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Abstract

In many engineering domains, it is important to be able to prove that a structure can
sustain the vibrations it will undergo during its lifetime. In this purpose, the specimen is
subjected to vibration test campaigns. However, these tests may become very expensive
and time-consuming if they damage the structure to be tested, if some beating phenom-
ena occur, if the device is over-tested, etc. To avoid such issues, a solution is to virtually
simulate these tests in order to predict the interactions between the structure under test
and the electrodynamic shaker. In this work, a virtual shaker testing is built to this
end. Two methods are presented. The first one couples the finite element model of the
specimen to the lumped parameter model of the shaker. The second one couples the

experimental model of the specimen to the lumped parameter model of the shaker.

The first objective of this work is to design a lumped parameter model valid for any
electromechanical shaker. A method is developed to compute the parameters involved
in this model. This one is applied on two different shakers: a small 100-1bf shaker (i.e.,
445 N) and a largest 120-kN shaker. Thanks to experimental tests, the parameters of these
shakers are identified and introduced in the lumped mass model. Vibration campaigns
are then simulated for these two shakers. The results are conclusive, the simulations are

close to the physical test results. It allows to validate the models of these shakers.

The second objective of this study is to couple the model of the structure to be tested
to the shaker model. The first method consists in building a finite element model of the
specimen and to numerically couple it to the lumped mass model of the shaker. This
method is tested on both shakers. For both of them, the amplitude of the peaks is well
identified but not all peaks are detected. Indeed, some features of the system are not
represented by the model. The second method predicts the frequency response function
of a specimen coupled to the shaker based on the responses of both subsystems. To obtain
the response of the specimen, a ping test is performed and an experimental superelement

is built. This method is then experimentally validated.

Finally, a special emphasis is put on the model of the expander, a tooling that allows
testing large structures on the 120-kN shaker. Its numerical model is updated thanks
to experimental tests and is then coupled to its shaker model. This structure is very
complex and difficult to model so the coupling to the shaker is not fully satisfying. But

it allows to predict dangerous phenomena that would occur at high frequencies excitation.

Keywords: Virtual shaker testing, Electrodynamic shaker, Lumped parameter model,

Parameter identification, Model updating, Testing prediction.
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Chapter 1

Introduction

1.1 Context and motivation

In the engineering domain, vibration campaigns are performed to validate structures
before they can be released. The aim is to ensure they will sustain a certain level of
vibrations during their lifetime. The real operational conditions must be accurately rep-
resented during this kind of campaign to simulate precisely the stresses they will undergo

in their real world lifetime.

However, vibration campaigns are not always easily performed. Indeed, some vibra-
tion tests are difficult to pass on specimens. For example, if the ratio between the mass
of the tested structure and the mass of the shaker is too large, the coupling between the
shaker and the specimen may become problematic. Alternatively, if the required level of
acceleration is high or if the control point is in a wobbly position, the controllers that
avoid a too large table acceleration may not allow to pass the test. Moreover, there usu-
ally are some interactions between the structure to be tested, the electrodynamic shaker
and the vibration controller. Another issue is that such campaigns may be expensive and
time-consuming. And longer tests may postpone the industrialisation of the prototypes

and thus lead to a significant monetary loss.

Numerically simulating the test campaigns allows reducing these issues. Indeed, if
these vibration tests can be simulated before doing any physical test, it reduces the risk
to damage the shaker or the structure being tested during qualification test campaigns. It
is also a gain of time because it permits to predict the dynamic behaviour and to properly
define in advance the parameters involved in the physical test. The test execution can

then be optimised and over-testing issues are avoided.

This defines the concept of virtual shaker testing. It allows to simulate the behaviour

of any electrodynamic shaker but also its interaction with the structure to be tested on
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this shaker. A virtual shaker testing is usually composed of three parts. The first one
is the model of the shaker. The second one is the model of the specimen coupled to the
model of the shaker. The last one is to simulate the control of a test on this shaker. How-
ever, the virtual shaker testing is a domain not yet fully addressed and some researches

still need to be done.

Obviously, the requirements to represent closely the reality in a simulating environ-
ment are complex. The boundary conditions between the structure under test and the
shaker device must accurately represent the reality. All the parameters that could have
an impact on the dynamic behaviour of the structure under test have to be taken into
account. However, the system made of the shaker and the structure to be tested consti-
tute a very complex system. Not every detail need to be modelled, only what is strictly

necessary to reproduce the targeted behaviour of the specimen.

This work is realised in the context of an internship in the V2i company. One of their
main core activities is to perform vibration campaigns for other enterprises in order to
improve industrial safety and reliability. They offer their services with theoretical and
experimental expertise. All researches for this master thesis are done inside this company
with the help of its employees and by using their equipment, hardware and software, for

the experimental parts.

The usefulness of such a virtual shaker testing can be shown by a simple example of
test at V2i. Clients had asked to test a heavy equipment for transport application. It had
a more than 400-kg mass. They needed a support to test it so that it would be suspended
and they did not want the equipment/tooling assembly to have natural frequencies below
20 Hz. V2i had then designed a tooling responding to these requests. The equipment and
the tooling had first been tested individually and they satisfied the clients’ specifications.
After that, the assembly had been tested horizontally on the table of the shaker and the
requests were still valid. But, when it has been tested on the expander in the vertical
configuration, the assembly had natural frequencies in the vicinity of 10 Hz. This had
scared the clients but it was only a rigid body mode resulting from the coupling between
the assembly equipment /tooling and the shaker. To conclude, if these tests could have

been first simulated these frightening results would have been predicted by the model.

In fact, when V2i receives a customer’s demand, they get some specifications. They
then check if these are compatible with the maximum force that the shaker can provide
and if the required displacement of the table of the shaker will not be too large. The big
advantage of the virtual shaker testing is that it could predict the coupling of the device

University of Liége - V2i internship 2



CHAPTER 1. INTRODUCTION Objectives

under test with the shaker and could predict the feasibility of a test.

1.2 Objectives

The global objective of this work is to implement a virtual shaker model. This master
thesis is thus divided in two main parts: the modelling of an electrodynamic shaker by a

lumped parameter model, and the coupling of the specimen model to the shaker model.

The first objective is to design, implement and validate a robust methodology to cre-
ate an electromechanical model of any electrodynamic shaker. In order to numerically
simulate a shaker, it is first needed to determine the lumped parameters involved in its
model. Few pieces of information are given by the manufacturers about the masses of
the different components, their stiffness or damping coefficients, etc. It is therefore very
difficult to identify all the parameters involved in the model. As a consequence, it is

needed to develop a method that will allow to identify these lumped parameters.

However, the aim of the virtual shaker testing is to predict how a structure reacts
when it is tested. Therefore, the second objective of this work is to design, implement
and validate a methodology to couple to the shaker model a numerical or an experimental
model of a specimen or an accessory such as the expander. The expander is an additional
tooling which is fixed on the shaker to allow to test relatively large structures when shak-
ers vibrate in the vertical configuration. It is needed to correctly model it to introduce it

in the virtual shaker testing.

It has to be noted that there exists shakers of very different sizes. It can go from
tiny shakers with for example 5-N forces to large shaker with forces of several thousands
of Newton. In this work, the targeted size is rather the latter. However, the developed
methods will be tried on a 100-1bf shaker (i.e., 445 N) before being applied on the largest
one. To visualise this difference of sizes, three different shakers are shown: a 5-N shaker
in Figure 1.1, a 100-N shaker in Figure 1.2 and a 120-kN shaker in Figure 1.3.

