Base Plate Twist
7 3057.7 0.4 Bubble Vertical Translation
Discrete Mass Model

The 3DOF discrete mass model of the shaker has two elastic modes. One would expect the first mode to be one in which
the top plate bounces on the shaker, and the second to be the axial mode of the shaker. However, the actual modes generally
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Fig. 12 Operating deflection shapes near natural frequencies as measured in the modal test

involved motion of all three masses. In any event, using the original model parameters, the elastic modes occurred at 1989.6
and 2448.2 Hz, considerably higher than the values found in the modal test. The model was tuned in order to better capture
the frequency responses presented below, and after this tuning the elastic modes occurred at 1087.8 and 2136.7 Hz.

The discrete mass model was used to reproduce the FRFs of the system, and also to simulate environmental tests, as
presented in the figures below. For clarity, results from the initial model are always shown in blue while the updated model
is shown in black.

In Figs. 13a-b, the resulting transfer functions from our discrete mass model are compared with the experimental results.
The initial model only shows one peak in the FRF (at about 2500 Hz); the lower frequency mode apparently does not
respond. The updated model captures both of the experimentally observed resonances. Except for the transfer function from
the shaker to the bottom of the piezos, the initial model tends to follow the same general trend of the experimental data.
Although the updated model significantly improves in capturing the true behavior of the system at frequencies below 2500
Hz. As shown in Table 1, the model updating primarily consisted in reducing the piezo stiffness and damping from the values
in the catalog and reducing the shaker damping relative to the value that was initially assumed. The model does not include
any of the asymmetric modes nor any modes beyond 2500 Hz, so it is not expected to match the measurements above that
frequency.

Recall that the control scheme used in these simulations only employs the electromagnetic shaker below 1700 Hz and
then only the piezos above that frequency. Hence, the predictions of strain, voltage, and current presented in the following
only use a portion of each of the transfer functions shown in Figs. 13. Therefore, the significant discrepancy between the
shaker’s experimental and updated model at high frequencies, for example, does not affect the accuracy of our results.
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Fig. 13 Experimental and theoretical transfer functions from the force inputs to the accelerations at the top and bottom
of the piezos. Since the voltage-to-force relationship of the shaker is unknown, the models for Figs. 13b show the transfer
functions after multiplying by a factor to match the general magnitude of the experimental data. The experimental data for
the Piezo top is an average of the transfer functions of both accelerometers.

The rest of the results presented in this section concern the case in which piezo and shaker forces were determined to
replicate a target environment of 0.1 g2/H z at the DUT from 10 to 5000 Hz. The required forces were computed using
Eq. (7). We approximate the system as behaving as a perfect high/low pass filter at 1700 Hz, so the electromagnetic shaker
forces were set to zero from 1700.25 to 5000 Hz and the piezoelectric actuator forces were set to zero from 0 to 1700
Hz. These forces were applied to the models in Eqgs. (5) and (6) to find the displacements and hence the accelerations of
each mass, and those responses were added to find the response of the DUT and of the rest of the system. The resulting
environment had a root mean square amplitude of 22.4 g.

Figure 14 displays the predicted stretching in the piezo actuators as a function of time. Notably, the maximum stretch
does not exceed the stated limits (43 pm) for these actuators. Initially, the magnitude of stretching may seem surprising,
considering the overall amplitude of the vibration environment and the low frequencies involved. Further analysis shows that
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Fig. 14 Stretch in the piezo actuators versus time for the (blue) initial model and (black) updated model.
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the shaker input at low frequencies does cause larger displacements. However, the top plate and upper shaker mass move in
tandem, causing little to no stretching in the actuators as seen in the time domain in Figure 15.

Displacement (mm)
o

Time (t)

Fig. 15 Displacements of the top and middle masses over time taken from the simulation of the updated model.

Similarly, the voltage capacities of the piezos were not found to be a limiting factor for this level of environment. The
time histories were created by taking the inverse Fourier transform of the piezo driver signal (see Eq. (9), which is zero from
10-1700Hz. Figure 16 shows the voltage signals from our initial and updated models. Interestingly, the two plots show a
strong difference. While the initial model predicts a max voltage of 8.6 V, the updated model predicts a max voltage of 60.6
V, more than a 7-times difference. This isn’t surprising considering the fact that the transfer function of the initial model was
an order of magnitude larger at high frequencies, as shown in Figure 13a. One large contributing factor is that when tuning
the model, the force factor (Fy) for the piezos was reduced by a factor of 4 in order to match the overall magnitude of the
experimentally measured transfer functions.

80
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80 ! ! ! !
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Fig. 16 Voltage signal to the piezo actuators versus time for the (blue) initial model and (black) updated model.

As previously noted, the current limit proved to be the largest limiting factor to the shaker’s performance. Figure 17
shows the electrical current signals from the initial and updated models, respectively. Again, the current signal for the
updated model is about 7 times greater than that of the preliminary model. However, in contrast to our voltage signals,
neither current signal falls within their specified limits. In the initial case, the current signal barely exceeds the proposed
current limits. In the updated case, the current limits vastly exceed the limits.
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Fig. 17 A time history of the current to the piezo actuators across our simulated time.

In order to understand the effect that the electrical current limits might have on the response of the system, the simulation
was repeated, but this time clipping the current by setting it to its maximum or minimum value any time it exceeded the
limits, as was described in Section . The clipped current signal was used to compute the voltage in the piezos, using Eq. (11)
in the frequency domain. This was then used in Eq. (9) to recompute the forces in the piezo actuators. Those were applied to
the system using Eq. (6). The resulting PSD of the environment at the DUT is shown in Fig. 18 and compared to that which
would have been obtained if the amplifier had infinite current capability. The environment obtained using the initial model
matches the original environment quite closely, because very little clipping occurred. In contrast, the current in the updated
model is clipped dramatically. This changes the spectrum of the piezo force, reducing its amplitude from 1700-5000 Hz,
while at the same time increasing its amplitude from O to 1700 Hz, which was initially zero. This spurious low-frequency
content excites the 1200Hz resonance of the system, as seen in Fig. 13, because we did not reduce the force to the large
shaker to compensate. At the same time, the response at higher frequencies reduces from 0.1 g2/Hz to roughly 0.018 g?/Hz
because the spectrum of the piezo force was much lower at those frequencies due to the clipping. A shaker control system
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Fig. 18 Simulation of the effect of clipping the electrical current on the environment reconstructed at the control
accelerometer.
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would update the forces in each of these actuators to compensate, but would be unable to reach the environment because any
increase in the voltage to the piezos would cause increased clipping.

Experimental Results

A variety of environmental tests were performed on the hardware that was manufactured as discussed in Sec. . The Data-
Physics system was used to control to one of the accelerometers on the top plate, using the configuration discussed in Sec. .
The exact settings for the low and high pass filters used for the shaker and piezos are given in the caption for each result.

The goal was to recreate a target environment of 0.1 g2/Hz, yet the system was not capable of reproducing an environment
at that level. The maximum recreated environment had a mean power spectral density of 0.03 g2/Hz, although this was a result
of asking for 0.05 g2/Hz from the controller. Figure 19 shows the auto-power spectra of the control accelerometer for this
environment and also 0.01 g2/Hz and 0.001 g?/Hz environments. Somewhat similar to what was observed in the simulations
with current clipping, the response for the 0.05 g?/Hz environment shows over-excitation of the 1200 Hz resonance, and
under-excitation of the high frequencies. In contrast, the controller was able to more accurately recreate the 0.01 g2/Hz
environment. Even then, both environments were not reproduced very accurately, with several frequencies exceeding the 6
dB tolerances that are shown with horizontal lines.

One notable feature of both experimental environments is the presence of strong anti-resonances at about 820 and 860
Hz. The system contains two rocking modes at 815.6 and 991.1 Hz, as seen in Figure 12. This suggests that the 820 and 860
Hz anti-resonances involve rocking motion of the system. Originally, the high-pass filter applied to the piezo actuators was
set at 1400 Hz, forcing the shaker and piezos to create the low and high frequency portions of the environment, respectively.
However, during testing, these anti-resonances resulted in excessive voltages being sent to the shaker, limiting the achievable
acceleration environment. For this reason, the high-pass filter was set below 800 Hz, allowing the piezo actuators to assist the
shaker in overcoming these anti-resonances. This anti-resonance is also associated with a significant peak in the stretching
of the piezos, as can be seen in Figure 22, which is discussed later.

The responses in Figure 12 also show large spikes in acceleration at about 3800 Hz. These seem to come about because
of the current clipping; these spikes were not visible in the data when controlling to an environment of 0.001 g2/Hz; in that
case our simulation model suggests that clipping would not occur. None of the measurements acquired in this work showed
a mode at 3800 Hz.
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Fig. 19 PSD of the control accelerometer for the actual experiments for the target environment listed, with the high- and
low-pass filters configured as described in Section . Controlled to the outside accelerometer as seen in 9c.

Comparison to model

Figure 20 compares these experimental environments to those predicted by our clipping model. Interestingly, at high fre-
quencies, the measured spectrum at the control accelerometer for the highest amplitude (0.05 g2/Hz) environment roughly
matches the predicted output by the updated model, which included current clipping. Additionally, the experimental results
include a large acceleration peak at about 1200 Hz, similar to the distortion caused in the model that included current clip-
ping. Both these facts seem to indicate that our electrical current model reasonably tracks the true experimental behavior of
the system.
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Fig. 20 Comparison between ideal, experimental, and modeled acceleration environments at the control accelerometer.

The voltage sent to the piezos is compared to that predicted by the model in Fig. 21. The case considered is that of the
0.001 g?/Hz target environment, where clipping should be minimal. Figure 21 shows that the updated model captures the
overall magnitude of the piezo voltages reasonably well. The RMS voltages of the updated model and experiment are 1.33
and 1.15, respectively; the model slightly overestimates the piezo voltages. The model does not capture the variations in the
voltage with frequency, which are quite significant in the experimental results. These presumably arise due to higher modes
in the system that were not included in the model.
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Fig. 21 Comparison between auto power spectra of Piezo and Shaker voltage of the experiment and models for an envi-
ronment of 0.001 g2/Hz. Voltage powers are calculated from the control signals before amplification.

The measured strain is compared to the model predictions in Figure 22. Again, the case considered is that of the 0.001
g?/Hz target environment, with high- and low-pass filters applied at fyp = 1400 and fip = 1800 Hz respectively. The
RMS values of the initial and updated models were 0.115 and 0.360 pm, respectively, and the figure shows that most of the
displacement in the piezos occurred in the low frequency range. The experimentally measured strains show strong variations
with frequency. The RMS of the measured strains from gauges 1 and 2 were 0.235 and 0.183 pm, respectively. They are
dominated by a component at about 950 Hz and many other narrow-band components at various frequencies. The overall
magnitude of the strain at low frequencies matches the initial model better than the updated model, but in any event it is clear
that the model would need to include higher frequency dynamics to accurately capture the strain.

Shaker Power Reduction

An additional experiment was performed to better understand the reduction in power required when incorporating piezo ac-
tuators. For this experiment, a given environment was created by only the shaker. Then, the same environment was recreated
with the help of the piezo actuators. In this way, the required shaker voltage could be compared with and without the piezos.
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Fig. 22 Comparison between auto power spectra of the piezo stretch of the experiment and models for an environment of
0.001 g?/Hz. Strain gauges 1 and 2 refer to two strain gauges attached to two different piezo actuators during a single test.

The test was attempted with the original frequency range (0-5000Hz), but even for small environments the shaker en-
countered anti-resonances and could not adequately recreate high frequency environments by itself. Therefore, the upper
frequency was reduced to 2800 Hz and to avoid any possibility of damage to the shaker, the environment level was de-
creased to (0.001 g2/Hz) for this test.

As seen in Figure 23, the introduction of the piezo actuators significantly reduces the voltage sent to the shaker from
roughly 1076 to 107!° V2/Hz at high frequencies. At these frequencies, the piezos almost single-handedly recreate the
environment requiring voltage levels that are similar to those required in the shaker-only test. Note that the voltages shown
are those sent to the respective amplifiers. The amplifier for the electromagnetic shaker is a three-phase, 480 volt amplifier
that measures 1.8 x 0.8 x 0.5 m and weighs 500 kg. It can produce up to 80 amps of output current RMS and requires a large
and noisy cooling system. In contrast, the piezo amplifiers each measure about 100 x 150 x 400 mm (contained in a case
the size of a desktop computer) and produce a total of 6.8 amps each. Hence, even though the voltage sent to these systems
is similar, the total power required is dramatically different.
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Fig. 23 Comparison of shaker and piezo effort for an environment of 0.001 g2/Hz from 50 to 2800 Hz for two cases. In
the first, only the shaker is active. In the second, both shaker and piezo work together to create the environment. High- and
low-pass filters applied at fyp = 1400 and fip = 1800 Hz, as described in Section . The voltages shown are those sent to
the respective amplifiers.
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Conclusion

This work presented the design, modeling and testing of a system that integrates four piezoelectric actuators with a tra-
ditional, large electromagnetic shaker system. The goal of the system was to enable testing to higher frequencies, while
avoiding damage to the electromagnetic shaker or piezo actuators. In its current form, the system failed to reproduce the 0.1
g2/Hz environments that it was designed to reproduce, and it exhibited many spurious resonances and hence was generally
not able to produce the PSD at the control accelerometer with reasonable fidelity. However, the effort so far has validated
many aspects of modeling and provides several valuable insights into how such a system could be designed.

The most important finding was that the piezoelectric actuators require far more current than was expected in order to
move a sizable DUT at high frequencies. The main limitation of the present design was linked to the electrical current limits
of the amplifiers that were used to drive the piezoelectric actuators. If we had access to four of the present amplifiers, so
that one could be used for each piezo, then our updated model predicts that we could have reproduced an environment up to

0.008;’1—1 with little to no clipping. That is for an upper frequency limit of 5 kHz. If the upper limit were reduced to 4 kHz,
then the system with four amplifiers would be able to reach an environment of 0.0161?1—22. Alternatively, if unlimited current
was available, our updated model predicts that we could have reproduced a 5 kHz environment up to 0.191?[—2 or driven a

payload of roughly 1.2 kg at the target environment of 0.10{1—2 before other limitations posed an issue. According to our
updated model, the next limitation to be reached is voltage, not strain. The present design could also be easily modified to
allow up to eight piezo actuators (see the Appendix, Figure 25), increasing the capabilities further.

In designing the system, it was decided to maximize the frequency of the bubble mode of the top plate. In the final design,
the natural frequency of the bubble mode was 3500 Hz with free boundary conditions; a similar mode appeared at 3000 Hz
in the assembled system. However, the top plate that was designed was quite heavy and this exacerbated the problems with
the piezo current. Furthermore, the assembled system still has a mode at only 1200 Hz where the top plate bounces on the
piezo actuators. In retrospect, it may have been more effective to have designed the system to minimize the weight of the
top plate, driving the bounce mode up and allowing the top plate bubble mode to decrease somewhat. The models developed
here could be used to predict the behavior of such a system and develop a more optimal design. For example, according to
the updated model, cutting the mass of the top plate in half would reduce the RMS current required by the piezos (i.e. see
Fig. 17) from 28.6 A to 17.4 A, and the maximum current from 125 A to 72 A.

The test results showed several narrow ranges of frequencies in which the response exceeded or fell short of the desired
environment. These frequencies are presumed to correspond to resonances and antiresonances of the system. The present
configuration of the system does not seem to be sufficient to eliminate all of the antiresonances that occur below 5 kHz.
Indeed, the modal test results in Sec. show that the system has several resonances, and that the resonances all exhibited
motions that coupled with axial motion of the system. Some experiments were performed in which pairs of piezo actuators
were controlled separately, in hopes of allowing the system to overcome the antiresonances, but none of these was successful.
For future designs, we recommend using a higher fidelity finite element model to predict the resonances and antiresonances
of the system, and then to see if the piezo actuators can be placed in such a way that they eliminate the antiresonances below
5 kHz.

Finally, some minor design improvements are suggested. For example, with the present design, a special low-profile
socket wrench was needed to tighten the bolts to the piezo mounting brackets, because of the tight clearance between the
piezo actuators. As shown in Fig. 25, the top plate and piezo mounting brackets could be modified to allow the central bolts
to be tightened from above, greatly simplifying the assembly process.
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Appendix

Alternative Mounting Bracket Design
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Fig. 24 Modified mounting bracket that allows for four to eight piezo actuators.

Fig. 25 CAD rendering of an improved design with 8 piezo actuators and mounting screws accessible from above.
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Assembly Instructions

The setup of the piezo assembly must be done meticulously to prevent damage and ensure proper functionality. The following
are the steps and precautions used to set up a full piezo assembly test, with four piezo actuators.

1.

Prepare all components: All parts must be properly prepared before assembly. For instance, the mounting brackets, top
plate, and bottom plate need to be deburred, sanded down to a smooth finish, and cleaned. There should be no edges
that would prevent the mounting bracket from sitting flush with its contact surfaces.

. Check flat head screw clearances: The piezoelectric actuators contain a quartz crystal, which expands when a voltage

is applied. The mounting screw locations on piezo actuators are through holes. This means that if the screws are
tightened too much, it could crack the quartz and therefore break the piezo actuators. During assembly, put the screws
in the mounting bracket and measure how much the screw extrudes. If it measures more than 6 mm, the mounting
bracket should not be used.

. Piezo and mounting bracket assembly: Mount a bracket to each end of the piezo actuator, using two brackets per piezo

actuator.

Measure the piezo and bracket assembly: This is done to ensure the piezo actuator and mounting brackets are level
and to determine the height of this assembly. It is best to measure two locations to ensure the piezo actuators are flush
with the mounting brackets and level.

Base Plate: Mount it to the electrodynamic shaker

. Bracket - Piezo assembly: Mount the piezo actuator bracket assemblies to the base plate. Tighten the brackets to the

base plate with equal torque. Use shim stock as needed to keep the piezo actuators level.

. Top Plate: Attach the top plate to the top of the mounting brackets

DUT: Attach the DUT to the top plate

Power and Software: power the piezo actuators and electrodynamic shaker. Also, run the software needed for tests.

This order of operations was sufficient to prevent any piezo actuators from being damaged during assembly.
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Chapter 3
Investigating Three-Axis Shock and Vibration with a
“Supplemental Shaker” Frame

R. Krieghbaum and S. M. Danforth

Abstract Traditional single-axis environmental testing methods have been shown to over-test components by means of
cross-axis excitation, leading to potential damage to test objects that would not be experienced in the field. Multi-input,
multi-output testing seeks to address cross-axis excitation by controlling all principal axes during the test, but these methods
have had difficulty reaching high-amplitude flight environments. This paper seeks to explore a new method of multi-axis
excitation, using a large shaker for axial excitation with additional “supplemental” shakers in the remaining principal axes.
A test frame was designed to enable attachment of two supplemental shakers. The test frame was evaluated by subjecting
a representative test assembly to transport vibration, flight vibration, and flight shock environments, and these results are
compared to a similar test completed using single-axis methodology.

Keywords Environmental shock and vibration testing - Multi-axis shock and vibration testing - Flight environments

Abbreviations

DOF - Degree of freedom

GOBLET - Generic OBject for Laboratory Environmental Testing
PSD - Power spectral density

GRMS - Root-mean-square acceleration, in units of g

SRS — Shock response spectrum

LANL - Los Alamos National Laboratory

MIMO — Multi-input, multi-output

SISO - Single-input, single-output

Introduction

The Shock and Vibration Team at Los Alamos National Laboratory (LANL) seeks to recreate environments of test objects
as accurately as possible in a laboratory setting as an alternative to the costly process of performing field tests. Current qual-
ification test methods use single-input, single-output (SISO) testing, where test objects are excited using a single shaker and
rotated for sequential excitation in all three principal axes. This test method has been preferred because of the requirement
of high excitation levels, such as those experienced during flight stages, that only large, single-axis shakers can provide.
However, constraining test articles to single-axis testing may fail to accurately depict the multi-axis forces present during
field environments, such as aerodynamic loading that occurs during flight environments and rocket propulsion. Additionally,
segmenting test environments into sequential SISO tests has shown to result in cross-axis excitation, yielding elevated ex-
citation levels from the environment specification [1]. Excitation greater than the environmental specification may produce
excess damage to production components that would not be experienced during the lifetime of the component.
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Multi-input, multi-output (MIMO) testing has been shown to provide more field-relevant boundary conditions and ad-
dress cross-axis excitation concerns by controlling to multiple degrees of freedom (DoFs) using multiple excitation sources
during a single test [1]. One method of MIMO excitation uses multiple small, distributed shakers to recreate distributed-
loading environments [2]. While this method of MIMO testing addresses current environment replication concerns, the
smaller shakers used in these tests are often incapable of supplying the necessary excitation for high-amplitude flight envi-
ronments.

In previous work, LANL test engineers aimed to address the low excitation levels of distributed shaker testing by using
a high-force-output, single-axis shaker for axial excitation and a smaller modal shaker for lateral excitation [3]. We labeled
this method as “supplemental shaker” testing because the smaller lateral shaker(s) could supplement the high force provided
in the axial direction. The previous supplemental shaker studies showed promising multi-axis control performance for both
flight and transportation environments. However, the excitation was limited to two axes because the test area did not have
room to suspend a second supplemental shaker.

In this paper, we build upon previous research by introducing a custom test frame that can suspend multiple small shakers
with a compact footprint, enabling supplemental shaker testing for flight environments in the three principal axes of a test
body. Our goal is to compare the acceleration response of a representative test assembly between three-axis supplemental
shaker testing and traditional single-axis testing, with a focus on analyzing viability of the new test method. In Section 2.0,
we introduce the test assembly and three test environments that are of interest to LANL’s weapons programs. Section 3.0
describes the test frame used during testing, including its features and design considerations. Sections 4.0 and 5.0 describe
the equipment, procedure, and notable events experienced during single-axis and multi-axis testing, respectively. Test results
are reported in Section 6.0, with discussion presented in Section 7.0 and overall conclusions presented in Section 8.0.

Test Article and Proposed Test Environments

In this study, we conducted testing on an article called the GOBLET (Generic OBject for Laboratory Environmental Testing).
The GOBLET was designed to investigate the coupling dynamics of a rigid and compliant component, shown in Figure 1.
Part A is thin and bell-shaped, making it compliant when coupled with Part B, a rigid cylinder. A fixture plate was used to
attach the GOBLET to the shaker armature or slip table for environmental shock and vibration testing.

Part A of the GOBLET was connected to Part B using three bolted “legs.” This study uses the leg oriented 270° clockwise
from the +Y direction, referred to as the “270 Leg,” as a location for control. In addition to instrumenting the 270 Leg, we

Fig.1 Overview of the GOBLET test assembly with system axes and notable locations specified
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placed accelerometers (PCB and Endevco, 22 channels) and strain gauges (Vishay Measurements Group, 8 channels) at other
locations throughout Part A, Part B, and the fixture plate. These extra sensors will aid in evaluating differences in global test
article response between testing methods, although the strain data are not evaluated in this study.

We selected three environments for our initial evaluation of the supplemental shaker test frame: a Transport Random
vibration environment, Flight Random vibration environment, and a Flight Shock environment. The Transport Random en-
vironment contains lower-level transportation vibrations with a higher makeup of low-frequency content, yielding larger
displacements that pose a challenge to the supplemental axes. Additionally, LANL team members successfully tested the
Transport Random environment at a truncated frequency range in previous two-axis supplemental shaker work, and addi-
tional testing of this specification will enable comparison to previous methods [3]. The Flight Random environment contains
higher excitation levels with broader frequency content, challenging the capacity of the supplemental shakers to provide suf-
ficient drive voltage in their respective axes. Finally, the Flight Shock environment was chosen because LANL test engineers
have not yet attempted multi-axis shock and sought to evaluate its viability in the supplemental shaker test method. When
compared to vibration environments, shock environments often involve high displacement, pose unique control challenges,
and exacerbate nonlinear system behavior. The Flight Shock environment represents a low-level shock, yielding a reasonable
starting point for exploring use of supplemental shakers for MIMO shock testing.

Both random vibration environments, Transport Random and Flight Random, are implemented in the laboratory by con-
trolling to power spectral densities (PSDs) in the frequency domain. The average amplitude of vibration signals synthesized
using these PSDs can be estimated by integrating each PSD over its frequency range and taking the square root of the result,
yielding the GRMS (root-mean-square acceleration, in g) value for the profile. Figure 2 shows plots of these PSDs along
each DoF at the 270 Leg, and Table 1 provides the GRMS of each environment. The SISO testing described in Section 4.0
controls each DoF sequentially, while the supplemental MIMO testing described in Section 5.0 controls the DoFs simulta-
neously. Note that the PSDs specified in this section are auto spectral densities, but in MIMO testing, cross power spectral
densities additionally play a role in environment specification. Our approach to addressing the cross powers is described in
Section 5.0.
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Fig. 2 Random vibration environments used during testing, specified at the principal axes of the 270 Leg
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Table 1 GRMS Values for Random Vibration Environments

Environment Name | Frequency Range (Hz) Axis GRMS |
1.29

1.11
0.64
3.89
4.16
3.63

Transport Random 6-2000

Flight Random 20-2000

N | XN = <

The Flight Shock environment is specified as a shock response spectrum (SRS) maxi-max absolute acceleration (MMAA),
shown in Figure 3(a) for X, Y, and Z at the 270 Leg from 20 Hz—2000 Hz [4]. We worked with the V-14 Data Analysis Team
to synthesize a time waveform that achieves this SRS profile. Figure 3(b) shows the synthesized time waveforms for the
Flight Shock environment for X, Y, and Z at the 270 Leg.
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Fig. 3 Shock environment (a) SRS and (b) Time Waveforms used during testing, specified at the principal axes of the 270
Leg

In addition to evaluating control performance, we are interested in comparing system response at non-control locations
between single-axis and supplemental test methods. We selected the X, Y, and Z channels of Point 2504 as response DoFs,
since Point 2504 is located close to the rim of Part A of the GOBLET. With Part A’s bell-like characteristics, we expected
interesting motion amplification between our control DoFs at Point 2101 and the response DoFs at Point 2504. Figure 4
highlights Point 2504’s location relative to Control Point 2101.
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Fig. 4 Locations of Point 2504, near the rim of Part A, and Control Point 2101, located on the 270 Leg

Test Frame Design

As with previous supplemental shaker studies, we identified the Unholtz-Dickie H560 shaker as the large shaker for providing
axial excitation. This shaker does not have an associated slip table, which provided more room for a supplemental test frame.
Previous supplemental shaker testing used a Lateral Excitation Stand from The Modal Shop to suspend one Modal Shop
2100E11 100-1bf shaker for supplemental excitation [3]. This excitation stand was difficult to reconfigure around the H560
shaker, and because of the size of the stand, only one supplemental shaker was capable of being suspended. To enable the use
of multiple shakers from both fixed and suspended attachment as well as increased movement of the small shakers around
the test object, we designed a test stand for future multi-axis testing.

The general layout of the test frame is shown below in Figure 5(a), with an approximate size of 6x6x6 ft and weight
of 500 Ib. The frame consists of Bosch-Rexroth 90x90L aluminum extrusion forming an external structure with “tree-and-
branch” internal structures enabling shaker alignment. The “trees” refer to the vertical beams spanning the height of the
frame, which can be moved laterally, and the “branches” refer to the cantilevered beams that hold the shakers. The branch
height can be adjusted, and multiple branches can be added to each tree if more than one shaker is desired in each axis. We
chose the general frame design after discussion with Sandia National Laboratories, who implemented a similar frame design
and noted the benefits of high maneuverability for smaller shakers. We selected the 90x90L profile on the recommendation
of the manufacturer of the frame, Pacific Integrated Handling, who was provided with the intended shaker size, weight, and
applications the frame would experience. In a previous project, we designed a frame with 2-in. aluminum extrusion, but
because of scheduling issues, the frame was not used in testing. While assembling the previous frame, V-14 engineers noted
high displacements from manual excitation, providing further motivation for the use of 90x90L in the new test frame.

The test frame enables three-dimensional (3D) positioning of the supplemental shakers by means of movement of the
vertical support beam (tree), movement of the horizontal arm (branch), and movement of the adapter plate along the arm. We
purchased additional lengths of extrusion to enable further adjustment of the shaker’s proximity to the test object and avoid
interference with larger test objects. Machined i-in. aluminum adapter plates rigidly mount the trunnions of the shakers
to the frame and can be placed on any surface of the horizontal arm. Additionally, these adapters may be used to suspend
the shakers below the horizontal arm if non-rigid attachment proves beneficial for shaker isolation. Figure 5(b) shows an
implementation of the supplemental shakers on a mock single-axis shaker, with indicator arrows highlighting adjustment
capabilities.
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(a) Model view (b) Shaker Implementation

Fig. 5 Supplemental frame design, showing (a) an isometric view of the test frame and (b) mounted shakers with arrows
indicating adjustment capabilities

We also purchased rubber padding and additional stiffening gussets to explore optimization of the dynamic characteristics
of the test frame. Previous research found that while the dynamics of the test article are the greatest contributing factor
in MIMO control efficacy, modification of the dynamic characteristics of the test frame did yield notable change in test
performance [5]. These changes are not currently well-understood and may be amplified or reduced by factors such as test
frame size, frame or supplemental shaker weight, test environment levels, and any shaker-frame coupling present in the
shaker attachment method for a given test setup. Use of these additional components and attachment methods could increase
the overall stiffness and damping of the test frame, which may enable alteration of high-amplitude resonances experienced
by the test frame during testing.

