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 Realistic vibration testing of large floor mounted Battery Pack, sometimes called Rechargeable Energy 
Storage Systems (RESS), for Batterie Electric Vehicles (BEV) is important for developing safe new battery 
structures. On the other hand, the requirements for realistic replications of worst-case environments in a lab 
usually demand costly and complex infrastructure. A key factor to the quality of environment replication and 
an important cost driver due to the increasing complexity is the needed frequency range the equipment must 
be able to replicate. The contribution analyzes data from a first pre-test campaign to demonstrate a feasible 
process of deriving frequency band requirements for the test equipment. The key method used here is the 
Fatigue Damage Spectrum (FDS) to analyze the potential damage a vibration could cause in certain failure 
mechanism of interest, particularly “weighted” by the corresponding double-logarithmic dependance of 
stress magnitude over occurring load cycles. This enables a good assessment of how much damage could be 
induced in certain frequency ranges for a well justified and cost-effective choice on the needed test 
equipment.  
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1.  INTRODUCTION 

Vibration Testing is an important task for ensuring high reliability, 
especially in environments that may cause critical damage to a technical 
system. As for Battery Electric Vehicles (BEV), Battery Pack or the 
Rechargeable Energy Storage System (RESS) is typically composed of 
several hundred to thousands of Lithium-Ion Battery Cells. These may 
pose a potential fire risk when mechanical environments cause an internal 
or external electrical short-circuit occurs, which may be induced by a 
mechanical deformation or mechanical contact of power conducting 
subcomponents of a battery, the cables or the corresponding power 
electronics. (Sun et al., 2020) 

Hence, the safety critical battery components are typically tested on 
various levels from cell, over module to battery pack / traction battery, 
mainly depending on the design scope at a given step in the design process. 
Tests on vehicle level are then finally undertaken for high-level 
verification and validation. While this can only be done with a carrier 
vehicle very similar to the later production car (only available at a very 
late stage), a lab test allows to adapt the induced mechanical environment 
to assumed changes in vibration excitation regarding battery-vehicle-
interaction, vehicle design and road surfaces. The battery packs as the 
largest single component of the power train and one of the most critical in 
safety assessment poses special requirements towards component testing 
in a lab (Plaumann, 2022). For defining a suitable test procedure, many 
technical parameters like maximum deflection, maximum velocity, 
maximum acceleration, mechanical interface impedances and guidance 
stiffness depend on the frequency range of the vibration excitation 
deemed most relevant. Component tests on such high levels (large 
composed structures) typically target mainly the verification of 

mechanical durability and fatigue under excitation similar to assumed 
worst-case real-world environments. Therefore, the fatigue damage is 
seen as the most relevant influence for defining a relevant frequency range 
of the test in the lab.  

2. STATE OF THE ART 

High performance and a sufficient safety of a product design always 
depend on valid load assumptions, matching requirements and thorough 
verification and validation. As current BEV do not show a higher risk of 
catching fire than current Internal Combustions Cars (ICE) (Vesa Linja-aho 
2020) (SAE J2990), especially from mechanical induced failures, the 
current battery designs seem to be mostly conservative with enough 
safety margins to cover the uncertainties always arising with new 
technological approaches. On the other hand current designs still may be 
based unnecessary over-dimensioning to account for still unquantified 
uncertainties. Here a large potential for future optimization in cost, weight 
and volume and therefor range is assumed. In order to use that potential, 
precise realistic requirements for design and testing are needed. 

2.1   Battery Pack Design Regarding Mechanical Environments in 
Current BEV 

The further new designs go beyond common industry standards, the more 
uncertainties need to be dealt with. As most new BEV battery designs still 
involve significant improvements, currently especially towards cost 
optimization and vehicle range performance, a lot of new assumptions 
need to be justified and later substantiated. Typically, performance and 
safety testing are not only done on the full product level (in this case a 
complete real life production car) but taken down to lower component 
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level in the V-model (VDI/VDE 2206). This is happening at an earlier stage 
in the product development process. With this decomposition approach, 
the single components can be properly developed with derived local 
mechanical environment requirements and tested against these 
requirements (verification) long before a full car is produced for the first 
time. If all earlier verification steps worked out well, the final full car 
validation is less likely to produce significant iterations of reworking the 
design (VDI/VDE 2206). Therefore, component testing gives many 
benefits, such as faster design processes, less design iterations, less likely 
failures in final validation. 

Because of the rather disruptive development step from ICE to BEV 
vibration testing standards are mainly derived from the ICE environments. 
In general practice, many test campaigns have been based on the ISO 
16750-3 (ISO 16750-3) mechanical environmental test specifications so 
far. But over the past years many more testing specifications for BEV 
components in general or even specific to Battery Packs in BEV have come 
into practice, closing some gap of knowledge, but not all. A comprehensive 
older overview can be found in (Ruiz et al. 2018), a more recent one in 
(Kutka et al., 2018). Several contributions like (Hooper und Marco 2016; 
Hooper und Marco 2014) propose different testing profiles, mostly 
remaining under the ICE focused ISO 16750-3 test levels for components 
attached to the vehicle body. Here, different tests are described for 
components attached to the vehicle body or to unsprung masses like the 
wheel suspension, for example. For large battery packs or traction 
batteries weighting several hundreds of kilograms, this approach of 
“components attached to the body” does not work out well anymore 
(Kutka et al. 2018; Plaumann 2022). As the battery weights roughly as 
much as the pure vehicle chassis & body, the added mass of the battery 
significantly changes the structural dynamics of the combined vehicle and 
battery. Depending on the design of the Battery Pack different amounts of 
stiffness will be added to this multi-body-system. Some approaches like 
the BMW i3 and other earlier BEV designs use a very stiff battery pack 
being heavily protected from outside influences and mounted into the 

floor section of the vehicle frame. The use of internal modules in this block 
approach enables a rather simple exchange of single modules or even the 
complete battery in case of failure or progressed aging as well as a very 
rugged protection against impacts from the outside. Other, more recent 
approaches tagged under “cell2car” use a differential approach where 
small modules or even single cells are directly integrated into the car 
chassis, adding their mass locally and also interacting with their stiffness, 
see Figure 1. Generally, the cells need to be mounted securely to the next 
structural level like an encasing, a module pack structure or even 
structural floor elements in the cell2car approach. Often this is done by 
using heat conducting material used for battery cooling. The stress caused 
on the cells itself from global deformation of the vehicle chassis may be 
significantly different depending on the choice between an integral stiff 
box or a differential placement and local interaction as it is shown in 
(Plaumann 2022). 