"’M vib

Figure 1.1: 5-N Shaker. Figure 1.2: 100-N shaker.

University of Liége - V2i internship 3
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Figure 1.3: 120-kN shaker.

1.3 Structure of the report

This work is divided in three main parts. The first one briefly presents what has already
been done in the domain of the virtual shaker testing. The second one explains how to
model an electrodynamic shaker and the last one describes how to couple the model of a

specimen to the numerical model of the shaker.

The first part of this study details how an electrodynamic shaker works, and how all
its components are connected. After that, the aim of a virtual shaker testing and its main
constituents are presented. It is then shown how to model the shaker, its mechanical and
electrical parts. The whole electromechanical model is then constituted. The features
and the limitations of a shaker are introduced. Finally, existing methods to identify the

model parameters are proposed.

The second part of this work explains how to model a shaker. The methodology to
follow is first presented then is validated with two practical cases. Two different shakers

are modelled and the simulations are compared with experimental tests.

Finally, the third part explains how to couple the model of a specimen to the model
of the shaker thanks to a numerical and an experimental specimen model. Again, this
methodology is applied to both shakers. Moreover, in this chapter, the focus is done on
a specific structure: the expander, the studied specimen. Its behaviour is extensively
studied.

University of Liége - V2i internship 4



Chapter 2

State-of-the-art

In this chapter, the components of an electrodynamic shaker are described so that the
reader clearly understands how it works. After that, it is explained how a Virtual Shaker
Testing (VST) is developed and what has already been done within V2i company on this
topic. A generic model of the shaker is then built and both electrical and mechanical
sides are studied. Finally, the existing methods for identifying the parameters of a shaker

are presented.

2.1 Electrodynamic shaker operation

The structure of an electrodynamic shaker has the same fundamentals as a loudspeaker:
a vibration is induced by a current flowing in a coil that is suspended within a magnetic
field. However, an electrodynamic shaker is more robust and heavier than a loudspeaker.
Guides and suspensions are added. The shaker can be considered as an electro-mechanical

system [1].

Figure 2.1 illustrates the following explanations about the physics of the electrody-
namic shaker. As seen on this diagram, the coil of wire is suspended in a radial magnetic
field, acting in a perpendicular plane to the coil axis. When a current flows through this
coil, a longitudinal force proportional to this current is created and transmitted to the

table where the specimen is fixed [2|. This is what makes the specimen under test vibrate.

A complex permeable arrangement must be constructed to create the radial mag-
netic field [3]: it is produced thanks to a magnetic permeable circuit around a polarised
cylindrical magnet. This last one is a permanent magnet for small shakers and an electro-
magnet for large shakers. The two poles of this magnet are placed in front of each other
thanks to an inner pole and an outer pole. The inner pole is connected to the north face
of the magnet to transmit the flux. The outer pole is attached to the south face. This

outer pole is made of a permeable disk. This permeable disk is linked to a permeable
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tube which is then connected to an hollow permeable disk; the coil is suspended in this
hole. This allows to transmit the flux from the south face of the magnet to this disk.
Therefore, the inner pole, which is inside the coil, is north-polarised while the outer pole,
that surrounds the coil, is south-polarised. The radial flux normal to the coil axis is thus
created. The air gaps between these poles have to be as small as possible in order to min-

imise the reluctance of the magnetic circuit. The fixed magnetic field is then maximised.

Load

Support T  Table
Flexure

Coil on
Form

Inner
Pole Piece

Outer Pole Piece (Body)

<—— Compliant Isolation Mounts ——>-

Figure 2.1: Section view of shaker mechanical structure [2].

The coil is centred in the gap between the inner and outer poles and moves axially (i.e.
vertically in Figure 2.1) with no motion in the other directions. To avoid lateral motions,
an elastic suspension system is used, called support flexure. This is made of flexible metal
sheets that have a high yield strength. It is illustrated in Figure 2.2. Intuitively, it can be

seen that this piece allows a vertical motion but that its torsional rigidity is significant.

Figure 2.2: Support flexure of the coil.

University of Liége - V2i internship 6



CHAPTER 2. STATE-OF-THE-ART Virtual Shaker Testing

The piece that allows to link the load table and the coil is called the coil on form. In
older designs, it was made of a thin stiff tube. The coil was welded around its external
diameter and the upper extremity is fixed to the table. In modern designs, an epoxy sta-
bilised coil is directly fixed to a light magnesium table structure by using epoxy bonding

techniques.

The table, the coil and the coil on form are the moving elements. They constitute
the shaker armature while the exciter base holding the magnetic elements is called the

shaker body |4]. Tt usually is isolated from the ground thanks to pneumatic suspensions.

2.2 Virtual Shaker Testing

The aim of the virtual shaker testing is to simulate a vibration campaign of a specific
structure on a virtual electrodynamic shaker. To build this virtual testing, three different
components must be modelled: the shaker, the structure and the control system |[5].
They constitute the three main blocks shown in Figure 2.3. The first step is therefore
to model the electrodynamic shaker. The second one is to represent the device that it
is intended to be tested and then to couple it to the model of the shaker. The last step
is to implement the model of the controller that controls the shaker during experimental

vibration test campaigns.

Virtual shaker testing

Model of a structure
added on the shaker model

»x_dot ¢ I
»x_dot_b
Electrical

Electro — mechanical model of the shaker

Control
model

Figure 2.3: Principle of virtual shaker testing.

University of Liége - V2i internship 7



CHAPTER 2. STATE-OF-THE-ART Model of the electrodynamic shaker

The first objective is to model an electrodynamic shaker. In this master thesis, a spe-
cial focus is made on a large 120-kN shaker. A model of a similar electrodynamic shaker
is already existing, developed in V2i [6]. However, the shaker is not exactly the same
and the identified parameters in this previous model have been determined manually. No

method has been followed to determine the lumped parameters.

In this work, only the vertical configuration of the shaker is modelled but it could also
be done for the horizontal position. V2i have tried to model this horizontal operation
mode but it is far more complex [6]. Indeed, it will be seen later that in the vertical
position, the shaker may be modelled by a spring-mass system. In the horizontal posi-
tion, the table of the shaker slides on an oil film rather than being maintained by the
flexure mounts. The dynamics of this coupling system as well as the identification of the

parameters are much more complex.

The second stage to build a VST is the coupling of a specimen model to the shaker
model. To establish this coupling, a superelement is used. It is connected to the table of
the shaker and the reaction of the structure on the shaker table is computed. Moreover, it
gives access to the information of any point of the specimen so that the controller model

can be applied on any point of the structure model.

The last stage of the VST is to integrate the controller model. References [6] and [7]
explain what has already be done within V2I about VST. They have used a controller
model, provided by Siemens LMS, to build a complete virtual shaker model. The aim is
to imitate the controller hardware that is used to operate the shaker during experimental
tests. However, this will not be used in the present research work because its application
field is very limited. Indeed, it can not operate beyond 200 Hz while the goal of the VST
developed in this work is to predict the behaviour of a structure and the shaker for a
broad frequency range. The goal is to model dynamic phenomena at least up to 2 000 Hz
because it is the limit of allowable excitation frequencies specified in the concerned shaker
norms. A new model of the controller could be developed but it is beyond the scope of
this work. Therefore, no control will be used in this work and the latter will focus only on
the two first blocks of the VST: the shaker model and the coupling of a specimen model
to the shaker model.