Single-input, Single-output Testing

We conducted SISO shock and vibration tests on the GOBLET for a baseline comparison to the planned multi-axis supple-
mental shaker tests. All single-axis tests were conducted using the Unholtz-Dickie S452 shaker. The S452 (SISO tests) and
H560 (MIMO tests) differ in characteristics, but we were comfortable using the S452 as a comparison because our goal was
to compare a traditional test method to a new one rather than compare SISO versus MIMO with identical shakers.

We first ran the X-axis test with the S452 in its vertical configuration, then we ran the Y- and Z-axis tests with the shaker
rotated horizontally and attached to the slip table. We torqued all socket head cap screws between the fixture plate and shaker
armature or slip table to the same specification in each axis to ensure similar boundary conditions. Figure 6 shows the SISO
test setups for each axis.

In all SISO tests, we used Simcenter Testlab software for control and Simcenter SCADAS hardware for data acquisition.
For safety and data quality purposes, Simcenter Testlab allows the user to specify alarm and abort profiles above and below
the reference PSD. In LANL qualification tests, we specify alarm profiles at +3 dB and abort profiles at +£6 dB and direct
Simcenter Testlab to stop the test if the computed test PSD exits the alarm or abort limits for 5% or 3% of frequency lines,
respectively.

The S452 was able to achieve the Transport Random vibration environment for the full frequency range (6 Hz—2000 Hz)
in all three axes. The Flight Random vibration environment was successful for the full frequency range (20 Hz-2000 Hz) in
the X- and Y-axes, but we had to truncate the Z-axis frequency range to 20 Hz—1000 Hz. Above 1000 Hz, system resonances
caused the test PSD to exit the abort limits for greater than 3% of frequency lines. After truncating the environment, the test
satisfied our qualification control criteria. We achieved the Flight Shock environment but had the most difficulty with the
X-axis waveform, which has the lowest acceleration magnitude.
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Fig. 6 Single-axis testing setups on the S452 shaker in the (a) X-axis test, (b) Y-axis test, and (c) Z-axis test

Multi-input, Multi-output Testing

After constructing the supplemental shaker frame, we conducted multi-axis testing over a 2-week period. The Unholtz-Dickie
H560 shaker provided X-axis excitation, and two 110-1bf shakers (2110E from The Modal Shop) provided excitation in the
Y- and Z-axes. We used Simcenter Testlab software and Simcenter SCADAS data acquisition hardware for all multi-axis
tests. Each supplemental shaker imparted force through a compliant metal rod called a stinger that was threaded into a load
cell, which was in turn threaded into a 3D-printed drive block. The drive block attached to the GOBLET using dental cement
(DuraKore, Reliance Dental MFG and X60 Cold Curing Glue, HBK).

Before conducting a shock or vibration test, the Simcenter Testlab software completes a System Identification step. In
this step, the controller outputs uncorrelated drive voltage signals to each shaker’s amplifier at a flat, low-level PSD that
spans the intended testing frequency spectrum. It then measures the response at the control DoFs (2101 X, Y, and Z) and
computes system frequency response functions (FRFs). Using these FRFs, the software predicts whether the environment
can be achieved by the shakers without exceeding the allowable drive voltage limits (10 V). If the environment requires too
much drive voltage, we truncate the frequency range until the test is achievable.

Unlike the SISO tests, we relaxed the alarm/abort limit percentages to allow for test completion. Because the addition
of multiple excitation sources and control DoFs creates a more challenging control problem, it is likely that the 5%-alarm
and 3%-abort limits will need to be adjusted for MIMO qualification tests, but there has been no investigation into what
percentage of excursion is allowable.

In Section 2.0, we presented the auto PSDs for the multi-axis test. In MIMO tests, cross power spectral densities (CPSDs),
which describe the co-variance between two signals, are also present. The Simcenter Testlab software has two multi-input
control modes: “Matrix” and “PSD.” In Matrix mode, the user specifies CPSDs as a matrix at each frequency line. Because
CPSDs are not currently included in the specification development process, the common practice within the Department of
Energy Complex is to compute the CPSDs during the System Identification step, then populate the specification with the
in-situ CPSD values. In PSD mode, the user specifies only the auto PSDs for control and allows in-situ CPSD population.

For our first test series with the supplemental shaker frame, we tried implementing Matrix mode control with the CPSDs
from the System Identification step. However, the predicted required drive voltage levels were too high. We switched to PSD
mode, which reduced the required drive voltage for the supplemental shakers. All results in Section 6.0 report auto PSD
results from PSD mode control. Future work will make additional attempts to control using Matrix mode.

We began testing with the two supplemental shakers rigidly attached to the test frame branches (Figure 7(a)) and the drive
blocks attached to Part B, the rigid cylinder, of the GOBLET. First, we ran the Transport Random environment. Although the
Transport Random environment specification was defined from 6 Hz—2000 Hz in Section 2.0, we could not reach the low-
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frequency, high-displacement values with our MIMO setup. This limitation was expected as displacements in a multi-input
test cause shaker misalignment. We therefore truncated the environment to 20 Hz-2000 Hz. Despite truncating the lower
frequencies, the rigid shaker attachment caused excessive, visible frame displacement during testing. We re-configured the
test setup to have bungee attachment (Figure 7(b)) and were able to complete the transportation environment from 20 Hz—
2000 Hz.

Fig. 7 In-situ test setup showing (a) the assembled frame, and (b) suspended supplemental shakers

Early in testing, we noticed that the print quality of the drive block influenced test success. Our first round of testing
used polylactic acid filament and had the print layers oriented perpendicular to the application of shaker force, increasing
the chance of delamination. We updated the print material to a carbon fiber and nylon filament and adjusted the print layer
orientation so that the layers were parallel to the shaker force vector. We noticed that the estimated drive voltage required
for the supplemental shakers was reduced after installing the new drive blocks, but it is important to note that other small
changes, such as slight shaker alignments, could have influenced drive voltage as well.

We began to test the Flight Random vibration flight environment with the shakers imparting force on Part B of the
GOBLET. In this configuration, we ran into issues with high required drive voltage. We determined that attaching the shakers
to Part A, which is more compliant, might help create the same acceleration at Control Point 2101 with less shaker force
(and therefore drive voltage). After we re-attached the drive blocks to the compliant portion of the GOBLET, we completed
the test from 75 Hz—800 Hz. Below 75 Hz and above 800 Hz, the smaller supplemental shakers were unable to re-create the
environment because of drive voltage limitations.

Lastly, we moved to the Flight Shock environment. Note that in Section 2.0, we provide a time waveform for the shock
profile that creates the desired SRS profile. Common practice at LANL is to define the time waveforms for shocks to ensure
consistency across different tests. While initializing the multi-axis shock program, we discovered that Simcenter Testlab’s
Shock & MIMO Shock Control does not allow the user to upload a time waveform for multiple control DoF shocks. Instead,
the user must specify the SRS, then the software will generate an arbitrary time waveform. We also found that the software
needs all output channels (i.e., the channels sending drive voltage to shakers) to be located on the same card in the data
acquisition unit for shock testing, likely due to time synchronization. With only three shakers in this test, we were able to use
a three-output card in our SCADAS data acquisition system, but this limit will be a problem for tests with more than three
shakers. In our MIMO setup, the shock pulses had difficulty with accurate control and resulted in an over-test.

Results

Figure 8 shows the control performance for each DoF at the 270 Leg in comparison to the specification for the Transport
Random environment. In single-axis testing, each of these tests was performed sequentially, resulting in independent data
acquisition for each axis. For quantitative comparison of the specification and control performance, Table 2 reports the
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Grus values for the specification, previously shown in Table 1, compared to the Grprg values of the signal measured at
the control location. Note that the Grjss values of the MIMO specifications are lower than the SISO specifications because
of truncation to a 20-Hz minimum control frequency. A positive percent difference between the specification and control
Grus indicates an over-testing of the system in the respective axis, while a negative percent difference indicates an under-
test. Similar analysis of the control performance and Grjsg values for the Flight Random environment are presented in
Figure 9 and Table 3, respectively. Truncation to 20 Hz—1000 Hz of the Z-axis results in a decreased Ggrpss value for the
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Fig. 8 Control PSD performance comparison for the Transport Random environment

Table 2 GRMS Comparison at Control Point 2101 for the Transport Random environment

X 1.29 1.27 -2.00
Single-Axis Y 1.11 1.09 -1.27
Z 0.64 0.63 -0.79
X 1.22 1.44 16.5
Multi-Axis Y 1.04 2.20 71.6
Z 0.62 2.05 107
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Table 3 GRMS Comparison at Control Point 2101 for the Flight Random environment

X 3.89 3.82 -1.77
Single-Axis Y 4.16 4.10 -1.59
Z 3.08 3.04 -1.36
X 2.63 2.70 2.63
Multi-Axis Y 2.09 2.25 7.37
zZ 2.19 3.79 53.5

SISO specification compared to Table 1, and truncation of the MIMO specification to 75 Hz—800 Hz further decreased

specification Grass values.

Figure 10 compares the SRS between specification and test for the post-boost shock environment. Visual deviation of
the test SRS profile from the reference SRS indicates over-testing or under-testing of the system. As discussed in Section
4.0, we controlled to the time waveforms for the shock environment, so Figure 11 shows the reference and test time data.
While the SISO configuration controlled close to the specification value, seen in Figure 3, the MIMO configuration contains
a significant spike in maximum acceleration of up to 16.1 G in the Y-axis, far higher than the maximum Y-axis specification
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Fig. 10 SRS performance comparison for the Flight Shock environment

acceleration of 3.08 G. Comparison between these waveforms is difficult because the Simcenter Testlab software adds a
buffer to the waveform, shifting the pulse further back in time.

In addition to assessing control performance, we evaluated the response at a non-control point of interest, Point 2504
(Figure 4). Instead of analyzing PSDs, we chose to evaluate the transmissibility between the control DoFs at Point 2101 and
the in-axis response DoFs at Point 2504. Transmissibility computes the relative acceleration between a control and response
channel and contains both amplitude and phase. Peaks in transmissibility amplitude correspond to system resonances, where
there is higher acceleration at a response channel than at the control channel. Transmissibility phase describes the relative
timing of the acceleration between control and response channels as a function of frequency. For example, a phase of 0°
means the two channels are in phase, or exhibiting rigid-body motion. A phase not equal to 0° means the two channels are
out of phase, or exhibiting flexion.

Coherence, plotted from O to 1 as a function of frequency, examines how much of the response channel data is explained
by the measured control signal(s). For MIMO testing, we computed multiple coherence, which examines how much of the
response channel can be explained by the combined effect of the control signals. This method allows for a distinction between
response attributed to control signals and response attributed to noise, though the participation of individual control channels
is not identifiable. Drops in coherence have three main causes: (1) dropouts or saturation in reference and/or response signals,
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Fig. 11 Time waveform performance comparison at Control Point 2101 for the Flight Shock environment

(2) sensor problems such as faulty hardware or mounting conditions, or (3) system nonlinearity. Most often coherence drops
when the response signal is low (e.g., at a system anti-resonance) or if there is rattling or other nonlinear mechanics in the
system. Figures 12 and 13 show the coherence, transmissibility phase, and transmissibility magnitude between the control
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location (Point 2101) and the location of interest (Point 2504) for the Transport Random and Flight Random environments,
respectively.

Discussion

By the Grass metric used in this study, the SISO tests produced lower control error than MIMO tests for both random
vibration environments in all three axes. Interestingly, the SISO configuration resulted in under-tests at all control DoFs for
both Transport Random and Flight Random environments, and the MIMO configuration resulted in over-tests. Excitation
in other principal axes during each SISO test, also known as cross-axis excitation, may contribute additional energy to the
system beyond the specification and lead to an over-test, but this phenomenon was not analyzed during this exploration of
the MIMO test method. While it is expected that MIMO tests result in higher control error because of the added complexity
of multiple control DoFs, the control performance for the MIMO Transport Random environment was unsatisfactory from
500 Hz-2000 Hz. The control challenges could be a result of many factors such as system resonance, shaker misalignments,
shaker attachment locations, or shaker-frame interaction. Because of the limited testing window that we had for this study,
we were unable to troubleshoot the poor control accuracy, but we will investigate methods for improvement in future work.
Additionally, we plan to investigate strategies for increasing the MIMO frequency range to capture the full qualification
environment, as well as analyzing cross-axis response from the SISO testing to better compare the test methods.

The Flight Shock environment had shortcomings in both SISO and MIMO testing. Consulting the shock time waveforms
in Figure 11, we notice excessive high frequency content in the SISO X-axis shock pulse, included in the zero-padded
signal before the pulse starts and during the ringdown. At first, we suspected an issue with the noise floor of our sensor, but
further investigation revealed that the X-axis shock pulse magnitude, although the smallest of all three axes, was not near
the noise floor of our control sensor. Next, we investigated whether the Point 2101 X sensor channel was broken. However,
investigations revealed that the sensor and data acquisition channel were performing as expected during random vibration
testing. Additionally, we replaced the Point 2101 triaxial accelerometer and attempted the shock pulse again; the same issues
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remained present. One other source of poor performance could be the Simcenter Testlab shock controller. Unfortunately, the
software is proprietary, so we are unable to explore what strategy the controller was using to create this shock pulse. We
are interested in exploring the SISO shock control challenges further in future work, because the quality of SISO shocks is
important for qualification testing.

As shown in Figure 11, the MIMO shock (maroon line) produced much larger acceleration levels than intended by
the shock specification (black line). This over-test would not be acceptable for qualification tests, and future work should
investigate whether control for MIMO shock with modal shakers can be improved to levels sufficient for qualification testing.
Many factors, such as frame setup, shaker-frame interaction, shaker alignment and/or attachment, shaker location, and control
software, could have played a role in the poor control accuracy. Perhaps with commercial MIMO setups, such as the Team
Tensor 6 DoF platform, the hardware shortcomings could be less of an issue.

The SRS from both SISO and MIMO shock testing is shown in Figure 10. Comparing the poor performance in the time
domain (Figure 11) to the SRS profiles in Figure 10, we note that the SRS alone does not provide enough information about
control performance and data quality. For example, the X-axis SISO SRS visually matches the reference profile, with only
a slight alarm excursion at 2000 Hz. However, as discussed earlier, the time waveform for the X-axis SISO test exhibited
troubling high frequency content and was not considered a success. Likewise, although the MIMO SRS profiles from 700
Hz-2000 Hz exceed the specification, the excursions are visibly less extreme than the accelerations in the time waveform
plots in Figure 11. The SRS is the common specification provided by customers for LANL qualification tests, but these
findings hint that a different evaluation method should be explored.

The transmissibility magnitude remained similar between SISO and MIMO setups for the Transport Random environ-
ment (Figure 12), aside from a missing peak around 500 Hz—600 Hz in the Z axis. Recall that in Section 6.0, we attached
the supplemental shakers to the rigid Part B for the Transport Random environment test. Because of this rigidity, it appears
that the system dynamics remained similar between SISO and MIMO testing, and the relationship between Points 2101
and 2504 followed the same visual profile. Conversely, the transmissibility magnitude differed greatly between SISO and
MIMO setups during the Flight Random environment test (Figure 13). Although we cannot compare dynamics for the full
frequency range because of the truncation, within the 75 Hz—800 Hz range, we see many more peaks in transmissibility
magnitude (i.e., resonances) for the MIMO test case. These additional resonances could be a result of change in the bound-
ary conditions of the system when the supplemental shakers were mounted to Part A, the comparatively compliant location,
for the Flight Random environment. Future work to optimize supplemental shaker attachment locations and better replicate
boundary conditions will assist in evaluating the supplemental shaker method.

The transmissibility phase is difficult to evaluate because of sharp jumps between -180° and 180°, but it follows similar
trends to transmissibility magnitude. There is less variation between SISO and MIMO for the Transport Random environment
test (Figure 12), whereas for the Flight Random environment test (Figure 13), the phase changes occur at lower frequency
values for the MIMO test than the SISO test. As we observed with transmissibility magnitude, the addition of shakers to the
compliant Part A resulted in more resonances within 75 Hz—800 Hz, so the corresponding phase changes are reasonable.

The coherence between control signals and the response at Point 2504 is significantly lower in the MIMO configuration
for both random vibration environments (Figures 12 and 13). Because we computed multiple coherence for the multi-axis
tests, this lower value indicates that a large portion of the X-, Y-, and Z-axis response signals cannot be explained by the
X-, Y-, and Z-axis control signals. We have not analyzed the coherence of the in-axis control and response signals (known
as partial coherence), but it would be an interesting comparison for future work. Furthermore, the supplemental shakers and
test frame may have introduced nonlinearities that contributed to the unexplained response signal.

Conclusion

This study aimed to extend previous work in supplemental shaker testing to all three principal axes, performing higher
random vibration levels and MIMO shock environments with the assistance of an aluminum test frame. Our previous im-
plementations showed promise for this test method, but area limitations resulted in only achieving two axes of excitation at
levels lower than flight environments. In this paper, we present the GOBLET test assembly and relevant shock and vibration
environments, describe our supplemental test frame design, conduct SISO tests for three environments to provide a com-
parison to traditional LANL shock and vibration test methods, and complete an initial three-axis MIMO test series with the
supplemental shaker frame.

We learned valuable lessons about test setup during our first supplemental shaker test series. First, if shakers are to be
rigidly attached to the test frame there must be other measures taken, such as isolating the shakers with rubber material
or using stingers with ball joints to create compliance. Otherwise, the coupling between the frame, shaker, and test article
produces too much frame movement and misaligns the shakers. Second, the print material and orientation of the additively
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manufactured drive blocks are important for reaching test levels, especially for the Flight Random vibration. Third, the
location of supplemental shaker attachment influences the frequency range and acceleration levels that can be achieved, as
well as potentially modifying system dynamics. During shock implementation, we encountered some challenges with the
Simcenter Testlab control software that may cause issues for future work.

The results presented here represent the first implementation of the new supplemental shaker test frame over a two-week
test period. In future work, we aim to increase the tested frequency ranges of random vibration environments, investigate the
poor control performance and low coherence during multi-axis tests, use optimization algorithms to inform supplemental
shaker attachment locations, explore SISO cross-axis excitation, and develop a consistent MIMO test methodology to move
this test method from the research and development (R&D) setting to the qualification setting.
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Chapter 4
Smart Dynamic Testing of Aero Engine Externals: Challenges
and Directions

Simon Euler, Ibrahim Sever, and Bernd Beirow

Abstract Aero engines are complex systems with stringent safety and performance requirements. These requirements apply
to all engine parts, including a large number of control units, pipes, pumps, brackets etc. that sit outside gas path of a jet
engine and are collectively referred to as externals. As with other parts in engines, manufacturers must demonstrate compli-
ance with safety standards to regulatory authorities for the externals too. The said compliance evidence is mainly generated
through rigorous qualification tests which are often based on specifications such as RTCA DO-160. However, such stan-
dardized tests may not accurately reflect real-world operating conditions, leading to over- or under-testing and potential
in-service failures. Smart Dynamic Testing (SDT) is an evolving research domain aimed at addressing these limitations,
encompassing Impedance-Matched Multi-Axis Testing (IMMAT), field environment characterization, control specification,
test integration, and optimization. Among these, IMMAT has emerged as a promising methodology in experimental struc-
tural dynamics, aiming to replicate the in-field dynamic environment of the Unit Under Test (UUT) within a controlled
laboratory setting. By replacing sequentially performed multiple single-axis tests with a single multi-axis test, IMMAT
offers significant advantages in terms of cost and time savings, potentially eliminating the need for full-scale field trials.
Despite its potential, IMMAT remains an open and complex research area, presenting several challenges. One key issue lies
in the accurate definition of the target function, often hindered by incomplete sensor data from field measurements or the
reliance on unvalidated numerical models. These limitations complicate the formulation of the Cross-Power Spectral Den-
sity (CPSD) matrix, which is essential for laboratory test replication. Furthermore, the placement of actuators (shakers) and
control sensors is frequently based on engineering intuition, as systematic methodologies for their optimal configuration,
and for the design of impedance-matched test fixtures, are currently lacking or underdeveloped. This paper exposes the chal-
lenges around SDT and provides an overview of the current methodologies and research areas approaching the underlying
problems.

Introduction

The aerospace industry is a sector that depends heavily on the safety and reliability of its technical products. Aircraft man-
ufacturers, engine producers, and component suppliers share the responsibility of demonstrating the functionality of their
products under all operational conditions and throughout the product’s lifecycle. This is achieved by providing evidence of
functionality, mechanical integrity, and airworthiness to regulatory authorities, primarily through a combination of simula-
tions and physical testing. The ultimate objective is to obtain product certification.

One critical area in which product robustness must be demonstrated is the field of aerodynamic and structure-borne
vibration, which is the primary focus of this article.

For aero-engine manufacturers, components located outside the gas path — such as control units, pipes, pumps, and
brackets (collectively referred to as externals) — are typically qualified through laboratory-based vibration testing. Depending
on the application, this testing is carried out in accordance with standards such as RTCA DO-160G [1] for civil aviation or
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MIL-STD-810H [2] for defence applications. Although MIL-STD-810H permits multi-axis testing (see Method 527), most
vibration testing continues to rely on traditional uniaxial methods developed in the 1960s and 1970s. These methods simulate
a multi-directional vibration environment by sequentially applying excitation along the x-, y-, and z-axes using standardized
test profiles and procedures [5, 6]. A typical vibration testing application in aero-engine development involves replicating
a failure mode observed either on a development engine or in the operational fleet. Accurate replication in the lab requires
environmental measurements from the system. However, due to the limited number of sensors installed on an engine, these
measurements often do not coincide precisely with the failure location. As a result, the acceleration data used for base
excitation is typically estimated from the closest available sensor.

Vibration Testing of Aero Engine Components

For this study, a simplified test setup was developed to represent a system environment. The setup consists of a pipe (e.g.,
a fuel line, representing the Unit Under Test — UUT) mounted on a steel beam (representing the Next-Level Assembly —
NLA), and excited by a constant random drive signal form a 1kN shaker. The experimental setup is illustrated in figure 1a.
Acceleration and force sensors were placed in-plane with the structure, aligned along the x-axis as shown in the figure. The
measured power spectral density (PSD) spectra from selected sensors are presented in figure 1b. Notably, sensors Acc12 and
Accl7 exhibit a peak at approximately 135Hz. At this frequency, the PSD value at the coupling point between the beam and
the vertical connection — measured by Acc03 — is approximately 0.008g>/Hz.

Acc02
Acc03
Acc04
Accl2
Accl?

PSD [¢*/H?]

50 100 150 200 250 300
Frequency [Hz]

(b) PSD of selected sensors from system environment (with NLA)

Fig. 1 Simplified experimental set-up for pipe testing

A typical objective in a laboratory vibration test is to reproduce this peak excitation on the UUT through base excitation
— commonly for high cycle fatigue (HCF) or qualification testing — using a defined acceleration input. The set-up for the
laboratory configuration is shown in figure 2a. To investigate the influence of differences in mechanical impedance between
the field and laboratory systems, an initial test was performed by directly applying the same PSD value (0.008g>/Hz)
measured by Acc03 in the system environment. This excitation was applied across a frequency range from 100Hz to 300Hz.
The resulting PSD spectra are shown in figure 2b.
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Fig. 2 Simplified experimental set-up for pipe testing

Often, the test engineer does not have access to measurements taken directly at the component interface. In such cases,
nearby sensor data is typically used to estimate the base acceleration. For instance, if data from sensor Acc03 (located at the
interface) is unavailable, one might use the PSD values from nearest sensors — such as Acc02 and Acc04 — and compute their
average to define the base excitation. Based on this approach, the second test with the laboratory set-up was done with a base
excitation of 0.0258g%/Hz.

The resulting PSD spectra for sensor Acc17 of the different set-ups are shown in figure 2c. When compared to the system
environment data, it becomes evident that even when using the exact interface acceleration, the Unit Under Test (UUT)
experienced an over-test of approximately twice the amplitude due to differences in the mechanical coupling impedance
between the field and lab set-ups. When instead using the average of neighbouring sensors, the over-test increased by a
factor of six. This result highlights a key issue: base-controlled vibration tests can lead to significant over- or under-testing
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depending on the mechanical impedance mismatch between the laboratory setup and the actual system environment. To
address this, it becomes reasonable to consider response-controlled testing as an alternative.!

The first response-controlled test was carried out using the laboratory setup on the head expander (figure 2a), with the
PSD of sensor Accl7 from the system environment serving as the reference. Figure 3a compares the controlled response
at Accl7 to the target PSD from the system environment. The results show a good match at the control point. However,
examining the uncontrolled response at Acc12 reveals that the component was under-tested at 135Hz and over-tested around
160Hz, relative to the field data (figure 3b). This highlights a fundamental challenge: controlling a single response point is
often insufficient to accurately reproduce the entire system dynamic.
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(b) Sensor Acc12 (Not Controlled) — Target PSD from System Environment and measured PSD

Fig. 3 Response-controlled at Acc17 on headexpander

To better replicate the dynamic environment, a rudimentary Multi-Exciter Single-Axis (MESA) setup was build by
placing the UUT on two shakers (figure 4). The reference Cross-Power Spectral Density (CPSD) matrix for this random test
was formulated using the PSD and phase data from the system environment (similar to the approach from Daborn et al. [5]).
A coherence value of 1.0 was assumed across the frequency range.> The obtained PSD for the control points Acc17 and
Accl12 can be found in figure 5a and figure 5b. It can be seen, that there are still control issues around a certain bandwidth of
the anti-resonances, but in general showing a significant improvement in the response of the now controlled position Acc12.

Nevertheless, even by adding an additional control point to the UUT, the majority of the component is still uncontrolled
during the test. For example, sensor Acc22 — located at the far right of the UUT — remains uncontrolled across all tests.
Comparing its response from the test on the headexpander (figure 6a) and the dual shaker setup (figure 6b) shows that
the response does not only differ significantly from the system environment, but switching to dual control can sometimes
worsen the correlation. These results demonstrate a critical point: simply adding more exciters or control points may not be
sufficient. There is a growing need for impedance-matched fixtures or a higher number of control points to better replicate
the system environment dynamics.

The test series presented in this section underscores the uncertainties introduced by standard base-controlled vibration
testing, which often lead to over- or under-testing. In practice, such uncertainties are typically addressed by applying conser-
vative safety factors or broad acceleration envelopes, which can result in severe over-testing.> Response-controlled testing

11t is worth mentioning, that at least the RTCA DO-160 does not intend to carry out response-controlled testing.

2The MIL-STD-810H Method 527.2 Annex D recommends to use a coherence between 0.95 to 0.98 in the CPSD formulation, if not
available from field measurements, to account for the always present noise in the measurement. This will be considered in future measure-
ments.

3Daborn et al. [5] showed, that using “enveloping” over-tests the UUT by magnitudes.
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Fig. 5 Response-controlled at Acc12 and Acc17 on dual shaker

offers a more targeted approach, particularly when transitioning from single- to multi-exciter setups. However, even with
increased control points, unmeasured positions may still exhibit significant deviations from their reference responses, as
demonstrated in the final experiment.

Smart Dynamic Testing

Smart dynamic testing is an emerging research area aimed at addressing the limitations outlined in section . It provides the
foundation for advanced techniques such as Impedance-Matched Multi-Axis Testing (IMMAT). Additional challenges not
captured by the test series — such as field environment characterization, reference signal formulation, fixture design, and
sensor/exciter placement — must also be considered.
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Fig. 6 Acc22 of response-controlled at headexpander on dual shaker test

The overarching goal is to enable accurate replication of the system environment in the laboratory, without requiring the
full physical system, by virtually planning and optimizing the IMMAT approach in advance. Several key developments are
summarized below.*

Field Characterization and Test Specifications

Daborn et al. [5] presented a method to replicate the system dynamics of a free-flying missile in a multiple-input multiple-
output (MIMO) vibration test. They also showed, that a MIMO test is operating with lower force levels compared to tra-
ditional vibration testing, indicating an inherent problem with traditional test set-ups. The authors pointed out, that there is
need for research in the area of test specification, as cross spectra many not always be available from direct measurements.

Mayes [8] introduced a method combining Modal Craig-Bampton (MCB) substructuring with a Transmission Simulator
(TS) to decompose the system into the elastic response of the fixture/NLA and the fixed-base motion of the component. This
technique enables quantification of mechanical impedance mismatches between lab and field environments and supports the
selection of appropriate control parameters. Schultz and Nelson [13] proposed strategies to address differences between field
and lab setups using spatial and frequency averaging, as well as frequency axis warping.