The most recent testing standard for BEV battery packs is the ISO 19453-
6 (ISO 19453-6). For the given recommendations regarding mechanical 
environmental testing this standard further distinguishes between 
different sizes of the battery pack, its location in the car and the interaction 
between the vehicle body, chassis and the battery pack. Large, heavy floor 
batteries interacting with the vehicle are treated in category 3 of ISO 
19453-6 regarding its shock and vibration testing requirements. The other 
categories describe environments for smaller batteries with less 
interaction between vehicle and battery, which are more or less based on 
the approach of a small component attached to a large vibration structure. 
In category 3, the large battery packs with significant interaction between 
battery and vehicle do not have generalized test level for the mechanical 
environment given. Instead, the standard indicates the need for “vehicle 
specific profiles and testing time” or “vehicle specific time signals” for 
testing. This contradicts the goals of a rapid V-model design process 
because no trustworthy design requirements and test levels are given on 
the general normative level. 

 

Figure 1: Different approaches of battery pack design, integral vs. differential in cell placement (Plaumann 2022) 

Here further research is needed to derive partially generalized test levels 
and requirements depending on the stiffness/mass interaction between 
battery and vehicle frame. As current research indicates (Plaumann 2022), 
further research is particularly needed regarding a four-point-excitation 
test of a generalized large floor battery as in (ISO 19453-6), (Kutka et al., 
2018; Dörnhöfer 2019). This is depicted by the blue arrows in Figure 2 
later on, indicating independent movement of the battery pack corners in 
different directions at a given time step. 

From a general point of view, all vibration testing specifications from 
standards and profiles from literature stated above describe a defined 
acceleration amplitude over frequency. In most cases the Power Spectral 
Density (PSD) of the acceleration environment at the interface joints to the 
Device Under Test (DUT), in this case the full battery pack. Sometimes a 
sine acceleration amplitude over frequency is also given. Shocks are often 
described in time-domain in most of the given standards. The main focus 
of this contribution lies on vibration testing, typically described mainly in 
frequency domain methods. 

2.2   Frequency Ranges in The State of The Art 

When describing movement or deformation of components, most vehicle 
simulation models from literature typically range up to 200Hz (Schramm 
et al. 2014). Movements of the suspension normally occur in the frequency 
region of 0,5 – 5 Hz. Typically structural dynamics testing schemes like 

(ISO 16750-3) use a frequency range of up to 2000Hz: This is done to cover 
potential local modes of small electrical components on circuit boards 
with potentially rather high resonance frequencies. This is particularly 
true for ICE excitations exhibiting significant acceleration input above 
200Hz. For BEV Battery Packs the excitation mainly originates from the 
vehicle-ground interaction, often referred to as “road induced” (Hooper 
und Marco 2015). Any component in the transfer path after the suspension 
will see a mechanically low-pass filtered far-field spectrum, which is 
typically analysed up to 200Hz, see (ISO 19453-6; Hooper und Marco 
2015; Hooper und Marco 2016). 

A larger stiff Nickel Manganese Cobalt Oxide Pouch Cell showed resonance 
frequencies of around 200 Hz and 300 Hz, which is higher than typical 
road-induced vibrations of sprung masses in a passenger car. Internal 
vibration excitation may still originate from the electric motor but on a 
much smaller level than on an ICE. 

2.3   Frequency Range Considerations for Test Setups 

When defining, developing or choosing a suitable test setup for vibration 
testing, the following key figures of the vibration environment to be 
generated at the interfaces of the product need to be considered: 

• maximum acceleration 

• maximum velocity 
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• maximum deflection 

• maximum force needed for moving the overall mass 

• frequency range of application 

The maximum force usually correlates to the theoretical maximum 
acceleration needed by simply applying Newton’s Second Law. Resonance 
amplifications of the test setup and non-linear frequency behavior of 
needed electrical power over produced mechanical force of the test 
machine in use are the main points that need further thought on these two 
figures. 

Maximum deflection, velocity and acceleration usually indicate the type of 
vibration test machine to be used. Typically, hydraulic shakers allow 
higher deflections, electro-dynamic shakers allow higher velocity and 
higher acceleration. 

All physical descriptions of movement over time as well as the need force 
need to by described over the frequency range. This dependance of 
acceleration 𝑎, velocity 𝑣 or deflection 𝑥 over frequency is given by the 
following equations for ideal sine waveforms, here over time 𝑡.  

𝑥(𝑡) = 𝑥 ∙ sin⁡(𝜔𝑡 − 𝜑) 

𝑣(𝑡) = 𝑥 ∙ 𝜔 ∙ cos⁡(𝜔𝑡 − 𝜑) 

𝑎(𝑡) = −𝑥̂ ∙ 𝜔2 ∙ sin⁡(𝜔𝑡 − 𝜑) 

The circular frequency 𝜔 can be transferred into the commonly used 
frequency 𝑓 by 𝜔 = 2𝜋𝑓. Any phase difference (if the sine wave doesn’t 
“start” at 0) is given in the value 𝜑. Peak values are denominated as 𝑥 for 
the maximum deflection. 

The influence of frequency on the correlation of acceleration and 
deflection can be shown when calculation the deflection of a typical sine 
weep using a constant peak acceleration of 𝑎̂ = 10𝑚/𝑠² (roughly 1gn) from 
10 Hz to 2000Hz. Similar sine sweeps are often used for pre- and post-
resonance searches of the vibration tests described above. 