2.3 Model of the electrodynamic shaker

There are different ways to model an electrodynamic shaker. The level of complexity de-
pends on the objectives of this modelling. For example, in the space domain, spacecrafts

experience a large variety of loads in all the directions and need accurate testing sys-

University of Liége - V2i internship 8



CHAPTER 2. STATE-OF-THE-ART Model of the electrodynamic shaker

tems. Performing vibration test campaigns is extremely expensive and risky. A specific
test specimen is often produced exclusively for testing purposes and this piece is often
unique. No mistake can be afforded. A reliable numerical model is therefore a valuable
asset to anticipate the test results, and maybe to replace some of the (costly) real test
sequences. For example, to mimic loads undergone by a satellite launcher, the ESA has
developed the HYDRA shaker [8]. This six degrees-of-freedom table shaker is made of
height hydraulic actuators. In order to virtually test the interactions between the shaker
and the spacecraft, the ESA has built a finite element of the whole HYDRA structure
[5]. This can be observed in Figure 2.4.

Figure 2.4: CAD model of the HYDRA shaker [5].

However, in this master thesis, it is assumed that the shaker table is infinitely rigid
and that the table vibrates in the vertical direction only. Therefore, such a complete
model is not needed. In this case, the electrodynamic shaker may be simply modelled by

lumped masses and a one-dimensional model can be considered.

Different electromechanical models using lumped parameters have been developed in
numerous previous works. Most of them are one dimensional with either two degrees of
freedom as in [1] and [9] or three degrees of freedom as it is in |2, 4, 10, 11, 12|. In these
works, the shaker is represented by a simple lumped-mass model and only the vertical
degrees of freedom are first considered. However, in [13], the rotational degrees of freedom

are taken into account to be able to represent the torsion or in-plane rotation.

2.3.1 Mechanical model

In this work, a 3-DoF one-dimensional mechanical model is used. These are represented
by the vertical translations of three different masses as illustrated in Figure 2.5: the mass
of the coil m,, the mass of the shaker body m; and the mass of the shaker table m; [2].

The vertical displacements relative to these masses are respectively denoted x., ;, and x;.

University of Liége - V2i internship 9



CHAPTER 2. STATE-OF-THE-ART Model of the electrodynamic shaker

The connections between these elements are also shown in Figure 2.5. The suspen-
sions of the table that link it to the shaker body of the shaker are modelled by a spring
ks and a damper c¢,. Additionally, since the armature is considered as being elastic, the
coil and the table do not move rigidly. They are connected by a spring k. and a damper
c.. Finally, the isolation system of the shaker from the ground is modelled as a spring k;

and a damper c.

Figure 2.5: Mechanical model [2].

2.3.2 Electrical model

Such a mechanical model is then coupled to an electrical model, illustrated in Figure 2.6.

|

R

—

Figure 2.6: Electrical model [2].

Ebemf

This coupling between the mechanical and electrical domains is two-sided [12]. Firstly,
when a current passes through the coil, a force proportional to the current acts on it.

The magnitude of this force F' [N] is given by Ampere’s law which writes:
F = Blni = Ky, (2.1)

where B is the magnetic field strength [T], [ is the coil length per turn [m], n is the num-
ber of turns [-], 7 is the current flowing through the coil [A], and K7 is the force/current

coefficient [N/A]. This force applies simultaneously on the mass of the coil and on the

University of Liége - V2i internship 10



CHAPTER 2. STATE-OF-THE-ART Model of the electrodynamic shaker

mass of the shaker body in opposite direction. The mass of the latter must therefore be

significantly larger than the mass of the coil /table assembly.

Secondly, a voltage is created at the terminals of the coil when it moves inside the mag-
netic field. This voltage is proportional to the velocity of the coil according to Faraday’s

law which writes:
Eyemyp = Blni, = K, 2, (2.2)

where Ejen s is the back electromotive force [V], &, is the relative velocity of the coil with

respect to the magnetic field [m/s|, and K, is the voltage/velocity coefficient [V/(m/s)].

The coil is defined by its electrical resistance R and inductance L [9]. These induce
a complex electrical impedance Z = R + jwL at the input terminals of the shaker [2],
where w is the pulsation. The electrical circuit may then be modelled by the following

equation:

V(t) = Ri(t) + Ldii(f) + By (1). (2.3)

And by using Eq. 2.2, it comes:

V(t) = Ldil—(? + Ri(t) + Kyi.. (2.4)

This equation models the electrical part of an electrodynamic shaker.

2.3.3 Electromechanical model

As it is shown in [2], by integrating the equations of motion in Equation 2.4 as a func-
tion of the current passing through the coil, the equations of the system are obtained
(cf. Equation 2.5). Further chapters explain how to solve these equations to simulate the

dynamic behaviour of the shaker.

m. 0 0 O T, Ce —C, 0 0 T,
0 mg 0 O Ty —C, C.t+cg —c, O Tt
+ S+
0 0 my O Ty 0 —cs cs+c 0 Ty
0 0 0 0] \2 ~-K, 0 K, L|\%
dt dt (2.5)
k. —k. 0 — Ky Te 0
_kc k’c‘i‘ks ks 0 Tt . 0
0 —]fs k’s—l-k’b Kf Ty 0
0 0 0 R 1 \%

University of Liége - V2i internship 11



CHAPTER 2. STATE-OF-THE-ART Model of the electrodynamic shaker

2.3.4 Shaker mechanical features

On electrodynamic shakers, the isolation mounts mode is usually identified at low fre-
quency, the suspension mode at medium frequency and the coil mode at high frequency
[14]. Two of these modes are easily observed on the measured Frequency Response Func-
tions (FRFs) of the acceleration of the table over the current flowing through the coil.
A theoretical example is shown in Figure 2.7. There is a first peak appearing on this

function which is highly damped. It corresponds to the suspension mode.

10% b 4102

10" b

10° b 410°

Magnitude [m/s?/A]
Magnitude [m/s?/V]

107! . - - 10~
10! 10? 103

Frequency [Hz|

Figure 2.7: Table acceleration-over-current (blue) and over-voltage (orange) FRFs.

There is a second peak at higher frequency which corresponds to the coil mode. This
mode is the most dangerous. Indeed, as it is observed in Figure 2.7, the reaction of the
system is much higher than for the first mode. It is not advised to use the shaker at the
corresponding frequency because it could break the coil and it would of course cost a lot
of money. At first, the repair of a coil is very expensive. Moreover, the repairing takes
time and during this time, the shaker is unusable. In V2i company, the customers who

order some tests pay per hour so an unusable shaker wastes a lot of money.

One can notice that the isolation mount mode is not visible in Figure 2.7. It is because
on an electrodynamic shaker, the natural frequency of the body is positioned below the

excitation frequencies.

It can be seen in Figure 2.7 that compared to the acceleration-over-current FRF,

the coil mode identified with the acceleration-over-voltage FRF has a smaller amplitude.
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This is due to the electromagnetic damping applied by the cross-coupling between the
electrical and the mechanical parts of the shaker (by the coefficients K, and Ky) [2].