Shaker and Sensor Placement

Rohe et al. [9] developed a shaker placement method for IMMAT and highlighted the dependency of results on control
strategy. Their method used the frequency response matrix obtained from modal impact tests to predict responses across
different exciter combinations.

Beale and Schultz [3] developed and demonstrated [4] a sensor selection method for multi-exciter test, based on an error
metric that quantifies the difference between the reference CPSD and the predicted response of a preselected set of sensors.
To apply this method, one needs the frequency response functions of the laboratory system to calculate the laboratory
response. Mayes et al. [7] presented a shaker placement strategy that uses substructured models and amplifier constraints to
ensure target responses are met without exceeding operational limits.

“4This is not meant to be a full literature review and only shows exemplary work in the areas.
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Impedance-Matched Multi-Axis Testing

As early as the 1960’s Klein and Piersol [6] pointed out, that an impedance-mismatch leads to a severe difference between
the laboratory test and the coupling impedance in field. Scharton [10] showed, that using multimodal fixture to replicate the
mounting point impedance, leading to a significant improvement of the structural response and developed a design guidelines
for multimodal fixtures, including dimensions, measured point impedance, modal density and damping of the fixture. These
fixtures enabled smaller shakers to achieve target vibration levels and provided a more triaxial excitation environment.

Schoenherr et al. [11] used an objective function that is based on matching the frequency response matrix of the laboratory
and field configuration. Due to the amount of local minima the solution did not convert towards the global minium. Latest
research of Schoenherr et al. [12] shows, that using an optimization approach with an objective function, based on the
modal projection error is converging best towards an impedance-matched design, but also mentions, that the gradient based
algorithm is struggling to follow the decreasing slope in the solution space. Tuman et al. [15] proposed the Transmission
Simulator IMMAT (TS-IMMAT) approach, wherein only the control points on an impedance-matched fixture are excited.
Although promising, challenges remain — e.g., reproducing radial responses in rocket vibration environments.

Conclusion and Planned work

This paper highlights the key differences between standard base-controlled vibration testing — such as that used for compo-
nent qualification — and more advanced Multi-Exciter Single-Axis (MESA) configurations. The tests showed that coupling
impedance plays a crucial role in determining the actual dynamic loading experienced by the UUT. While transitioning from
base-controlled to response-controlled testing can reduce over-testing, the limited number of control points in conventional
setups restricts test accuracy. Even MESA configurations only partially address this issue. Future work will focus on:

» Topology optimization for the design of impedance-matched fixtures, that replicates the field dynamics over a prede-
fined frequency range.

* Incorporation of real aero-engine structures, including larger components and higher response magnitudes.

These efforts aim to move closer toward accurate, efficient, and reliable dynamic testing that truly reflects the operational
environment, enabling better qualification of aerospace components.

Acknowledgments The authors gratefully acknowledge financial support from the State of Brandenburg (Germany), the EU and Rolls-Royce
Deutschland Ltd & Co KG (Rolls-Royce). The authors also thank Rolls-Royce for granting permission to publish the results in this work.

References

1. RTCA DO-160G. Radio Technical Commission for Aeronautics, USA, 2010. URL https://www.rtca.org/do-160/.

2. MIL-STD-810H. Department of Defence, USA, 2019.

3. C. Beale and R. Schultz. Sensor Selection for MIMO Vibration. Technical report, Sandia National Laboratories (SNL-NM), Albuquerque,
NM, 2020. URL https://www.osti.gov/biblio/1836906.

4. C. Beale, R. Schultz, C. Smith, and T. Walsh. Degree of Freedom Selection Approaches for MIMO Vibration Test Design. In Proceedings
of the 40rd IMAC, volume 5, pages 81-90. Society for Experimental Mechanics, Springer Nature Switzerland AG, 2022. URL https:
//doi.org/10.1007/978-3-031-05405-1_10.

5. P.M. Daborn, P.R. Ind, and D. J. Ewins. Enhanced ground-based vibration testing for aerodynamic environments, volume 49, pages 165-180.
Elsevier Ltd., 2014. URL https://doi.org/10.1016/j.ymssp.2014.04.010.

6. G. H.Klein and A. G. Piersol. The development of vibration test specifications for spacecraft applications, volume 4, pages 88—115. Elsevier
Ltd., 1966. URL https://doi.org/10.1016/0022-460X(66)90156-8.

7. R. Mayes, L. Ankers, P. Daborn, T. Moulder, and P. Ind. Optimization of Shaker Locations for Multiple Shaker Environmental Testing,
volume 44. Springer Nature Switzerland AG, 2019. URL https://doi.org/10.1007/s40799-019-00347-7.

8. R. L. Mayes. A Modal Craig-Bampton Substructure for Experiments, Analysis, Control and Specifications. In Proceedings of the 33rd
IMAC, volume 4, pages 93-98. Society for Experimental Mechanics, Springer Nature Switzerland AG, 2015. URL https://doi.org/10.1007/
978-3-319-15209-7.9.

9. D. P. Rohe, G. D. Nelson, and R. A. Schultz. Strategies for Shaker Placement for Impedance-Matched Multi-Axis Testing. In Proceedings
of the 37th IMAC Soc [14], pages 195-212. URL https://doi.org/10.1007/978-3-030-12676-6_18.

10. T. D. Scharton. Development of impedance simulation fixtures for spacecraft vibration test. Aeronautics and Space Administration, 1969.
URL https://ntrs.nasa.gov/api/citations/19690016937/downloads/19690016937.pdf.

11. T. Schoenherr, P. Coffin, and B. Clark. Use of Topology Optimization to Design Shock and Vibration Test Fixtures. In Proceedings of the
37th IMAC Soc [14], pages 77-92. URL https://doi.org/10.1007/978-3-030-12676-6_18.


https://www.rtca.org/do-160/
https://www.osti.gov/biblio/1836906
https://doi.org/10.1007/978-3-031-05405-1_10
https://doi.org/10.1007/978-3-031-05405-1_10
https://doi.org/10.1016/j.ymssp.2014.04.010
https://doi.org/10.1016/0022-460X(66)90156-8
https://doi.org/10.1007/s40799-019-00347-7
https://doi.org/10.1007/978-3-319-15209-7_9
https://doi.org/10.1007/978-3-319-15209-7_9
https://doi.org/10.1007/978-3-030-12676-6_18
https://ntrs.nasa.gov/api/citations/19690016937/downloads/19690016937.pdf
https://doi.org/10.1007/978-3-030-12676-6_18

58

12.

14.

15.

S. Euler et al.

T. Schoenherr, B. Zwink, and R. Schultz. Optimization of an Impedance-Matched Test Fixture with the Modal Projection Error, volume 49.
Springer Nature Switzerland AG, 2025. URL https://doi.org/10.1007/s40799-025-00794-5.

. R. Schultz and G. Nelson. Techniques for Modifying MIMO Random Vibration Specifications. Technical report, Sandia National Laborato-

ries (SNL-NM), Albuquerque, NM, 2021. URL https://www.osti.gov/biblio/1892146.

Sensors and Instrumentation, Aircraft/Aerospace, Energy Harvesting & Dynamic Environments Testing, volume 7, 2019. Society for Experi-
mental Mechanics, Springer Nature Switzerland AG. URL https://doi.org/10.1007/978-3-030-12676-6_18.

M. J. Tuman, M. Behling, M. S. Allen, W. J. DeLima, J. Hower, and R. L. Mayes. Balancing Impedance and Controllability in Response
Reconstruction with TS-IMMAT, volume 48. Springer Nature Switzerland AG, 2023. URL https://doi.org/10.1007/s40799-023-00645- 1.


https://doi.org/10.1007/s40799-025-00794-5
https://www.osti.gov/biblio/1892146
https://doi.org/10.1007/978-3-030-12676-6_18
https://doi.org/10.1007/s40799-023-00645-1

®

Check for
updates

Chapter 5
Correlating Damage in Vibration Environments Using
Fixed-Base Modal Responses

Marcus Behling, Matthew S. Allen, Randy Mayes, and Washington DeLima

Abstract A significant challenge in dynamic environment testing is understanding how accurately the in-flight stress is
recreated in the lab test. The RMS dB error metric is often used to gauge test success, and while it accurately quantifies the
spectral differences between the flight and lab responses at various DOF, its correlation with stress is poorly understood.
This study proposes an alternative metric and compares it to RMS dB error by simulating SDOF, 3DOF, 6DOF, and IMMAT
tests using a finite element model case study. The proposed metric is shown to be better correlated with RMS Von Mises
stress than RMS dB error in these simulated tests. It is observed to be best correlated to stress when modal responses are
accurately reconstructed, though it marks an improvement over RMS dB error even when this is not the case.

Keywords Random vibration - Error metric - Fixed-base modes - Multi-axis testing - finite element modeling

Introduction

Vibration qualification tests are performed to verify a component’s durability in its intended operating environment. The
original military standard for these tests [1] specified enveloped acceleration power spectral densities (PSDs) to be controlled
near the base of the device under test (DUT) in a single axis. Multi-axis testing methods, such as 6DOF [2] and Impedance
Matched Multi-Axis Testing IMMAT) [3], have grown in popularity in the past decade and have demonstrated the potential
to improve environment reconstruction [4]. The preferred control target for these tests is an acceleration PSD matrix that is
defined across various degrees of freedom (DOF) on the DUT. In single-axis and multi-axis tests, the controller replicates the
environment as closely as possible. The RMS dB error metric, described in [5], is commonly used to quantify how accurately
the flight environment is reconstructed. It is a measure of the area, in dB, between the flight and lab environments and thus is
closely correlated with a visual comparison of the two environments plotted in dB. If the RMS dB error is low and the DUT
functions properly during the test, it is deemed ready for flight.

Even though this metric is commonly used, the correlation between RMS dB error and stress is poorly understood. A test
with a low RMS dB error might recreate stress inaccurately, in other words; a DUT that passes the test could fail in flight, and
one that fails the test might have been flight-ready but would be redesigned and retested unnecessarily. One study suggested
that RMS dB error is better correlated to stress than a variety of other metrics [6], though the two were found to have an
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average Pearson correlation magnitude of only 0.11 across 100 simulated tests. This value increased to 0.26 when modal
rather than physical acceleration responses were used, suggesting that modal responses are better correlated to stress. Others
have similarly investigated modal metrics: Harvie [7] and Schoenherr [8] used fixed-base and free-free modes, respectively,
to compare flight and test environments. Harvie’s study showed that modal responses provide valuable insight that physical
responses lack, and Schoenherr proposed comparing RMS free modal responses.

RMS dB error can also pose logistical problems to a testing program as the test environment often has to meet error
requirements. A common requirement is that all spectral lines lie within 3 or 6 dB of the specification, and a similar require-
ment could be placed on the RMS dB error. If the error exceeds the maximum acceptable value, the test setup or environment
must be modified, though doing so is not necessarily trivial; Schultz proposed a method for modifying a given environment
to be more controllable in the lab [9], though it does not seem to have been extensively tested at this point. One could also
use Daborn’s buzz test method [10] to redefine the cross-PSDs, though the environment may remain challenging to recreate
in the lab, and this procedure is likely to modify the reconstructed stress in ways that are poorly understood.

This study proposes using a DUT’s RMS fixed-base modal responses to compare flight and lab environments. The
concepts behind fixed-base modal responses are elaborated in the section that follows. As suggested by Beale [6], this
metric may be better correlated to stress than methods based on physical responses. Additionally, it could help improve
test program efficiency, as a pre-test could be performed, the RMS fixed-base modal responses calculated, and the control
PSD matrix scaled up or down to reach equivalent RMS fixed-base responses in flight and lab. The test could be easily
modified to meet the specification, in other words. The test workflow changes from a potentially iterative, costly proce-
dure to a straightforward, linear one that yields more confidence that stress has been accurately reconstructed as shown in
Figure 1.
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Fig. 1 Traditional test workflow (a) vs. proposed RMS fixed-base modal response workflow (b)

Damage Metric Calculation

The procedures for calculating the RMS dB error and RMS fixed-base modal response metrics are briefly described in the
sections that follow.
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RMS dB Error Metric

The calculation of the RMS dB error is described in [5] and reproduced here for convenience. A single error value is obtained
at each frequency line by taking the RMS of the dB differences at each channel according to

epsp(w;) = naclcels mf:ls {dB (S;krkﬂ(wZ)) —dB (S;Nkvlab(wi)ﬂz’ M
k=1

where S, is the acceleration PSD matrix, » denotes a set of reference DOF over which error is calculated, and fl denotes
the flight environment. Ideally, the reference DOF contain flight measurements at uncontrolled DOF on the DUT, though in
practice, measurements may be sparse, and error may be calculated at the control DOF on the DUT and / or test fixture. The
RMS is then taken across frequency lines f to yield a single error value for the test,

1 &
epsp = ;Z(GPSD(%))2. 2

=

RMS Fixed-Base Modal Response Metric

The Hurty / Craig-Bampton method, developed in [11, 12], divides a system into boundary and interior DOF. For qualifica-
tion tests, the interior DOF can be defined as those on the DUT, and the boundary DOF contain all other DOF of the system,
e.g., those of the test fixture. The responses of the interior DOF are calculated according to

x; = ®L°p + ¥;xy, A3

where i and b are the interior and boundary DOF, respectively, ®® is the mode shape matrix of the DUT with a fixed-base

boundary condition, p is the vector of fixed-base modal responses, and ¥; is the constraint shape matrix which relates the

displacements of the boundary DOF to those of the interior DOF. This equation separates the rigid body and elastic portions

of the DUT’s response into ¥;x;, and ®IBp, respectively. Since the DUT’s stress is caused by its elastic deformation,

comparing p in the flight and lab should better reflect how accurately stress is recreated than comparing physical responses.
In this study, the modal responses are calculated using

[ﬂ — [®RB ®FB] T x,, )
where s is the vector of rigid body modal responses, ®X are the rigid body mode shapes at a set of DUT measurement DOF
d, ®P are the fixed-base mode shapes at the same DOF, + denotes the pseudoinverse, and x4 is the vector of measured
accelerations on the DUT. One could also use a combination of DUT and next assembly measurements, though this requires
including the next assembly’s mode shapes and following a slightly different procedure such as that outlined in [13].

There must be at least as many measurements as the total number of modes to accurately estimate modal responses,
and even more accelerometers might be needed in practice; they must also be placed so that & = [‘I";B <I>SB] is well
conditioned. ® should include the modes that are needed to describe the system’s motion in the frequency band of interest,
and it is common to include all modes below 1.5 times the highest frequency of interest to account for residual effects.

Each fixed-base modal response can be described by a single RMS value calculated according to

nf
Phus = 4| 0f Z Spipr (wi), (%)

i=1
where d f is the frequency spacing and Sy, ,, is (k, k)'" element of the fixed-base modal acceleration PSD matrix. The RMS

of the resulting values can then be taken according to

npp

1 2
PRMS . ,;: 1: Plus (6)

yielding a single fixed-base RMS modal acceleration value. Dividing this value in the lab and flight configurations provides
a ratio which is the desired metric. If this ratio equals one, then the RMS accelerations are equal, and one might assume
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that stress is accurately recreated; conversely, stress reconstruction is expected to be overly severe when greater than one
and not severe enough when less than one. The primary goal of this study is to understand if the fixed-base modal response
metric accurately reflects the stress imparted in a test, i.e., to understand if pivs/phys = O'le\l/?smax /ORups,.. » Where opyg
is the maximum RMS Von Mises stress on the DUT. To this end, a set of tests is simulated, and the correlation between this
metric and maximum RMS Von Mises stress is studied in section . The maximum RMS Von Mises stress is calculated using

Segalman’s method [14] which is reviewed in appendix .

Advantages of Fixed-Base Modal Response Metric

The RMS fixed-base modal response value provides a few significant advantages as an error metric:

* Fixed-base modes define how the DUT elastically deforms. When responses are compared in physical coordinates,
it is difficult to tell how significant differences between environments are. Harvie simulated a test that seemed to be
conservative from the observed physical response [7]. In reality, one of the elastic modal responses was reconstructed
conservatively while the other was under-excited. Fixed-base modes provided this crucial insight that physical re-
sponses could not.

* Fixed-base modes do not change between the flight and lab setups when the DUT has the same connection DOF
in both cases. This means that fixed-base modal responses can be compared between the flight and lab setups. The
free modes of the DUT and transmission simulator (attached to each other) are usually different in flight and in the lab
and cannot generally be compared. An accurate comparison would require that the free modes happen to be similar
as Schoenherr noted [8]. Even if the next assembly elastically deforms while the fixture remains rigid, the fixed-base
modes stay the same.

* The DUT’s elastic motion can often be described with only a few fixed-base modal responses. In addition, there
are typically fewer fixed-base modes than free modes of the DUT and transmission simulator. A flight vehicle may
have hundreds of modes, and it would be challenging to estimate their responses. In contrast, a DUT might have a few
fixed-base modes which are easier to estimate and analyze. Fixed-base modes provide an effective way to separate the
DUT’s motion from the rest of the flight vehicle and reduce the complexity of the analysis.

* Accurate RMS response reconstruction is easier than accurate spectral reconstruction. The RMS of a signal
weights peaks more heavily than the rest of the signal. This means that errors in reconstructing the environment at low
response levels do not significantly affect the RMS; if only the peaks of the environment are matched, the RMS will
be matched reasonably well. This could reveal that requirements for an accurate test are less stringent than previously
thought; perhaps fewer shakers are required to accurately capture the RMS of the fixed-base modal responses, for
example. The ability to meet test specifications more consistently would also improve test program efficiency as
previously mentioned.

Estimating fixed-base modal responses generally requires accurate response spectra at various locations on the DUT.
When this data is not available, this metric cannot be accurately used. In addition, rigid body motion causes damage to
some components. The solder joints on a PCB might not have resonances in the frequency band of interest, though they may
still experience high stresses due to the inertial forces caused by the rigid body motion. Since the rigid body modes must
be included in the modal filtering process, the RMS rigid body modal responses can be readily calculated and analyzed if
needed without much additional effort.

Method for Evaluating the Metrics

To understand the relationship between the damage metrics and stress, qualification tests are simulated using a finite element
model case study. The RMS dB error, RMS fixed-base modal response, and maximum RMS Von Mises stress are calculated
for each test case and compared. In the sections that follow, the finite element model case study is introduced, and the steps
of the simulated experiment are described in further detail.

Flight and Lab Configurations

The “flight vehicle” of interest is shown in Figure 2(a), where the DUT is the stool at the top of the vehicle. This vehicle,
which will be referred to as the wedding cake, has 13 free modes below 2000 Hz, corresponding to six rigid body modes,
three fixed-base modes of the DUT, and four elastic modes of the next assembly. The four columns near the bottom of the
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wedding cake induce elasticity into the plates above them, though these plates appear to be rigid when the columns are
absent. This boundary condition mismatch between configurations makes the case study relevant to real hardware, while the
relative simplicity of the FEM also makes it a useful testbed for verifying the damage metrics.

A flight environment was created by applying a 1 N2 /H z force PSD at 14 different DOF on the wedding cake simul-
taneously, and a random value between + 10 percent of the PSD magnitude was added at each frequency line to simulate
sensor noise. Four simulated tests were performed to capture a variety of qualification testing methods that are currently
practiced, namely SDOF, 3DOF, 6DOF, and IMMAT. These test setups are shown in Fig. 2(b) with shakers shown in blue
and accelerometers in red. One percent modal damping was assumed for each mode in the flight and lab configurations. In
the SDOF test, rigid body motion is fixed in all but the translational direction of interest, and all rigid body rotation modes
are constrained in the 3DOF test. A condition number threshold of 0.01 was applied to the control FRF in each of the tests
to reduce the shaker forces to levels that could feasibly be reached in an actual test. The condition number threshold sets all
FREF singular values that are less than one percent of the largest singular value to zero at each frequency line, eliminating the
ill-conditioned portions of the FRF matrix. This procedure is further described in [15].

(a) (b)
SDOF 3DOF

6DOF IMMAT

Fig.2 Flight vehicle (a) with reference triaxial accelerometers in orange and lab test setups (b), where blue arrows represent
shakers, blue circles represent shakers that apply force in the launch direction, and red circles represent triaxial control
accelerometers

Comparing the Metrics to Stress

The RMS dB error for each test is calculated over the 3 orange triaxial accelerometers in Fig. 2. These locations are spread
across the DUT to observe its dynamics and global response. They are not controlled in the test, but are rather reference
DOF at which the environment is known. To calculate the RMS modal responses, a modal filter must first be applied to the
test results. There are 9 modes to be filtered - six rigid body modes, and three fixed-base modes which are shown in Fig. 3 -
so there must be at least 9 accelerometer channels on the DUT to observe these modes. 24 channels at various locations on
the DUT are used in the filtering process to ensure that its dynamics are observed.

Fixed-base modal responses can be accurately estimated when the transmission simulator elastically deforms, though
doing so requires including the transmission simulator modes and measurements on the transmission simulator in the filtering
process. In this study, only DUT measurements are used to estimate the fixed-base modal responses, so only the rigid body
modes and fixed-base modes are included. Accurate modal filtering requires that the rigid body and fixed-base modes fully
span the response space of the DUT below 2000 Hz in each test configuration. This is expected to be the case since the plate
directly below the stool appears to remain rigid in each of the test configurations, but Schoenherr’s modal projection error
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(a) 616 Hz (b) 619 Hz (c) 1073 Hz

Fig. 3 616 Hz bending, 619 Hz bending, and 1073 Hz torsion fixed-base modes

metric [16] can be used to verify the quality of modal filtering more rigorously. This metric is not directly computed here,
but similar insight is gained by expanding the estimated modal responses back to physical DOF and comparing them to the
original environment.

The most significant modal projection error is expected in the wedding cake configuration as the plate experiences a slight
bubbling motion in its 13th mode at 1882 Hz; this could cause the plate to dynamically interact with the DUT, potentially
introducing new motion into the DUT that is not spanned by the rigid body and fixed-base modes. The flight modal responses
are estimated using 21 of the aforementioned filtering channels and are then expanded to physical DOF and compared to the
flight environment on the three DUT channels not used in the filtering process. As seen in Fig. 4, there is generally close
agreement between the flight and filtered environment, suggesting that the fixed-base modes span the DUT’s motion in the
wedding cake assembly fairly well. This process was repeated for the other test setups and even less error was observed.
Visually, the most significant errors occur below 600 Hz and above 1800 Hz, where there is a plate bubble mode that causes
the DUT to deform in a shape not spanned by the fixed-base modes. These errors are unlikely to have a significant effect on
the RMS of the fixed-base modal responses since the response magnitude is much smaller at these frequencies than between
600 and 1200 Hz, where most of the fixed-base modal energy is concentrated. In this frequency band, the radial response is
conservative around 900 Hz, and that likely affects the RMS somewhat. Most of the energy in this band is captured well,
though, so the fixed-base modes appear to be a good basis for the elastic motion of the DUT in the three configurations.
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Fig. 4 Flight (black) and modal filtered (blue) environments for first 3 DUT reference channels

In this study, the RMS Von Mises stress is calculated at various points of interest on the DUT. Observation of the stress
modes reveals that the top of the stool and the plate both appear to remain rigid below 2000 Hz, suggesting that the most
significant stresses occur in the stool legs. The RMS Von Mises stress is calculated at the 36 candidate locations in Figure 5
to capture these areas of most probable failure. These same stress locations are used for each model with negligible variation
because each model has the same mesh seed size. The final values reported are the maximum of the RMS Von Mises stresses
across these locations, as that is where failure would first occur in flight.
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Fig. 5 Locations where RMS Von Mises stress was calculated (red)

To summarize, tests are simulated using the finite element model case study. The RMS dB error and RMS fixed-base
modal response values are then calculated and compared to the maximum RMS Von Mises stress values to understand how
closely each of these metrics correlates to stress.

Results

The maximum RMS Von Mises stress ratios, RMS dB errors, and RMS fixed-base modal response ratios for the simulated
tests are shown in Table 1. In each case, the ratio is the lab value divided by the flight value, so a stress ratio lower than one
denotes an under-test. Similarly, a fixed-base response ratio of less than one predicts that a test is not severe enough. All
fixed-base modal response ratios are reported, though the analysis will primarily focus on the combined ratios which were
calculated using Eq. (6).

Table 1 Comparison of stress and error metrics in SDOF, 3DOF, 6DOF, and IMMAT Tests, where all ratios are the lab
value divided by the flight value

RMS FB 1 Ratio | RMS FB 2 Ratio | RMS FB 3 Ratio

Type of test I::_ );::1:;::: RMS dB Error m m m COmT,I:,i:?zaﬁo
SDOF
a 0.81 38.7 0.02 0.85 0.01 0.38
3DOF
m 3.0 15.2 1.46 0.83 0.02 1.17
6DOF
m 1.69 6.6 0.91 0.93 2.53 1.44
IMMAT

- 1.07 4.5 0.99 0.93 0.98 0.97

Discussion of RMS dB Error

It is often desired that each spectral line lie within 3 or 6 dB of the specified environment, and the same criterion could be
applied to the RMS dB error metric. Looking at the stress ratios and RMS dB errors, it becomes apparent that the RMS dB
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error metric does not predict stress reconstruction very accurately. It is most accurate in the 6DOF test, where the RMS dB
error is 6.6 and the stress ratio is 1.69, and the IMMAT, where the RMS dB error is 4.5 and the stress ratio is 1.07. This
suggests that the error in the IMMAT may be acceptable while that of the 6DOF test would not be. In reality, both tests
recreate stress conservatively and could be acceptable depending on the desired level of margin in the test. Hence, the RMS
dB error metric could result in a reasonable test being rejected, redesigned, and repeated unnecessarily.

In the SDOF and 3DOF cases, the RMS dB error metric is far less accurate. The SDOF test results in a stress ratio of
0.81 and an RMS dB error of 38.7, while the 3DOF test results in a stress ratio of 3.0 and an RMS dB error of 15.2. The
SDOF test RMS dB error suggests that it is inaccurate by almost four orders of magnitude when, in reality, it is only a slight
under-test. The 3DOF test error value similarly predicts that the test is off by more than an order of magnitude though it is
actually just three times as severe as it ought to be.

In summary, the RMS dB error metric seems to over-predict test error, and this might cause accurate tests to be needlessly
redone. Significant resources could be dedicated to modify the environment to be more replicable in the lab, though this is
challenging and still might not meet the error requirements. This metric likely overestimates error because it calculates the
difference between response magnitudes at each frequency line. It is difficult to accurately recreate a set of response spectra
in general, so it makes sense that this value would often be large. Error at lower response levels is likely not important,
though, as most of the stress is caused by the peaks in the environment. In short, the RMS dB error metric weights errors at
low response magnitudes equally to high ones, and this is part of the reason that it is poorly correlated to stress.

It is worth repeating that the RMS dB error was calculated over a set of 9 uncontrolled reference accelerometer channels.
In practice, these channels may not be available and the metric could be calculated over the control accelerometer responses
instead. This would reduce the RMS dB error values which would make them closer to the stress ratios in this case, though
the correlation with stress would still be poor as accurate reconstruction of the control responses does not necessarily mean
that the rest of the structure’s response is accurately recreated. In the 3DOF test, for example, the RMS dB error on the
control channels is zero even though stress reconstruction is very inaccurate.

Discussion of Fixed-Base Modal Response Metric

The RMS fixed-base modal response ratios match the maximum stress ratios much more closely than RMS dB error does.
Like RMS dB error, this metric is most accurate in the 6DOF and IMMAT cases. In the 6DOF case, the maximum stress ratio
is 1.69 and the fixed-base ratio is 1.44, while the stress ratio is 1.07 and the fixed-base ratio is 0.97 in the IMMAT case. This
agreement is excellent, particularly compared to the RMS dB error predictions. The RMS fixed-base response ratio is less
accurate in the SDOF and 3DOF cases, however. In the SDOF case, the max stress ratio is 0.81 and the fixed-base response
ratio is 0.38, while the 3DOF max stress ratio is 3.0 and the fixed-base response ratio is 1.17. While still more accurate than
the RMS dB error predictions, the level of disagreement between the proposed metric and stress reconstruction is significant
in these cases.

It should also be noted that the fixed-base metric would result in a conservative test in both the SDOF and 3DOF cases
since the max stress ratios are larger than the combined RMS fixed-base response ratios. Scaling environment magnitude
to make the fixed-base response ratio equal one would result in a stress ratio greater than one, in other words. This is not
expected to be the case in general, though.