𝑥(10𝐻𝑧)

𝑥(2000𝐻𝑧)
=

2,5𝑚𝑚

0,000063𝑚𝑚
= 𝑐𝑎.⁡⁡40.000 

This very significant difference of  displacement  over a  common  vibration  

testing frequency sweep impacts on several issues for a good test result: 

• choice of suitable measurement sensors, signal conditioning and 
data acquisition 

• fixture design for a typically stiff, direct load transfer at the given 
interfaces 

• test machine design or choice regarding machine resonances and 
guidance/bearing quality 

Basically, the issues above describe several different impacts on the 
quality of the test regarding main test axis quality as well as unwanted 
cross-talk to another axis. 

Therefore, the choice of a suitable frequency range impacts the technical 
implementation of a test and its costs as well as the achievable test quality. 

2.4   Scope 

This contribution presents a way of deriving a suitable frequency range for 
defining realistic vibration testing procedures for large BEV floor 
batteries. 

The frequency range should cover any power distribution of the vibration 
environment to be tested necessary for achieving the test goals. As most 
tests on such large structures as complete battery packs usually include a 
strength and fatigue substantiation goal, the test frequency range should 
cover any vibration power contribution causing stress or fatigue-related 
faults on Battery Packs. Other test goals like substantiating maximum 
deflection/deformation requirements are typically closely correlated to 
the occurring stress for such components as a battery, where maximum 
deflection does not impair comfort, for example. 

3. METHODS 

3.1   Movements in Time-Domain 

Rigid body movements of ground vehicles are widely described in 
literature, as i.e. (Schramm et al., 2014). In the case of a large traction 
battery mounted in the floor segment of a vehicle between the wheels, the 
excitation input is coming from the wheel suspensions where the 
interaction with the inertial forces of the complete vehicle happens, see 
Figure 2 with the vehicle coordinate system. 

 

Figure 2: Incoherent movements (left) and incoherent excitation forces (right) on the corners (indicated by different directions) on a vehicle chassis 
(Plaumann 2022) 

 

Figure 3: First two modes of global bending (left), simple mode of global torsion and local corner bending (right) for a vehicle floor battery pack, similar 
to (ISO 19453-6), see also (Plaumann 2022) 
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A description of general elastic deformation types of a simplified large 
traction battery in the floor segment of a vehicle body is described in 
Figure 3. 

It is easily understandable that these deformations and movements cause 
local stresses and deformations in the battery structure and cells. The 
deformations are caused by inertial forces as well as incoherent forces 
acting on the corners. A more detailed description is given in (Plaumann, 
2022).  

Local and global resonances will amplify the deformation and induced 
stresses depending on the damping of the corresponding mode shape. This 
will increase the occurring stresses and deformations with excitations of 
the resonance frequencies, increasing the likelihood of fatigue failure by a 
large factor. Even though current electric vehicles do not fail more often 
than ICE vehicles (see (Heinzen et al., 2023) for more information), 
industry reports from battery pack component testing show a significant 
problem with leaks at the end of the testing series. Often the last test of the 
battery pack test series involves lowering a heated battery pack into cold 
water, testing for leaks under the imminent under-pressure inside, 
simulating for river-bed crossings of the vehicle. Leakage of water into the 
battery pack normally causes unwanted short-circuit reactions in the 
battery pack. It is assumed that testing with a four-poster corner 
excitation, which is not tested so far in current battery pack test standards, 
instead of the stiff platform single axis excitation used nowadays will 
increase stress and strain on sealing. Therefore, it is necessary to analyze 
the effect of corner excitation on battery pack reliability. 

In order to describe the first relevant global and local corner bending 
mode shapes, the structure is described with translational movement 
vectors at five points, consisting of four corner and one point in the middle. 
For a first estimate the floor battery is considered as a continuous 
homogeneous structure in the vehicle chassis. 

The model can be further reduced to vertical movements at the given 
points, especially for the small bending deflections and local deflections to 
be expected. All points have a given distance in the horizontal plane (X,Y) 
from each other. All points can make a vertical movement over time. So, at 
a given time step t each point will have always the same X and Y distance 
from each other (this simplification is only acceptable for small 
movements). But each point may have a different Z value. 

3.2   Mechanical Fatigue in Battery Pack Structures 

When looking at the maximum loads a product may suffer before failure, 
the ultimate static strength as well as fatigue behavior have to be 
considered. Most common engineering materials show a correlation of 
tolerable stress over number of occurring load cycles at this stress as 
depicted in Figure 4 with the blue line. This Wöhler diagram or S/N-curve 
depicts the tolerable stress over the corresponding number of load cycles, 
both in log scale. 

High cycle fatigue behavior is tedious to measure as the needed high 
sample numbers for each measured stress level need to be cycled to a high 
cycle number, inducing very long testing time for some materials and 
lower stress levels. 

 

Figure 4: General Wöhler curve (SN curve) with used simplification, see also (Heinzen et al., 2023)  

When multiple blocks of stress levels paired with their number of load 
cycles make up a load profile, the cumulative damage is calculated as 
follows, see also (MIL-Std-810G CN1). This is done by calculating the 
partial damage 𝐷𝑖  at each occurring stress level by benchmarking the 
number of occurring load cycles 𝑛𝑖versus the tolerable number of load 
cycles𝑁𝑖 , both at this stress level: 

𝐷𝑖 = 𝑛𝑖/𝑁𝑖  

The whole damage is then 

𝐷 =∑𝐷𝑖 

Any damage 𝐷 ≥ 1 will lead to failure. 

The slope of the SN-curve in log/log scale correlates how much high stress 
with only a few load cycles contribute to the overall damage of an 
excitation in comparison to many more load cycles at lower stress levels. 
The slope parameter b (basquin exponent), sometimes also referred to as 
k (ISO 16750-3) or m (MIL-Std-810G CN1), weights this influence over 
different stress levels and their load cycle numbers in an excitation. In 
typical fatigue analysis, the straight line will bend towards infinite or many 
more tolerable load cycles if the stress level remains below this durability 
stress level. In Palmgren-Miner, it is a horizontal line (below no failure will 
occur no matter how high the load cycle count), Haibach defines a certain 
decay by a new slop gradient, calculated by 2𝑏 − 1.  

