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The increasing move to electric vehicles is requiring new simulations to successfully validate the physical performance of these products. One aspect of these validation tests in vehicles is the effect on durability of the combination of mechanical vibration from road inputs and from the electric motor powertrain. Many IC engine components are tested for durability using electrodynamic shakers with a random vibration profile defined from suitably derived PSDs (Power Spectral Densities). However, the physical characteristic of the electric powertrain now requires a greater usage of sine on random, and particularly swept sine-on-random shaker tests. A time series realization of this type of loading profile is made of the sum of random stationary signal (of a given frequency profile, given duration and given sample rate) with a sine waveform with time-varying amplitude and frequency. Performing a CAE durability simulation of a shaker test is often done in the frequency domain. This can be achieved using a direct or modal frequency response calculation and the application of an appropriate PSD profile. However, the combination of time-varying sine waves with random spectra means there are several challenges to reproducing actual peak stresses in the frequency domain. Solving the problem in the time domain is more accurate but can be computationally intensive. This presentation outlines the advantages and disadvantages of frequency-based and time-based methods for simulating swept-sine on random durability tests using finite element models. It also provides an in-detail procedure and efficient software solution to generate an appropriate time signal and run an efficient fatigue analysis using modal superposition with finite element modal stress results. An example use case will be used to illustrate the various approaches in order to help decide the most suitable method for a particular analysis.

Introduction

Swept sine-on-random loading describes accurately specification for engines, as there is a non-stationary harmonic component and noise due to complexity of engine response. Previous works [START_REF] Halfpenny | [END_REF] [START_REF] Kihm | Obtaining a Swept Sine on Random Vibration profile[END_REF] show how to obtain such specifications from a set of measurements. FE-based fatigue can be deduced from PSD or sine-sweep loading, as depicted in [START_REF] Halfpenny | A frequency domain approach for fatigue life estimation from Finite Element Analysis[END_REF]. What's more, a unified framework exists for fatigue analysis using sine-on-random loading [START_REF] Halfpenny | [END_REF].

However, theory for coupled swept sine-on-random is not available. The purpose of this paper is to list and analyze different kind of strategies for vibration fatigue for these kinds of loading:

 Transient swept sine-on-random  Damage equivalent PSD  Damage equivalent Sine Sweep  Sequential sine-on-random 2 Methods 2.1 Transient swept sine-on-random

This section shows how to obtain swept sine-on-random time series from a spectral definition of swept sine and PSD. Swept sine spectrum constitutes the deterministic part of this loading, and is due to unbalanced movement of shafts, rotors in rotating machinery.

Swept sine

Swept sine contains at a given time a single frequency, which is linearly or logarithmically swept between start time and end time. Concerning linear interpolation for swept sine, sweep rate is defined by following equation, depending on duration T, initial frequency f0 and end frequency f1: 
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The obtained signal can then be directly applied to FE model to obtain stress time history responses, which can be used for fatigue analysis. Later in this paper, this method will be considered as the reference method to compare to other methods.

Damage Equivalent PSD

A damage equivalent PSD can be obtained from the swept sine-on-random time series [START_REF] Halfpenny | Accelerated Vibration Testing based on Fatigue Damage Spectra[END_REF], using time series as defined in previous method.

Assuming a single degree of freedom model (unitary stiffness K, damping C and mass M), and linear damage accumulation, the fatigue damage spectrum (FDS) is calculated with fatigue exponent b, amplification factor Q and exposure duration T. This methodology is applied generally to compare vibration loading in terms of fatigue severity, to build a mission profile, as a linear combination of fatigue damage spectra from various loading events.

Equation 10 :𝐹𝐷𝑆(𝑓) = 𝑓. 𝑇.
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As a result, a damage equivalent PSD is deduced from fatigue damage spectrum. In this case, duration is not reduced. Nevertheless, amplitudes are high compared to initial PSD amplitudes, because PSD signal contribution is low in our swept sine-on-random load.

This equivalent-damage PSD can be used for fatigue analysis by applying it together with FE harmonic stress analysis to analyze vibration fatigue [START_REF] Halfpenny | A frequency domain approach for fatigue life estimation from Finite Element Analysis[END_REF].

Damage Equivalent swept-sine

The same fatigue damage spectrum strategy is applied transforming the swept sine-on-random time series on damage equivalent swept sine time series.

The new spectrum shows frequency content is close to initial swept sine one.

UNRESTRICTED In this case, the damage equivalent swept-sine is close to original swept-sine spectra, because sweptsine contribution is high in total signal. Both damage equivalent sine-sweep and PSD are frequencybased methods.

Transient analysis on hot spots

Transient finite element analysis on a full finite model which contains millions of degrees of freedom and millions of time steps of loading is more and more achievable thanks to computational capabilities As a remark, the short time broadband PSD signal matches frequency bandwidth of swept-sine-onrandom one, to enable frequency response function analysis (Gain/Phase) on same range. Once this dynamic system transfer function is obtained, we can compute stress response to our swept sine-onrandom loading by a standard convolution filter By this way, we can combine precision of results on hot spots, and reduce computational time.