It can be assumed that at the peak relative to the suspension mode, the coil and the
table move rigidly together, move in phase. However, at the high frequency peak, they

move out of phase. The moving elements are then in resonance.

It is important to note that an electrodynamic shaker has some limitations in terms of
performances. The causes of these limitations are frequency dependent as it is explained
in reference [2|. Indeed, at low frequency, the limiting factor is the designed stroke of the
table. It is what restricts the displacement of the table. In the middle frequency range,
there is a table velocity limit. It is due to the maximum voltage output of the power
amplifier and to the back electromotive force that the shaker is able to generate. The
table operation is therefore limited by the maximum RMS current that the coil of the
shaker can tolerate. At high frequency, the table operation is limited by force and finally
by voltage.

In V2i company, the limitations of the shakers are gathered in a Specification sheet.
This can be found in the Appendix A in Figure A.1. It allows to decide if the customer’s
requirements are feasible. One can note that without a virtual shaker testing, this is
the only way to determine in advance if a test is realistic or not. But the database
that supports this specification sheet are not exhaustive, so some phenomena could be

overlooked.

2.4 Parameter identification methods

It is now understood how an electrodynamic shaker works and how a virtual shaker test-
ing is built. With the aim of achieving the first block of a VST (cf. Figure 2.3), the
generic model of a shaker has been defined in Section 2.3. The next step is then to deter-
mine the lumped parameters of this model: the masses, stiffness and damping coefficients
defined in the previous sections. In this section, the different methods of identification

investigated are presented.

For shakers having a force below 50 N, it is common to realise nail tests. In [3], the
model of the electrodynamic shaker is only constituted by two degrees of freedom: the
vertical displacement of the table and the vertical displacement of the coil. The idea of
this test is then to block the vertical displacement of the shaker table with a finger nail
and then release it abruptly. The output voltage at the terminals of the coil is measured

and the frequency and time responses are monitored. This test is realised with no load
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on the shaker, and with a small mass whose weight is accurately known. The natural
frequencies of the system are then identified. Their numerical expressions involving the

mechanical parameters being known, these frequencies are easily computed numerically.

A similar method to determine the mechanical parameters of the shaker is the blocking
structure |1]. It is only possible to use it for small shakers that are only modelled by two
degrees of freedom. This method consists in blocking alternatively one of them to end up
with a one degree of freedom system and let it oscillate to study it. The system is then
mounted on a larger shaker and is excited by a sine sweep signal. The system response
being registered, the parameters of the shaker are then identified by comparison with the

response of a single degree of freedom system using a least-squares estimation.

Another idea is to determine the mechanical parameters of the shaker by experimental
modal analysis. In [9], impacts are performed on the table and the body with an impulse
hammer while the table acceleration response is recorded. The modal parameters are
then determined with a modal identification method. The response functions are then
synthesised. However, this method is not ideal for highly damped structures. If the table
flexure is largely attenuated, resonance peaks do not appear in every FRF. For example,
if the impact is performed on the table, the table mode (or suspension mode) clearly
appears in the FRF while the body mode is not observed. In the contrary, if the impact
is done on the shaker body, the suspension mode is not observed in its FRF while the

isolation mode is. It can make it difficult to identify properly the modal parameters.

These three first methods are only well suited for small shakers. Another one that can
be applied on larger shaker will be investigated more deeply in the following chapters of
this work. As in the first presented method, two tests have to be performed: an unloaded
test and one with a mass added on the table. For these two tests, the acceleration of the
table as well as the current flowing through the coil of the shaker must be recorded to
obtain the frequency response function of the acceleration over current [15]. Starting from
the equations of the mechanical model, after some calculations, its numerical expression
is obtained. The values of the natural frequencies being determined experimentally, all

the mechanical parameters may be identified.

It has to be noted that for these four presented methods, only the mechanical parame-
ters are determined. In fact, in each of these sources, the electrical parameters such as the
resistance and the inductance of the coil have simply been measured with a LCR-meter.
However, in these articles, there is no experimental verification of what these LCR-meters

exactly measure. And they do not take into account the frequency dependency of the
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CHAPTER 2. STATE-OF-THE-ART Parameter identification methods

resistance and the inductance. Moreover, the aim of this work is to determine all the

numerical parameters automatically, the mechanical ones as well as the electrical ones.

In [10], the electrical parameters of the shaker have been determined thanks to the
expression of the frequency response function of the voltage at the terminals of the coil
over the current flowing through it. This function is measured experimentally and the
parameters of the numerical expression are determined by solving a least-squares problem

between the two functions.
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Chapter 3

Shaker modelling

In this chapter, a methodology is established to implement a virtual shaker system for
any electrodynamic shaker. Test campaigns are performed on two different shakers so

that the methodology is used and its performance is assessed.

3.1 Methodology

The electromechanical model of the shaker has been theoretically defined in the previous
chapter. The equations of the model of the electrodynamic shaker written in Equation 2.5
are now implemented in the Simulink software package. It is a MATLAB extension that
provides a block diagram environment which allows to design systems and to simulate
their operation. This software has been chosen because it is an open software by opposi-
tion to other softwares where the codes cannot be modified. In Simulink, every parameter
can be changed, the time resolution can be chosen and if a control module is added, it

can be edited. The electromechanical model implemented in this software is shown in

Figure 3.1.
V_out
(1)
Cont
c c I x_dot_c
ont onf
Gain >V
- Cont Cont Cont
V_in L» x_dotc | KF x_ddot_t
—»x_dot b acc_table
- Cont
Electrical x_dot_b
Mechanical

Figure 3.1: Electro-mechanical model of a shaker implemented in Simulink.

16



CHAPTER 3. SHAKER MODELLING Methodology

In order to simulate the dynamics of the shaker, the parameters of the numerical
model appearing in these equations must be identified. A method has to be developed to
estimate them so that the virtual shaker model can be used. In this section, a method to
optimise the mechanical parameters is explained in a first time. An analytical expression
is thus found for the m,. and m; masses, for the ¢, and ¢, damping coefficients, for the k.
and k;, stiffness coefficients and for the K, coupling parameter. After that, the R and L

electrical parameters optimisation is developed.

3.1.1 Mechanical parameters

To identify the mechanical parameters of the numerical model, the analytical expression
of the acceleration-over-current FRF is used as it is explained in [15]. The latter can be
experimentally measured and its numerical expression is easily obtained. Therefore, the

two frequency response functions may be compared in order to determine the parameters.

In a first time, it is assumed that when a mass-load is added on the table of the
shaker, it is rigidly attached to it. Therefore, instead of using a superelement, the load
m; is modelled by being added to the mass of the table. In this case, m; can be replaced
by m;+my in the model. This also makes the assumption that the mass acts like a point.

This is not the case anymore with a superelement.

Moreover, the exciter base can be assumed to be rigidly attached to the floor [16].
Indeed, the shaker is fixed to the ground, which is supposed to be infinitely rigid. The
mode of the shaker body, in other words the isolation mount mode, is thus located at a
frequency below the frequencies that are analysed. Therefore, the parameters related to
the shaker body (my, ky, ) are estimated possible values and are defined so that the body
mode is out of the frequency range of interest, meaning below the [5 Hz - 2 000 Hz| range.
An identification method should be developed to determine these parameters if modes

lower than 5 Hz had to be identified but the estimation used here is sufficient for this work.