Any description in the following will assume a worst-case behavior of a 
continuing gradient with no significant high cycle durability. This 
simplification allows the use of the slop without knowing the exact stress 
level at a certain point, where the critical failure of the whole product will 
start. This specific location and the corresponding stress level are often 
extremely difficult or even impossible to estimate correctly for a large 

product with many potential failure locations and miner production 
deviations. Therefore, a conservative approach of overestimating the high 
cycle damage is chosen to make the whole approach practical for 
application.  

Most tests of large components like traction battery packs of BEVs focus 
on the substantiation regarding stress- or strain-based damage. In the 
following three different fatigue damage effects are considered: 

1. The fatigue failure of metallic load carrying structures (potentially 
causing critical faults like short-circuits of mechanical damage to 
the cells) as well as 

2. fatigue on electrical power and communication leads (potentially 
causing critical short circuit or malfunctioning of safety systems) 
need particular care in battery pack design and testing. 

3. In addition to the leads, soldering in non-welded connections of 
power and data transfer circuits is considered with a particular 
focus on the solder itself, potentially causing the same critical 
short circuit or malfunctioning of safety systems as above for the 
leads 

For reasons of lightweight design and good crash energy absorbing 
behavior, most of the load carrying structures of a large battery pack is 
made out of aluminum with welded connections, which are a particularly 
focus for fatigue analysis. From literature data a mean slope gradient of 5 
is chosen for common aluminum structure (5XXX, 6XXX) with welded 
attachments and typical heat treatments from (EN 1999-1-3) as well as 
additional literature like (Haibach 2006) and (Dimitris Kosteas). This is a 
rather low gradient, already including some performance deterioration 
from manufacturing and imperfections. There are even lower potential 
values possible especially when considering defects. But lower gradients 
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will be covered farther onwards which is why a gradient of 5 is used for a 
good standard estimation of welded aluminum parts. 

The behavior for copper leads is quite similar to the aluminum slope 
gradient, which is why the value of 5 is also used for the copper leads. 

Quite different is the fatigue behavior found for typical solder connections. 
Here a slope gradient of 2 is taken from Wöhler-curves in (Shinohara und 
Yu 2010; Piet J.G. Schreurs 2002). The exact value may vary slightly for the 
real-life application of the battery packs, also because of the stress in the 
literature used is induced thermally and over a rather low number of 
cycles. But in general, the rather low value of 2 generates different results 
in the later FDS and can be used for defining differences in contrast to the 
aluminum structures with a slope gradient of 5. Depending on the 
soldering process and material even lower gradients may occur but here 
2 is used a an already rather low value for this influence parameter study. 

3.3   Choice on Velocity 

For general simplification, not the exact stress level is chosen, but the 
measured or calculated dimension of movement as acceleration, velocity 
or deflection. As the scope in this contribution is the estimation of damage 
from vibration excitations on RESS in BEV, the governing occurring stress 
level in regard to the tolerable stress level at the point of failure would be 
a good choice. Unfortunately, the measurement of occurring stresses as 
well as the knowledge on their tolerable limit is very tedious to measure 
and calculate. For larger product this knowledge is nearly impossible to 
obtain at reasonable costs for all possible points of failure. Instead of the 
stress level, a simple measure of potential damage is calculated based on 
the velocity a resonating mass segment has, (McNeill 2008). The choice of 
velocity as a measure of potential damage is quite well established as 
(Gaberson 2012) describes. As described in this source, the link can be 
derived from 𝐸𝑘𝑖𝑛 = 𝑚 ∗ 𝑣2 (Crandall 1962) or other as in (Gaberson and 
Chalmers 1969; Hunt 1960). The correlation of the occurring stress 𝜎 is 
described by multiplying the modal velocity 𝑣 with a form factor 𝐾 for the 
structure of interest, which describes the failure inducing peak stress to 
the mean stress i.e. for bending in a beam, the Elastic modulus 𝐸 and the 
density 𝜌: 

𝜎 = 𝐾 ∗ v ∗ √𝐸 ∗ 𝜌 

Appendix A in even gives typical max-stress-to-failure of different 
materials transferred to a corresponding peak modal velocity (Gaberson 
2012). It is also pointed out, that imperfections may increase the scaling 
factor 𝐾 from its rather low theoretical value. Furthermore, it is all based 
on modal properties, where i.e. resonating mass m may only be a certain 
fraction of the total mass of the potential resonator of interest. 

If not stress is primarily inducing failure but high deformations, leading to 
high strain rates, then the relative displacement between excitation and 
resonating mass segment may be chosen, see also (Ahlin 2006). This might 
a worth future considerations for large torsional deflections of battery 
packs where high strain may be more problematic than high stress in very 
yielding structural parts. But typically in these mechanical damage studies, 
the pseudo-velocity of the vibration system in resonance is a better 
assumption for the stress and hence induced damage contribution as given 
in the literature above. 

3.4   Digital Filter for Time-Domain Response 

The basic step to calculate the assumed response of a fictive worst-case 
vibration system with a resonance at each frequency step of the analysis 
is typically done by using digital filter. The measured signal, typically 
measured as acceleration at a given interface defines the mechanical 
environment to be replicated at this interface. If different waveform types 
are to be compared, the response analysis gives many advantages in 
addition to the common frequency domain analysis. For the analysis, two 
steps need to be carried out. First the response of the vibrating system 
need to be calculated. Then the acceleration response to the measured 
input acceleration needs to be transferred to the vibration velocity a 
system with a resonance at every frequency point. A well standardized 
way to calculate the movement of a worst-case fictive vibration system is 
the use of digital filters. In the case of this contribution these filters can 
also be used to calculate the response or the resulting movement of the 
fictive system in another dimension than the acceleration, i.e. the velocity 
of the vibration system excited by the given measured acceleration signal. 
This is described in (ISO 18431-4). 

