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Abstract

During high level vibration test on a heavy specimie test engineer is often facing difficultiespass
properly the specified vibration level due to congl between the specimen under test and the
electrodynamic shaker.

The present paper highlights the methodology fadldwo develop a virtual shaker testing simulatdre T
first step involves the dynamic identification o8@ kN shaker performed thanks to measurementsaimod
analyses and sine sweeps). The second step igfih&idn of the physic included in the simulaterdethe
translation of the electromechanical equations imoae-made simulator. Controller developed by
SIEMENS LMS and supplied to V2i in the frameworkioé AOC research project (“Advanced Operational
Certification”, Walloon Region funding) is introded to close the loop. An industrial test case &dbed

to demonstrate the abilityof the simulator to dedh real complex structures.

1 Introduction

The feasibility to perform physical tests in theldi of vibration testing cannot be entirely a prassessed
examining the shaker capabilities. Some coupliegaden the specimen under test and the shakératsel
well present and are emphasized in the case oflbégls and/or high mass compared to the moving mass
of the shaker. There exists a demand from thestggplier to foresee such behavior prior to the tiest
manage adaptations in the control strategy and/prdpose and justify level reduction.

Virtual shaker testing includes approaches to sateue coupled behavior thanks to an electromécdian
model of the shaker for which input voltage is @ssd by a closed-loop controller. Previous workiedr

out on this topic [1-4] represents the shaker asnple lumped-mass model and shows that such tiype o
model is sufficient to represent accurately thepbed behavior of interest. Only the vertical degreé
freedom are taken into account in these studig®] lthe torsion and in-plane rotation degreesreéélom

are included to expand the shaker coordinate spadect, low damped torsion mode is observed by
measurement and has to be incorporate in the maded. studied electrodynamic shaker (Ling 80kN) is
installed in V2i premises. The performed shakeapeter tuning is based on measurements (hammer-
impact modal analyses and shaker sine sweepsgréged simulator allows coupling either a reduced-
order model of a specimen under test either a sy@dsg equivalent system. The reduced-order model
includes the dynamic behavior of the specimen &y afsthe Craig-Bampton reduction method [6]. The
system is closed by a controller model develope8ibynens/LMS that mimic the behavior of the haraéwar



used to control the shaker. All the parts linkegetber allow the engineer predicting the resporise o
system prior to the test, foreseeing possiblediiffies and searching strategies to cope with thesslems
(different control parameters, control acceleromptesition, level reduction, etc).

Virtual Shaker Testing

Figure 1: Virtual Shaker testing principle

Firstly, the article describes the methodologyebiree the coupled electromechanical shaker modetali
characteristics and sine sweep responses are addtynpdate the lumped-mass model. The methodology
followed to couple the specimen model to the shakeulator is presented. Secondly an industrialdase
demonstrates the capabilities of the simulatore@l @vith complex large model.

2  Virtual shaker testing simulator

2.1 Electromechanical model of the shaker

Similarly to the philosophy adopted in [1-4], a lp@d-mass model is taken as basis of representzitibe
mechanical part of the electrodynamic shaker. Blter is coupled to a RL model of the electric part
such a way that the force acting on the coil aral ittduced back-electromotive force are correctly
introduced. The model is showmFigure 2.
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Figure 2: Electromechanical model of shaker

To the best author’'s knowledge, all the models dbumthe literature consider only the vertical cesg of
freedom. From the experience gained by the V2irawagis, the information about transversal and toasio
table behavior is important to know due to the @nes of bending and torsional mode of the shaker to
interface. The excitation of these modes can inthrge transversal accelerations imposed to theirsea.



To be able to represent these phenomena, thert@sbthe plane rotations are added in the setgriegs
of freedom, which results in an mechanical modelliding not 3 degrees of freedom but 7, i.e.:

(1)

The only degree of freedom of the electric modéhescurrent.

The electromechanical model is defined by the \ahfethe stiffness , mass |, damping  of the
different mechanical parts, by the colil resistan@nd inductance and by the coupling terms and  (if
Sl units are used, the force to current constatitlae voltage to velocity constant are equal).

The resulting equation system is:
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During vibration tests on the studied shaker, lesgnce of torsional and in-plane rotation vibratiwodes
are observed even if a priori only vertical loads applied to the coil. An explanation can be foimad
non-perfect alignment and centering of the coikanith the structural direction. Non-diagonal terans
introduced in the mass matrix to introduce thegects:
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In order to simulate the shaker when positioneldoinzontal configuration, a finite element modeig{ke
3) is created considering :

- shell elements for the slip table;

- “spring-damper” local elements for the bearinggégrelements in Figure 3);

- “spring” elements representing the sticking effeicthe oil circulating below the slip table (green
elements in Figure 3).