As a reminder, the model of the shaker is implemented in Simulink. This mechanical
part is shown in Figure 3.2 to better understand the equations that are used in this

section.
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Kf*|
X_CF—
x_dot_t
o x_dot ¢ (1)
T _ x_dot ¢
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x_b x_ddot _t »2)
X_ddot_t
Table
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x_t
- x_dot b
Body

Figure 3.2: Mechanical model of a shaker implemented in Simulink.

The estimated parameters of the shaker body will be introduced in the Simulink
model when the shaker dynamics will be simulated. However, to simplify the equations
for the parameter identification process, the model shown in Figure 3.3 is used. Indeed,
since the body mode is below the frequency range of interest, the mechanical system can
be modelled by two degrees of freedom: the table (with its suspension stiffness ky and

damping ¢,) and the coil (with its suspension stiffness k. and damping c,).

kg L|J = Cs

F =K
(777777777777

Figure 3.3: Simplified mechanical model [2].

Based on this 2-DoF model, the electromagnetic force applied on the coil may be

expressed through Equation 3.1:

F =Ky =mEe+ c(te — ) + ke(ze — 21). (3.1)
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Similarly, the dynamics of the table may be given by Equation 3.2:
(my + my) &y + csty + kszy = co(Te — &) + ke(xe — 74), (3.2)

where m,; is the mass of the load being tested on the table of the shaker.

By using the Laplace transform and by eliminating x. from these two last equations,
the expression of the current flowing through the coil is obtained as a function of the

table displacement:

me(my + my)st + (mecs + ceM)s® + (meks + cocs + kM) s? + (coks + kecy)s + keks
Kg(ces + k)

[ = Xt;

(3.3)
with M = m. + m; + my, and where [ is the Laplace transform of the current ¢ and X,
the Laplace transform of the table displacement z;. The acceleration-over-current FRF

is then directly obtained:

S2Xt
I

Hacc,i =

Ki(ces + ke)s?
N me(my + my)s* + (mecs + c.M)$3 + (meks + cecs + ke M)s? + (coks + kecs)s + keks
(3.4)

This expression can be simplified at low frequency. Indeed, at low frequency, in other
words, at frequencies much smaller than the natural frequency of the coil, it can be
assumed that the coil and the table move rigidly together (k. and ¢, tend to infinity).

Therefore, the acceleration-over-current FRF at low frequency expresses as:

Kf82

H = '
e ILF(S) (me +my +my)s? +cos + ks

(3.5)

The resonance frequency of the electrodynamic shaker at low frequency can be ex-

pressed as follows, unloaded and with a mass-load m; respectively:

1 ks 1 ks
_ _ - : 3.6
Jour 2m \ my +m,’ Juur 27 \/mt +me +my (3:6)

From these two equations, the moving mass of the shaker can be evaluated:

mo = My + M, =

Then, from the expression of the resonance frequency at low frequency with no-load, the
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expression of the table suspension stiffness becomes:

k’s = (27Tf0LF)2m0. (38)

Similarly, at high frequency, it means at a frequency much larger that the natural
frequency of the table, the acceleration-over-current FRF can be obtained by simplifying
Equation 3.4. Indeed, it may be assumed that the coil and the table move out of phase
at high frequency (ks and ¢, can be set equal to 0). Therefore, the FRF becomes:

Kk,

HCLCC = ’
Ty (S) me(my +my)s? 4+ (my + my + me)ces + (my + me + my) ke

(3.9)

The resonance frequency of the electrodynamic shaker at high frequency can be ex-

pressed as follows, unloaded and with a mass-load m; respectively:

(3.10)

T MMy 2m

L [(my+me)ke. 1 \/(ml + my + me)ke

Foue = e\ mam, T T 2w\ my

Therefore, from these two expressions, the mass of the coil may be computed:

B (foQHF - szHF)(ml + mo)mg
me = (3.11)

Since the moving mass and the mass of the coil are now known, the mass of the table

is simply given by:

’mt =mg — mc.\ (3.12)

Moreover, the stiffness of the suspension of the coil may be expressed as:

MM
ke = ——<(27 fo,1)%. (3.13)
Mo

The remaining mechanical parameters to identify are the current/force coefficient K

and the damping ¢, and c..

At first, the current /force coefficient may be approximated by using the expression of
the magnitude of the FRF in Equation 3.5 with no load at a frequency equal to ten times
the resonance frequency fy,, so that the shaker operates out of the influence of the two

modes as it can be seen on the example in Figure 3.4.

At this frequency, the terms involving k4 and ¢, are negligible and then, by isolating

University of Liége - V2i internship 20



CHAPTER 3. SHAKER MODELLING Methodology

the parameter Ky, it comes:

Kf = m0|HaCC,Z-(27r X 10f0LF7 m; = 0)| (314)

102 ——— : ————

Magnitude [m/s?/A]
=
[=}

10 x f()/./-' \

i T R | L L L I I R |
10 102 103
Frequency [Hz|

Figure 3.4: Acceleration-over-current FRF and highlight of natural frequencies.

Similarly, the damping coefficient of the table suspension may be found thanks to the

magnitude of the FRF with no load at the low frequency peak of resonance (f = fo,.):

21 X fOLFKf
’Hacc,i<2ﬂ- X fOLF> my = O)|

Cs = (3.15)

Finally, the damping coefficient of the suspension of the coil is obtained thanks to the

magnitude of the FRF with no load at the high frequency peak of resonance (f = fo,,):

K k.

B 27TfOHFWLO’]{acc,z'(277— X fOHF, m; = 0)|

Ce

(3.16)

Therefore, each mechanical parameter of the shaker model is now defined by an ana-

lytical expression.

3.1.2 Electrical parameters

Now that it is known how to compute the mechanical parameters, the electrical param-
eters must be identified. The resistance R and the inductance L of the shaker could be
measured with an LCR-meter but it is not reliable since it does not account for the fre-
quency dependency of the resistance value. Indeed, the resistance of the shaker depends
on the frequency because of the skin effect [17]. However, the LCR-meter available at

V2i company works offline, by sending a 10-kHz frequency signal [18]. This frequency
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is much higher than the operating frequency range of an electrodynamic shaker so the
values at the frequencies of interests cannot be measured. An automatic method to com-

pute resistance value and inductance value is therefore needed.

As for the mechanical part of the model, the implementation in Simulink of the elec-
trical part can be observed in Figure 3.5 to better understand the following computations.

This is the implementation of the Equation 2.4.

Lo | =

- Cont Cont Cont
1/L | o
- difdt "/ i @
R F
Cont

Figure 3.5: Electrical model of a shaker implemented in Simulink.

By using the Laplace transform in Equation 2.4, and by isolating the term V/I, the

expression of the voltage-over-current FRF is obtained in Equation 3.17:

K, X,
2nf I

v
Hy,=—=j2rfL+ R+

- (3.17)

However, as said previously, it can be assumed that the table and the coil move in phase

T

already known (cf. Equation 3.5) and for which all parameters are already identified.

at low frequency. Therefore, is equal to % for which the analytical expression is

Moreover, it can be seen in Equation 3.17 that the inductance L has a low influence
at low frequency. Therefore, only the resistance R is identified by using the experimental
voltage-over-current FRF around the first peak of resonance. To do so, the MATLAB
function Isqcurvefit is used. The latter finds the parameters that allow to fit the numeri-

cal curve on the experimental one in the least squares sense.

