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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.



Shaker Testing of a Fuel Cell Stack: Modal Survey, FE Model Updating, and Fixture Coupling Neutralization 133
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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
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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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