The model is then linked to the lumped mass motitleoshaker (left part of Figure 3).
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Figure 3: Finite element model of the shaker inZwortal configuration

2.2 Shaker identification

For both vertical and horizontal configurationspteets of measurements were taken in order toctolle
reference data for the purpose of model updating:

1) Hammer impact testing with the shaker at rest @ath the oil circulating below the slip table):
these measurements are taken in order to obta@x@erimental modal model of the shaker. The
tools available in the Test.Lab environment (SiesneM S Software) [7hre used for this purpose.

2) Sine sweep 0.5 g at 1 Oct/min between 5 Hz and 239Qusual frequency range for an
electrodynamic shaker): in complement of the modaalyses, these measurements allow
characterizing the complete coupling between thgerdint parts of the system (electrical,
mechanical and the control one).

As stated in the introduction, the identificatiorogess is applied to the 80 kN shaker installethéenV2i
premises but the methodology is relevant for aldhlectrodynamic shakers.

2.2.1 Vertical configuration shaker identification

The hammer impact testing analysis is performeéthdua maintenance of the shaker what gives acoess t
the top part of the coil (Figure 4). The impadiniposed in different directions on the top partraf table.

Figure 4: Hammer impact testing on the shaker itiogd configuration

The Figure 5 to Figure 7 show the mode shapestenhbdal characteristics of three identified modés.
two first are in-plane rotation of the top tableldahe third mode is a pure torsion of the top gdaving no
possibility to position accelerometers on the butfoart of the coil, the typical coil mode (out-digse
deformation between the coil and the table) cabroetrieved from the data set. Some peaks arevaose
on the weighted sum of the Frequency Response iBuadfFigure 8) at high frequency but the identifie
mode shapes have higher spatial frequency nonsepti@ble by the adopted discretization of the shake
model.



Figure 5: Vertical configuration impact testing Figure 6: Vertical configuration impact
Frequency 102 Hz - damping 8% testingFrequency 111 Hz - damping 8%

Figure 7: Vertical configuration impact testingreguency 434 Hz - damping 0.8%
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Figure 8: Vertical configuration impact testing €Wyhted sum of the frequency response functions

The modal analysis has been performed twice: befoceafter the maintenance (with dismounting and
remounting of the moving parts). The two measuréamehow frequency shifts of the in-plane and the
torsion mode without any change in the peak shagpmdat shows the sensitivity of the modal features
with respect to the coil mounting (Figure 8).

The signature of the torsion mode is also cleaintifiable on the sine sweep responses (Figunetdgh
demonstrates the activation of the mode evengfjai, no vertical modal mass is present in trentified
torsion mode. A second torsion mode at around 99With a higher level of damping is observed in the
acceleration spectrum what is non-clearly iderdifizy the modal analyses. The activation of theicstat
electromagnetic field influences the modal conteainly in slightly modifying the resonance frequgnc
values.

The signature of the coil mode is detected on taklé acceleration to drive voltage” FRF (see FdLe)
(high acceleration at the top part for a low inpoitage).



d

. o o
5

T T T T T 1

40000 '

i
A

oot il S

s i ]
50000 630.00 80000 1250.00

52 9e 6. P DO | | J | -
5000 6300 8000 10000 12500 16000 20000 25000 31500
Hz

Figure 9: Vertical configuration sine sweep — Aecations on sensors placed on the shaker top table

2.2.2 Horizontal configuration shaker identificatio n

The measurement points for the hammer impact orslilager in horizontal configuration are chosen to
obtain a sufficient spatial discretization of thig $able. The system is impacted at the lower rigint ipa
the three structural directions as shown in Figl@e A set of modal characteristics is identifiedirde
among the identified mode shapes are shown in Eigjlito Figure 13. However, as confirmed by the sin
sweep acceleration spectra, the most interestirden®the pumping mode observed at 886 Hz (for the
shaker at rest — see Figure 13) for which a nodéboétion is present just where the dhble is connected

to the shaker.