To determine the last electrical parameter, the inductance L, an iterative method is
used. A first guest is set: a value assessed in other works for a similar shaker is used
([9] and [4]). Thereafter, the electromechanical model implemented in Simulink is used

to simulate the tension-over-current FRF. After that, an objective function is defined as
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the difference between the experimental FRF and the numerical one. This is computed
for many values of the inductance L and the objective function is plotted as a function
of the inductance. The most suitable inductance is then the L parameter for which the

objective function is minimum.

3.1.3 Experimental measurements

To identify these parameters, measurements are realised to obtain the experimental
acceleration-over-current and voltage-over-current FRFs. Therefore, the current, the volt-
age, and the table acceleration must be measured during a sine sweep test on the shaker
to identify. Since these FRFs are needed for an empty test and for a loaded test, the
measurements are done twice: one with nothing on the shaker table and one with an
additional known mass. In this work, it is chosen to take a mass of about 5% of the

shaker mass. For the loaded test, this load is screwed onto the shaker table.

To realise a test on the shaker, several tools are needed. The first one is the acquisition
software to define the input signal and to post-treat the measurements. Transducers are
also needed to measure the acceleration, the current and the voltage. These are connected

to an acquisition system and an amplifier is needed to strengthen the input current signal.

Since the lumped parameter model only considers the vertical translation DoFs, it is
required to measure the vertical acceleration of the shaker table. To do so, a PCB or a
Dytran accelerometer is glued at the centre of the table. Thereafter, some amplifiers give
the amplified current as an output so this signal can directly be used for the identifica-
tion. However, it is not always the case so another possibility is to use a current-clamp.
It is placed around the wires feeding the coil and is connected to the acquisition system.
Finally, the voltage signal is needed. As for the current, some amplifiers have a voltage
output that directly gives the amplified output. Nevertheless, if the output voltage is too
high to be measured, only the input voltage of the amplifier may be obtained. In this
case, to get the amplified signal, it only needs to be multiplied by the amplifier gain.

Finally, to obtain the needed FRFs for the identification, the Fast Fourier Transform
(FFT) of each time signal (acceleration, voltage and current) is computed. The FRFs
are then computed by dividing the acceleration FFT by the current FFT and by divid-
ing the voltage FFT by the current FFT. Therefore, the acceleration-over-current and
voltage-over-current FRFs are obtained for the empty and the loaded tests. The natural
frequencies are then identified and the mechanical parameters are computed. After that,

thanks to the measurements of the current and of the voltage, the experimental voltage-
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over-current FRF is computed. The electrical parameters are finally computed. These

instructions are summarised in Figure 3.6.

Empty Loaded
test test

Sine
sweep

Measurement of Measurement of Measurement of
table acceleration table current table voltage

N

FRF acc/I FRF V/I

A4 v

Computation of Computation of
Mechanical Electrical
Parameters Parameters

Figure 3.6: Identification process of the model parameters.

3.1.4 Introduction of the parameters in the numerical model

The parameter values are now introduced in the numerical model. The shape of the input
signal, i.e., the voltage signal, is given to the Simulink program so that the outputs of
interest can be simulated: the voltage at the terminals of the coil, the current flowing
through the shaker as well as the acceleration of the table of the shaker may be predicted.
This constitutes the main block of the virtual shaker testing, the electrodynamic shaker
is numerically modelled. Dangerous phenomena could be detected thanks to these simu-

lations.

However, before trusting the obtained results, the identification method has to be val-
idated. To do so, the simulated transfer functions can be computed and can be compared

with the experimental ones.

University of Liége - V2i internship 24



CHAPTER 3. SHAKER MODELLING Validation of the shaker model

3.2 Validation of the shaker model

In order to validate the method developed, experimental tests are performed then com-
pared to the simulated results obtained with the electromechanical shaker model. The
aim of this work is to optimise a virtual shaker testing but, for V2I company, the main
interest of this internship is the model of a large 120-kN shaker installed in their lab.
However, this shaker is scarcely available. Testing campaigns for clients are obviously
prioritised and therefore, the shaker was not often available for this work. The iden-
tification method has thus to be established before the large shaker could be accessed.

Therefore, the process was first studied on a smaller 100-1bf shaker that is always at hand.

The small shaker is easy to manipulate and has more or less the same dynamics as
the 120-kN shaker. Indeed, their peaks of resonance appear in the same frequency range.
The identification method first applied on the 100-1bf shaker (i.e., 445 N) is then extended
to the larger shaker.

3.2.1 Preliminary tests: 100-1bf shaker

In a first time, the VTS VG-100 shaker is used. It is shown in Figure 3.8. This electro-
dynamic shaker is guided vertically so transverse effects are avoided and the acceleration
along the vertical axis can be measured properly. The aim of this section is then to

determine the parameters of the numerical model accurately.

As it has been explained in Section 3.1, the lumped parameters are determined by
calibrating numerical FRFs on experimental ones. The first step in the identification
process is therefore to obtain experimentally different frequency response functions: the

acceleration-over-current FRF and the voltage-over-current FRF of the shaker.

To evaluate these FRFs, open loop sine sweep tests are conducted: a sine signal of
constant voltage amplitude is imposed at coil terminals and its frequency varies linearly
between 5 Hz and 3 000 Hz. The acquisition is made by using The Lab acquisition system
(cf. Figure 3.7), and the The V2i Acquisitor software, developed by the company.

Figure 3.7: The Lab acquisition system.

The considered acquisition parameters are gathered in Table 3.1.
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Parameters Value
Input type Sine sweep
Input voltage 02V
Sweep velocity 30 Hz/s
Acquisition time 100 s
Ramp duration 0.2s
Bandwidth 20 000 Hz
Sample frequency | 51 200 Hz

Table 3.1: Acquisition parameters of the tests performed on the VTS VG-100 shaker.

One can note that the 20 000 Hz bandwidth is really high compared to the max-
imum 3 000 Hz sine sweep frequency. This is due to the fact that, by default in the
V2i Acquisitor, the sample frequency is fixed to 51 200 Hz. And in order to respect the
Nyquist-Shannon sampling theorem, the bandwidth is limited to the sampling frequency
divided by 2.56 [19], which gives 20 000 Hz. This value is kept for this test to ensure hav-
ing a good time resolution if the time signals should be analysed. The Nyquist-Shannon

sampling theorem is therefore largely satisfied.

The aim of the amplifier is to amplify the current signal in order to get the defined
voltage signal. The amplitude of this signal is multiplied by the value of the gain. How-
ever, the voltage signal does not need to be amplified in this case so the gain is set such
that the input voltage is equal to the output. This output voltage is then applied to the
shaker. The value of the amplitude of the signal has thus been determined such that the

shaker does not undergo too large accelerations.

As it is required by the method presented in Section 3.1 and as it can be seen in

Figure 3.8, the vibration test is done twice: with no mass and with a load of 409 g.

(a) Unloaded test. (b) Test with a mass of 409 g.

Figure 3.8: Sine sweep test in open loop on the VTS VG-100 shaker.
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Since the acceleration-over-current and voltage-over-current FRFs are needed for the
parameter identification, several measurements must be recorded. First, the acquisition
system records the current entering in the shaker thanks to the current output of the
amplifier. Moreover, the voltage signal before and after being multiplied by the amplifier
are measured. The acceleration of the table has to be measured too. Therefore, for the
unloaded test, an accelerometer is placed on the table of the shaker (Figure 3.8a), and for
the loaded test, an accelerometer is placed on the top of the mass (Figure 3.8b). In order
to understand how the coil moves with respect to the table, an accelerometer is placed
nearest to the coil. The coil is not directly accessible so it is placed below the table as it

can be observed in Figure 3.9.