The digital filter uses a Laplace transformation of the input system to the 
calculated output of the system for each frequency step. It is assumed that 
the worst-case vibration system has a resonance of a single-degree-of-
freedom (SDOF) system at each frequency step in the analysis. For this 
contribution the analysis used a rather broad frequency segmentation of a 
frequency step each 1/6th of an octave. This coarse analysis approach is 

not as critical as in a Fourier Transform, where distinct tones in a 
frequency range may be omitted or smeared by a rather broad frequency 
resolution. In our case we typically look a rather broad resonance behavior 
(low damping) of the resonating system. So the critical resonance would 
still be significantly excited even with a tonal excitation at a slightly 
different frequency. The ISO 18432-4 describes different digital filters to 
calculate relative-velocity and relative-displacement responses from the 
given signal (relative movement between excitation and the resonating 
mass) as well as pseudo-velocity and pseudo-displacement of the 
resonating mass. Also, the absolute acceleration response of the vibration 
mass excited by the input acceleration can be calculated using digital 
filters. Here, we use pseudo-velocity responses because of its good relation 
to induced stresses. 

3.5   Shock Response Spectrum 

A typical Shock Response Spectrum (SRS) would then be calculated by 
looping through all SDOF responses (for each frequency step) and 
checking the absolute maximum response. That single maximum value of 
global minimum or maximum (called maximax) is then taken for the value 
in the plot for the resonance frequency of the current SDOF-system. 

As only the single maximum of each response is taken, the SRS will not 
change for longer measurement signals as long as no further new maximax 
response arise from the further excitation. The SRS is therefore only 
depending on the maximum, making it perfect for analyzing and 
comparing shocks. 

3.6   Fatigue Damage Spectrum 

The Fatigue Damage Spectrum (FDS) is using a different analysis of the 
time-domain responses coming from the same digital filters as above. 

Here, the induced damage is of interest. As damage contribution depends 
on the level of the velocity and its corresponding number of load cycles, all 
“weighted” by using the slope of the Wöhler-curve as an exponent for the 
stress level, here assumed to be proportional to our velocity level. For this, 
a histogram of each SDOF-response is calculated by an appropriate 
method of classification. Rainflow-counting is a very powerful tool but 
other methods as level crossing may also yield similar results in the later 
FDS. The counting method gives a histogram of velocity levels and its 
corresponding number of load cycles for each SDOF-response. As only the 
peak values of each cycle are of interest, the single contribution count must 
be used for level crossing, not the cumulative level crossing. Other 
counting methods provide a single contribution count directly. The 
process is depicted in Figure 5 for a measured acceleration excitation on 
the right front axle. 

The simplified analysis in this figure uses a fictive vibration system with 
five distinct resonator frequencies, each damped with 5% damping ratio. 
The pseudo-velocity responses of the fictive system (assumed to be 
proportional to stresses) are calculated by digital filters. Then, the 
calculated velocity responses of the resonating masses are each 
transferred into a histogram using level crossing counting on a rainflow 
matrix of closed cycles. The single contribution level crossing classes (only 
peak values of closed cycles) now have a corresponding cycle count. The 
pseudo-velocity values of each class level are then exponentiated by the 
weighting exponent derived from the slope of the Wöhler-Curve (in this 
simple case exponent 2). Finally, all exponentiated velocity values are 
multiplied by its corresponding count number and summed up to form the 
damage contribution of the actual resonator at its resonance frequency. 

As a general remark on the comparability of absolute damage calculations, 
many scaling factors of the result must be clearly given along with the 
calculation result. This includes: 

• Units of input and response (m/s² is better for input than gn, as the 
later one can be easily transferred to pseudo-velocity in m/s) 

• Damping ration of resonators at each frequency. 

• Type of calculated response (here pseudo-velocity, given in m/s) 

• If needed: Correlation factor from pseudo-velocity to induced stress 
level, so that it can be compared to tolerable stress levels. Otherwise, 
the damage is just a proportional damage index or must be 
benchmarked to the bearable damage velocity count. 

• Type of counting method for the histogram (may yield slightly 
different results, depending on the signal analyzed) 

• Slope of the assumed Wöhler-curve used as weighting exponential 
factor 

The limitations of this approach include the following points: 
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Figure 5: Process of Fatigue Damage Spectrum Calculation for 5 SDOF-frequency points, each for pseudo-velocity response of a 5% damped resonator for 
a real excitation signal acceleration input 

3.6.1   Over-Estimation in Frequency Regions of No Resonance 

The estimation using a vibration system with a resonance at each 
frequency point may yield unrealistic high damage values in frequency 
ranges where surely no resonance will be. In the case of the battery with 
first global and most local resonances start above 10Hz, any assumed 
resonance under 10Hz will give far too conservative damage 
contributions. This could be solved by using a non-constant damping 
factor of the frequency range reducing amplifications from resonances to 
near 1 below 10Hz. As for reasons of comparability a constant factor of 10 
(5% damping ration) is used over all frequencies, the damage estimation 
gives values being too high by the factor of up to 10b. Therefore, we will 
later not consider values below 10Hz where we know that no resonance 
exists. 

3.6.2   Over-Estimation of Stress-Levels in The Infinite-Life-Range 

Many engineering materials have a factor of 2-4 between ultimate 
maximum allowable stress levels for short-time life (upper left region in 
Figure 4) over the level of assumed infinite-life (bottom right region in 
Figure 4) or long-term-fatigue. Typically, any stress value smaller than 
factor 5 by the highest value in the test series of consideration is neglected 
as being irrelevant in fatigue analysis. If a certain potential damage does 
not occur under the maximum stress level induced in the test level, all 
values small than 1/5th of this values don’t need to considered for finite-
life fatigue analysis. The SRS is used to estimate the corresponding 
maximum stress from each measurement data set by its corresponding 
maximum pseudo-velocity value. 