Figure 10: Horizontal configuration - Hammer imptagting setup



Figure 11: Horizontal configuration impact testingrigure 12: Horizontal configuration impact testing
Frequency528 Hz - damping 1.9% Frequency 691 Hz - damping 1.5%

Figure 13: Horizontal configuration impact testiaggquency 886 Hz - damping 1.0%

Figure 14 shows the shaker table accelerationit® doltage Frequency Response Function when a
constant acceleration is imposed on a point locatetthe slip table center. Due to the effect of the
electromagnetic field on the system and the faatt tie excitation level is higher, the pumping made
observed at a lower frequency (735 Hz) in comparieothe modal features of the shaker at rest (886
Hz). The FRF curve allows detecting an additioeabnance at around 920 Hz which mode shape can
be an out-of-phase movement between the movingpére shaker and the slip table (non-observable).
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Figure 14: Horizontal configuration sine sweep: i&hdable acceleration (point located at the juorcti
between the slip table and the shaker table) t@dmwltage FRF

2.3  Shaker model updating

Starting from guessed values assessed thanksdomiation found in the shaker data sheets and from
geometric measurements, the model updating pragesainly conducted by manual sensitivity analyses.

The objective is :
- To minimize the least-square difference betweemtbasured and simulated frequency responses
functions;



- To minimize the difference between the measuredsandlated modal characteristics (resonance
frequencies and mode shapes).

Figure 15 shows the modal shapes computed on ith#eg lumped mass model of the shaker. The first
mode is the “isolation mode” (rigid body mode oé tbhaker with respect to the mounting). The second
mode is the “suspension mode” characterized byative movement between the body and the moving

part (coil and table). The third and the fourth mathapes are characterized by an in-plane rotatitre

top table (orthogonal modes). The fifth mode shae out-of-phase torsion motion between the tabte

the coil. In the last mode, the coil moves out-bipe with the table. In comparison with the modal

characteristics highlighted by the measurements, apreement is very good (frequency, shape and
damping).

Figure 15: Updated shaker lumped mass model — Nbdpes — In black the non-deformed structure
composed of the coil, the table and the body aedigiormations colored according to the normed
amplitude (blue zero amplitude to red for maximapéitude)

Figure 16 and Figure 17 superpose the FrequengyoRes Functions coming from the measurements and
the ones computed with the updated electromecHamiodel. The quality of the representation of the
electromechanical coupling is then demonstrated.



Figure 16: Comparison between measured and sindulalbde vertical acceleration to drive voltage
Frequency Response Function

Figure 17: Comparison between measured and sindulaltde acceleration (rotation around the vertical
axis) to table vertical acceleration Frequency Rasp Function

Figure 18 shows some of the updated mode shaptbe ahaker in horizontal configuration. The Modal
Assurance Criterion comparing the experimental amcheric mode shapes is given in Figure 19. The
correlation is not perfect for all the modes. Hoamwonly the modes with high specific mass alorg th
slipping direction are important for the purposecofipling phenomena representation, which is aekiev
with the good correlation for the pumping mode (M&{®.96). Figure 20 demonstrates the good agreemen

between the measured and computed Frequency Responstions.

Mode 160 Hz Mode 543 Hz



Mode 702 Hz Mode 881 Hz

Figure 18: Updated slip table model — Significaradd Shapes

Figure 19: Modal Assurance Criterion between thgeerental and numeric mode shapes of the shaker
in horizontal configuration

Figure 20: Superposition of the measured and stetll&RF of the acceleration in a central poinhi t
Drive Voltage



2.4 Model of the controller

A controller model that mimics the LMS hardware &égbr was developed by SIEMENS LMS and supplied
in the framework of AOC research project. The odlfér described in [2] allows imposing a sine swapp

to 400 Hz. The controller behavior can be tunedkbao parameters such as the compression faator an
the sine sweep rate that are available in the Dasinterface.

The controller gives the drive voltage level tceirijin the electromechanical system in order ttofolas
close as possible the reference signal.

2.5  Specimen integration

The previously described parts (updated electroargchl part and the controller model) are coupled a
assembled in a unique environment. The customérsfeecifications impose controlling the injected
acceleration level either on the shaker table etdhe specific location on the specimen under festodel

of the specimen itself has to be incorporated énsimulator to consider the complete coupling.

Two options are developed: a one degree of freedass-spring system or a Craig-Bampton reduced-order
model [8].

One degree of freedom model: The mass, the stifipetsveen the concentrated mass and the shaker
table and the modal damping percentage have tefieed. This simple model is suitable when the
resonance frequencies are well separated and \Wwheamalysis is focused on a simple assessment
on a small frequency range.

Reduced-order model: A detailed finite element naifethe specimen has to be realized and
possibly updated if experimental data are availablee reduced-order model is computed in
retaining the vertical and rotation degrees ofdmee on an interface node. In the framework of this
research, the Samcef software [8] is used for gezimen finite element creation and for the
reduced-order model computation. The reduced mabstidfness matrices are as follows:

.pe F ©¢ " Hg (5)
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The transformation matrix for selected points ited@ined to retrieve the responses at theses points
at any time from the reduced coordinates. The dagnisi considered in the reduced modal space
as follows:

Kqy LMNQ® 5Q5R 5S T (7)

The specimen reduced matrices are transformediate-space model for computational time reasons.