To understand why the RMS fixed-base modal response metric is accurate in some cases but not others, it is helpful to

consider the criterion p'®® /p/! = O’;lﬁlbz / U;,J:fm for a system with two fixed-base stress modes /1 and 1a:
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Note that the free modes of the lab and flight configurations were actually used to compute stress to eliminate modal pro-
jection error, but the right side of this equation is accurate when fixed-base modal responses are perfectly known and when
fixed-base modes span the free modes of the flight and lab configurations. Making those assumptions, it is apparent that
both sides of this equation will equal one if the flight fixed-base modal responses p are reconstructed perfectly. When there
is significant error in response reconstruction, the two sides of the equation are no longer guaranteed to be equal and can
be quite different due to the stress modes and interaction terms - e.g., ¥112p1p2 - on the right side. The two sides of the
equation might happen to be similar when the fixed-base modal responses are recreated with error, though they are only
guaranteed to be equal with accurate modal response reconstruction.
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Conclusion

In this study, qualification tests were simulated to attempt to accurately recreate in-flight stress due to vibration. The RMS
dB error metric, which is often used to compare environments across multiple accelerometers, was calculated for each case.
The RMS fixed-base modal response ratio metric was proposed as an alternative and was also calculated for each test. These
were compared to the maximum RMS Von Mises stress ratios to understand how accurately the two metrics captured stress.
The RMS dB error metric was shown to over-estimate the error in tests because it accounts for every spectral difference
between environments, some of which can be large in magnitude while not significantly contributing to the stress state of
the DUT. The fixed-base modal response ratio metric was shown to represent stress far more accurately in the simulated
tests. It was shown to be particularly accurate when modal response spectra were closely matched in the lab. When fewer
shakers and / or accelerometers were used, the modal responses were less accurate, and the complex relationship between
the modal responses and Von Mises stress resulted in an increased discrepancy between the two. Even with this discrepancy,
the proposed metric marked a significant improvement over the RMS dB error metric in every case observed in this study.

Appendix: RMS Von Mises Stress Calculation

RMS Von Mises stress is calculated using the method presented in [14]. While the Von Mises stress mode shapes can
be obtained directly from a finite element analysis, modal superposition cannot be applied using these shapes because
Von Mises stress is a nonlinear function of the elements of the stress tensor. Because the elements of the stress tensor,
o= [Um Oyy Ozz Ony Ogz ayz]T , are linearly related to strain - which is linearly related to derivatives of displacement -
modal superposition can be applied to the stress tensor mode shapes, so these are the desired output of the FEM. The RMS
Von Mises stress at a single point 2z on the structure is computed according to

m n

ng
UI/QMS,Z = 6f Z Z Z Sawj,z (wk)Ai,jv (8)

k=1i=1 j=1

where S, - (w) is the 4, 4™ element of the stress tensor PSD matrix at some location 2. The elements of the stress tensor
are related to Von Mises stress according to o (w) = o(w)T Ao (w) where
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The stress tensor PSD matrix at point z is calculated according to
Sgg,z(w) = Hgf(w)Sff(w)Hgf(w)*, (10)

where H, ¢(w) is a (6, nforces) Matrix relating applied force to the elements of the stress tensor and Sy (w) is the force
PSD matrix. In flight, the force PSD matrix contains the forces applied to the vehicle, while it contains shaker forces in
the lab. H, ¢(w) can be computed using modal analysis theory based on the free displacement mode shapes at the shaker
DOF and the free stress tensor mode shapes at the response point of interest. The maximum RMS Von Mises stress of the
structure is obtained by calculating the RMS Von Mises stress at various points on the DUT and retaining the largest of them.
Accurately calculating the maximum value requires that the point of highest stress is included in the set of points at which
stress is evaluated. This may be challenging to identify, though intuition for potential failure points can be gained by looking
at the stress mode shapes, and it also helps to use a large set of candidate locations.
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Chapter 6
A Multivariate Specification Development Approach
Using Principal Component Analysis

Colin M. Haynes and Sean T. Kelly

Abstract The concept of a conservative, bounding environment for multiple-input, multiple-output (MIMO) vibration test-
ing is inherently multivariate. However, some multivariate statistical methods proposed for MIMO specification development
are very computationally expensive. This computational burden has motivated work to reduce the computational complexity
of a specification with many control degrees of freedom (or variates). In this paper, a new method based on principal compo-
nent analysis is presented that decomposes the multivariate specification problem into a univariate one while still accounting
for the underlying correlation structure of the data. Numerical studies are used to illustrate the benefits of the new approach.

Keywords Multivariate - Specifications - MIMO - Environmental Testing - Conservatism - Principal Component Analysis

List of Notations and Abbreviations
Mabhalanobis distance (MD)
multiple-input, multiple-output (MIMO)
principal component (PC)

principal component analysis (PCA)
probability density function (PDF)

Introduction

To ensure that structures can perform their functions as intended under uncertain loading conditions, it is necessary to
characterize the loading they are expected to undergo. These estimates of the service environment can then be used to
develop a statistically-conservative bounding environment to test one or more structures to and qualify them for service.
This sort of environmental specification development and testing is common for shock and vibration environments.

Historically, such testing has been done on single-axis electrodynamic shakers by applying the bounding environment to
one axis at a time. As test equipment and control software have improved, new multi-axis approaches have been considered
for more environmental testing applications to produce responses more representative of the true service environment [1, 2].

Traditional univariate approaches to specification development cannot account for the correlations between variates,
which in the case of multiple-input, multiple-output (MIMO) testing are assumed to be different channels (locations and
directions) used for control of an environmental test. Previous work has demonstrated that these correlations exist and that
naive approaches, such as applying univariate one-sided normal tolerance bounds to each variate separately, often result in
either: 1) impossibly unlikely specifications with respect to the service environment, or 2) likely specifications which are not
sufficiently conservative [3]. For the former, to ignore the correlations is to attempt a test that distorts the way the structure
would respond in service.

Previous proposals for multivariate specifications have accounted for the correlation structure of the data, but often the
computational cost at higher dimensions (e.g., up to 24 dimensions) is prohibitive [4]. This paper proposes an approach
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based on transforming the data using principal component analysis (PCA), which enables much more efficient calculation
of the maximum predicted environment by using univariate calculations on individual principal coordinates rather than on
variates directly.

Properties of PCA as Applied to Specification Development

PCA Overview

PCA is a common data reduction and decomposition technique based on the singular value decomposition. It can be shown
that the left singular vectors of the mean-centered data matrix identified for this linear operation are the orthogonal directions
that successively maximize the explained variance [5]. A detailed description of the mathematics behind PCA is out of the
scope of this paper. Instead, only the properties particularly useful for the proposed specification development approach will
be highlighted.

Assumption of Lognormality

In line with common practice in the field, we assume that environments data (usually power spectral densities and shock
response spectra) are lognormally distributed [6]. However, each variate at each frequency line has some correlation to (re-
lationship with) the other variates based on the dynamics (modes) of the structure. Such data can often be easily transformed
into data following a multivariate normal distribution by simply taking the logarithm.

One convenient property of PCA is that the resulting principal coordinates are uncorrelated [5]. However, it can also be
shown that in the situation of uncorrelated multivariate normal data, the variates are also independent [7]. Thus, applying
PCA to log-transformed spectra may reasonably be assumed to produce fully independent coordinates. Furthermore, data
scaling is performed such that the resulting principal coordinates all have equal sample standard deviation 7.

The original probability density function (PDF) isocontours of representative bivariate synthetic data with a correlation
p of —0.6719 at a given frequency line are shown on the left side of Figure 1. Note that the correlation structure between
variates causes these isocontours to appear as ellipses in the two-dimensional case and generalize to hyperellipsoids in higher
dimensionalities. Once transformed through PCA, because of the properties just mentioned, the PDF isocontours become
circles in two dimensions and hyperspheres in higher dimensions. The right side of Figure 1 illustrates the result of this data
standardization in the PCA space when the data are projected onto both principal components (PCs).

Note that Figure 1 includes more information than just the PDF isocontours in illustrating the effect of the workflow
that is outlined in the following section. Also plotted are the 95/50 (i.e., 95% coverage and 50% confidence) one-sided
univariate tolerance limits for each variate independently, expressed as purple lines. As shown in Figure 1 and discussed in
the Introduction, the intersection of these lines (purple dot) is significantly unlikely to occur based on its proximity to the data
distribution. This intersection is also shown when projected in the PCA space, further demonstrating its distance from the
data population when viewed in independent principal coordinates with equal sample standard deviation. PC 1 and PC 2 are
also depicted with scaling added for ease of visualization, as well as the point selected by calculating the one-sided univariate
tolerance limit for each principal coordinate in the PCA space (this intersection point is denoted X,¢a s), as described in the
following section.

Proposed PCA Specification Development Workflow

PCA Factorization

The first step of the proposed derivation approach is to form the data matrix A (dimension m variates by n samples) and
perform PCA factorization. This factorization is given by A=W, Xca, Where W, contains the left singular vectors
scaled by their respective singular values as columns (both calculated from the mean-centered data matrix), and the rows of
Xpea are the principal coordinates (accounting for if A is not mean-centered by default). Note that for this work we consider
a PC to refer to a column of W, rather than a left singular vector alone.

Here we assume that n is greater than m—that is, there are more samples of the intended service environment than
intended control channels to estimate—as this is the situation that tends to produce reasonable variance estimates when cal-
culating estimates of bounding environments. However, this approach is not limited to this situation and does not inherently
impose a constraint on whether n > m or n < m.
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Fig. 1 Comparison of data samples and ellipses (PDF isocontours) in (left) original space (i.e., physical coordinates) vs.
(right) PCA space to show the standardization. Variate 1 and 2 one-sided univariate upper tolerance limits and their inter-
section are shown as purple lines and a dot, respectively. Principle coordinate 1 and 2 one-sided univariate upper tolerance
limits and their intersection are shown as black lines and an X, respectively, with intersection denoted Xpca,s.

Because PCA is often used for data reduction and reconstruction, it is common in many applications to use fewer
principal components p than the number of dimensions (i.e., p < m). However, for the sake of brevity, in this paper we only
consider the case where all principal components are retained (i.e., p = m)

Compute Univariate Intersection of Principal Coordinates

As mentioned previously, once the data are transformed into PCA space, each principal coordinate becomes independent.
Statistical independence allows the principal coordinates to be treated separately in computing a one-sided upper tolerance
bound. In fact, here, because the data are standardized in the PCA space to have the same sample standard deviation &pca,
only one calculation is necessary for a given coverage-confidence level. The mathematical form of this operation is shown
in Eq. 1.

Tpca,s,1 ﬁpca,l
Tpea,s,2 H,
pca,s, pca,2 —
Xpca,s = . = . +k (na Ba ’7) Upca]- (1)
Tpca,s,m ﬁpca,m

In Eq. 1, Xpca,s € R™ is a column vector containing the univariate one-sided upper tolerance bounds for each principal
coordinate (i.e., the intersection of the univariate bounds shown in the right plot in Figure 1), Zpcas,q is the upper bound
for principal coordinate 4, fi,, ; is the sample mean of principal coordinate ¢ (stored in the principal coordinate sample
mean vector fr,.,), k (n, B,7) is the one-sided k-factor (or tolerance factor [8]) for number of samples n and prescribed
coverage 3 and confidence vy, Opc, is the sample standard deviation of each principal coordinate (equal due to data scaling)
as mentioned previously, and 1 is an m-dimensional column vector of ones. Note that if one selects p < m, additional
modifications to Equation 3.1 are needed to account for selected vs. unselected principal components. While the case of
p < m is not considered here, this case is permissible with this approach and is to be included as part of future work.

Mahalanobis Distance as Severity Surrogate

In the univariate specification development case, “severity” is usually taken simply as the higher value of the spectrum being
considered. The fact that all values reside on a number line implies the ordering of different values very clearly. However,
ordering is not so simple in the multivariate case, requiring the definition of some metric that represents increasing severity
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across multiple variates. Note that only considering univariate specification development does not alleviate this problem.
Instead, such an approach means deciding that only one variate needs to be considered while allowing responses at all other
locations and directions to vary arbitrarily.

In this paper, we propose using Mahalanobis distance (MD) as a severity surrogate for defining an environment spec-
ification. To the authors’ knowledge, while the MD and Mahalanobis-squared distance have been commonly used as part
of damage detection methodologies for structural health monitoring [9, 10], MD has not been explicitly used for assessing
severity when defining, comparing, and evaluating environment specifications.

For the multivariate lognormal data considered here, the MD, denoted dj;, quantifies the distance between a point a and
a distribution specified by a mean p, and covariance matrix 3, as:

At (@ pray Ta) = /@ - 1) =7 (2 pra) @)

This formulation allows for a simple way to represent the ordering of different potential multivariate points, with larger
dps values being more “severe” relative to smaller values. However, any ordering will not necessarily be unique—that is,
multiple points may have the same MD. Also note that this metric is agnostic to any damage mechanisms, just as the
corresponding univariate approach does not imply any particular failure model or damage metric.

Notably, MD is invariant under the PCA transformation (and affine transformations in general), meaning a selected point
or contour in the PCA space represents the same distance (or severity) as the point transformed back to physical coordinates.

Project Result Back to Physical Coordinates

Once the univariate calculation has been performed in the PCA space at the chosen level of coverage and confidence, the
hypersurface of points with the same MD can be determined. The selected specification point (here, Xpca s) may then simply
be transformed back to physical coordinates to produce the multivariate environmental specification.

Note that any point on the hypersphere in PCA space is equally valid according to this approach, though clearly some
will be more damaging than others in practice. Metrics are currently in development which aim to select the point on the
hypersphere that represents the most severe environment. These metrics are omitted for brevity and will be a subject of future
work.

This approach has been described to this point assuming a given data matrix A at a single frequency line w. However, to
define an environment specification over a frequency range, one simply needs to repeat this process for all frequency lines
of interest.

Figure 2 shows an overview of the process presented so far.

Repeat for All Frequency Lines (A — A,,, @pcas = apcasw)

Data Matrix PCA factorization Steb 1
A A=Wy Xpen sStep 1

Select number of *
principal components p Step 2°

Compute univariate one-sided tolerance
limits for each principal coordinate Step 3*

Xpcas = Hpca T k(n,B, y)apcal

Output Spec. | Project back
Apcas Apcas — wpcaxpca,s

Fig. 2 Flowchart illustrating the proposed specification development process. *It is important to note that, as shown, the
equation for X, s in Step 3 assumes p = m (i.e., all principal components are used). However, for completeness, we include
Step 2 where one may select p < m. If one selects p < m, Step 3 requires a minor modification to the equation for Xpca,s.
This modification is a subject of future work, and we confine discussion here to the case of p = m.
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Lastly, the PCA specification development approach outlined here is compatible with other specification development
techniques. Notably, it can be combined with both frequency smoothing and spatial averaging schemes [11].

Conclusion

This paper proposes a novel approach to multivariate environmental specifications that retains the correlation structure of the
underlying data while also retaining the computational simplicity of existing methods based on the univariate one-sided toler-
ance bound. This approach is enabled by the observation that projecting jointly normal source data onto principal components
results in independent coordinates. In addition, data scaling results in the principal coordinates being standardized—that is,
Tpea and k(n, 8, ) each only needs to be computed once for given A at a given frequency line.

MD is proposed as a surrogate for assessing environment severity in the absence of information on damage modes when
defining environment specifications. Notably, MD is invariant under the PCA transformation and therefore can be computed
in either physical space or PCA space.

Future work is planned to extend this method into the selection of different points on the PCA hypersphere that may be
of practical interest in testing or may better target damage modes of interest.
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Chapter 7

NASA Armstrong’s Thermal Vibration Test System (TVTS)
Pathfinder Capability

Jessica J. De la Cruz, Keerti K. Bhamidipati, Chris B. Kostyk, Jackson T. Winter, Natalie D. Spivey,
Phillip C. Nguyen, and Samson S. Truong

Abstract The National Aeronautics and Space Administration Armstrong Flight Research Center Flight Loads Laboratory
is developing a new capability for combined vibration and thermal load testing called the Thermal Vibration Test System. A
pathfinder capability has been demonstrated and consisted of a radiant quartz lamp heater installed above a S00-1bf electrody-
namic shaker. This passively cooled test fixture was designed to test up to five accelerometers simultaneously at temperatures
up to 1000 °F, for durations of up to 75 min. The fixture was used to evaluate accelerometer performance up to 3 grms over a
5 —300 Hz frequency range for multiple sensors subjected to single-sided heating at temperatures between room temperature
and 1000 °F. The shaker was controlled using the Sandia National Laboratory (Albuquerque, New Mexico) ‘“Rattlesnake”
vibration controller, programed to trigger vibration test profiles during constant temperature holds. Vibration test data was
acquired using the Hottinger Briiel & Kjeer LAN-XI data acquisition hardware and BK Connect® software. Separate ther-
mal data acquisition and control systems were used for single thermocouple thermal control and to gather test data from
thermocouples installed on the accelerometers and fixture. This combined load test served as a pathfinder to investigate
high-temperature sensor measurements and develop larger scale Thermal Vibration Test System capability.

Keywords Testing - Environmental - Durability - Thermal - Vibration

Introduction

The National Aeronautics and Space Administration (NASA) Armstrong Flight Research Center (AFRC) (Edwards, Cali-
fornia) has completed a series of test runs to develop a new thermal vibration-combined load testing capability in the Flight
Loads Laboratory (FLL). This pathfinder Thermal Vibration Test System (TVTS) served as a platform to work through
known challenges of thermal vibration testing (such as accelerometer piezoelectric resistance loss at higher temperatures
[1], protecting shaker equipment from heat, and simultaneous thermal and dynamic control of a multi-environment test setup
[2]-[6] at a smaller scale and less severe thermal environment than an envisioned full operating capability. In the future, the
FLL plans to mature this TVTS capability to larger scale environmental qualification testing for high-temperature sensors.
The pathfinder test setup consisted of a test fixture assembly with a two-story stainless-steel heatsink bolted to a mag-
nesium fixture atop a 500-Ibf shaker. The setup was designed to generate a combined thermal-vibration environment on
the top of the heat-sink. A quartz lamp radiative heater was installed above this region, and reflective alumina “fences”
served both to direct heat to the region and prevent heat spillover to low-temperature hardware. Independent vibration and
thermal data acquisition systems were run simultaneously and time synchronized. A central control thermocouple provided
feedback to drive closed-loop control, and various additional thermocouple sensors were placed on the top surface of the
heatsink to measure the thermal loads. A low-temperature control accelerometer was placed on top of the shaker armature
to provide closed-loop control to the vibration fixture. During pathfinder testing, the performance of commercially available
accelerometers in a combined thermal-mechanical environment was evaluated. A maximum target test temperature limit of
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1000 °F was selected based on the temperature ratings of candidate accelerometers available within the testing time-window.
A target shaker level of 3 grms was also identified based on the capabilities of the FLL 500-1bf shaker and weight of the
passively cooled test fixture. Five accelerometers and three signal conditioning hardware configurations that were considered
promising candidates were evaluated to measure noise in accelerometer signals at elevated temperature, and the ability of
the signal conditioning hardware to mitigate that noise. The data obtained from multiple test cases was used to validate the
application of the combined loads and the performance of each accelerometer with signal conditioning hardware.

Test Objectives

The purpose of this new pathfinder TVTS capability was to apply combined thermal and vibrational loads and to mea-
sure accelerometer characterization vibration data at high temperatures (~1000 °F). The primary objectives included the
following:

e Verify the Thermal Vibrational Test System (TVTS) methodology and analysis for combined load environmental
testing.

» Evaluate the performance of commercially available high-temperature (HT) accelerometers under a radiant quartz
lamp environment.

* Test ability of various configurations of signal conditioning hardware to mitigate effects of HT piezoelectric resistance
loss [1] in accelerometers.

Test Fixture

The test fixture consisted of a stainless-steel two-story heatsink top plate designed to hold high-temperature accelerometers
on the top surface under a radiant quartz lamp heat input. The two-story design provided a thermal brake between the high-
temperature test environment and low-temperature shaker hardware while maintaining adequate stiffness to transfer dynamic
loads in the frequency range of interest. This two-story plate was bolted to a magnesium vibration fixture that attached to
an Unholtz Dickie (Unholtz Dickie Corporation, Wallingford, Connecticut) T100 500-1bf shaker. A thermal and electrical
barrier of flame retardant (FR5) G-11 sheet was placed between the test fixture and the magnesium fixture, as shown in
Fig. 1(a). A summary of the test fixture components, shown in Fig. 1(a), is listed in Table 1. The dimensions of the test
fixture is shown in Fig. 1(b). The total testable area on top of the heatsink was approximately 6- by 6-in.

(d)

Fig. 1 (a) TVTS pathfinder, test fixture heatsink and magnesium fixture mounted on top of Unholtz Dickie T100 shaker,
and (b) TVTS test fixture heatsink and fixture dimensions
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Table 1 TVTS test fixture and magnesium fixture material details

77

Number Component Material Weight [ 1bs ]
1 Test fixture heatsink top plate and supporting bars | Stainless Steel 304 75.0
2 Test fixture heatsink bottom plate Steel A36 '
3 Thermal electrical insulating barrier Garolite G-11/FRS 0.9
4 Magnesium fixture Magnesium AZ31B 12.5
Total weight 38.4
Material Selection

A material design space considered constraints such as material melting temperatures, thermal heatsink performance, shaker
operational temperature limit and dynamic transmissibility. The target test temperature requirement was 1000 °F to be
applied on high-temperature accelerometers. A heatsink was designed to dissipate thermal energy so that the maximum
temperature of the fixture was less than the shaker operational temperature limit of 100 °F. Simultaneously, the stiffness-
to-weight ratio had to be evaluated to make maximum use of the fixture mass [2]. Resonance is determined primarily by
stiffness and mass (weight), a relationship characterized by the ratio of the modulus of elasticity, E, and density, p, (Eq. (1)):

E
- ey
p

This ratio is approximately 10® for metals that are suited for vibration fixtures such as steel, aluminum, and magnesium.
The natural frequency of the test fixture had to rest outside of the test frequency range. The natural frequency was evaluated
initially by considering a uniform cantilevered rod with the cantilevered rod vibrating in the vertical direction (Eq. (2)), with
the moment of inertia of the rod cross-section (Eq. (3)):

1.76 [ ETg \'/?
= () @
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I= E 3)
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Where g is acceleration of gravity, W is the weight, L is the length of the rod, b is the base, 4 is the height, f is the forcing
frequency, and f,, is the natural frequency. The fixture was kept as small as possible to reduce mass and keep effective spring
rates high [7]. Dynamic transmissibility was addressed by keeping an acceptable forcing frequency to natural frequency ratio
(Eq. (4)) of less than 0.8 since resonant amplification occurs when the frequency ratio is very near one [8]. The material
selection in the material design space was confirmed by the analytical modeling found in section 5.

Test Setup

The thermal vibration test was conducted in the FLL High Bay area during the spring of 2025 [9], [10]. A primary frame was
placed above the shaker to hold a single 36-kW quartz lamp heater with perimeter-surrounding insulating alumina fences,
as shown in Fig. 2. A secondary inner, shorter frame was placed horizontally above the shaker to hold additional horizontal
alumina sheets, providing a 6- by 6-sq in aperture for the heatsink test fixture. The alumina fences served as an insulating
boundary around the quartz lamp heater to trap thermal radiation. The quartz lamp heater provided the thermal load into the
thermal control region (the area within the alumina fences) via radiation, as shown in Fig. 3. The quartz lamp operated at
480 V with air cooling. Insulated blankets were placed around the test setup to reduce convective currents and to protect
hardware and personnel. The candidate high-temperature accelerometers were mechanically fastened to the top surface of
the heatsink test fixture and were exposed to radiant heat. The primary and secondary frames were bolted into the lab floor.
A fan was placed over a lift table and aligned to the height of the heatsink to cool down the test fixture more rapidly after
test completion. A shaker amplifier and cooling blower were placed in the vicinity for shaker cooling during operation.
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Fig.3 TVTS test fixture heatsink and fixture mounted over shaker under quartz lamp heater
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Pre-Test Design Analysis

Analytical modeling and analyses were completed to ensure that the heating system could achieve desired ramp rates and
that the low-temperature hardware would not overheat. In addition, a modal analysis was conducted to ensure test fixture
natural frequencies were outside of the testing frequency range to avoid resonance. For the pathfinder test series, a stepped
quasi-constant temperature profile was developed. This profile included eight-minute thermal soaks at 200 °F, 500 °F, 700
°F, 900 °F, and 1000 °F. These soak durations were designed such that an incrementally stepped-vibration profile sequence
(up to 3 grms) could be executed at quasi-constant temperature. An initial thermal screening was planned to assess the test
setup heat transfer performance prior to the stepped quasi-constant temperature profile. This thermal screening subjected the
accelerometer sensors and the test fixture to a maximum heat soak at 1000 °F for eight minutes plus an additional ramp-up
time.

Thermal Soak Analysis

A conservative thermal heat soak at 1000 °F for the entire duration of the thermal screening profile of 38 minutes was mod-
eled using COMSOL® Multiphysics simulation software. A simple and conservative transient thermal model was built to
ensure that all low-temperature test hardware remained within temperature limits during the planned holds at high tempera-
tures. A 1000 °F temperature boundary condition was applied to the top surface of the heatsink fixture, and room temperature
convection was applied to the exposed lower surfaces of the fixture. The analytical results for a thermal soak at 1000 °F for
38 minutes are shown in Fig. 4. Most of the heat was found to dissipate via the temperature rise of the steel.

Time =38 min °
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700 F
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: 100 F

REIENERENE

Fig. 4 Heat transfer from a 1000 °F heat soak for 38 minutes



80 J.J. De la Cruz et al.

Thermal Ramp Rate Analysis

A benchmark heater ramp rate of 80 °F/min was identified for transient temperature simulations. To ensure that the planned
heater configuration could achieve this ramp rate, a second transient COMSOL® Multiphysics analysis was performed. The
radiation from the quartz lamp was modeled at maximum power, as shown in Fig. 5. The ramp rate at maximum power was
found to be 229 °F/min. Note that during testing, a ramp rate of 20 °F/min was used to achieve desired thermal gradients
within the accelerometer bodies and thermal system controllability.

Time = 60 sec

400 F

0 D | | 1| 350F

inches

6 -4 -2 0 2 4 6 8 10 12

inches

Fig. 5 Quartz lamp bulbs radiating at maximum power over the control accelerometer

Modal Analysis

For the pathfinder test series, the natural frequencies of the test fixture had to rest outside of the test frequency range to
avoid amplification of dynamic loads and damage to test equipment [6]. The heatsink test fixture was set to be exposed to
vertical excitation using random vibration test specifications at a maximum of 3 grms over a 5 — 300 Hz frequency range. An
analytical model was built in Creo Parametric (now “Creo’”) 3D modeling software prior to testing to find the mode shapes,
as shown in Fig. 6. A modal analysis at room temperature was executed with six degrees of freedom, and fixed boundary
conditions at the shaker armature bolt circle pattern attachments. The material properties for each component were evaluated
at 1000 °F to ensure the test fixture could transfer the dynamic loads at high temperature with Eq. (1).

Vibration Test Equipment

The vibration equipment utilized in this test includes high-temperature single-ended and differential charge accelerometers
(rated to at least 1000 °F) from PCB Piezotronics (Depew, New York) and Dytran (Dytran by HBK, Chatsworth, California,
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(a) [720 Hz] Heatsink in-plane sway with symmetric (b) [721 Hz] Heatsink out-of-plane sway with sym-
magnesium fixture in-plane sway metric magnesium fixture out-of-plane sway

(c) [1,145] Heatsink table twist (d) [2,382] Heatsink 1st bending with symmetric mag-
nesium fixture slight 1st bending

Fig. 6 Test fixture heatsink and magnesium fixture first four analytical mode shapes: (a) 720 Hz, (b) 721 Hz, (¢) 1,145 Hz
and (d) 2,382 Hz

formerly Dytran Instruments, Inc.), uniaxial standard Integrated Circuit Piezoelectric (ICP) accelerometers from PCB®
and Dytran, Unholtz Dickie T100 shaker (500 1bf). Software consisted of the Sandia National Laboratory ‘“Rattlesnake”
vibration controller [11], and Hottinger Briiel & Kjer (HBK) (Darmstadt, Germany) BK Connect® vibration test software.
Data acquisition and signal conditioning hardware consisted of an HBK LAN-XI 4-channel input plus 2-channel output 3160
module, a LAN-XI 6-channel 3050 module, one LAN-XI 5-slot mainframe, LAN-XI front panels 6-channel Charge UA-
2120, 6-channel Differential (UA-2119, UA-2100, UA-2113), PCB®, and Dytran in-line charge amplifiers and the Precision
Filters, Inc. (PFI) (Ithaca, New York) 28000 signal conditioning system.

Thermal Test Equipment

The thermal test equipment includes a 36-kW radiant-quartz lamp gold-coated heater, K-type thermocouples, a Pacific
Instruments (PI) (Concord, California) 6000 data acquisition system, an Interactive Analysis and Display System (IADS)
display software, the Power Control Cabinet (PCC) power system, the Thermal Controller System (TCS), and a fan.
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Accelerometer Layout

High-temperature single-ended and differential charge uniaxial accelerometers were evaluated within the thermal control
region. Uniaxial standard ICP accelerometers were used for vibration control and monitoring in areas where temperatures
were under 250 °F. The HT accelerometers were located at the top plate of the heatsink test fixture (within the thermal control
region surrounded by alumina fences). The majority of the ICP accelerometers were placed at the edges of the magnesium
fixture to monitor plate-bending frequencies. The control ICP accelerometer was located directly underneath the magnesium
fixture and on top of the shaker armature. This control accelerometer was used to drive the shaker armature vibration with
the Sandia National Lab “Rattlesnake” vibration controller. The remaining accelerometer time histories were gathered with
the HBK BK Connect® software. Table 2 shows the accelerometer numbering scheme, number of locations, and number
of channels for this test. A total number of 10 accelerometers were used with a total number of 10 channels. Accelerometer
locations are shown in Fig. 7.