Sequential Sine-On-Random

Sine-on-random loading, within certain assumptions, is described as an enriched PSD loading with sine tones. Spectral moments from PSD amplitudes G(f) evolve with a contribution of amplitudes of sine waves bi. In this statistical distribution, the contribution of sine tones is calculated in following equation:

Equation 14 : 𝑝(𝑆) = ∫ . 𝑒 ² 𝐽
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A description of methodology is done in paper [START_REF] Halfpenny | [END_REF], and it describes the possibility of using a sequential sine-on-random process to represent swept sine-on-random load. Actually, the swept process is a duty cycle of small sine-dwell-on-random events between frequency steps fi and fi+1. The idea is smart and can be implemented in nCode DesignLife in an automatic process.

Test case

Electrification of vehicles induce integration of massive batteries. It tends to reduce resonance frequencies values, matching frequency bandwidth of load, so that dynamic behavior of mechanical components may be highlighted. This example involves a support bracket, where both random road load data and rotating machinery vibration load are involved and are defined as a swept sine-on-random loading.

Different methodologies are applied numerically on a mounting bracket defined by a finite element model of 4223 nodes and 2778 shell elements. Center nodes of screws are clamped and constitute inputs for base motion acceleration loading in Y direction. Material is made of aluminium (Young modulus=70 000 MPa, Poisson Ratio=0.3, Density=2500 Kg/m 3 ), with a damping ratio of 1 percent.

Figure 7: FE model showing center of screws for clamping and base motion acceleration in Y direction

Center of screws input

First, we start to describe the swept sine-on-random acceleration loading with their relative spectra in amplitude. The FE analysis is achieved using finite element solver MSC.Nastran 2017 for transient analysis (sol 112). As a result, we obtain modal coordinates, which can be combined with modal stresses in nCode DesignLife to perform SN fatigue analysis. The entire process is described in previous work [START_REF] Chabod | Digital Twin for Fatigue Analysis[END_REF].

Transient Results

This figure highlights resonance's impact on contribution of each mode to swept sine-on-random loading (modal coordinates). Every time swept sine frequency matches resonance frequency of current mode, high amplitudes appear. Those resonances take place sequentially as expected from swept sine loading. 
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 123123 Figure 1 : Swept-sine signal (acceleration in g)
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 4 Figure 4 : Damage Equivalent PSD (blue), original PSD for noise (red)
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 5 Figure 5 : Damage Equivalent sine-sweep (blue), original sine sweep (red)
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 6 Figure 6 : Description of transient analysis on hot spot flowchart

Equation 12 :

 12 𝑚 = ∑ 𝑓 ⋅ 𝐺(𝑓) ⋅ 𝛿𝑓 + ∑ 𝑓 𝑏 Description of rainflow is described in general as follow: Equation 13 : 𝑁(𝑆) = 𝐸[𝑃]. 𝑇. 𝑝(𝑆)
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 8 Figure 8: PSD and Swept-Sine Amplitude definition for Swept Sine-On-Random loading definition According to equations 7 and 8, the following time series is generated for 1200 seconds at a sample rate of 1000 Hz. The result is plotted in following figure.
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 9 Figure 9: Resulting Swept Sine-On-Random acceleration loading (acceleration in g)

Figure 10 :

 10 Figure 10 : Modal coordinates from transient analysis for modes 1 (19.93 Hz), 2 (24.07 Hz) and 3 (47.66 Hz) Indeed, a frequency vs time signal is obtained with a pulse to speed analysis from sine sweep signal and confirms frequencies achieved on previous maximum values time steps (516s, 654s and 1155s), with corresponding frequencies values (19.99 Hz, 24.06 Hz and 47.14 Hz).
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 11 Figure 11: Frequency [Hz] vs time [s] of sine sweep signal (19.99 Hz, 24.06 Hz and 47.14 Hz)

Figure 14 :

 14 Figure 14 : Comparison of damage for different methods
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Damage obtained on hot spot defined with node #963 is a value of 1.16 and constitutes the reference value.

Following figure plots stress responses on node #963, and comparison between response to swept-sine (blue) and swept sine-on-random (red). Cursors are highlighting instant time steps where corresponding mode 1, 2 and 3 are excited. Resonances are visible for modes 2 and 3, which gives large amplitudes when the sweep's frequency aligns with modal resonance. The severity of this loading is as well important as damping ratio is low, as it directly increases amplitudes of resonance. Additionally, the slower the sweep rate, the highest number of cycles is applied as resonance is swept past. Stress amplitudes resulting from the sine sweep are important and increased when summing with a random signal. We can see that the results are particularly damaging, and in a tiny amount of time, and damage occurs mostly during sweep on mode 3 (cf. damage vs time curve (green)). Response looks nonstationary, which violates the assumptions of a Gaussian signal. 

Comparison with frequency-based methods

The reference result with transient analysis is then compared with other methods. None of them except for transient analysis on hot spots have well describing stress response and damage due to swept sineon-random loading. Indeed, concerning sequential sine-on-random for example, the analysis does not reproduce a real sweeping process with an exact match on resonance frequencies, due to incremental jumps between frequencies fi and fi+1, from a sine dwell event to another. Despite the physics seems to include a refined sine-on-random model, the results given by this method are non-conservative. Indeed, the hypothesis of stationary load is not fulfilled. The damage equivalent sine sweep is closer to transient analysis method, as it reproduces a part of resonance during sweep on mode 3. However, the resonant stress amplitude is under-estimated due to lack of random response on top of it. The advantage of damage equivalent PSD is to combine full broadband frequency content during the entire loading sequence, giving as a result a higher damage, despite the fact that non-stationarity is not