3.6.3   Measurement Length 

The FDS in contrast to the SRS is highly sensitive to the length of the 
measurement signal, as each zero crossing cycle will add more counts to 
the histogram. An SRS uses only the highest maximum or lowest minimum 
of the complete data series considered. Measured data sets need to be long 
enough with enough data points as to get rid of statistical influences from 
too small data sets. For better comparability, all FDS plots are scaled to an 
assumed exposure duration of 1h. Other durations can be easily calculated 

by linear multiplication as the number of load cycles n does not go under 
the exponent b, see Figure 5. 

3.6.4   Measurement Campaigns 

This analysis is based on the first results of a smaller pre-test 
measurement campaign, with more planned in the future. These current 
results indicate significant changes on the approach compared to the state 
of the art of component vibration testing. The later following novel 
analysis to derive information on the frequency range to be considered for 
testing uses mainly the same original set of data as in (Plaumann 2022). 
There however, the focus only remains on significant transfer functions. 

3.6.5   Real World Excitation on Different Surfaces And Events 

The data for analysis was measured on serial production cars in real world 
environments on different road surfaces under varied loading 
configurations. Each measurement is defined by vehicle, road surface, 
loading configuration and repetition. The road surfaces include but are not 
limited to: pot hole - 30kph, cobble stone - 30kph, gully - 30kph, city drive 
HH - various speeds, country road - 100kph, motorway - 130kph, country 
roads - various speeds, rough cobble stone - 30kph. Furthermore, the noise 
floor was measured. 

3.6.6   Vehicles 

The following preliminary analysis uses mostly the data from 
measurement on a VW ID3 as shown Table 1 with the most relevant 
technical data. 

The preliminary data set also contains data of measurements on VW T5 
and BMW i3. Due to the generality of the approach presented here, the 
following analysis shows mostly the data from the VW ID3 measurements 
for comparison in different road surface events. The table shows empty 
and max gross weight of the vehicles as well as information on the 
additional loading in the measurement campaign. Beside the mass loading 
of the driver and minor other masses, the additional masses loaded are 
given in the table.  

Table 1: Vehicles Used for the Preliminary Analysis 

vehicle 
Compact BEV 

VW ID3 

Compact BEV 

BMW i3 

empty weight 1810 kg 1320 kg 

max gross weight 2270 kg 1670 kg 

added mass loading to driver etc. (80kg) 200 kg 
87.5 kg 

162.5 kg 

battery energy 62 kWh 33 kWh 
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3.6.7   Measurement Equipment and Signal Quality 

The measurement and data acquisition equipment used is described in 
Table 2. 

IEPE one-axial piezo accelerometer with charge amplifiers 

PCB M353B18 +/- 500gn at 10mV/gn 

PCB-483C05 AC coupling with constant current for charge amplifiers 

USB data acquisition system 

Meilhaus Redlab, rebranded Measurement Computing (MCC) 

1608G with 16bit, 16 analog inputs at +/- 1 to 10V, 250kS/s common 
rate 

sampling rate per channel 15kHz 

 
Further signal checks were performed based on the comparison of RMS 
versus standard deviation (mean offset), high kurtosis or high skewness 
values (impacting or contact losses) as well as general possible data 
errors. Questionable data was not used for analysis. 

3.7   Analysis Software 

Most of the analysis is done with National Instruments DIADEM 2020. This 
includes digital filtering, frequency domain compensation, Fast Fourier 
Transformation (FFT), Power Spectral Densities (PSD), transfer functions 
with amplitude and unwrapped phase, coherence functions, Cross Spectral 
Densities (CSD), channel arithmetic for time domain difference functions, 
statistical distributions (random probe) and statistical key figures like 
Root Mean Square (RMS), min, max, kurtosis and skewness. 

The digital filter responses were calculated using the VB-Scripting 
interface of DIADEM based on the filter algorithms of ISO 18432-4 and 
verified to other industry implementation as well as examples from the 
literature given above. 

4. RESULTS 

As described earlier on, many important boundary conditions for the 
correct testing setup depend on the frequency range of interest for the 
scope of the test. Most tests of large components like traction battery packs 
of BEVs focus on the substantiation regarding stress- or strain-based 
damage. The fatigue failure of metal load carrying structures (potentially 
causing critical faults like short-circuits of mechanical damage to the cells) 
as well as fatigue on electrical power and communication leads 
(potentially causing critical short circuit or malfunctioning of safety 
systems) need particular care in battery pack design and testing. 
Therefore, this contribution looks at the pseudo-velocity shock response 
regarding their potential damage using the fatigue damage spectrum. 

The analysis of the electrical power and information transmission further 
distinguishes between the actual copper leads process for power of 

communication transmission (which has a similar fatigue exponent as 
welded aluminum) as well as actual solder used to connect two copper 
parts (having a different exponent). 

As shown in similar publications (Plaumann 2022), two different basic 
dynamic load cases of the large floor-mounted battery packs needs to be 
considered: 

• torsion of the pack, mostly together with local corner bending under 
different vertical movement of the four corners 

• global bending, especially in resonances 

Obviously, the exact exponents of the Wöhler-curve assumed for the 
following analysis may differ depending on the exact type of aluminum, 
the type of welding, the type of crack initiation and the heat treatment 
used on the metal. Generally, a higher exponent will “rotate the resulting 
FDS plot clockwise” at small acceleration levels towards a steeper 
downwards line at higher frequencies and vice versa. But from the 
comparison of the two choices under consideration in the following, as 
feasible result on the scope of the contribution can be reached. 

The events considered for analysis are: 

• transient shocks from driving over a manhole cover 

• a rather common cobble stone path 

• a very rough cobble stone path 

The resulting damage is calculated for a repetition of each measured event 
as to amount to 1h of testing time. Damping of the shock response worst 
case fictive system is set to 5%, corresponding to a quality factor or 
amplification of 10. The scaling from pseudo-velocity to stress is set to 1, 
making the numbers in the plot not directly readable in N/mm². Therefore, 
the vertical axis is denominated as an “index” proportional to the stress 
damage induced. 

4.1   Fatigue Damage on Welded Aluminum and Copper Leads 

A potentially critical failure mechanism in mechanical load-bearing 
structures of large floor mounted battery packs is the failure under stress 
concentration in a welding of the mostly aluminum structure. Therefore, 
this will be analyzed first. 