Table 2 Accelerometer Summary

Node series Description Accelerometer type No. of locations | No. of channels
100 Control accelerometer ICP 1 1
200 Top plate HT single-ended and differential charge 5 5
300 magnesium fixture ICP 4 4
Total accelerometers 10 10

Fig.7 Accelerometer locations
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Thermocouple Layout

Each HT accelerometer was instrumented on the sensor housing with two thermocouples (TCs), with one on the top surface
and the other on a side near the accelerometer base. A total of 25 thermocouples were used for this test, as shown in Table 3.
The test fixture heatsink and the fixture were instrumented with Type-K thermocouples with high-temperature Nextel ™
(Newtex Industries, Victor, New York) heat-resistant braided rope. These thermocouples were installed with strain relief
and formed via spot welding. Two thermocouples were used to monitor the magnesium fixture temperatures, as shown in
Fig. 8(a). A total of six thermocouples were placed at target heat transfer locations and are shown in red (Fig. 8(b)). Fig. 9
shows an additional thermocouple that was installed on the quartz lamp heater to monitor quartz lamp reflector temperature
as well as another thermocouple on the shaker.

Table 3 Thermocouple summary

Thermocouple channel name Location description
ACC201_TOP Accelerometer 201, top surface
ACC202_TOP Accelerometer 202, top surface
ACC203_TOP Accelerometer 203, top surface
ACC204_TOP Accelerometer 204, top surface
ACC205_TOP Accelerometer 205, top surface
ACC201_BOT Accelerometer 201, bottom surface
ACC202_BOT Accelerometer 202, bottom surface
ACC203_BOT Accelerometer 203, bottom surface
ACC204_BOT Accelerometer 204, bottom surface
ACC205_BOT Accelerometer 205, bottom surface
TAHTI1 Test fixture top-surface thermocouple, center, top
TAHT?2 Test fixture top-surface thermocouple, center, bottom
TAHT3 Test fixture bar top-edge thermocouple
TAHT4 Test fixture bottom-edge thermocouple
TAHTS Test fixture bottom-surface thermocouple, center
TAHT6 Test fixture surface thermocouple, region of interest
MGHT1 Cavity of magnesium fixture thermocouple
MGHT2 Magnesium fixture edge thermocouple
SHAKHT Shaker thermocouple
ACC301_TOP Accelerometer 301 left-hand-side front thermocouple, top
ACC302_TOP Accelerometer 302 right-hand-side front thermocouple, top
ACC303_TOP Accelerometer 303 right-hand-side back thermocouple, top
ACC304_TOP Accelerometer 304 left-hand-side back thermocouple, top
ACCI100_-TOP Control accelerometer top-surface thermocouple
QLAMP Quartz lamp reflector temperature thermocouple
Total thermocouples 25

Test Configurations

The test described in this paper evaluated various accelerometers with various signal conditioning hardware to mitigate
charge accelerometer signal noise due to impedance drop at elevated temperatures [1]. The five high-temperature accelerom-

eters were conditioned in separate tests with three different signal conditioning configurations:

» Configuration A: Hottinger Briiel & Kjer (HBK) prototype front panels.

* Configuration B: PCB and Dytran in-line charge amplifiers.

* Configuration C: Precision Filter, Inc. (PFI) signal conditioning filter.
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Fig. 9 Thermocouple locations on shaker and quartz lamp

The first test run cases were room-temperature vibration-only test cases with vibe profiles up to 3 grms for all three test
configurations. A thermal load-only screening was executed to evaluate the survival of the sensors with a continuous ramp
from room temperature to 1000 °F at 20 °F/min. Then, the combined thermal and vibration test cases (A3, B3, and C3) were
executed for all test configurations with a vibration profile up to 3 grms and a thermal profile with temperature holds at 200
°F, 500 °F, 700 °F, 900 °F, and 1000 °F. Results for these three test cases will be discussed in the next section. Table 4
shows the total number of tests runs for the test series. The separate vibration and thermal test runs helped identification
and troubleshooting of any challenges before attempting the combined load test cases. The vibration-only test cases were
executed to make sure the shaker had no operating issues and that the random vibration specification was being outputted
correctly. The thermal screening test case was utilized to ensure that safety of test temperatures was within bounds as well
as to refine the thermal controller gain and time constant for closed-loop control. The temperatures and random vibration
outputs were monitored real time with IADS during testing on multiple thermal and vibration displays.
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Table 4 Test configuration matrix for TVTS shakeout test

Test case | Config. Hardware Test Vibe Thermal Max tem- | Duration | Number
case no. profile profile perature [min] of runs
[grms] [°F]
A HBK front Al 0.6, 1.5 - 68 - 74 10 1
Rfmdqm panels &3
vibration B | Inlinecharge |  BI 06,15 - 6874 10 I
amplifiers &3
C PFI signal Cl 0.6, 1.5 - 68 - 74 10 1
conditioner &3
A HBK front A2 - Screening 1000 51 1
Thermal panels
load B | In-line charge | B2 - Screening 1000 51 I
amplifiers
C PFI signal c2 - Screening 1000 51 1
conditioner
Combined A HBK front A3 0.6, 1.5 Step profile 1000 75 1
thermal & panels &3
vibrational B In-line charge B3 0.6, 1.5 Step profile 1000 75 1
loads amplifiers &3
C PFI signal C3 0.6, 1.5 Step profile 1000 75 1
conditioner &3
Total number of runs 9
Results

The random vibration test cases (Al to C1) and then the thermal load test cases (A2 to C2) were executed independently
in a buildup approach to verify the controllers and data acquisition systems were working properly. The thermocouples and
accelerometers were examined independently to troubleshoot any issues before confirming the thermal- and vibration-profile
load outputs against the controller inputs. After successfully completing the random vibration test cases (Al to C1) and the
thermal load test cases (A2 to C2), the combined load test cases (A3 to C3) were executed by simultaneously running both
controllers and data acquisition systems.

The time histories and thermal profiles of the five different high-temperature accelerometers (Table 2 and Fig. 7) for
test cases A3 to C3 are shown in Figs. 10 to 12. The HT single-ended charge accelerometers are nodes 201, 202, and 203,
whereas the HT differential charge accelerometers are nodes 204 and 205. The thermal profiles are plotted over the time
histories for the top- and bottom-surface thermocouples on the high-temperature accelerometers in nodes 201 to 205. The
accelerometer mass and location under the footprint of the quartz lamp influences the actual thermal profile applied to each
individual accelerometer. The HT accelerometer at node 204 had the greatest mass and size and therefore showed the greatest
temperature difference between the top and bottom surface, as shown in the different test cases (Figs. 10(d) to 12(d)). The
maximum temperature difference recorded between the top and bottom surface of the accelerometer at node 204 was 121 °F
when the accelerometer top surface went above a 1000 °F (test case C3), as shown in Fig. 12(d).

The control accelerometer shows the vibration output of the shaker and is plotted against the high-temperature accelerom-
eter for nodes 201 to 205, as shown in Figs. 10 to 12. The differential charge accelerometers at nodes 204 and 205 show an
increase in noise in test case A3 when compared to the single-ended charge accelerometers in nodes 201 to 203, as shown
in Figs. 10 and 12 (except for node 202). The differential charge accelerometers nodes 204 and 205, however, show lower
noise levels in test case B3, as shown in Fig. 11.

The accelerometer at node 203 shows more acceleration in all configurations when compared to the control accelerometer
due to a believed calibration coefficient issue, as shown in Figs. 10 to 12. The same result for accelerometer 203 was observed
in a different stationary heating oven test setup(results not included in this paper).

For test case C3, the differential charge accelerometers at nodes 204 and 205 show an increase in noise at higher temper-
atures, as shown in Figs. 12(d) and (e). The single-ended charge accelerometer at node 202 shows unreasonably high levels
of noise for test case C3 which is believed to be due to a ground isolation issue.
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The power spectral density (PSD) for the 3 grms vibe profile is plotted for each nominal thermal soak temperature for
single-ended charge and differential charge accelerometers in nodes 201 to 205 (Figs. 13 to 17). Electrical noise valleys
are seen at 60 and 180 Hz for all nodes and test configurations from either an unknown heater or setup isolation issue.
Test cases A3 and B3 PSD curves showed a peak near 250 Hz due to the presence of loose bolts, as shown in Fig. 13(b).
The bolts were observed to loosen after every thermal shake due to a coefficient of thermal expansion mismatch between
the bolts and the test fixture. A requirement to torque the bolts was enforced prior to running test case C3. This behavior
was also observed for all accelerometers from nodes 201 to 205 for test cases A3 and B3, as shown in (a) and (b) for
Figs. 13 to 17.
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Fig. 13 Output PSD for HT accelerometer at node 201 at different temperatures for (a) Test case A3 (combined thermal
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amplifiers) and (c) test case C3 (combined thermal and vibration loads with PFI signal conditioner)
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(c) Test case C3 (combined thermal and vibration loads with PFI signal conditioner)

Fig. 14 Output PSD for HT accelerometer at node 202 at different temperatures for (a) test case A3 (combined thermal
and vibration loads with HBK front panels) (b) test case B3 (combined thermal and vibration loads with in-line charge
amplifiers) and (c) test case C3 (combined thermal and vibration loads with PFI signal conditioner)

The high-temperature accelerometer in node 202 is believed to have an incidental ground isolation issue for test case
C3, as shown in Figs. 14(c) and 12(b). Electrical noise and ground loops are seen to alter the vibration data and introduce
unreasonable unwanted noise peaks in the output PSD frequency range. The differential accelerometer in node 204 shows
significant noise level peaks at the electrical noise frequencies 60 and 180 Hz for test cases B3 and C3, as shown in Figs. 16(b)
and (c).

The change of temperature did not affect the 3 grms output PSD drastically within the specification frequency range for
accelerometers in nodes 201 to 205, as shown in Figs. 13 to 17. The highest temperature recorded for the top plate of the
two-story heatsink from TAHT1 was 880 °F, which was less than the 38-minute thermal soak analytical screening prediction
of 1000 °F. The highest temperature recorded for TAHT6 (near the mounting boundary of the test fixture heatsink to the
magnesium fixture) was 175 °F, which was nowhere near the 329 °F predicted by the 38-minute thermal soak analytical
screening. The highest temperature recorded for SHAKHT was 85 °F. The heat transfer into the shaker did not exceed the
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Fig. 15 Output PSD for HT Accelerometer at node 203 at different temperatures for (a) test case A3 (combined thermal
and vibration loads with HBK front panels) (b) test case B3 (combined thermal and vibration loads with in-line charge
amplifiers) and (c) test case C3 (combined thermal and vibration loads with PFI signal conditioner)

low-operational shaker temperature limit of a 100 °F. No amplification of resonant frequencies was found within the testing

range of 5 — 300 Hz.

Conclusions

The signal quality of the power spectral densities (PSDs) from each accelerometer with signal conditioning hardware com-
bination was unique. The influence of the thermal and vibration environment was found to loosen test fixture bolts, and it
is recommended to check torque periodically prior to testing. Electrical noise valleys were observed at 60 and 180 Hz for
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Fig. 16 Output PSD for HT accelerometer at node 204, at different temperatures for (a) test case A3 (combined thermal
and vibration loads with HBK front panels) (b) test case B3 (combined thermal and vibration loads with in-line charge
amplifiers) and (c) test case C3 (combined thermal and vibration loads with PFI signal conditioner)

all nodes and test configurations. The change of temperature did not affect the 3 grms output PSD drastically within the
specification frequency range for nodes 201 to 205. Further testing will confirm if this result is consistent for higher grms
vibration profiles with different test fixture weights and thermal cooling properties. The accelerometer and thermal time
histories along with the output PSDs show that the NASA Armstrong new testing capability can apply the random vibration
test specification and the thermal load, simultaneously.

The single-ended and differential charge accelerometers performed similarly in the radiant quartz lamp environment
used during this pathfinder test. The single-ended charge accelerometers in nodes 201 to 203 required commercially avail-
able 10-32 connector cables, whereas the differential accelerometers required unique cable connectors that were not as
readily commercially available. The higher price of the differential accelerometers is a tradeoff to assess since they did not
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Fig. 17 Output PSD for HT accelerometer at node 205, at different temperatures for (a) test case A3 (combined thermal
and vibration loads with HBK front panels) , (b) test case B3 (combined thermal and vibration loads with in-line charge
amplifiers) and (c) test case C3 (combined thermal and vibration loads with PFI signal conditioner)

improve the signal quality greatly for this application. Size, mass, price, and connector cable availability are influencing
factors to consider when selecting a high-temperature accelerometer for combined load testing. For the single air-cooled
lamp quartz lamp setup used in the FLL, differential charge accelerometers were not needed to mitigate test environment
noise.

The pathfinder Thermal Vibrational Test System (TVTS) test results show additional combined thermal vibration tests
could be developed by following the analysis methodology and setup described in this paper. The Flight Loads Laboratory
(FLL) plans to mature TVTS to a larger-scale environmental qualification capability for new high-temperature sensors. Sev-
eral opportunities to evolve TVTS for larger scale testing include active cooling arrangements to thermally isolate fixtures,
larger shakers, and vacuum chamber integration.
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Chapter 8
A Recommended Procedure and Best Practices for MIMO
Vibration Testing

Ryan Schultz and Steven Carter

Abstract Test teams must follow several steps to meet vibration test objectives, such as matching the desired specification
and delivering quality data. These steps include test setup, pre-test troubleshooting and verification, test execution, data
analysis, and documentation. With multiple-input/multiple-output (MIMO) vibration testing growing in popularity, a MIMO-
specific testing procedure and recommended best practices is needed to help test teams and their customers set expectations
and ensure high-quality, reliable test outcomes. Though vibration testing is well established with good recommended best
practices available in standards and procedures from various test laboratories, there is less available for MIMO vibration and
what is available may not be in common use.

Sandia National Laboratories (SNL) is pushing to develop and adopt a MIMO vibration testing procedure and dissem-
inate best practices as the use of MIMO grows for both research and customer-facing test work. This paper aims to be a
supplement to existing MIMO testing guidance in MIL810 Method 527 based our own needs and experience [1]. We present
a procedure that is applicable to random vibration and transient vibration test methods. Example test setups and procedures
will be given along with recommended best practices.

Keywords MIMO - Random vibration - Transient vibration - Vibration testing - Procedure - best practices

Introduction

A test procedure is useful for many reasons, including standardizing work, improving quality, and making it easier for
test engineers and operators to complete test programs. Even though MIMO vibration testing is still in the research and
development phase for some uses or test laboratories, a MIMO-specific testing procedure is still useful. At SNL, we are
developing new MIMO test techniques and putting them to work in a rapid research-development-application sequence. On
the one hand, this makes it difficult to have a standard procedure or workflow as almost no test is the same as the last. On the
other hand, the demand for MIMO tests is increasing, requiring more tests and more staff to run those tests. Having some
procedure to use to train these staff and standardize aspects of the MIMO testing workflow is valuable, even at this stage of
MIMO test adoption.

Brief Overview of MIMO Vibration Testing

The purpose of vibration testing is to subject test hardware to vibration environments that may be encountered in-service to
verify the adequacy of the design or test functional performance. Vibration testing is also used to generate test-based struc-
tural dynamics models and generate model validation data in relevant vibration conditions. MIMO vibration tests provide
various benefits for each of these use cases, but the main benefit is that in-service environments are typically multi-axial and
as a result a MIMO test is needed to accurately recreate the in-service environment. Outputs of a MIMO vibration test are
dynamic response data, often in the form of acceleration responses from gauges installed on the test hardware, and functional
performance or survivability during and after the vibration test. As a result, obtaining high-quality vibration response data
and performing a test that is within specifications is critical.
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Types of MIMO Vibration Tests

There are two main classes of MIMO vibration tests: base excitation and multi-shaker excitation. In a base excitation test,
commonly called a 6DOF test, the test hardware is mounted to the table of a 6DOF vibration test machine via fixturing
and shakers excite the table to create a multi-axial vibration environment for the table and attached parts. Fig. 1 shows an
example 6DOF setup with a test article mounted to a large 6DOF test machine via a fixture.

In a multi-shaker test, sometimes called an impedance-matched multi-axis test IMMAT test), the test hardware is directly
connected to several small shakers which work together to excite the system [2, 3]. Fig. 2 shows an example multi-shaker or
IMMAT test setup where several small modal shakers are directly attached to a large test article. A fixture is attached to the
test article to simulate the in-service attachment impedance and boundary condition.

. =f
= i ¥

\C =

Fig. 1 Example 6DOF test setup

Fig. 2 Example multi-shaker or IMMAT test setup
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For either setup, a MIMO vibration control system reads the accelerometer response of the 6DOF table or test hardware
and determines how the shakers need to be driven to create a response which matches the test specifications. MIMO vibration
specifications are typically written at multiple locations and/or directions, defining the complicated, multi-axial vibration
conditions that are observed in-service.

General Testing Process

The basic test process is as follows:

1. The test provider receives a test request from the customer. All stakeholders meet to define the MIMO test type and
test article configuration.

2. Perform the initial test set-up and troubleshooting to install the test article on the 6DOF machine or in the IMMAT test
set-up.

Perform system identification testing and standard data quality evaluations (coherence, kurtosis, etc.).

Perform pre-test predictions to determine the optimal controller settings.

Perform the vibration test and process the resulting data.

Review the test data and report the test results to the stakeholders.

N kAW

Archive the all the test data and reports to close-out the test.

The Need for a Procedure

While each test is different in terms of test hardware, setup, instrumentation, environments, and goals, much of what makes
for a good test is common. This includes thorough and thoughtful test planning and design, work planning and review, test
execution, data post-processing and test close out. This MIMO vibration testing procedure lists out these steps in moderate
detail, including what should be done at each step to ensure a test is well planned, thoroughly documented, properly executed,
and provides reliable data. When completed per the procedure, the test should meet the customer’s goals.

This process was developed with the acknowledgement that MIMO is relatively new, so techniques and best practices
will change as the field matures. However, it is important to have a standard procedure we can follow for each test to ensure
consistent practices and quality outcomes.

The procedure begins with initial test definition, which is used to roughly define the goals and approach that should be
used for the test. This is then refined in a thorough test design phase, where all the details of the test process and physical setup
are defined. The hands-on portion of testing begins with the test setup phase, which includes hardware and data acquisition
setup, instrumentation, and documenting the test setup. Next, the test can be run, which follows the test plan and entails
troubleshooting, system characterization, and the actual vibration tests. Checkpoints are inserted between runs to verify
data quality, check test results, and make controller or setup changes. The last step is to close-out the test by completing
documentation and archiving data. This document is written in roughly chronological order, so the readers can follow it step
by step as they progress through the MIMO testing workflow. That said, much like following a recipe, it is important to read
then entire procedure and understand each step before beginning. A selection of recommended best practices is included at
the end.

Initial Test Definition

Test activities begin with initial conversations between the customers (hardware owners needing a test) and the test engineers
(those designing and performing the test) and any other stakeholders. These conversations should begin to define the test in
terms of budget, schedule, hardware, test method, specifications, requirements and data products. The goals of these initial
consultation meetings are to understand customer needs, requirements, desired outcomes, and how that may (or may not)
connect to what a MIMO test can provide.

With test goals and requirements understood, the test team should meet to begin preliminary test definition. The following
questions should be addressed in preliminary test definition:

* Is MIMO a good test methodology for this customer’s test goals?
* What setup and test approach is appropriate? 6DOF machine, frame-based 6DOF, IMMAT, etc.?
* Resources: are there staff available to support this? Is there lab space and test equipment available?
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* Are there pre-existing specifications or are data available to derive specifications available?
* Is modeling and simulation support needed for pre-test design?
* What custom hardware or additional equipment is needed?

* Who should be on the test team and what are the roles and responsibilities for all the members of the team. It is critical
that a test lead be identified in this step.

With those questions answered, the test team should write up the proposed test definition and review it with the customer,
making any necessary changes.

Resource Allocation

Next, the test lead should meet with lab owners, the test team, and other support personnel to discuss the schedule, budget,
lab space, and equipment to ensure there are the resources needed, at the right time, to complete the test activities. It is
the test lead’s job to manage risks, including schedule, budget, space and equipment, to ensure the test is completed in the
desired time frame and meets customer goals.

Test Requirements

Test requirements must be discussed and negotiated between the test lead and the customer as all test design and test ex-
ecution activities are done to meet test requirements. Though not all requirements are top of mind for all customers, each
of these should be discussed so the test lead and customer agree on the purpose of the test, the expected outcomes, and the
reports and data products.

Requirements will vary from test-to-test but may include:

* The high-level goals of the test and how those connect to test data products (e.g., the test is for functional performance
of a component in a vibration environment, so the goal of the test is to accurately create the vibration environment and
function the component during vibration)

* Test hardware and boundary conditions (e.g., test a mass mock using a 6DOF base input)
* Test levels and durations (e.g., test to 0 dB of a P95/50 reentry random vibration specification for 60 seconds)

 Test specifications and tolerances (e.g., multi-axis random vibration profiles from 30 to 4000 Hz with a +/- 6dB
tolerance on the specification PSD)

* Do not over-test in terms of duration or level (e.g., one run at full level)

* Collect time history data for all accelerometer channels for all full-level runs and select low-level and system ID runs
* Perform system ID tests pre- and post-full level runs

* Process test data into relevant QOIs and verify data quality for all runs

* Compare test results vs. specifications to verify the test is within tolerance and document any channels or frequency
bands out of tolerance

* Document test activities including a complete test geometry, channel table, run log, photos and quick look report

Note that even though the test requirements are defined by a small subset of the stakeholders, everyone involved in the
test should have a general familiarity with the test requirements.

Test Design

With the initial test definition completed and agreed upon by the test team and stakeholders, the next step is the development
of a detailed test design. Test design encompasses several aspects of testing: test requirements, the list of tests to be run,
test specifications, the physical test setup (fixtures, boundary conditions, shaker and accelerometer locations) and pre-test
predictions (if possible). Thoughtful and thorough test design is necessary to ensure test objectives can be met within test
equipment limitations and the test series can be completed as quickly and smoothly as possible.
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Create the Test Matrix and Test Plan

The test matrix and test plan are critical to ensuring that the right tests are run to meet customer needs and to ensure the
test hardware isn’t over- or under-tested. Typically, the test plan is a document detailing the test hardware, test method,
specifications and requirements. The test matrix is the list of tests or runs which are required to meet test requirements and
should be created by the test lead and agreed upon by the test team and customer.

A typical MIMO test matrix includes setup and troubleshooting runs (like noise floor and rigid body checks), system ID
runs at various levels, low-level tests, full-level tests, and a post-test system ID run. The test matrix should include each test
to be run, in the expected order, and include details such as the test level, frequency range, specification, and other useful
information such as settings or control methods to use. Any run where data is collected should be planned and put in the test
matrix. Deviations from the test matrix should be documented.

The test matrix should also include gates or stopping points to ensure that the group is ready to move forward (i.e., after
the system ID and rigid body checks). These may involve thorough data quality reviews or test vs. specification comparisons
after key runs. An example test matrix is provided in Appendix A.

Potential Anomalies and Go/No-Go Parameters

In the test plan, list out what could go wrong in the test and develop a procedure about how the expected anomalies should
be handled. Attempt to define go and no-go parameters so the test facility can operate as efficiently as possible. Example
anomalies could include poor data quality, degraded coherence, failures of critical gauges, test control issues, notable audible
responses like rattles or bangs, clear system dynamic changes, or problems with the test article.

Define and Derive Test Specifications

Test specifications are essential to connecting the test results to in-service environments and should be carefully considered
during pre-test planning. The test lead should work with the customer and environments engineers to define appropriate,
MIMO-compatible specifications for each test. This should be done as early as possible as it may take time to obtain the
source data and perform data processing needed to derive specifications. In addition to specifications, test tolerances, limits,
and quantities of interest should be defined and derived by this team.

The specification derivation varies in complexity, depending on the MIMO approach that is being used for the test. A
simple example of MIMO is simultaneously running an X, Y, and Z direction single axis test, where typical “straight line”
PSD specifications can be used for each direction. A complex example of MIMO would be simultaneously controlling the
three-dimensional motion at many response DOFs, where the specification includes the phase and coherence between the
DOFs in addition to the PSD response at each DOF. Note that, in general, specifications for a MIMO test are not available
in standards like MIL810 and need to be derived test-by-test, so this should not be minimized or left to the last minute.

Design the Test Configuration and Setup: Boundary Conditions, Load Paths, Inputs and Outputs

Aspects of the test setup, including fixtures, boundary conditions, shaker locations and sensor locations, all affect test results.
With MIMO tests, especially multi-shaker or frame-based tests, there is a lot of design flexibility and therefore a lot to design.
The test team should consider and design each aspect of the test setup, ideally with the help of structural dynamics models.
Several aspects of the test setup design can be counterintuitive, at least at this point in our collective experience, so basic
engineering judgement may not suffice.

For all forms of MIMO tests, the control sensor set must be carefully chosen as the control sensors will affect the
response of the rest of the body. In some cases, sensor locations are predetermined based on specification data or pre-
existing hardware. General guidance is to have at least as many control DOFs as input DOFs and to have control DOFs
well distributed at various locations and directions to cover or observe the entire test article. Having large regions without a
control DOF, especially if they have high modal mass, may lead to control problems. In general, more control DOFs lead to
more robust vibration control, assuming that the additional control DOFs are not redundant.

For 6DOF tests on the small or large 6DOF machines with built-in tables, a fixture plate and adapters may be needed to
go between the 6DOF table and the test article. The fixture plate and adapters should be short, stiff, and light to avoid adding
unwanted mass or dynamics to the 6DOF table and to translate the 6DOF motion as completely as possible to the test article.

Frame based tests generally require more elaborate designs and the test team will need to consider the following:

* The general test frame configuration to support the shakers and test article.
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* The position, orientation, and quantities of shakers to achieve the desired excitation. It is important to consider the
amount of force that is required from each shaker to avoid over-taxing or under-utilizing a specific shaker.

* The test article fixturing and necessary supports.

* How the test stand and fixture dynamics might interact with the test article and influence the control accuracy

For IMMAT setups, use pre-test predictions to determine the number, location, and orientation of shakers needed to meet
test requirements. Try to equally load each shaker to avoid over-taxing some shakers and under-utilizing others. Design drive
pads which connect the shaker stinger to test article, keeping the drive pads small and light. IMMAT setups also need the
test article suspension and boundary conditions to be designed. As the name suggests, the interface impedance should be
approximated with a fixture. Dynamic fixture design is notoriously fickle, so again utilize structural dynamics models and
predictions in the fixture and general setup design phase.

Custom hardware, including fixtures, adapters, and support structures, should be designed and procured well ahead of
the scheduled test date to allow for manufacturing time, dry-fits, and any necessary modifications.

Perform Pre-test Predictions

Early pre-test predictions are useful in test planning for two reasons. First, predictions using structural dynamics models can
be used to design the test setup, including fixtures, sensor locations, and shaker locations. Second, once the test configuration
is determined, predictions with a structural dynamics model can be used to determine control settings and methods to best
balance equipment capabilities (e.g., shaker force) with test outcomes (e.g., meeting accuracy requirements or test levels).
These predictions significantly de-risk the test program as changes can easily be made to a model to change fixtures or
shaker configurations to design a test that will meet requirements, whereas making these changes later in hardware is often
difficult or impossible. If possible, source a model and perform pre-test predictions to make informed test design decisions
and understand test performance before any hardware is procured. These models and predictions do not need to be perfect
or validated to be useful for test design purposes; use what is available but do not skip this step unless there is known margin
in the test setup or a history of adequate performance.

Conduct Test Design Reviews

Once the test design is complete, the test team should conduct design reviews with the customer and peer reviewers to ensure
the proposed design will meet test objectives. This review should cover the physical test setup as well as specifications
and control approaches. The general test approach should be reviewed as well to ensure the high-level test definition is
appropriate.

Test Setup

Test setup begins when test hardware is in-hand and includes building the test frame and test fitting fixtures, gathering
instrumentation, data acquisition, and other supplies, installing gauges, and mounting the test article and shakers. Next, the
data acquisition system is set up and the data gathering, converting, and archiving methodology is established. Then, photos
and notes should be taken to completely document the setup. Once test setup is complete, testing can begin. Note that there
is natural overlap with test setup and troubleshooting, so it is reasonable to expect some changes to the test setup after testing
begins as the data may indicate something needs to change.

Apply Instrumentation

Instrumentation locations, directions, and labels should be pre-determined in the Test Design phase. Physically installing the
instrumentation must be done per the planned instrumentation design and any deviations to gauge locations or directions, as
well as any additions or removals must be documented and communicated to the test team and customer. Gauge installation
should follow lab best practices to ensure each gauge is securely attached, appropriately isolated, and its cables are cleanly
routed. It is important to label each sensor with an ID number and mark the local or global test axes near the sensor to make
documenting the sensor’s measurement axes as simple as possible.