—

Figure 3.9: Accelerometer placed near the coil of the VT'S VG-100 shaker.

The experimental acceleration-over-current FRFs are then plotted for the empty test
and the test with the 409 g mass in Figure. 3.10.
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Figure 3.10: Experimental acceleration-over-current frequency response functions.
Measurements done on the VG-100 shaker with a sine sweep in the [5 Hz - 3 000 Hz|
frequency range.

University of Liége - V2i internship 27



CHAPTER 3. SHAKER MODELLING Validation of the shaker model

To identify the natural frequencies of the shaker, the Least-Squares Complex Expo-
nential method (LSCE) is used [20]. They are gathered in Table 3.2. As expected, the
addition of a mass on the table decreases the natural frequencies since they are inversely

proportional to the square root of the loaded mass (cf. Equation 3.6 and 3.10).

Low frequency [Hz| | High frequency [Hz]
Empty test 23.8 2910.2
Test with mass (409 g) 14.63 1 563.01

Table 3.2: Resonance frequencies of the VG-100 shaker for two tests: empty test and
test with a mass of 409 g.

Thanks to these values, the mechanical parameters of the numerical shaker model are

evaluated with the method described in Section 3.1.1. These are presented in Table 3.3.

Parameters Value
Table suspension stiffness k; 5332 N/m
Coil bounding stiffness k. 12.8x10° N/m
Table suspension damping coefficient ¢, | 14.68 N.s/m
Coil damping coefficient ¢, 58.93 N.s/m
Table mass mg 48.6 g
Coil mass m,. 189.3 g
Current-force coefficient K 173.9 N/A

Table 3.3: Mechanical parameters of the VTS VG-100 shaker.

As said in Section 3.1.2, the electrical parameters are computed based on the voltage-
over-current measured FRFs. Thanks to these data, the electrical parameters are com-

puted and are shown in Table 3.4.

Parameters Value
Resistance R | 20.8 2
Inductance L | 2.4 uH

Table 3.4: Electrical parameters of the VT'S VG-100 shaker.

Now that all the parameters of the numerical model are known, they are introduced
in the model. Simulink returns then the accelerations, the voltage and the current as
a function of time and the FRFs of interest may be reconstructed. To compare the
simulated and experimental curves, the acceleration-over current FRFs are superposed in
Figure 3.11 and the acceleration-over-voltage, in Figure.3.12. Two modes are identified

for each test since there are two resonance peaks in the [5 Hz - 3 000 Hz| frequency range.
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Figure 3.11: Comparison of the simulated and experimental acceleration-over-current
FRFs for a sine sweep in the [5 Hz - 3 000 Hz| frequency range on the 100-1bf shaker.
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Figure 3.12: Comparison of the simulated and experimental acceleration-over-voltage
FRFs for a sine sweep in the [5 Hz - 3 000 Hz| frequency range on the 100-1bf shaker.

To conclude, it can be said that the method developed in Section 3.1 allows to rep-
resent the dynamics of the shaker to introduce in the VST. This method developed to
identify the numerical parameters is thus validated. In the following, the same method-

ology is applied on a larger shaker, certainly more complex.

3.2.2 More advanced tests: 120-kN shaker

Now, this method is applied to the larger shaker which has a more complex structure: the
DonLing shaker with a 120-kN force. As for the VG-100 shaker, the parameters of the
numerical model are identified, then the model is used to simulate the shaker dynamics.

Thereafter, the simulated results are compared to the experimental ones.
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As described in Section 3.1, two tests have to be conducted: an unloaded test and
one with a mass. The chosen load has a mass of 33.1 kg. This mass is picked because
of its high stiffness and there is more or less the same proportion between the tested
mass and the shaker mass than for the preliminary test on the 100-lbf shaker. Indeed,
the 33-kg mass is about 5% of the shaker mass. Several accelerometers are placed on the
shaker table (cf. Figure 3.13a) and on the mass (cf. Figure 3.13b) for the loaded test. The
sensors are placed in a cross pattern to be able to catch torsion or tilting modes. Since
the parameters of the shaker are identified by measuring the vertical acceleration of the
table, it is implicitly considered that the table is infinitely rigid. The aim of measuring
the acceleration off-centre is to assess the validity of this assumption. If the acceleration

is not the same everywhere, it is not verified.

(a) Unloaded test. (b) Test with a mass of 33 kg.

Figure 3.13: Sine sweep test in open loop on the 120-kN DonglLing shaker.

In order to use the method presented in Section 3.1, it is again needed to register
the current that feeds the coil of the shaker and the voltage imposed at its terminals in
addition to the acceleration at the centre of the table. The amplifier used with this kind
of shaker does not have any current output or voltage output. Therefore, to record the

current, a current-clamp is placed on the wires feeding the coil as shown in Figure 3.14.

Figure 3.14: Measurement of the current signal with a current-clamp.
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The voltage directly applied at the terminals of the coil being not available, only
the non-amplified voltage is recorded. This voltage is directly known since this signal
is imposed. However, in the method of identification developed in Section 3.1, it is the
voltage after amplification that appears in the equations. This voltage is denoted V,,;
and the drive signal (unamplified voltage) is denoted V;,,. These two voltages are linked
by the gain. Therefore, the output voltage V,,; is replaced by the following expression in

the equations of the identification method:
Vour = gain x Vj,,. (3.18)

This gain is introduced in the model as it is shown in Figure 3.1 between V;,, and V.

When a test is launched on the shaker, an amplifier parameter between 0 and 100%
must be chosen. It needs to be identified and it adds an unknown parameter in the
identification process. It is determined in the same manner as the resistance parameter:

with a curve fitting function of MATLAB.

To obtain experimental acceleration-over-current and voltage-over-current FRFs for
the parameter identification, the test campaign is realised in open loop, with no control
on the acceleration at a given point of the table for example. However, open loop tests
may be dangerous since there is no security on the maximum acceleration that the shaker
will undergo. There is a list of shaker limitations that have to not be exceeded. These
are shown in the Appendix A and concern the acceleration of the table, its stroke, the
load, the torque, the force, etc. Therefore, a first set of preliminary tests are realised in

order to determine the not-to-exceed maximum voltage.

As a result, this maximum voltage depends on the value of the amplifier constant.
Therefore, for each amplifier value, a maximum allowable voltage amplitude has to be
defined. To do so, a first controlled-acceleration test is realised in closed loop. An accel-
eration of 1 g is imposed at the centre of the table. The voltage-over-acceleration FRF
is then obtained and is shown in Figure 3.15. The value at the peak of coil resonance
gives the voltage value that will produce an acceleration of 1 g at the centre of the table
in open loop test. This voltage value is first used as the voltage amplitude in the open

loop test.
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Figure 3.15: Frequency response function of voltage at the terminals of the coil over the
acceleration at the centre of the coil of the shaker of a closed loop test.