The exponent of the Wöhler-curve for welded aluminum is assumed to be 
near 5. A similar exponent of the Wöhler-curve is typically used for copper 
leads processed for power leads and communication wires. Therefore, this 
analysis covers both potential failures. 

Forced corner bending b=5 

We start with the forced corner bending and torsional effects, mostly 
related to the different input from the suspension to the four corners of 
the pack. Depicted in Figure 6 is the fatigue damage spectrum for the 
measurement of the right front (RF) measurement point on the battery for 
three different driving events. 

 

Figure 6: FDS of the right rear (RF) corner of the battery pack with Wöhler-curve exponent of 5 and 5% damping. (Heinzen et al. 2023) 
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Figure 7: FDS of the midpoint of the battery pack with Wöhler-curve exponent of 5 and 5% damping. 

The Figure 6 shows a rather steep decay of the resulting damage over 
frequency the higher the potential resonance frequency may be as well a 
high damage contribution between 1 and 10Hz. The contribution of any 
frequency above 20Hz is more than four decades lower than the 
contribution of up to 10Hz. This is similar over all three events with 
different absolute damage levels. As expected, 1h of driving over rough 
cobble stone generates higher damage than driving over smoother cobble 
stone. The manhole cover shocks are not occurring often enough to 
amount to similar levels than on the rough cobble stone track. 

When looking at global bending damage in resonances, Figure 7 also 
indicates a steep decay but with the most significant damage contribution 
having moved to even lower frequencies below 5Hz. As described above, 
the damage will be highly over-estimated below 10 Hz as no resonance 
frequency will occur.  

The additional mass and interface contacts along the transfer path form 
the corner to the middle may have reduced the damage contribution of 
higher frequencies even further. 

4.2   Fatigue Damage on Soldered Interfaces 

As solder itself is also a prime potential failure mechanism in electrical 
power or information transmission, the following analysis will focus on 
this, using a different exponent of the Wöhler-curve for solder: 2. 

4.2.1   Forced Corner Bending 

Displayed in Figure 8 is the Fatigue Damage Spectrum for the right rear 
(RR) point of the battery with every parameter the same as in Figure 6 
except for the different exponent (here 2 instead of 5). This is used to look 
a forced corner bending and torsional effects. 

 

Figure 8: FDS of the right front (RF) corner of the battery pack with Wöhler-curve exponent of 2 and 5% damping. 

 

Figure 9: FDS of the midpoint of the battery pack with Wöhler-curve exponent of 2 and 5% damping. 
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The slope appears rotated upwards (counter-clockwise), meaning that 
higher frequencies contribute more the absolute damage in the considered 
failure mechanism. Only the damage contributions of the frequencies 
above 200Hz are three decades lower than the damage of up to 20Hz. 

The global bending shows a similar damage contribution, as seen in Figure 
9. 

In contrast, Figure 10 depicts the Fatigue Damage Spectrum of the 
measured accelerations in the vicinity of the right front axle. These 
unsprung masses typically show significantly higher acceleration levels, 
especially at higher frequency levels than the vehicle body as long as 
engine vibrations are not too dominant. The plot is based on an exponent 
of 5, typically describing the fatigue of joined light metal structures quite 
well. Pure steel structures may have slightly different exponents. 

 

Figure 10: FDS of BEV right front axle (unsprung masses) with Wöhler-curve exponent of 5 and 5% damping. 

 

Figure 11: FDS of all points measured with Wöhler-curve exponent of 5 and 5% damping for rough cobble stone. 

The effect of the low-pass characteristic of the suspension can be clearly 
seen in comparison of Figure 10 to a corner FDS as in Figure 6. The 
damaging influence of higher frequencies has been filtered out by the 
suspension. 

When looking all al measurement points considered here for the BMW i3 
under the rough cobble stone road induced vibrations the results derived 
above seem to be replicated very well, too. This can be seen in Figure 11. 

4.2.2   General Remarks 

As in most fatigue analysis approaches, the exponent b, which “weights” 
the damage induced at high levels and low cycle counts over lower levels 
with higher counts, is of crucial interest. The lower the exponent b, the 
more the Fatigue Damage Spectrum (FDS) plots are turned counter-
clockwise with the higher frequencies coming up. When looking at the 
question of damaging contributions over frequency to be covered in 
battery testing, this leads to the generalized results, that especially fatigue 
failure mechanisms with lower exponents b increase the damage influence 
of higher frequencies. The low exponents of b occur i.e. for lightweight 

materials with imperfect welding, many pre-initiated cracks etc. Also, the 
fatigue behavior of solder with quite low cycle counts found in the given 
literature falls into the category of rather low values of the exponent b, all 
coming from a rather steeply falling slope in the Wöhler-curve. Here, a 
rather low exponent of 2 proposes a worst-case scenario of potential 
fatigue mechanisms for damaging frequency contributions.  

Considerations regarding the frequency range for future vibration 
component testing of large battery packs. As described in (Plaumann 
2022, ; ISO 19453-6) the vibration testing of large battery packs need to 
be reconsidered as the typical approach with treating the component 
under testing as an attachment to a larger part is not valid for large, heavy 
battery packs interacting significantly with the rest of the vehicle. 

For the given example of vibrations on the floor-mounted battery in a VW 
ID3 and correspondingly the BMW i3 it can be seen that the four corners 
have slightly higher ranging damaging frequency bands than the middle of 
the battery pack. This may be explained by the large mass fractions of the 
battery in the load path from the force-excited corners to the middle of the 
battery.  
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The main calculated damage contribution lies around 3Hz for welded 
aluminum or structures with a fatigue slope of 5 at the corners and lower 
frequencies for the middle. For a worst-case assumption of even lower 
exponents (as for example 2 for solder used in this analysis) the damaging 
frequency content is ranging up to 20Hz. Regarding the potential damage 
at low frequencies, it must be noted that the high damage contribution of 
the plots is based on a worst-case assumption that the corresponding 
SDOF resonator does resonate at these low frequencies. It can be seen in 
similar publications that in real BEV Battery Packs or similar structures 
resonances occur only at frequencies higher that at least 10Hz (Altmann 
et al., 2021; Plaumann). Therefore, the fictive resonating system of the FDS 
assumes a potential damage from a resonance that does not occur in real 
vehicle structures of interest here because it assumes an amplification of 
up to factor 10 in resonances that don’t exist in reality. Only the highly 
damped suspension frequency would fall in that really low frequency 
range. But this does not matter when looking at the battery behind the 
suspension in the load path. Therefore, the following analysis considers 
only damages above 10Hz. Normally the peak damage values considered 
then occur in the region of 10 - 20Hz leaving out the unrealistic high 
calculations below 10Hz. 