Once all sensors are installed, document the as-instrumented gauge configuration in the channel table and by building a
test geometry, which allow for visualization of each sensor’s location and measurement directions. The sensor locations and
directions should be compared to specification to ensure that the test setup is compatible with the specification. Subtle errors
(such as a polarity flip) in the specification and test setup compatibility can lead to significant control issues in the test.
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Install the Test Article

This step varies depending on the test type, but generally entails installing the test article into the test frame or onto the test
machine. Specific installation details will be omitted here, but some best practices are to:

* Ensure fixtures or other hardware are securely attached and won’t rattle

* Bundle and route cables to strain-relieve gauges and keep the workspace clear

 Label shaker drive cables to ensure the correct drive signal is going to each shaker

* For IMMAT setups, ensure shaker stinger attachments are installed properly and well aligned

* For free-free test setups, check the rigid body mode frequencies to ensure they are sufficiently low

* Document the shaker locations and directions in the channel table and test geometry once test setup is complete

Set up the Data Acquisition and Control System

Carefully connect the gauges and shaker drives to the data acquisition system, following the channel table. Using a two-
person team is recommended, with one person plugging in and one person checking or correcting the channel table to
match the as-installed sensor configuration. Have both people verify the sensors are plugged into the correct channels before
proceeding. Once cable installation is complete, bundle and organize cables to organize the setup and reduce chances of
snags or trips.

Define File Naming and Organization Conventions

Data from many tests will be saved during a test series so a simple, common data file naming and file organization convention
should be established before testing. A recommended naming convention is to sequentially number the runs and append a
short description of the test type, for example:

* run001_noise_floor for a noise floor run at the start of testing (run 1)
* run002_system_id for a system ID test
* run003_random_vibe for a random vibration test after the initial noise floor and system ID runs are complete

¢ run004 _transient for a transient vibration test

Experience has shown that it is not possible to capture all the relevant information for test run in the file name. Conse-
quently, details of each run, including levels, settings, and specifications used would be captured in the run log.

A file structure should be established to organize and store test data files. This may include one or more folders (e.g.,
organized by day or test type). However it is done, it should be clear and obvious to ensure data is easy to find and access.

The test lead should communicate this naming convention and folder structure to the test team and ensure it is being
followed throughout testing.

Document the Test Setup with Photos and Notes

Once the setup is complete, document setup details with photos and notes in the test log. Photos should include the following:

* Several shots of the entire setup taken from various angles and perspectives around the setup (show the entire setup all
the way around)

 Several shots zoomed in to show key details in context such as the system axes, shaker arrangements, cable routing
and external instrumentation

* At least one well-posed photo which is taken to showcase the test and be used in slides and reports. This photo should
have strong visual impact and be free from visual clutter such as tools, supplies or things in the background

Verify that all photos are clear and in focus. Ensure the entire setup is documented before proceeding.

Notes of the setup should supplement the photos and include details such as the location of shakers and sensors, orienta-
tion of the system on the test setup (e.g., system axes) and hardware used such as fixturing and suspension. Notes and photos
should be complete enough to allow the test to be recreated in the future.
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Test Execution

Test execution begins after test setup is complete and the test team and customer agree testing can proceed. Specific runs
will vary test to test, but will generally include the following steps:

* Troubleshooting where the test setup is checked and changed until everything is working properly

* System identification and rigid body tests where low-level inputs are used to characterize the system dynamics and
transfer functions and verify the sensor orientations

¢ Low-level and full-level tests for each environment

* Post-test checks to verify the system state of health after testing is complete

Successful testing is often the product of thorough planning and proper execution, so care must be taken to methodically
complete each test in the test matrix, document the results, and verify data quality and test results along the way.

Pre-test Brief

The test lead should coordinate a pre-test brief with the test team, customer, and other stakeholders. This brief should review
the test goals, test plan and test matrix, any hazards, and roles during test. The test lead should document when the pre-test
brief occurred, who attended, and what was covered.

Follow the Test Matrix and Complete the Run Log

Testing should follow the test matrix step by step. After each test is complete, note the details of the test in the run log and
complete the necessary data quality and test comparison checks before proceeding. Tests should not be run in batches (e.g.,
multiple runs back-to-back) as details from each test can get missed or problems may go unnoticed until the end. Before
proceeding to the next test, ensure the test data is properly saved, the run log is complete, and the data and test results are
adequate.

At times, there may be additional tests beyond what was planned in the test matrix or test plan. For example, during
troubleshooting, there may be a dead sensor which needs to be replaced and verified or during low-level testing some
controller settings may need to be modified. These are expected changes and are generally acceptable deviations, though
the test lead should oversee and verify any deviations from the test matrix. Additional tests at high or full levels must be
approved by the customer and other stakeholders as additional high-level tests may induce damage to the test article. Any
deviations from the test matrix should be documented and treated as an informal “change order” to the test.

In many cases, the test run log is the single source of truth for what testing was done, the test settings, and what (if any)
anomalies were encountered during the test. As such, it is imperative that the test run log is complete and contains the details
of how each test was run, any anomalies that occurred, along with the data and specification file names. The run log should
include key controller settings such as control channels, regularization settings, and transformations. All post-processing
relies on connecting the data files to the metadata in the run log, so the run log must be complete, clear, and useful. The run
log must be filled out after each individual run. At the end of each test day, the test lead should verify the run log is complete
and save an archived copy.

Troubleshoot the Test Setup

The first step in testing is troubleshooting the setup, which includes verifying each sensor is reading and each shaker is
running. Utilize noise floor and system ID tests to troubleshoot the system and identify and fix problematic sensors or
shakers. During troubleshooting and all phases of testing (system ID, low level and full level vibration testing) it is important
to listen for rattles or other sources of nonlinearity and identify these issues in the data, for example by checking coherence.
Poor coherence in control gauges will result in poor test results, so rattles or loose joints which cause poor coherence should
be addressed during troubleshooting and throughout the test.

Run Rigid Body Checks to Verify Instrumentation and Test Geometry

Verify sensor orientation by running rigid body checks on the system. This entails shaking the system in 3 translation and 3
rotation directions (e.g., X, Y, Z, RX, RY, RZ) using a low level, low frequency sinusoidal excitation. With a MIMO setup,
specific drives need to be used in phase or out of phase (or set to zero) to create this uniaxial motion. The goal is to move
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the test article in a simple, prescribed way well below its first elastic modes so the responses of in-axis gauges can easily be
compared to verify the local sensor orientation is correct. Correct any gauge orientation issues in the channel table and test
geometry then complete a final set of rigid body checks to verify everything is correct before proceeding.

Note that most test setups will not have pure rigid body modes in the test coordinate system. For example, it is common
to see a rigid body mode with some rotation motion that is superimposed on the primary translating motion. It is easy to
identify this kind of motion as rigid when evaluating the operating deflection shapes from the rigid body check but can be
very difficult to identify when just evaluating the time data or frequency spectra. As such it is suggested that the rigid body
checks be done through inspection of the operating deflection shapes or metrics based on the operating deflection shapes.

Run System Identification Tests

System ID tests should be run at multiple levels to characterize the test system’s dynamics and linearity. Start at a very low
level, then use predictions to determine appropriate drive levels to achieve reasonable system ID test levels. At SNL, it is
common to run system ID tests at low, medium, and high levels that are spread 6 dB apart. Ensure the high-level system ID
test responses are between -12 and -6 dB below the test specification levels so the system ID data is similar to, but not above,
the desired full test level. Process the responses after each system ID test and check data quality metrics.

Sometimes it is necessary to use shaped spectra to ensure good data quality (high SNR, linearity, coherence) while
keeping levels below the test specification. This may require tailoring drive signals to be more low-frequency or high-
frequency dominant.

When running a 6DOF test or any test using drive transformations in the control, it may be useful to perform system ID
checks with untransformed drives as well as transformed drives. The transformations will produce different results as the
drives are working together differently with or without a drive transformation. The resulting FRFs will be different as well.
In general, if a drive transformation will be used in the test, use the same drive transformation in the system ID tests.

In addition to data quality checks, it is useful to plot example FRFs and condition numbers to understand system mode
frequencies and system rank. Verify and document data quality for every system ID test. We recommend locking in an
appropriate system ID test level for the duration of testing (determine it during pre-testing, then use the exact same method
for all subsequent system ID tests to help with state of health and system change assessments).

Run Low Level Tests

It is recommended to run tests at multiple levels from low level to full level at increments of 3 or 6 dB to verify control
accuracy and test quality. For example, low-level tests may be run at -12 dB and -6 dB prior to running at full level (0 dB).
Run each test one at a time, checking data quality and test vs. specification comparisons for each test before proceeding to
the next. Adjust controller settings as needed between tests and document how each test was run in the run log. Ensure there
is ample headroom in the drives, amplifiers, and shakers to achieve the full test level; adjust settings as needed. Note that
the low-level tests should be prescribed in the test matrix and agreed upon by the test stakeholders, since additional test time
may be unacceptable in some scenarios.

Run the Full Level Test

With settings determined by low level tests, run the full level test. Process the full level test data and do data quality checks.
Do initial test vs. specification comparisons and determine if adequate control accuracy was achieved. Do not re-run the full
level test unless allowed by the test lead (undue hardware damage could occur from running at high levels for additional
durations).

Post-test System Identification

At the end of the test series, run a post-test system ID test to verify the system state of health and compare vs. prior system
ID tests. Document any changes in the system pre- vs. post-test in the test documentation and inform stakeholders. Ensure
the run log is fully completed, with no empty spaces, and reflects what was done and how each test was performed. Note any
changes or omissions to the test matrix.

Test Anomalies

All the test stakeholders should be consulted in the case of a test anomaly (poor control, something breaks, etc.). The test
lead and customer should determine how to proceed.
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End of Day and End of Test: Compile Data Packages and Document Progress

At the end of each test day, take time to compile data packages and document test progress for the day. Doing this regularly
will ensure details do not get missed or forgotten. Update test notes and the test run log to ensure they are accurate and reflect
what was done and how each test was performed. Note any anomalies or issues.

After all tests are complete, organize test data files, ensuring a consistent naming convention was used. If test data files
are compiled with other data (for example photos, test geometries, processed data, etc.) into test data packages, ensure those
are consistent and complete. Archive the run log, channel table, test matrix, and test data files/packages to ensure there is a
backup copy of each. Share data with stakeholders as needed.

Post-Processing and Close Out

After testing is complete, move on to the post-processing phase where in-depth data analysis and documentation can occur.
Initial results were obtained and reviewed during testing, but further analysis may be needed to more completely understand
the test results. Analyses and QOIs should be agreed to during test planning.

One option is to compare various runs to understand the effects of controller settings or test levels on results. This
would entail plotting data from multiple tests together and comparing vs. themselves or the test specification. Document
observations from these comparisons and try to assess how controller or test settings affected results.

Create the final data analysis report, which is a comprehensive collection of processed test data. Often, this includes data
quality checks and test vs. spec comparisons for each test. It may also include test vs. test and test vs. prediction comparisons,
as well as other QOIs that are impractical to implement during day-of or quick look data analysis.

The final test setup should also be compared to the initial test setup (from Section 4.5). It is common to make small
changes during a test, such as fixing a sensor orientation, and these changes should be properly documented.

Best Practices

The previous sections outlined a comprehensive MIMO testing procedure which, while thorough and time consuming, should
result in high-quality test results. Following each step in the procedure is useful, but it is helpful to highlight some key focus
areas which often make or break a MIMO test.

Instrumentation and Test Geometry

Getting instrumentation exactly right and documenting the as-instrumented test geometry is critical for MIMO to work prop-
erly and to make an accurate test record. Bookkeeping and consistent practices play a big role in reducing instrumentation
errors. First, choose a convention for global (system), local, and gauge coordinate systems. Understand how to transform
between each of these coordinate systems. Typical practice is to have the local and gauge coordinate system transformation
handled by simply re-labeling the gauge axis to the local coordinate system in the channel table (e.g., the gauge axis is X+
but that is pointing in local Y-, so call that measurement Y-). Then, a transformation matrix can be used to convert from the
local to the global systems (or vice versa). Next, to minimize bookkeeping, keep consistent with how gauges are installed
(e.g., gauge Z+ is up, away from the mounting surface) and how channels are ordered in the channel table (e.g., each triax is
plugged in in X, Y, Z gauge order).

Whenever possible, make an accurate test geometry which captures the location and direction of the as-measured chan-
nels. This test geometry can be used to determine if gauges are installed correctly using rigid body checks and is useful for
understanding system motion using operational deflection shape analysis. Most importantly, the test geometry is a visual
record of the test configuration. If exact locations or directions are not known, approximations can still be useful.

Understanding System FRFs, Conditioning and Rank

System ID measurements are used throughout MIMO test series to estimate the system output/input transfer functions (or
FRFs) for use in MIMO control, but the same data and FRFs are very helpful for understanding the system dynamics,
conditioning and effective rank. The condition number and rank of the FRF matrix is critical for determining appropriate
transformations and regularization schemes to use in MIMO control. Always compute and plot the condition numbers (ratio
of the biggest to smallest singular values) to determine the system rank as a function of frequency as this will tell you the
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number of active modes and how to appropriately regularize the system. It can also be useful to explicitly review the singular
values of the FRF matrix to understand the number of “independent” inputs that are acting on the system.

Optimizing Controller Settings

Many MIMO tests are sensitive to controller settings. The test operators should be familiar with various controller settings
and methods such as: closed-loop control methods, input and output transformations, regularization, and weighting. Each
of these settings affects test behavior for both inputs and outputs and should be chosen thoughtfully and carefully. Con-
sider which settings to choose based on the test type, and then refine those settings based on low-level tests and pre-test
predictions. For example, a 6DOF test will often utilize an input (drive) transformation, which may then be augmented with
regularization. To dial-in control accuracy at DOFs of interest, a weighting scheme could be used.

Day-of Data Analysis and Data Quality Checks

It is imperative that test operators analyze test results and understand what has happened in each run. This is for two reasons:
first, to verify data quality (do I trust this measurement?) and second, to understand the test results (did this test meet
objectives?). If test data is not examined in near real time, it is not possible to optimize settings or determine if test objectives
are being met; you are flying blind. Tools and workflows to analyze data and perform test and data quality checks should be
developed and available to support day-of data analyses.

Documentation

Thorough notes and documentation are critical to keeping track of various methods, settings and results. With each MIMO
test, there can be dozens of parameters to document so the test operators must capture all this important information in
a comprehensive run log. While many of these settings may be captured in data files, the operators should interpret this
information and record it in the run log, so it is human readable and actionable for future runs or future tests.

Keep up with documentation, recording information about each run immediately and noting test performance, anomalies,
and settings. It can be helpful to document the test two ways: first, the run log which captures each run and its settings and
second, with a set of notes which is the “story” of the test day, focused more on what and why than a specific set of details.

Two-person Test Execution

MIMO vibration test execution is a complicated activity and can be overwhelming activity for a single person to undertake.
Consequently, a two-person framework with clear roles and responsibilities is suggested to maximize test efficiency and
quality. An example of the roles in a two-person framework is:

» Test Operator: The test operator is responsible for the activities related to running the test, such as: operating the
control and data acquisition software, monitoring shaker performance, etc.

* Test Documenter: The test documenter is responsible for ensuring that the test matrix is being followed and that the
appropriate information is entered into the run log.

Note that the roles in the two-person testing framework can change depending on the skillsets of performing the test.
However, each person show have a clear role that covers the different tasks for the activities that were described in Section 5.
Ideally, the roles should be defined such that each person can focus on a single task at any one-time during test execution. A
secondary benefit of two-person testing is that it ensures a second person is always available for peer review and consultation
during test execution.

Conclusions

Proliferation of MIMO vibration tests for research, development, and qualification activities requires test labs demonstrate
a history of consistent, high-quality tests. An important step in that direction is formalizing and documenting processes,
and this paper aims to be a useful starting point for MIMO testing procedures for various laboratories. This procedure is
written and organized to ensure that test activities meet customer goals: run the required tests using an appropriate test
setup and guarantee the data is reliable. Each step is designed to guarantee that a test is carefully planned, comprehensively
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documented, correctly executed, and yields dependable data. When carried out according to the procedure, the test should
fulfill the customer’s objectives.
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Appendix A

Below is an example test matrix for a random vibration 6DOF test which includes various runs in the setup and troubleshoot-
ing phase, two runs in the low-level test phase, one full-level test and a post-test system identification run. The test series is
divided into different phases with checkpoints (highlighted blue) to instruct the test team to pause and check specific data or
results before proceeding. The test matrix can also serve as the basis for a run log by including fields to note test anomalies,
file names, and other relevant information.
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Table 1 Example test matrix
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Complete Test Level Frequency MIMO Control Settings &
Phase ? Date File Name Test Description Spec Description (dB) Range (Hz) | Duration (s) Transformations
Check amp to shaker connection:
run001_pretest run each shaker one at a time N/A N/A N/A 30 N/A
run002_noise_floor Preliminary noise floor N/A N/A N/A 30 N/A
Pause: Verify shaker drives, note noise issues and fix bad channels
run003_rigid_body Rigid body check: X N/A 0.10 V-pk 20 Hz 10 6DOF kinematic drive transformation
run004_rigid_body Rigid body check: Y N/A 0.10 V-pk 20 Hz 10 6DOF kinematic drive transformation
run005_rigid_body Rigid body check: Z N/A 0.10 V-pk 20 Hz 10 6DOF kinematic drive transformation
Sem:l& run006_rigid_body Rigid body check: RX N/A 0.10 V-pk 20 Hz 10 6DOF kinematic drive transformation
Trouble-
shooting
run007_rigid_body Rigid body check: RY N/A 0.10 V-pk 20 Hz 10 6DOF kinematic drive transformation
run008_rigid_body Rigid body check: RZ N/A 0.10 V-pk 20 Hz 10 6DOF kinematic drive transformation
Pause: Check rigidy body test results and verify gauge orientations. Fix test geometry and re-run as needed
run009_system_id Preliminary system ID, low level ~[N/A 0.10 V-RMS  |20-4000 Hz |60 6DOF kinematic drive transformation
Preliminary system ID, medium
run010_system_id level N/A 0.20 V-RMS  |20-4000 Hz |60 6DOF kinematic drive transformation
run011_system_id Preliminary system ID, high level |N/A 0.40 V-RMS  |20-4000 Hz |60 6DOF kinematic drive transformation
Pause: Compare system ID results to understand linearity, necessary amplifier gain, and required system ID levels. Run additional system ID at desired system ID level
System ID before random vibe
run012_system_id tests N/A 0.20 V-RMS  |20-4000 Hz |60 6DOF kinematic drive transformation
6DOF virtual point translated to condition number threshold of 500. 6DOF
Low Level run013_random_vibe Low level test, -12 dB table gauges -12 dB 50-2000 Hz |30 kinematic drive transformation
Tests 6DOF virtual point translated to condition number threshold of 500. 6DOF
run014_random_vibe Low level test, -6 dB table gauges -6 dB 50-2000 Hz (30 kinematic drive transformation
Pause: Check control accuracy, adjust control settings and re-run as needed
6DOF virtual point translated to condition number threshold of 500. 6DOF
Full Level run015_random_vibe Full level test, 0 dB table gauges 0dB 50-2000 Hz (30 kinematic drive transformation
Test
Pause: Check control accuracy and note test performance
run016_noise_floor Post-test noise floor N/A N/A N/A 30 N/A
Post Test System ID before random vibe
run017_system_id tests N/A 0.20 V-RMS  |20-4000 Hz |60 6DOF kinematic drive transformation
Pause: Compare pre- and post-test noise floor and system ID results to verify the system did not change and sensors are healthy
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Chapter 9

Test-to-Failure Characterization and Acceleration Signal
Feature Analysis of Electronic Systems Under Repeated Shock
Loading

Trotter Roberts, Hugo Luck, Joud N. Satme, Mohsen Gol Zardian, Sina Navidi, Ryan Yount,
Austin R.J. Downey, and Chao Hu

Abstract Electronic systems operating in high-rate dynamic environments are susceptible to mechanical and electrical fail-
ure due to extreme shock loading. Understanding how shock response correlates with physical degradation in electronic
components is critical for predicting failure and designing more resilient hardware or active control solutions. This study
presents a repeatable testing framework for evaluating damage accumulation in printed circuit boards (PCBs) subjected to
high-energy shock events. In this work, a PCB with an onboard resistor is mounted as a fixed-fixed beam and exposed to a
test-to-failure sequence under a constant shock energy profile. High-resolution electrical resistance is monitored in situ over
the course of each test to track the initiation and evolution of damage. Simultaneously, high-speed acceleration data is col-
lected via PCB-mounted sensors, enabling detailed analysis of dynamic system behavior under repeated mechanical loading.
By applying this protocol across multiple boards of identical configuration, the study generates a consistent and controlled
dataset for assessing how dynamic response features relate to damage progression in electronics subjected to shock events. A
series of time- and frequency-domain features (e.g., root-mean-square amplitudes, crest factors, and spectral centroids) are
extracted from the acceleration signals. These features are then analyzed alongside resistance trends to identify consistent
markers that precede or coincide with failure. While no online learning algorithms are implemented in this study, the frame-
work is explicitly designed to support the development and evaluation of real-time machine learning-based classifiers for
electronic condition assessment in high-rate environments, including potential applications in onboard sensing, autonomous
fault detection, and predictive maintenance of mission-critical systems. All data is shared through a public repository.

Keywords Structural health monitoring - Damage detection - Feature extraction - Shock testing - Reliability

Introduction

In many high-performance applications, electronic hardware is subjected to intense shock events that can rapidly degrade
structural and electrical integrity. Shock events are high-energy impulses occurring within microseconds to milliseconds,
generate enormous stress gradients and abrupt deformations that threaten the integrity of mission-critical electronics. Con-
ventional structural health monitoring and fatigue assessment techniques struggle to operate within these severe time con-
straints, where damage can accumulate before diagnostic systems can react [1]. Passive design techniques, like shock-
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absorbing mounts or ruggedized enclosures, offer some protection but are unable to completely reduce failure risks when
repeated shock loads cause progressive damage to delicate components [2].

To address the reliability limitations of electronics subjected to shock, there is an increasing need for high-fidelity testing
and monitoring frameworks that link dynamic shock response features to physical damage evolution in electronic hardware.
Prior studies have demonstrated the value of vibration and shock testing for mechanical assemblies [3], but electronic systems
introduce additional complexities arising from the coupled mechanical—electrical failure modes of printed circuit boards.
printed circuit boards (PCBs) damage frequently starts as trace delamination or microcracking in solder joints, which can
show up as minor variations in electrical resistance prior to catastrophic failure [4]. Understanding how particular loading
conditions accelerate damage requires robust analysis of time- and frequency-domain dynamic features in conjunction with
in situ sensing at high temporal resolution in order to capture these early-stage signatures [5].

Active monitoring during controlled laboratory shock experiments provides a pathway to generate repeatable, high-rate
datasets that reveal the interplay between mechanical response and electronic degradation. By mounting PCBs as structural
elements, such as fixed-fixed beams, test configurations can reproduce realistic boundary conditions and load transfer path-
ways seen in embedded electronic assemblies [6]. When paired with high-speed acceleration sensing, this approach enables
simultaneous observation of both the system’s dynamic behavior and the onset of electrical performance degradation. Ex-
tracting statistical and spectral features from the shock response, such as root-mean-square amplitudes, crest factors, and
spectral centroids, can yield early indicators of cumulative damage prior to failure [7].

This study introduces a repeatable shock testing framework to evaluate damage accumulation in PCBs subjected to con-
trolled high-energy impact sequences. All data is shared through a public repository [8]. Electrical resistance is monitored in
situ throughout the test-to-failure process, while high-speed acceleration data is simultaneously recorded to capture the dy-
namic response. By applying an identical test protocol across multiple boards, the framework produces a consistent dataset
that links time- and frequency-domain shock response features to progressive electrical degradation. Although no learning
algorithms are implemented here, the experimental design explicitly supports future integration of machine learning-based
classifiers for real-time fault detection and predictive maintenance in high-rate operational environments. The primary con-
tributions of this work are twofold. First, it provides a controlled experimental platform for quantifying the relationship
between high-rate shock response features and progressive electrical failure in PCBs. Second, it establishes a feature ex-
traction methodology and cumulative damage framework that lays the groundwork for future real-time, learning-enabled
monitoring of electronic systems in extreme dynamic environments.

Background

Controlled laboratory shock environments are commonly used to replicate the transient loading conditions found in oper-
ational platforms to study these effects. Drop towers, pneumatic impactors, and similar setups allow researchers to apply
repeatable, high-energy impulses to test specimens while controlling boundary conditions and impact energy. Fixed—fixed
or cantilever mounting arrangements are frequently used because they reproduce realistic load transfer paths and constraint
conditions seen in embedded assemblies [9]. Such controlled test environments have been shown to isolate specific failure
mechanisms, making it possible to correlate the PCB’s structural response with progressive electrical damage [10]. Time-
domain features such as root-mean-square (RMS) acceleration, crest factor, and signal energy ratios can capture changes
in amplitude and impulse response. Likewise, frequency-domain features, including spectral centroid shifts and energy
redistribution across frequency bands, can reveal subtle structural softening or nonlinear effects that occur as damage accu-
mulates [11]. In our specific application, these features provide a way to quantify subtle changes in response behavior that
may correlate with solder joint fatigue or progressive micro-cracking.

Methodology

PCBs fabricated from FR4 were prepared as test specimens. Each board measured 25.40 mm x 76.20 mm X 1.60 mm
and contained a single 100 m{2, 1 W surface-mount resistor soldered at midspan using a controlled stencil process to reduce
variability. The boards were mounted as fixed—fixed beams in a custom aluminum fixture (Figure 1), providing rigid boundary
conditions representative of embedded electronic assemblies.

Shock loading was applied using a drop tower system (Figure 2), where a guided mass was released from a height of
12 inches (0.305 m), producing repeatable shock pulses of approximately 5000 g. The drop height and mass were held
constant across all tests to ensure consistent impact energy. Dynamic response was measured using Endevco 727 piezoresis-
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accelerometer

(output)

fixture
PCB (bottom)

resistor
accelerometer

(input)

solder joint

(@ (b)

Fig. 1 The considered test setup, showing: (a) PCBs specimen with a surface-mount resistor attached at midspan (bottom
side up), and (b) PCB mounted in the aluminum fixture in a fixed—fixed configuration.

Fig. 2 The experimental setup for repeated shock testing.

tive accelerometers (20k g range, DC-50 kHz bandwidth). One accelerometer was mounted on the fixture beneath the PCB
midspan to capture input excitation, while another was placed at the PCB surface at midspan to record local response. Ac-
celeration signals were conditioned with a PCB 482C unit (gain 100x) and digitized using a PXIe-4483 module at 200 kHz,
yielding 20,000 samples over a 0.1 s window per shock event. A representative excitation—response time history is shown in
Figure 3.

Electrical resistance was monitored in situ with a BK Precision 2841 micro-ohmmeter (0.1 u2 resolution, 0.01% ac-
curacy) in a four-wire configuration to minimize lead effects. After each impact, ten consecutive resistance readings were
recorded and averaged to provide one value per event. Acceleration and resistance data were acquired simultaneously, en-
abling direct correlation between mechanical response and electrical degradation. A total of ten boards were tested under
identical conditions. Each was subjected to repeated shocks until failure, defined as an irreversible increase in resistance
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beyond baseline variability. All boards were tested to failure, and three representative cases are reported here for clarity and
consistency.

Following data collection, acceleration and resistance signals were processed to extract features representative of system
dynamics and progressive damage. Time-domain features included maximum amplitude, root-mean-square (RMS) value,
absolute mean, skewness, kurtosis, crest factor, shape factor, and impulse factor. Frequency-domain features such as spectral
centroid and bandwidth were also calculated. To allow direct comparison across boards and impact histories, all features
were normalized with respect to their initial values.
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Fig. 3 Excitation and response acceleration time series under repeated impact.

Results and Analysis

The resistance histories of all three representative test boards are presented in Figure 4. These plots show the evolution of
electrical resistance over the course of repeated impacts, providing a direct view of how each board progressed to failure.
Although the number of shocks sustained and the absolute resistance values at failure varied between boards, a common
pattern emerged. After an initial break-in period, resistance typically increased sharply, then transitioned to a slower, more
gradual rise before the onset of failure. Outliers were observed where resistance deviated from this general progression,
highlighting the inherent variability in solder joint and trace degradation.
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Fig.4 Raw resistance versus impact number for (a) board 1, (b) board 2, and (c) board 3.