The reacting loads between the specimen and thesishee computed and considered to couple the two
parts together. The reacting loads are definedigmibof the state-space model as follows:

Ve )fztzz%z%[vwwz(zz o )] ”‘Wﬁf’ 5 (8)

With ] T, the reduced modal coordinates.



A Dormand-Prince time integration scheme is usa@solve the system.
A Graphical User Interface allows managing all phecesses of the virtual shaker testing.

3 Test case

Two academic test cases are presented in [5] derating the performances of the simulator to deigth w
small simple structures. These examples show hieasimulator is able to predict some pathologieakes
such as when the control is located on a vibratimate.

The application of the virtual shaker testing psscen an industrial case is described in the pregmsgrer.
The considered structure is a luminaire named “@hast” commercialized by the Schreder group (Figure
21). In the framework of the mechanical certifioati the luminaire has to pass some vibration tests
demonstrate the strength of the assembly agaiads lsuch as the ones coming from the wind amplified
the mounting shaft dynamics. The highly accelerdifedtest consists in imposing a given level of
acceleration (according to the considered norma)iegguency corresponding to its first resonaneguency
during a given number of cycles.

Figure 21: Omniblast luminaire (Schreder): lefistalled on the 80 kN shaker and right — finiteredat
model (number of degrees of freedom: 650 000)

The physical tests were conducted in the V2i premi$he analysis of the recorded acceleration nsgo
allows determining the main modal characteristigshshe resonance frequency and the estimatioimeof t
modal damping thanks to the circle fitting methdde finite element model of the idealized luminage
created in the Siemens NX environment and the estlocder model including the first 7 modes and
retained nodes at the bottom of the support atd.biie transformation matrix is computed at pomtere
accelerometers are placed during the physical tioraest, which allows visualizing the behaviortbé
structure and performing comparisons. These additinodes can also be considered as the contnat. poi
Part of the dynamic of the structure is then intictl in the control loop. In order to achieve soeable
correlation between the numeric model and the dembmeasurements, special care is taken in modeling
the assembly between the different parts of theire.

The considered norm (published by the IEC instjtdethis particular test prescribes to impos®astant
0.5g acceleration applied to the connection oflihgnaire with the pole shaft (support in blackFigure
21). Previously and just after the endurance,@siveep at 1 Oct/min is performed first to iderttity most
relevant resonance frequencies and second to pheggood health of the structure (comparison batwee
the frequency signature before and after test).

Figure 22 and Figure 23 compare the measured andaged signals (drive voltage and acceleratioma on
point located on the luminaire fork). The agreemeimjuite accurate. It has to be noted that thdaditity
of measure data prior to the simulation helpsgo@d prediction of the dynamic amplification.



The time spent to simulate the sine sweep betwesmd %0 Hz is around 580 s (Intel i7 @2,50GHz,16 Go
RAM) to be compared to a test duration of around 24

The simulation considers the whole dynamic as bémepr. The effect of nonlinearities such as some
contacts, nonlinear stiffnesses or large deformatmannot be foreseen. Clear nonlinearity is oleseiv

the acceleration spectra at around 40 Hz (non-symgnoé the spectra around the resonance that can be
explained by the presence of a softening effetténsystem), Figure 23 . This phenomenon is caelyle
neglected in the simulated responses.

No difficulties are expected for these kinds ofratibn tests. The feasibility is well assessedrgddhe test
thanks to simple formulas (given the maximal fai@wée compared to the shaker maximal reachablg.load
This test case is conducted in order to demongtrateapability of the virtual shaker simulatodtal with
complex real structure.

Figure 22: Comparison between the measured andaggdDrive Voltage

Figure 23: Comparison between the measured andaggduaccelerations at the luminaire center of
gravity

4  Conclusions

Thanks to the introduction of additional degreefeddom, the developed virtual shaker testing atlolvs
predicting the dynamic behavior of the coupled sitapecimen assembly (translations as well adoatt
Difficulties can be detected and solutions candgsted in a humerical way. The risks of non-appederi
vibration test imposed to the specimen can be leder



The present work focuses on the 80 kN shaker ladtat \VV2i premises but the updating methodologynfr
experimental measurements can be extended topab tyf electrodynamic shakers. At this development
stage, only sine sweep test is available.

In further work, additional features will be addeath as the control strategy (average and maxiomal)
multiple points of the specimen.
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