Looking at the upper frequency region, a reasonable upper frequency cut-
off for battery component testing would be at around 200Hz-500Hz, 
especially for low fatigue exponents. The damage contribution of 
frequencies higher than 200Hz is three or more decades lower than the 
main contribution frequency band of up to 20Hz. For the future 
justification, a look at infinite life of very high cycle fatigue is need to 
establish a what threshold damages will not be counted anymore because 
they are so small that they fall in infinite-life-fatigue. An estimation of the 
upper and lower bond of the falling SN-curve with short time fatigue and 
infinite-life fatigue boundaries is shown in based on the shock response 
spectrum (SRS) (Heinzen et al., 2023). Even though we look at more or less 
stationary excitations, the maxi-max analysis of the stress-correlating 
pseudo-velocities give an indication at what stress levels the contribution 
does not contribute further to the overall damage. The Fatigue Damage 
Spectrum (FDS) plots shown here do not help much finding the infinite-
life threshold because the FDS is weighted by the fatigue exponent b and 
is averaged over the measurement. The SRS will give the maximum value 
that is relevant for describing the upper and lower boundaries to be 
considered for infinite-life-considerations. Together with the work in an 
upper threshold of 200 Hz to 500 Hz depending on SN-curve exponents, 
vehicle and road surface can also be established (Heinzen et al., 2023). 
Future measurements will need to substantiate that on a broader base of 
measurements for different vehicles and road surfaces. 

The unsprung masses of the wheel axle assembly show even higher 
ranging damaging frequency bands but are not considered here any 
further. When transferring these results into requirements for future 
vibration testing of large BEV batteries, then the frequency range between 
3 and 200Hz needs an adequate replication of the potentially induced 
damage. This rules out any non-linear contact impulses (coming for 
example linear bearings) at least of up to 500Hz to be able to replicate the 
correct induced damage under all loading conditions. Any high frequency 
non-linear “rattling” generally induces high-kurtosis leading to higher 
damage than typical sine-waveforms. This may also be the case for servo-
hydraulic shaker valves with non-sine waveforms at frequencies near the 
maximum switching frequency. This could cause induced damages in the 
test that do not occur in real-world excitations. Electro-dynamic (ED) 
shakers can easily generate high frequency excitation replication of up to 
500Hz with rather high signal quality (Piersol et al., 2010; Ben Haest 
2014).  

Regarding the potential replication of these damage contributions in 
vibration testing, servo-hydraulic shakers generally offer much more 
deflection for rather severe low frequency excitation than most 
electrodynamic shakers, (Piersol et al., 2010; Ben Haest 2014). Generally, 
most test specifications work well on ED shakers from above 5Hz 
onwards. As long as the tested batteries do not have resonances below that 
range, an ED shaker neglecting the frequency range between 1-5Hz or 
even 1-10Hz would still cover the relevant frequency range inducing 
damage from the beginning first resonance frequency of the battery 
upwards up to maybe 200Hz. A good signal quality should be further kept 
up to maybe 500Hz as not to inflict unwanted damage. Any excitation 
above that frequency would most likely do not cause any further notable 
damage because the FDS has gone down so many decades that even if the 
battery has resonances there, the corresponding damage is neglectable. 

5. LIMITATIONS OF THE STUDY 

This early analysis of a pre-test measurement campaign is based only on 
measurements of one BEV. Therefore, the results cannot be generalized 

regarding the given quantitative information. So far, the effects found 
relevant for future testing requirements can be only generalized on a 
qualitative or rather broad quantitative scale. A quantifiable analysis of a 
broader data base will yield more robust results. Therefore, no PSD plots 
for potential random vibration testing environments are given in this 
contribution as more test results are needed to derive a proper test 
specification regarding vehicle life and fatigue damage effects. 

However, the process described here will remain the same when applied 
to a broader set of measurements in the future. As this will be a long and 
continuously running task for OEM, suppliers or academia in the upcoming 
intense phase of design and verification of new BEVs over the next years, 
the findings described here can be considered in the specification of 
adequate test setups. 

Even though the use of pseudo-velocities to estimate proportional 
mechanical stresses for failure estimation is the usual approach commonly 
considered best, it is a question whether high torsional deflections causing 
potential damage from large strain effects should be reflected rather by 
relative-deflection than pseudo-velocity. On the other hand, the torsional 
deflections are not considered to be so large that high strain failure is 
likely. 

6. CONCLUSION 

The analysis of some pre-study measurements has shown a reasonable 
and practical way to estimate the frequency range in which relevant 
damage may occur in battery packs. It was also shown that the frequency 
range estimation highly depends on the material properties considered to 
be a potential failure, the road surface and the vehicle. But it can also be 
shown from the rather small set of data analyzed that the upper frequency 
range to be considered is at least 200 Hz, potentially rather 500 Hz, 
especially when looking at delicate failure in soldered connections. 

Based on the data set of this preliminary test campaign it can be assumed 
that electrodynamic shakers may be needed to enable a realistic damage 
replication for electrical components in a battery pack with soldered 
interfaces. Servo-hydraulic shakers with a limited frequency range of non-
disturbed excitation will likely excite frequency ranges that are only 
causing damage in mechanical parts, hence replicate not all potentially 
relevant failures in battery packs. It must be noted that for definite 
frequency range recommendation in vibration testing of large battery 
packs further measurements are needed. 
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