To better illustrate consistent resistance degradation trends, Figure 5 presents resistance histories after manual prepro-
cessing. Outliers were first removed, followed by trimming the initial break-in period and the final few impacts where failure



Test-to-Failure Characterization and Acceleration Signal Feature Analysis of Electronic Systems Under Repeated Shock Loading 113

was imminent. While these segments are excluded here for clarity, the complete datasets remain available in the shared
repository for future analysis [8]. As shown, the processed resistance measurements reveal a common progression across
boards: gradual drift followed by abrupt increases approaching failure. Figure 5 also includes fitted exponential trend-lines
of the form ( . )
100 (1 —e™®
y(z) = e _i00b ()
where z is the normalized impact number (0-100), y is the normalized resistance (0—100), and b is a fitted growth-rate
parameter. The anchoring ensures that all curves pass exactly through (0,0) and (100, 100), enabling direct comparison
between boards. The fitting was performed using nonlinear least-squares optimization via the curve_fit function from
the SciPy library [12].

100
g 80
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o 60
o
g 40
2 —e— board 1
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T
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Fig. 5 Normalized resistance versus impact number with superimposed exponential trendline fits for selected boards.

Dynamic response features derived from acceleration data were analyzed in the time domain. Figures 68 illustrate the
evolution of normalized features across repeated impacts for three representative boards. For Board 1, shape factor, RMS,

impulse factor 7 M_FWM
shape factor \/\/\—v\\//\/\/\,\/_w‘

crest faCtor | MW&—W

kurtosis

skewness -

RMS A

normalized feature traces

absolute mean

maximum

0 10 20 30 40
impact number

Fig. 6 Normalized time-domain features extracted from excitation and response signals for Board 1.
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Fig. 7 Normalized time-domain features extracted from excitation and response signals for Board 2.
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Fig. 8 Normalized time-domain features extracted from excitation and response signals for Board 3.

and absolute mean showed gradual upward trends, while the other features remained relatively stable throughout most of
the sequence. Board 2 exhibited similar behavior, with RMS and absolute mean sharing consistent visible trends, while
crest factor and kurtosis remained essentially flat; this board also displayed the highest variability in individual data points,
suggesting greater issues in data collection, something expected as measuring high-rate impact events is experimentally
challenging to do without noise. Board 3 displayed the clearest late-stage excursions: although all features followed steady
trends through most of the test, shape factor, RMS, and absolute mean dropped sharply during the last 10—15 impacts
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following steady climbs, coinciding with the abrupt resistance increase near failure. These observations indicate that while
some features provide gradual indicators of cumulative degradation, others remain stable until close to failure, where rapid
excursions reveal the onset of irreversible damage.

The Pearson correlation coefficient r quantifies the strength and direction of a linear relationship between the fitted
resistance degradation trendline and each feature trajectory [13]. Values of r range from —1 (perfect negative correlation) to
+1 (perfect positive correlation), with values near zero indicating little to no linear association. The associated p-value tests
the null hypothesis of no correlation, with p < 0.05 taken as statistically significant. Because Pearson correlation is limited
to linear trends, the Spearman rank correlation coefficient p was also evaluated. Spearman correlation measures monotonic
associations, making it more robust in cases where feature trajectories evolve nonlinearly with degradation [14, 15]. Tables 1
and 2 summarize both correlation metrics across the three boards, with the final column reporting the mean + standard
deviation.

The results show clear differences between the two measures. Features such as absolute mean and RMS yielded moderate
Pearson correlations (r =~ 0.5) but much higher Spearman values (p > 0.75), suggesting strong but nonlinear monotonic
relationships with resistance. Conversely, kurtosis and skewness displayed inconsistent Pearson values, including negative
correlations, yet ranked among the strongest features under Spearman analysis, reflecting late-stage nonlinear excursions
near failure. In contrast, features like crest factor and shape factor remained weak under both measures. Overall, absolute
mean, RMS, and kurtosis emerged as the most reliable indicators of cumulative degradation across boards. These results are
visualized in Figure 9, where features are ranked by mean absolute importance to emphasize the most informative indicators
of cumulative damage progression.

Table 1 Pearson correlation results for boards 1-3, with mean correlation across boards.

board 1 board 2 board 3 mean = std
feature r p-value r p-value r p-value r

impulse factor | -0.272  6.77 x 1072 | -0.329  2.09 x 1072 | 0263 2.44 x 1072 | —0.113 £0.327
shape factor -0.397 6.29 x 1073 | -0.673 1.20x 1077 | 0.198 9.39 x 1072 | —0.291 % 0.445

crest factor -0.265 7.51x 1072 | -0.041 7.82x 107! | 0.174 1.41 x10~' | —0.044 + 0.220
kurtosis 0222 1.38x 107" | -0.322 2.39x 1072 | 0579 7.85x107% | 0.01240.494
skewness -0.182 227 x 107! | -0.634 1.02x 1076 | -0.309 7.82x 1073 | —0.375 £ 0.233
RMS 0.529 1.56 x 10~* | 0.801 4.98 x 10~'2 | 0.207 7.96 x 1072 | 0.512 + 0.297
absolute mean | 0.555 6.19x 10~° | 0907 3.17x 107 | 0.103 3.85x 107! | 0.522 4 0.403
maximum -0.137 3.65x107' | 0525 1.08x10°* | 0.634 1.72x1072 | 0.341+0.417

Table 2 Spearman correlation results for boards 1-3, with mean correlation across boards.

board 1 board 2 board 3 mean = std
feature 0 p-value p p-value o p-value p

impulse factor | -0.771 3.58 x 1071° | -0.353  1.28 x 1072 | 0.820 7.04 x 107 | —0.101 £ 0.825
shape factor | -0.883 4.79 x 10716 | -0.728 3.16 x 107% | 0.684 2.67 x 10~ | —0.309 £ 0.863

crest factor -0.554  6.55x107° | 0.072 6.23x 107! | 0.609 1.11 x10~% | 0.042 4+ 0.582
kurtosis -0.786  1.02x 10710 | 0266 6.50 x 1072 | 0.940 6.63 x 1073° | —0.037 + 0.885
skewness -0.555 6.23x107° | -0.758 2.86 x 10710 | -0.571 1.33x 1077 | —0.628 +0.113
RMS 0.873 256 x 107 | 0.868 7.21 x 10716 | 0.530 1.39 x 1076 | 0.757+£0.196

absolute mean | 0.929 1.37x 10720 | 0974 6.52x 10732 | 0.416  2.55 x 10~* 0.773 £0.310
maximum 0.020 895x 107! | 0.612 297 x1076 | 0.729 2.50 x 10713 | 0.454 4 0.380
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Fig. 9 Feature importance based on absolute mean correlation across boards, shown for both Pearson (top) and Spearman
(bottom).

Conclusion

This study introduced a repeatable experimental framework for evaluating cumulative damage in PCBs subjected to repeated
high-g shock events. The framework created a controlled dataset that connected dynamic response features to progressive
electrical degradation by fusing high-rate acceleration measurements along with resistance monitoring. Resistance histo-
ries consistently exhibited gradual drift followed by abrupt increases prior to failure, while feature trajectories revealed
both steady long-term trends and late-stage excursions. Correlation analysis identified maximum, kurtosis, and skewness
as the most reliable indicators of degradation, highlighting their potential value for monitoring cumulative damage in high-
rate environments. Overall, the results establish initial links between mechanical shock response and electrical degradation
in PCBs.

By quantifying feature-damage correlations and demonstrating the reproducibility of the experimental protocol, this
study establishes the foundation for condition indicators that can aid in real-time failure diagnosis. In the future, the frame-
work will be expanded to include more PCB shapes and loading scenarios, incorporate cumulative damage data more clearly,
and use machine learning techniques for predictive maintenance and categorization. When combined, these advancements
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will make it possible to use more reliable, data-driven methods to guarantee the dependability of electronics used in ex-
tremely dynamic settings.
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Chapter 10
Structural Response Characterization under Multi-Axis
Excitation via Video Motion Magnification

Davide Mastrodicasa, Alberto Garcia de Miguel, Andrea Cavagnolo, Ruben Araujo,
Umberto Musella, Emilio di Lorenzo, and Enrico Zappino

Abstract Vibration control testing aims at reproducing the dynamic environments that a component is expected to withstand
in operation. These tests, typically conducted on shaker platforms, allow engineers to validate the survivability of hardware
against severe vibration conditions. Recent advances enable excitation of components in multiple directions simultaneously
using multi-axis shaker platforms controlled by advanced multiple-input multiple-output (MIMO) algorithms, thus simulat-
ing realistic dynamic environments. Pre-test activities are always conducted to ensure the feasibility of the test and optimize
the setup and control parameters. However, the limited availability of sensors, coupled with time constraints, often leads
to insufficient pre-test structural analysis. Such analyses could help identify critical responses or couplings with the shaker
platform. This work proposes the use of Video Motion Magnification (VMM), a non-intrusive optical method based on
video post-processing, to characterize structural responses. A novel aspect is the integration of synthetic image generation
in Blender to anticipate the performance of the available cameras, whose noise floor is usually much higher than that of
accelerometers. By replicating the setup in Blender, the feasibility of displacement retrieval through VMM can be verified
before real testing. This two-step workflow is then applied in a laboratory pre-test, validating its capability to identify critical
structural responses on a 3D printed CubeSat model.

Keywords Video motion magnification - Modal analysis - Pre-test - Vibration control - Optical methods

Introduction

Vibration qualification tests play a critical role in aerospace and mechanical engineering, ensuring that components survive
harsh launch and operational environments. Traditionally, tests have been performed with sequential single-axis excitations,
but the introduction of multi-axis shakers and MIMO control allows simultaneous excitation, offering a more realistic repro-
duction of in-service conditions [1].

Pre-test analyses are intended to optimize setup, refine control parameters, and anticipate dangerous resonances. In
practice, though, they are often limited due to short campaign times and the difficulty of instrumenting small or inaccessible
components with accelerometers. Non-contact optical methods provide a potential solution: Video Motion Magnification
(VMM) can reveal otherwise invisible deformations by amplifying small motions in video recordings [2—4]. Despite its
promise, the adoption of VMM in pre-tests is hampered by the relatively high noise floor of cameras compared to traditional
sensors. This raises the question: can structural displacements expected in multi-axis tests actually be resolved with available
imaging equipment?
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To address this challenge, we propose a two-step framework. The first step introduces synthetic image generation in
Blender, a rendering and simulation tool, to act as a proof of concept. By replicating the test setup in a virtual environment,
animating structural responses from numerical simulations, and applying VMM to the rendered videos, it is possible to
determine in advance whether the chosen camera configuration is theoretically capable of resolving the displacements of
interest. In this paper, this stage does not serve as direct validation against the physical experiment, but rather as a feasibility
study to demonstrate the potential of the approach.

The second step applies the same optical configuration in the real laboratory pre-test, where low-level multi-axis exci-
tation is introduced, and VMM is used to extract modal parameters and operational deflection shapes. Together, the virtual
feasibility study and the real pre-test establish a practical pathway for incorporating optical methods into vibration cam-
paigns, strengthening pre-test reliability and reducing the risk of unsuccessful measurement campaigns.

The proposed workflow is demonstrated through a vibration test campaign conducted on a multi-axis testing platform
available in the Siemens facilities at Leuven, Belgium. The device under test (DUT) was a composite CubeSat made of
PEEK material, manufactured by Politecnico di Torino, Italy, using 3D-printing techniques.

Methodology

The proposed methodology integrates numerical simulation, virtual imaging, and physical experimentation into a unified
pre-test framework:

1. Numerical Predictions: Structural responses are estimated via finite element (FE) models under representative aerospace
vibration profiles, which are generated in the software Simcenter 3D. The displacement fields are exported to provide
input for the virtual stage.

2. Virtual Pre-test in Blender: The CubeSat model, fixture, and camera setup are replicated in Blender. The FE dis-
placements are animated, and synthetic videos are rendered under realistic optical and lighting conditions.

3. VMM on Synthetic Videos: The rendered sequences are processed using phase-based VMM. This stage serves as a
proof of concept to determine whether the expected displacements can be resolved above the simulated camera noise
floor, guiding camera placement and acquisition parameters.

4. Experimental Pre-test: The validated configuration is transferred to the laboratory. The CubeSat demonstrator is
mounted on a multi-axis shaker, excited under low-level broadband input using the control software Simcenter Testlab
MIMO Random Control, and recorded using the high-speed camera. The videos are processed with the same VMM
pipeline to extract modal parameters and operational deflection shapes.

This two-step framework ensures that optical measurements are not only theoretically feasible but also practically appli-
cable in real test environments, reducing uncertainty and de-risking vibration campaigns.

Synthetic Image Generation and Virtual Test

Blender was employed to perform a virtual pre-test replicating both the specimen and the test environment. The geometry of
the CubeSat demonstrator was modeled and imported into Blender, where the dynamic response obtained from FE simula-
tions was animated. This enabled direct visualization of the expected mode shapes and displacement fields under low-level
excitation.

Figure 1 illustrates the FE model of the structure mounted on the multi-axis platform, including the actuators that provide
excitation along different directions. In the numerical campaign, the structure was excited using a power spectral density
(PSD) profile representative of typical aerospace vibration environments, based on the VEGA C specifications, ensuring
realistic loading conditions. The transient dynamic analysis provided the time histories of nodal displacements across the
component. These displacement fields were then exported in a format suitable for post-processing and subsequently imported
into Blender, where they served as the basis for generating synthetic video sequences of the vibrating structure.

To replicate laboratory conditions, the geometry was textured and rendered, as shown in Figure 2. The texturing step was
not only meant to provide a more realistic appearance of the CubeSat structure, but also to introduce visual contrast features
that enhance the detectability of small displacements during Video Motion Magnification. Smooth, uniform surfaces can
often limit the sensitivity of optical methods, whereas patterns, grey scale variations, or surface textures allow the algorithm
to track the displacement field. The resulting rendered model, therefore, supported both the aesthetic realism of synthetic
videos and the technical requirement of making subtle vibrations visible once magnified.
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Fig.1 Finite element model of the CubeSat demonstrator Fig. 2 Rendered CubeSat model with texture
mounted on the multi-axis shaker platform, showing the applied, used for generating synthetic video se-
actuators used for excitation quences

The rendered videos were subsequently processed using the phase-based Video Motion Magnification pipeline. The
virtual test revealed whether the expected displacements could be resolved above the camera noise floor. This virtual pre-test
therefore acted as a risk-free proof of concept, guiding the choice of optical parameters and acquisition settings for the real
campaign. The virtual test was then carried out by exciting the structure up to 400 Hz. Synthetic cameras operating at a
sampling rate of 800 Hz were used to record the response. The motion magnified videos were post-processed to extract
the modal parameters of the structure. Using the Polymax algorithm [5], the natural frequencies and damping ratios were
identified directly from the optical data. Subsequently, Operational Deflection Shapes (ODSs) corresponding to the identified
natural frequencies were reconstructed, providing a clear visualization of the dominant vibration patterns. The first ODS,
reported in Figure 3, corresponds to the first plate bending mode of the CubeSat panel, while Figure 4 shows the ODS
associated with the second plate bending mode. These results confirm that the synthetic videos generated in Blender, once
processed with VMM, can resolve structural responses with sufficient clarity to support optical measurements in vibration
testing.

Fig. 3 ODS related to the first plate bending mode Fig. 4 ODS related to the second plate bending mode
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Experimental Pre-test

The feasibility study carried out in the virtual environment was followed by a laboratory pre-test, designed to acquire real
optical data of the CubeSat demonstrator under controlled excitation. The specimen was mounted on the multi-axis shaker
platform and subjected to a broadband random excitation defined by the same PSD profiles in the 3 directions, consistent
with qualification standards. Figure 5 shows the responses at the control locations against the reference profiles, indicating
that the MIMO control test was successful.
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Fig. 5 PSD profiles used in the multi-axis shaker platform at the Siemens facilities in Leuven, Belgium. The blue lines are
the acceleration PSD measured at the control sensors

A single high-speed 2 MPx iX i-SPEED 5 Series camera was positioned to reproduce the same point of view adopted
in the synthetic image generation part. The camera operated at a sampling frequency of 1600 Hz, ensuring that vibration
content up to 800 Hz could be resolved with adequate fidelity. Lighting conditions were optimized to minimize noise and
enhance surface contrast, thereby improving the effectiveness of the Video Motion Magnification pipeline. An example of
the recorded footage is shown in Figure 6.

The acquired sequences were processed using the same phase-based VMM algorithm employed in the virtual test. From
the magnified motions, cross-power spectra were estimated, and the modal parameters, natural frequencies and damping
ratios, were extracted using the Polymax method. The Cross Power Sum (CPS), reported in Figure 7, provides a frequency-
domain overview of the global vibrational energy. The peaks in the CPS clearly indicate the locations of the main resonances.

Finally, the ODSs reconstructed at the identified resonances are shown in Figures 7 and Figure 8, corresponding respec-
tively to the first and second plate bending modes of the CubeSat structure. These ODSs demonstrate that, even with the
inherent noise floor of the optical acquisition, the structural dynamics of the component can be successfully resolved through
video-based analysis.
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Fig. 8 ODS corresponding to the first plate bending Fig. 9 ODS corresponding to the second plate bending
mode, obtained from VMM-processed videos mode, obtained from VMM-processed videos
Conclusion

This work presented a two-step methodology for structural response characterization for vibration control using video motion
magnification. The first stage introduced a synthetic image generation workflow in Blender, where finite element displace-
ments were animated and processed through VMM. This step served as a feasibility study to optimize camera placement and
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acquisition parameters, ensuring that the expected structural responses could be made optically detectable despite the higher
noise floor of cameras compared to conventional sensors.

The second stage applied the methodology in a laboratory pre-test, where a CubeSat demonstrator was subjected to a
controlled vertical excitation. High-speed video acquisition, followed by VMM processing, enabled the extraction of modal
parameters and the reconstruction of operational deflection shapes. The results confirmed that optical methods can provide
valuable insight into structural dynamics in a non-intrusive manner.

Together, these two stages establish a practical pathway for the use of video-based techniques in vibration test cam-
paigns. The synthetic stage reduces risk by guiding the optical configuration and verifying feasibility in advance, while the
experimental stage provides real-world confirmation of the method’s applicability. This combined approach supports safer,
more efficient test campaigns and offers a complementary tool to conventional sensor-based measurements.

Future work will aim at extending the methodology to more complex assemblies, improving displacement quantification,
and further automating the integration between numerical simulations, synthetic video generation, and experimental testing.
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Chapter 11
Shaker Testing of a Fuel Cell Stack: Modal Survey, FE Model
Updating, and Fixture Coupling Neutralization

Giancarlo Kosova, Vittoria D’Alessio, Emilio Di Lorenzo, Lorenzo Dozio, Simone Gallas,
Hervé Denayer, Giovanni Fasulo, Mattia Barbarino, and Oskar Ekblad

Abstract This paper presents a comprehensive study of a fuel cell stack’s dynamic behavior through shaker testing, focus-
ing on experimental characterization and numerical model validation. The investigation was conducted as part of a design
campaign to ensure structural integrity under operational conditions.

The study pursued four main objectives: (1) conducting preliminary environmental tests on single and multi-axis shaker
platforms to assess structural durability, (2) performing experimental modal analysis to extract mode shapes and frequencies,
(3) updating and validating a finite element model (FEM) for structural integrity predictions, and (4) developing decoupling
procedures to neutralize the dynamic interaction between the test structure and the fixture/slip table assembly.

The investigation yielded several key results. The preliminary environmental tests successfully validated control-loop
stability across different stack configurations. The modal survey, using table acceleration as a reference, revealed amplitude-
dependent behavior indicative of structural nonlinearities. Despite having detailed design information, the initial finite el-
ement model showed significant discrepancies compared to experimental data. Through model updating based on the ex-
perimental modal model, these differences were substantially reduced, achieving excellent correlation in natural frequencies
and mode shapes, while transmissibility functions showed good but not perfect agreement. Various substructuring methods
were implemented to extract the fixed-base characteristics of the fuel cell stack, and while they partially corrected both
natural frequencies and mode shapes, their effectiveness demonstrated considerable sensitivity to the specific approach and
parameters employed.

The results illustrate the fundamental importance of shaker testing in the design process of fuel cell stacks, provid-
ing crucial insights into their dynamic behavior and enabling the development of reliable numerical models for durability
predictions.
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Introduction

Hydrogen-Powered Aviation: Challenges and Opportunities

The aviation industry is undergoing a transformative shift toward sustainable propulsion systems, driven by the urgent need
to reduce greenhouse gas emissions and achieve carbon neutrality. Among the emerging technologies, hydrogen-powered
engines and fuel cell systems represent promising alternatives to conventional jet fuel propulsion. Hydrogen fuel cells offer
several compelling advantages for aviation applications, including zero local emissions (producing only water vapor), high
energy efficiency, and the potential for quiet operation. Additionally, hydrogen can be produced from renewable energy
sources, making it a truly sustainable fuel option.

However, the integration of hydrogen fuel cell systems into aircraft presents significant technical challenges. These
include the need for specialized storage systems to handle hydrogen’s low volumetric energy density, thermal management
requirements, and the necessity to ensure system reliability and safety under the demanding operational conditions of aviation
environments. Furthermore, fuel cell stacks must demonstrate exceptional durability and vibration immunity to withstand
the dynamic loads encountered during flight operations, including engine vibrations, turbulence, and landing impacts.

The NEWBORN Project Framework

The research presented in this paper was conducted within the framework of the NEWBORN project (NExt generation high
poWer fuel cells for airBORNe applications) [1, 2], a European initiative aimed at developing hydrogen-electric propulsion
systems for sustainable aviation. The NEWBORN project addresses the critical technological gaps in hydrogen fuel cell
integration for aircraft applications, focusing on system optimization, safety, and certification requirements.

Paper Scope and Objectives

This paper describes the vibration analysis activities carried out as part of a specific task within the NEWBORN project,
focusing on a fuel cell stack prototype developed by the PowerCell Group [3]. The stack tested and modeled in this work
is not the NEWBORN 300-kW stack, but a previous model. The ultimate objective of this research is to conduct a compre-
hensive vibration immunity analysis of the fuel cell stack to ensure its compliance with aviation standards and operational
requirements.

The vibration immunity assessment follows the rigorous requirements outlined in the RTCA document DO-160G “Envi-
ronmental Conditions and Test Procedures for Airborne Equipment,” Section 8 Vibration [4], which establishes the standard
testing procedures for airborne equipment certification. Prior to conducting the full durability test procedure, a numerical
immunity analysis must be performed to identify critical systems and components requiring detailed examination. This nu-
merical analysis employs stress analysis methods for low to medium-frequency ranges and energy-based approaches for
high-frequency evaluation.

The specific scope of the work presented in this paper encompasses preliminary experimental testing of the fuel cell stack,
which is designed to address two primary objectives. First, the testing aims to identify potential criticalities in both the fuel
cell components and the experimental testing setup at an early stage of the development process. Second, a comprehensive
modal survey [5] is conducted to experimentally determine the natural frequencies, damping ratios, and mode shapes of the
fuel cell stack. The results of this modal survey serve as the foundation for updating and validating the finite element model
(FEM) of the stack, ensuring an accurate representation of its dynamic behavior.

A critical aspect of this work addresses the challenge of boundary condition representation in experimental modal anal-
ysis. While correlation between experimental and numerical results is typically performed under known and comparable
boundary conditions, assuming a fixed-base condition (clamped at the base) for the fuel cell stack, this assumption may not
accurately reflect the actual test conditions. The dynamic coupling between the shaker table and the device under test can
significantly influence the measured response characteristics. Therefore, this paper also explores methodologies to correct
the experimental data and extract the true fixed-base dynamic characteristics of the fuel cell stack, accounting for fixture
coupling effects.

The paper is structured as follows: Section Shaker testing provides a detailed description of the experimental testing
setups and procedures employed in this study. Section Experimental modal analysis presents the analysis of experimental
data and the comprehensive modal analysis results. Section Finite element model updating introduces the finite element
model of the fuel cell stack and describes the model updating process based on experimental findings. Section Fixture
coupling neutralization addresses the decoupling analysis methodology for separating the fuel cell dynamics from the slip
table effects. Finally, conclusions and recommendations for future work are presented in Section Conclusions.
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Shaker testing

This section describes the two different experimental setups employed for the vibration testing of the PowerCell Group
fuel cell stack. The testing was conducted using two distinct shaker configurations: the CUBE system and a slip table
configuration, as illustrated in Figures 1a and 1b, respectively.

(a) The CUBE multi-axis shaker table [6]. (b) Single-axis slip table.

Fig. 1 Fuel-cell stack shaker table configurations.

In both configurations, the fuel cell stack is securely clamped to the respective testing table through an identical fixture
plate. However, the bolt positions are adapted to accommodate the different hole patterns of each table, a consideration that
will be further addressed in Section Fixture coupling neutralization. The structure surrounding the fuel cell stack serves as an
additional fixture component, referred to as the “cage” throughout this paper. This cage is specifically designed to maintain
the stack in boundary conditions that closely simulate operational conditions and can be considered rigid up to a certain
frequency threshold.

The main differences between the CUBE and slip table configurations can be summarized as follows:

» Excitation capabilities: The CUBE system provides excitation along 6 independent axes, while the slip table is limited
to single-axis excitation.

* Frequency range: The CUBE system operates up to 300 Hz, whereas the slip table extends the frequency range up to
1000 Hz.

* Fixture clamping conditions: Different mounting configurations are required to accommodate the specific interface
requirements of each system.

All experimental tests were performed using two Simcenter SCADAS Lab hardware systems [7] configured in a main/
secondary arrangement, coupled with Simcenter Testlab software [8] utilizing both structural dynamics and shock and
vibration applications.
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The instrumentation setup consists of approximately 54 PCB high-sensitivity triaxial accelerometers strategically mounted
on the structure to record the dynamic response, resulting in a total of approximately 162 measurement channels. This exten-
sive sensor array ensures excellent spatial discretization for two primary reasons: first, to capture the complex mode shapes
of the fuel cell stack with sufficient detail, and second, to provide adequate data for robust finite element model updating and
validation procedures. Figure 2 shows the geometry used in the data analysis, indicating accelerometer locations and labels.
The orange plate represents the vibration table, the blue plate represents the fixture, the green component represents the fuel
cell stack, and the cage is represented by grey lines.

Table 1

Fig.2 Test-analysis geometry and sensor locations.

The comprehensive testing program performed on both configurations is summarized in Table 1, which details the
various excitation signals, directions, frequency ranges, and excitation levels employed.

Table 1 Summary of vibration tests performed on both shaker configurations

Test Excitation Excitation | Freq. Range | Freq. Range Excitation
CUBE Slip table | CUBE (Hz) | Slip table (Hz) Level

Pseudorandom | X, Y, Z, RX, RY, RZ, XYZ, 6-axis Z 10-300 10-1000 low, mid, high

Swept sine XY, Z Z 10-300 10-1000 0.7,1,2 (g)

The pseudorandom test refers to an open-loop test with a pseudorandom signal and periodic acquisition, with the param-
eters in Table 2, using the Simcenter Testlab MIMO FRF application. The Swept sine test refers to a closed-loop test with a
logarithmic swept-sine signal with a sweep rate of 1 octave per minute, using the Simcenter Testlab Sine Control application.

Table 2 Open-loop pseudorandom test parameters

Sampling Frequency | Sampling Period | Number of Periods | Number of Realizations
3200Hz S5s 6 5
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On the CUBE, for both Sine control and open-loop pseudorandom tests, the excitation level refers to an accelerometer at
the top left of the table in Figure 1a, named Table: 1. More specifically, for the Sine control runs, the defined excitation level
of this accelerometer in each direction is controlled, i.e., the software controls the drive to ensure the acceleration follows
the target amplitude spectrum; for the open-loop pseudorandom test, this is the resulting excitation level of Table:1 in the
excitation direction of the table. Instead, the accelerometer in Table:5 placed at the joint between the shaker and table is used
for the slip table.

Experimental modal analysis

Although a wide range of tests has been conducted, in this section, we focus only on data from the CUBE. Additionally,
only the results in the Z direction are shown. These runs gave the best results in terms of modal excitation and stability in
the mode identification.

In all the analyses, the frequency response functions (FRFs) are the transmissibility functions, using Table:1:+Z channel
as reference.

Figure 3 shows a homogeneity test [9] to understand the degree of nonlinearity of the structure. Some of the most
representative points are selected, which together highlight most of the peaks present in the different FRFs. The axis ticks
and values are hidden due to confidentiality. Several mode peaks shift with the amplitude of excitation. In particular, most
of the modes shift to lower frequency and amplitude with increasing excitation. This is a typical behavior of contact friction
nonlinearity [9], which can be due to bolts and cell-to-cell contact. Only one mode, which corresponds to the first bending
frequency of the compression bands, increases in amplitude with increasing excitation.

— FRF Band:5:+Y/Table:1:+Z 0.7¢g
— FRF Stack:18:+Z/Table:1:+Z | | ===== 1g
— FRF Stack:20:+Y/Table:1:4Z | | s=sususs 2g

Amplitude

Frequency

Fig. 3 Homogeneity test of controlled swept sine tests.

Since the goal of the experimental modal analysis is to identify the underlying linear system, open-loop pseudorandom
runs are processed, as this type of signal injects less energy at each excited frequency line, and is therefore less prone to
excite amplitude-dependent nonlinearities. Indeed, it can be shown that the homogeneity test at three different levels of
pseudorandom excitation shows almost overlapping curves.
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The data are processed using the Polymax modal parameter estimator [10]. The transfer functions of all the measured
channels with respect to Table:1:+Z are included in the analysis. The modes are of different types: fuel cell stack body axial
mode along Z, bending about X and Y, torsion about Z, and bending of the bands. Most of these modes are identified up to
their second order (e.g., second bending, second torsion). Some of the identified mode shapes are plotted in Figure 4. The
colored geometry represents the modal deformation, while the grey lines and grey node markers represent the undeformed
geometry.

1stbending about X 1stbending about Y 1sttorsion about Z

Fig. 4 Identified mode shapes.

The auto MAC (modal assurance criterion) [11] in Figure 5 shows a high degree of discretization between the different
modes, as the out-of-diagonal values are very low. The modes increase in frequency from the top left to the bottom right of
the matrix. The high values of out-of-diagonal auto MAC, up to 50%, are due to a correlation between flexible modes of
the stack and modes due to coupling between the stack and the cage. Indeed, the cage is not rigid in the highest part of the
excited frequency band. Instead, the first mode, which slightly correlates with two other modes, is a pseudo-rigid mode of
the table, i.e., a rigid rotation of the entire structure, device under test (DUT), and table, about the X axis.

.mn.un
a——

'

0.00

Fig. 5 Auto MAC matrix showing modal correlation.

Figure 6 shows, for three representative points, the modal synthesis of the identified modeset, i.e., a comparison between
the measured FRFs and the FRFs synthesized using the modal model. A very accurate modal synthesis is proven, with a
level of correlation above 90% for most of the relevant measurement channels.
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Qutput: Input: Correlation: Error:
[Bands:v | [Table:1:+2 | %657 |% 346 |%

O —— Synthesized FRF Band:5:+Y/Table:1:+Z
B —— FRF Band:5:+Y/Table:1:+Z

W% . . -

[stack18:+2 | [Table:1:+2 9835 |% 166 |%

0O —— Synthesized FRF Stack:18:+ZTable:1:+Z
B —— FRF Stack:18:+Z/Table:1:+Z

Stack:20:+Y Table:1:+Z | 57.21 % 280 %

0O — Synthesized FRF Stack 20:+Y/Table:1:+Z
0O —— FRF Stack:20:+Y/Table:1:+Z

Fig. 6 Modal synthesis validation.

A low level of complexity of the modes is also verified, resulting in a mode phase collinearity above 90% for all the
modes.
To summarize, auto MAC, modal synthesis, and mode complexity are the most important indicators for the validation of a
modeset. Therefore, the identified modeset can be considered as an accurate test reference for finite element model updating.

Finite element model updating

The FE model of the stack must be used to perform a numerical immunity analysis. To retrieve meaningful information, the
FEM must be well correlated with the structure [12]. The model, therefore, requires updating and validation using results
from a test reference analysis. In this section, the model is briefly presented, and the results of the model updating are shown.
A detailed description of the FEM, including the modeling of the different components in relation to the design inputs and
correlation results, can be found in [13]. Instead, this section primarily focuses on the model update from experimental data.

The model updating is performed using Simcenter Nastran SOL200 [14, 15] in Simcenter 3D [16]. The advantage of
using Simcenter 3D is that the test reference can be easily imported and correlated with the numerical solution. In particular,
the test geometry can be easily aligned with the mesh, and the numerical and test modes are automatically paired based on
their MAC and frequency distance. The correlation based on MAC and frequency error is calculated and used as a metric in
the optimization function for model updating.
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The procedure is as follows:

1. The design variables are defined. These can be either material or element properties. In this case, the assigned design
variables are:

* The Young’s modulus of an isotropic material,
¢ The six shear moduli of anisotropic materials,

* The six stiffnesses of spring elements.

2. The design variable definition includes assigning lower and upper bounds. Smaller bounds are assigned to well-known
materials, while larger bounds are given to equivalent elements representing a simplification of actual components.

3. The targets are assigned.

4. The errors are calculated.

5. The model update process is performed.

6. The optimized design variables are updated in the FEM.

The last three steps are iterative, as the sensitivities to the design variables are calculated around the initial values. For
more details, see [14].

The FEM of the stack includes the cage but does not include the fixture or the shaker table. All the nodes of the face of
the cage oriented toward the fixture are clamped.

Figure 7 shows the MAC between the experimentally identified modes and the numerical modes before and after the
updating.

Figure 8 shows the test-numerical frequency error: each point represents a pair of numerical and test mode frequencies.
The pairing between the modes is automatically computed as in the model update, selecting for each reference (test) mode
the numerical mode with the highest MAC value (with a threshold of 0.5). The zero-error line is indicated together with the
+5% bounds, which represent a very acceptable error value.

Figure 8 should be analyzed in combination with Figure 7. The model before updating exhibits relatively low accuracy.
Only the first mode pair achieves a frequency error below 5% and displays a comparatively high MAC of about 80%. The
second mode pair also demonstrates acceptable correlation. However, all other mode pairs show poor correlation in either
frequency or MAC, or both indicators. Additionally, several reference modes do not find a corresponding numerical mode.

In contrast, the model after updating shows excellent agreement in both frequency and mode shape. Most mode pairs
achieve errors lower than, or very close to, 5%. All pairs except one present MAC values above 76%, with several exceeding
90%. This is a remarkable result given that 54 triaxial sensors were used for the MAC calculation. The third mode pair, with a
MAC value of 63%, corresponds to one of the three bending modes of the compression bands; the other two are not displayed
in the MAC matrix plot. In the FEM, these modes involve all three bands equally but with varying phase relationships. In
the actual structure, due to asymmetries from band weldings, these modes are slightly split, and each is dominated by the
motion of a different band. This structural feature explains the higher error observed in the MAC for this mode, and it is
not modeled by choice. The reason for the absence of pairing between the seventh test mode in the MAC matrix and any
numerical mode remains unclear. The last four modes are high-order modes with complex shapes that are not captured by
the model, as is generally expected.

A comparison between the numerical and experimental calculations of the stack’s first bending mode is shown in Fig-
ure 9, showing a perfect agreement and the absence of any point of critical discrepancy.

The springs whose stiffnesses were updated correspond to elements that simulate the connection between the compres-
sion plate and the top-end plate of the stack, which are located at the top in the representations of the stack. In the initial
design, these components were considered to possess flexibility exclusively in the axial (Z) direction. However, experimental
analysis revealed significant rotational motion, particularly about the X axis. By including the stiffness of these springs as
parameters in the updating process, it was possible to achieve a substantial improvement in both quantitative (MAC) and
qualitative (visual inspection) agreement between experimental and numerical mode shapes (Figure 9). This finding un-
derscores the critical importance of validating and, if necessary, refining model assumptions using experimental data [12].
Figure 10 further substantiates this conclusion by visually illustrating the effect of updating the spring elements, through a
comparison of the first bending mode before and after the model update.
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Fig.7 Modal Assurance Criterion (MAC) before and after model updating
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Fig. 8 Frequency error between experimental and numerical modes before and after model updating

Fixture coupling neutralization

Introduction to the problem

Aerospace structures are commonly tested on shaker tables for qualification. Typically, a modal survey is conducted sep-
arately from qualification tests. Extracting modal parameters directly from the data collected during shaker tests is highly
desirable [17, 18, 19, 20], since it offers several advantages, such as:

* Time and cost savings.

* Good modal excitation, especially with multi-axial platforms.

* Increased safety, by reducing handling and transportation between different testing facilities, and avoiding local exci-
tation methods such as modal hammer or secondary shakers.

* Avoidance of overtesting by notching resonances identified as caused by coupling. Indeed, if additional resonances
originate from coupling, these can often be notched during qualification tests.

However, the interface between the structure and the shaker introduces fixture coupling effects, which can influence the
identification of modal parameters [21, 22]. These effects often result in:
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Fig. 10 Comparison of the first bending mode of the stack: before (left) and after (right) updating

* Additional resonances associated with the dynamics of the fixture.

* Modification of the structure’s dynamics in terms of mode shapes, natural frequencies, and damping ratios.

The ability to accurately estimate fixed-base (FB) modal parameters is essential for model correlation, as shown in the
previous section, as well as for structural response prediction and qualification processes. Constraining a model with non-
trivial boundary conditions, such as fixed-base or free boundaries, introduces further challenges that should be avoided. The
goal of fixture coupling neutralization is therefore to correct the coupled dynamics to recover the characteristics of the device
under test (DUT).

Various decoupling methodologies have been developed in the literature. Early approaches utilize transmissibility-based
methods [21, 22], while others employ multi-axial excitation and direct force measurements at the interface [17, 18, 19, 20].
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More recent methods provide solutions for reconstructing FB modes from coupled data, such as [23, 24, 25, 26, 27] and [28,
29, 30, 31, 32, 33, 27]. These strategies allow for more accurate identification of the structure’s inherent dynamic properties.

A schematic representing the coupling effects due to table flexibility or pseudo-rigid table modes is shown in Figure 11,
together with the goal of decoupling.

Shaking table

Fig. 11 Visual explanation of coupling and decoupling effects.

Employed methodologies

In this paper, the approaches presented in [23, 34, 35] by the same main author, Randy L. Mayes, are explored, namely the
Frequency-based approach [23], the Modal-based approach [34], and the Singular value decomposition based approach [35].
The methods in [28, 36, 29, 30, 31, 32, 37, 33, 27] were not used, since only one direction of excitation was available, while
several constraint modes were observed.

Frequency-based approach

To summarize this approach:
* The FB boundary conditions are mathematically constrained.
* An estimation of the shaker force is required.
 The full FRF matrix must be synthesized.

* The classical mathematical constraints used to produce FB conditions are modified to mitigate the ill-conditioning that
typically arises when employing conventional constraint equations.

The mathematical basis, and the testing and analysis procedures in [23], are reported here for completeness. The input-output

equation can be partitioned as follows:
ap | _ | Hyy Hype | [ & )
ac Hc f Hcc fc ’

where a and f are vectors of acceleration and force, respectively, H is an FRF matrix, subscript ¢ refers to the degrees of
freedom (DOFs) to be constrained, and subscript f to the free ones. Only a few columns, or sometimes just one column, of
this matrix are measured. Therefore, the first step is to reconstruct the entire matrix using the modal parameters extracted
from the measured columns. By setting the corresponding constrained DOFs to zero (i.e., a. = 0), Equation 1 can be
reformulated as shown in Equation 2.

ay = [Hyp — Hp HHe £ @

As H_! is often poorly conditioned, the physically constrained DOFs are reduced to the modal coordinates of the table,
using its modal matrix ®., to enhance stability. The final form of the correction is given in Equation 3.

ay = [Hyp - Hp @t (B H,@1) " @1 H | 3)

This modification significantly improves the robustness of the results. The procedure for obtaining FB FRFs can be summa-
rized in the following steps:
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1. The mode shapes of the bare table can be identified either by performing a modal shaker test or by using a modal
hammer.

2. The Device Under Test is mounted on the shaker table, and two tests are performed:
* An external shaker is attached to the tip of the table with a force gauge. The acceleration due to this force at the
shaker location is measured. A modal hammer can also be used. The output of this test is H;.
* The tip-shaker is removed and a shaker table test is performed to obtain the transmissibility to tip accelerations
a; / ag.

The additional shaker test is performed to estimate the shaker force using Maxwell’s reciprocity principle. This esti-
mation is necessary because the next step (synthesizing the FRF matrix) requires calculation of the modal mass, which
requires a driving point FRF. However, the input force at the shaker is typically not measured. To circumvent this, the
following procedure is applied:

* The relationship between the FRFs is: Hy; = Hy,

* The acceleration at the tip of the table is: a; = H;f;

* Rearranging for the shaker force: f; = a; /H;,

* Substituting: f; = a;/H;

* The FRF at any location of interest is then: H;; = a; /£

* Finally, substituting the acceleration, the accelerance FRF is estimated as: H;; = Hga;/a,
3. Extract modal parameters from the accelerance FRFs.

4. Synthesize the full FRF matrix using the modal parameters obtained in the previous step. This is a critical step, and
can be quickly performed in Testlab [8] if a driving point FRF is available. However, the synthesis of FRFs for the
additional input columns is not always accurate. The accuracy in this step plays an important role in the final estimation
of the fixed-base characteristics.

5. Apply the constraint Equation 3 to the synthesized FRFs.

The fixed-base FRFs are therefore obtained and can be used for modal analysis.

Modal-based approach

The approach in [34] enables the structural system to be constrained solely through the modal shapes of the assembly, the
structure under test, and the table, along with the modal shapes of the bare table. To ensure clarity, the following nomenclature
is adopted:

* &®_: modes of the table alone,
* W: modes of the assembly (structure and table combined),
» W.: assembly modes associated exclusively with the DOFs of the table.

Again, the theory in [34] is reported for completeness. The first step is to define the B matrix as the projection of ¥,
onto ®., as shown in Equation 4.
B = pinv(®.) - ¥, @)

The matrix B provides, through its coefficients, a measure of the contribution of each mode in ¥, to the modes of ®..
By exploiting orthogonality, the non-zero coefficients in ®. correspond to modes in ¥ that are similar to those in ®..
Thus, in essence, B defines the constraints that establish the clamping of the base. Subsequently, the null space of B can be
computed as in Equation 5, and this gives the directions of ¥ not captured by ®..

L = null(B) (5)

This represents a coordinate transformation, which enables reducing the number of free modal coordinates to a smaller,
constrained set. By applying L and solving the eigenvalue problem, the FB natural frequencies wgx and the corresponding



Shaker Testing of a Fuel Cell Stack: Modal Survey, FE Model Updating, and Fixture Coupling Neutralization 137

eigenvectors I', which should be mass-normalised, are obtained. The eigenvalue problem to be solved is given in Equation 6,
which is formulated under the assumption of unit-mass scaled modal shapes and with the damping matrix C neglected.

[L” diag(wZ,)L — w?L"IL] ¢ = 0 (6)
When accounting for damping, the formulation is modified as in Equation 7.

[W?LTTL — wLT2 (ugswass L + LT diag(w?,,)L] ¢ = 0 7

Finally, it is necessary to return to physical coordinates. The FB mode shapes are then computed as in Equation 8§,
following the formulation in [34].

Wxea = LI ®

Singular value decomposition based approach

A valid alternative to avoid characterizing the bare table is presented in [35]. Singular Value Decomposition (SVD) is applied
to the assembly modal shapes, considering only the boundary DOFs as in Equation 9.

UsSvV? = o, ©)
Then U is used to modify ¥, as shown in Equation 10.
Trer = UW¥, (10)
Ter is then used in Equation 4 instead of ®.. However, only a few columns, i.e., a limited number of modes of Tef,
should be included in the correction to avoid over-decoupling the dynamics.

This method has proven effective in constraining the boundary, removing the table modes, and correcting the FB fre-
quencies and modal shapes. Additionally, no bare table characterization is required.

Comparison of approaches

Table 3 summarizes the differences among the methods, outlining their respective requirements and limitations.

Table 3 Comparison of method requirements and limitations.

Frequency based Modal based SVD based

ay =[Hps — Hye @7 (O Heo @)~ OF Hep] f Yiixeg = VLT UISIVIY = @,

Synthesize full FRF matrix, and conduct a separate bare | Separate bare table test for | No modal test for bare table re-

table test. modal shapes. quired.

Sensitive to synthesized FRF accuracy. Unit mass scaling needs | Unit mass scaling needs driv-
driving point FRF. ing point FRF.

To avoid constraining the test article modes but only constraining the table modes, a guiding rule for choosing the number
of shapes in @, exists [35]. Specifically, the number of modes dominated by the shaker table dynamics, when testing the test
article on the table, must be at least equal to the number of constraint shapes in ®..

Fixture decoupling results

Here, the case of the fuel cell stack is analyzed. First, in Evidences of coupling, the investigation shows qualitatively and
quantitatively the coupling between the DUT (fuel cell stack and cage) and the shaking table (table and fixture). Secondly,
the methodologies described in Employed methodologies are verified to mitigate the effect of the coupling and to extract the
fixed-base modes.
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Evidences of coupling

Summarizing what is described in Introduction to the problem, the main evidence of coupling is the appearance of additional
resonances associated with the dynamics of the fixture and a modification of the modal parameters. This is, of course, due to
FRFs not representing fixed-base characteristics. Placing sensors at the boundary conditions (i.e., on the fixture and on the
table) allows identification of whether the mode shapes of the DUT involve motion of the boundary DOFs, thereby detecting
coupling. If the boundary DOFs are accessible, this verification is always possible. However, a modification of the natural
frequencies (for example) can only be detected when a fixed-base reference is available. This is the case for the fuel cell
stack. As described in Shaker testing and shown in Figure 1, the stack was mounted and tested on two different shaker tables:
the CUBE and a slip table. While the data acquired on the CUBE show relatively low motion of the boundary DOFs, the slip
table data show all the aforementioned signs of coupling. The authors believe that this is mainly due to different methods
of fixing the fixture. In particular, as shown in Figure 12, the fixture is bolted to the slip table only in the middle, due to
alignment between holes. For the CUBE, holes close to the border were used for clamping, providing better clamping and
lower fixture motion, which is assumed here to explain the difference in coupling between the two setups. Therefore, in this
analysis, the CUBE’s mode shapes and frequencies are assumed as the fixed-base reference.

Fig. 12  Slip table to fixture fixing

Figure 13 presents the MAC between the CUBE and slip table modes. A few observations are listed below, together with
information about frequencies.

* The slip table modeset has a few more modes in the bandwidth of the stack flexible modes. While CUBE mode 1
is pseudo-rigid, additional modes are present for the slip table, e.g., mode 7. The presented MAC matrix is from a
selection of slip table modes that best correlate with the CUBE modes; several stable modes from the stabilization
diagram were discarded during the modal validation.

* At lower frequencies, the correlation between the modesets is higher, while at higher frequencies it degrades. This is
because:

— At lower frequencies, the cage is rigid and the DUT couples mainly with fixture and table motion. At higher
frequencies, the cage is more flexible and its dynamics couple with those of the fixture.

— Modes 4, 5, and 6 of the CUBE, or 3, 4, and 5 of the slip table, are the compression band modes, which are local.

» Several slip table modes, even those with high MAC, are shifted down in frequency, indicating more flexible boundary

conditions. Denoting CUBE modes as C'1, C'2, etc., and slip table modes as ST'1, ST2, etc., some frequency relations
are: ST'11s 96% of C2; ST2 = 87% C3; ST8 = 93% C8; ST9 = 90% C9; ST14 = 92% C12.
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Fig. 13 MAC between CUBE and slip table modes

Figures 15, 16, and 14 present comparisons between pairs of modes shown to be impacted by coupling. In all cases, the
eight boundary sensors for the CUBE are almost static, while there is significant motion—especially of the fixture—for the
slip table.

(a) CUBE (C3) (b) Slip table (S7'2)

Fig. 14 Comparison of 1%? longitudinal mode shapes along Z between shaker tables. ST2 = 87%C'3.

Decoupling of longitudinal mode

Here, the decoupling of the 1°¢ longitudinal mode shape along Z is investigated, as it is one of the most affected by coupling.
As previously reported, for the slip table, the longitudinal mode frequency (ST2) is 87% of that of the CUBE setup, and
their mode shapes are compared in Figure 14, with a MAC value of 82%. All results are presented using the CUBE’s C'3
mode as reference.

The Frequency-based approach and Modal-based approach require identification of the table’s modes, isolated from
the DUT. To this end, slip table modes with only the fixture mounted were identified via hammer testing and Polymax
postprocessing [10]. The setup is shown in Figure 12.
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(a) CUBE (C8) (b) Slip table (ST'8)

Fig. 15 Comparison of 1%? torsional mode shapes between shaker tables. ST'8 = 93%CS.

(a) CUBE (C9) (b) Slip table (ST'9)

Fig. 16 Comparison of 2"¢ bending (about X axis) mode shapes between shaker tables. ST9 = 90%C9.

Selecting all modes in the frequency band of interest would lead to incorrect correction. If the number of table modes
used in the correction exceeds the actual number of modes coupled with the structure, the correction can compromise the
structural modes themselves [23] because modes not coupled would also be incorrectly adjusted.

Thus, the main challenge in applying this method is accurately identifying the table modes. The mode selection was
lengthy, mainly based on correlation with the assembly modes (considering only the table’s DOFs) and on trial and error.

Figure 17 shows the selected bare table modes. The fuel cell stack geometry is included as a reference, but the stack was
not mounted on the table when identifying those modes. The modes depict the motion of both the table and fixture, as well
as their relative movement. This illustrates a complex scenario where different components contribute to the coupling.

The Frequency-based approach is then applied. Not all DOFs have been used for the correction; those related to the
compression bands were excluded as they mostly contribute only to their associated modes. By omitting these components,
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Fig. 17 Slip table and fixture modes (without fuel cell stack).

subsequent operations like FRF matrix synthesis—an important step—are simplified, and the correction can be focused on
the actual coupled modes. Equation 3 is applied using the modes at 143 Hz and 232 Hz as the table mode matrix ®.. As a
result, the additional modes originating from coupling are removed.

The corrected axial mode from the Mayes method is shown in Figure 18. There is still some cage movement, but it is
significantly reduced. Despite this, the MAC remains above 80%. The corrected frequency is about 105% of that mode’s
natural frequency on the CUBE (C'3), thus the correction changes the error from —13% to +5%, i.e., from 87% to 105% of
C3. The reason for this frequency overshoot requires further investigation.

The Modal-based approach has also been applied to the same mode. Results, shown in Figure 19, were obtained using
three different datasets of table modes, and are summarized in Table 4. This method effectively eliminates the movement
of both the fixture and the table. The cage remains stationary, resulting in a better modal shape outcome than that from the
Frequency-based approach. All corrected modes show a MAC greater than 80% relative to the CUBE axial mode. However,
the frequencies are substantially different from the CUBE reference.
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Fig. 18 Corrected FB longitudinal mode obtained with the Frequency-based approach. ST2 = 105%C'3

Table 4 Summary of results of Frequency-based approach as a function of selected table shapes.

Bare table modes
1 2 3
128 Hz | 128 Hz 143 Hz
143Hz | 232 Hz 232 Hz
Correction result modal approach
1 2 3
126%C3 | 149%C'3 151%C3

Another notable aspect is that the modes obtained through the correction show a slight increase in modal complexity.
The results are highly sensitive to the table modes used, especially regarding frequency estimation.

Because of the high sensitivity to table mode selection, the Singular value decomposition based approach was also
applied, as it avoids the need for bare table modes and appears more effective for frequency correction [35]. The first attempt
applied SVD to the ST2 mode and used the resulting U¥ g7 . as @, to constrain the DOFs. The frequency changed from
87%C'3 before correction to 99.9%C'3, very close to the reference, but the correction did not significantly change the modal
shape; the fixture still showed motion.

The second attempt applied SVD to the entire assembly matrix (boundary DOFs only), retaining the two dominant
singular values. The resulting mode shape (see Figure 20) shows nearly zero cage motion. The MAC value is 88% relative
to the CUBE longitudinal mode (higher than the 82% MAC of the slip table longitudinal mode). However, the frequency is
123%C3, the best obtained with this approach.

Decoupling of bending and torsion

The same procedure was also attempted for other modes, such as the torsional about Z (C8 and ST'8) and the 2" bending
about X (C'9 and ST'9). A thorough study is still required to identify which table modes should be considered for effective
correction. The Singular value decomposition based approach was used to avoid manually selecting table modes, relying
only on the assembly’s modal shape matrix. However, for the torsional mode, results remained inconclusive, suggesting that
further investigation is needed.

For the 2" bending about X, while the SVD method increased mode complexity, the corrected frequency was 98% of
(9, improving from the original value of 90%C'9 before the correction. The corrected modal shape is shown in Figure 21.
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(a) 1°% Corrected mode: 127%C'3 (b) 2™ Corrected mode: 149%C3

(c) 3" Corrected mode: 151%C'3

Fig. 19 Modal shape correction results for the longitudinal mode: Modal-based approach.

Comments and summary of decoupling results

In performing these corrections, the DOFs of the fixture were treated as boundary conditions—taken as a first approximation
to be equivalent to those of the cage (i.e., the actual structural component). This was motivated by the observation that,
without fixing these DOFs, the correction process did not adequately suppress the fixture’s motion, resulting in inaccurate
results. This may suggest that the relative motion between the fixture and cage plays a non-negligible role in the dynamics.
A more rigorous approach could involve placing additional accelerometers directly on the cage to capture and account for
its motion relative to the fixture. Since fixture and cage are bolted together, their interface introduces a further layer of
complexity to the system’s dynamics, which would benefit from a more comprehensive instrumentation setup.

This preliminary application of the decoupling method focuses on correcting a few of the most coupled modes per time,
but the approach has inherent limitations. Correction accuracy depends on proper identification of table modes and precise
estimation of coupling effects. Future work could expand the analysis to include all highly coupled modes (longitudinal,
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Fig. 21 2"? bending about X, corrected using the Singular value decomposition based approach: 98%C9.

torsional, and bending) simultaneously, allowing for a more comprehensive validation and deeper insight into the slip ta-
ble—structure interaction.

It is important to note that if the table mode shape is directly extracted from the assembly modes—considering only
the boundary DOFs of the longitudinal coupled mode—and used for correction, the longitudinal mode may completely
disappear. This indicates the method’s sensitivity to the proper selection of the correction basis.

Among the three approaches of the method, the Singular value decomposition based approach was able to retrieve the
corrected FB modal shape for the longitudinal mode, with a higher MAC value than the shape obtained on the CUBE (used
here as reference), although the frequency was not corrected. When the same method was applied using exactly the table’s
DOFs in the assembly matrix, the frequency obtained was very close to the CUBE value.

The same procedure applied to another coupled mode allowed the method to fix the fixture and achieve a frequency close
to the CUBE reference, despite increased mode complexity.

It is important to note that including more columns from T',.e¢ after SVD degrades results and causes loss of information,
causing the correction to fail. This is consistent with [35], which reports that including more modes than necessary results in
the correction affecting the actual structural modes as well.
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Conclusions

This study addressed the dynamic characterization of a fuel cell stack through experimental testing, modal analysis, finite
element model (FEM) updating, and fixture coupling neutralization, with a focus on supporting the development and quali-
fication of vibration-robust hydrogen fuel cell systems for aviation.

The main conclusions from each step of the workflow, as well as points of synergy between the activities, are as follows:

* Shaker Testing and Experimental Modal Analysis: The thorough experimental campaign, utilizing multiple shaker
platforms and a dense array of accelerometers, enabled high-quality data collection for a wide range of excitation con-
ditions. The comprehensive modal survey provided reliable identification of natural frequencies, damping ratios, and
mode shapes, while also revealing amplitude-dependent nonlinearities, particularly due to friction. Robust validation
of the modal dataset was achieved through auto-MAC assessment, modal synthesis, and complexity analysis, yielding
a highly credible experimental modal model.

* FEM Updating and Test-Analysis Correlation: The availability of an accurate experimental modal model proved
fundamental for the successful updating and validation of the FEM. By directly using the experimental mode shapes
and frequencies as targets, design variables (including material properties and interface spring stiffnesses) could be
refined. This process led to excellent test-analysis correlation in both frequency (within 5% error for relevant modes)
and MAC (most modes above 75%). The update also highlighted the importance of including realistic boundary and
connection conditions in the FEM, corroborated by experimental observations on the true dynamic response of the
stack. The improved FEM, validated against a trustworthy modal reference, forms a solid foundation for structural
durability assessment and numerical vibration immunity studies.

* Fixture Coupling Neutralization: The experimental results demonstrated clear evidence of fixture coupling, in the
form of additional resonances, altered mode shapes, and frequency shifts, especially on the slip table configuration.
Various state-of-the-art decoupling techniques (frequency-based, modal-based, and SVD-based) were implemented
and evaluated. Their successful application critically depended on the accurate experimental modal model for synthe-
sizing fixed-base characteristics and the selection of the relevant table modes. The SVD-based approach was particu-
larly attractive for its flexibility, though all approaches required careful parameter tuning to avoid over-constraining or
losing structural information.

* Synergies and Research Outlook: The workflow established in this paper clearly demonstrates that the accuracy
of later steps—model updating and fixture decoupling—relies intrinsically on the quality of the experimental modal
data. Any uncertainty or error in the modal survey propagates to both FEM correlation and decoupling, and vice versa.
Indeed, in the case a fixed-base setup is not available, decoupling is fundamental to identify a modeset to be used for
FEM correlation. In turn, a well-updated FEM assists in interpreting residual discrepancies in the test data, separating
fixture from structure effects, and refining fixture decoupling procedures. The interplay between accurate experiment,
model updating, and decoupling methods is therefore fundamental for robust vibration qualification and design of
critical components such as fuel cell stacks for aerospace applications.

* Recommendations: Future work should focus on improving the automation and robustness of table mode identifi-
cation, integrating multi-axial excitation strategies, and extending sensor instrumentation to better capture interface
dynamics. Joint consideration of experimental modal analysis, FEM updating, and fixture decoupling in a closed-
loop manner can lead to further gains in accuracy and reliability for vibration qualification in demanding engineering
scenarios.
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