The open loop tests can be performed safely in this way. The acquisition is made using
the Siemens LMS testLab software. The V2i Acquisitor is not used anymore because no
control system is implemented in this software. The considered acquisition parameters
are gathered in Table 3.5. The frequency of the signal varies between 5 Hz and 2 500 Hz
in a logarithmic way. A logarithmic sweep frequency variation is chosen only because for
such tests with a sufficient resolution, a linear sweep would have need a too long time.

The availability of this shaker being very limited for tests, a logarithmic sine sweep is

preferred.

Parameters Value

Input type Sine sweep

Input voltage between 0.008 V and 0.15 V
Sweep velocity 1 oct/min
Bandwidth 20 000 Hz
Frequency sample 51 200 Hz
Acquisition time 548 s

Table 3.5: Acquisition parameters of the tests on the 120-kN DongLing shaker.

It is important to note that the amplifier could act non-linearly. It is therefore needed
to verify before analysing the results that the acceleration increases linearly when the
gain is raised. To verify this, the acceleration-over-voltage FRF is measured for different
amplifier values. The linearity of the amplifier is then verified by looking at the FRFs

evaluated at 100 Hz for the different amplifier constant.

In a first time, the results of the empty-test are used. The values measured on the
FRFs at 100 Hz (cf. Figure 3.16a) have been reported in Figure 3.16b which plots these
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values as a function of the amplifier parameter. It can be seen on this graph that the line

is straight. This means that the amplifier acts linearly.
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Figure 3.16: Study of the linearity of the amplifier. Measurements done on the 120-kN
shaker with no load.

The same study is realised with the 33-kg mass-load. It can be observed in Figure 3.17

that the same conclusions are made as for the empty test.
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Figure 3.17: Study of the linearity of the amplifier. Measurements done on the 120-kN
shaker with the mass of 33 kg.

It is also important to check that the amplifier does not distort the signal. To do
so, the time-frequency plot of the current signal is plotted. This graph is called the
waterfall plot and is shown in Figure 3.18. To draw it for the current signal, a Fast
Fourier Transform is applied on the time-signal of the current then the frequencies and

amplitudes of its component simplex waves are separated. They are finally displayed with
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a level of amplitude (cold colour for low amplitude and warm colour for high amplitude)
for different values of frequency with respect to time. This allows then to identify the
dominant harmonics. It can be seen in Figure 3.18 that there is one dominant harmonic.
A second harmonic, less obvious, is detected. However, it is negligible in comparison with
the first harmonic. Therefore, it can be considered that the amplifier acts linearly and

does not distort the signal.
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Figure 3.18: Waterfall plot of the current in the coil of the 120-kN shaker.

It can be seen in Figure 3.16 and 3.17 that these measurements are very noisy. It is
because the level of the drive signal is too low and so the measured signal is too weak
with respect to the noise. It results in noisy measurements, what makes more difficult
the identification. However, one can see in Figure 3.15 that the peak of anti-resonance
appears at high frequencies. It means thus that the limit defined by the closed loop
test is necessary at high frequency but not at low frequency. Therefore, the drive signal
can have a larger amplitude at low frequency and a lower one at high frequency. The in-
put voltage is then defined at 0.15 V up to 100 Hz and after that frequency, is set at 0.5 V.

All the measurements needed for the identification process are achieved. The method-
ology explained in Section 3.1 can now be applied on these data. The parameters of the

model can then be determined and the FRFs may be simulated.
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The first step of the process is to determine the experimental resonance frequencies

of the shaker. In that perspective, the acceleration-over-current FRFs are plotted in
Figure 3.19.
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Figure 3.19: Experimental acceleration-over-current frequency response functions.
Measurements done on the 120-kN DonglLing shaker with a sine sweep in the
[5 Hz - 2 500 Hz| frequency range.

The resonance frequencies are then identified and their values are gathered in Ta-

ble 3.6.

Low frequency [Hz| | High frequency [Hz]
Empty test 10.73 2 154.3
Test with mass (33 kg) 8.24 2 085.5

Table 3.6: Resonance frequencies of the 120-kN DongLing shaker for two tests: empty
test and test with a mass of 33 kg.

Thanks to these values, the mechanical parameters of the shaker are evaluated with
the method described in Section 3.1.1. These are presented in Table 3.7.

Parameter Value
Table suspension stiffness ks 328 920 N/m
Coil bounding stiffness k. 1952 x10% N/m
Table suspension damping coefficient ¢, | 2 965.7 N.s/m
Coil damping coeflicient c, 2397.9 N.s/m
Table mass my 59 kg

Coil mass m, 13 kg
Current-force coefficient K¢ 136.46 N/A

Table 3.7: Mechanical parameters of the 120-kN shaker.
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After that, the electrical parameters are computed based on the voltage-over-current

measured FRFs. These are plotted in Figure 3.20.
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Figure 3.20: Experimental voltage-over-current frequency response function.
Measurements done on the 120-kN DongLing shaker with a sine sweep the
[5 Hz - 2 500 Hz| frequency range.

Thanks to these data, the electrical parameters are computed and are shown in Ta-
ble 3.8.

Parameter Value
Resistance R 0.2003 Q
Inductance L 10.68 pH
Voltage-velocity coefficient K, | 136.46 V/(m/s)
Gain ¢ 23.9

Table 3.8: Electrical parameters of the 120-kN DongLing shaker.

It can be noticed that the value of the resistance is quite small. This result was
expected because the resistance increases with the frequency as a consequence of the
skin effect [17]. However, as it has been said previously, the resistance value is identi-

fied thanks to the voltage-over-current at low frequency. This is why this value is so small.

All the mechanical and electrical parameters being known, the FRFs may be synthe-
sised. They can be compared to the experimental ones in order to validate the model.
The different curves are so superposed in Figure 3.21 for the acceleration-over-current

FRFs and in Figure 3.22 for the acceleration-over-voltage FRFs.
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Figure 3.21: Comparison of the simulated and experimental acceleration-over-current
frequency response functions. Measurements done on the 120-kN DongLing shaker with
a sine sweep [5 Hz - 2 500 Hz|.
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Figure 3.22: Comparison of the simulated and experimental acceleration-over-voltage
frequency response functions. Measurements done on the 120-kN DongLing shaker with
a sine sweep |5 Hz - 2 500 Hz|.

It can be seen that these curves are well superposed. The shaker model allows then

to correctly represent the dynamics of the shaker.

Analysis of the results

It is important for the user of the virtual shaker testing to know the range of frequency
in which it is the most reliable and where it is less. The most important curve and the
most used in the industry is the acceleration-over-voltage FRF so the error between the
simulated and the experimental curves is computed. For each curve, the frequency range

has been divided in three different zones and the error has been computed for each of
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them. The normalised root mean square deviation (NRMSD) has been used:

T s N2

RMSD = \/ Zt:l(‘zi 2 (3.19)
MSD

NRMSD = %, (3.20)

where 7' is the number of considered points, g; the simulated point, 1, the experimen-

tal point and 7y the arithmetic average of the considered experimental points.

The results of these computations may be visualised in Figure 3.23. It can be observed
that the simulation is well approximated at low frequency since the error is below 3% but
is not so good at high frequency since the error rises up to 30%. This can be explained
by the fact that the amplitudes of the peaks at high frequency are much larger than
the ones at low frequency. So, it is expected that the error is larger at high frequencies.
However, it is unusual to vibrate at frequencies higher than 2 000 Hz. Only the accuracy
at lower frequencies matters. Moreover, what is important to identify is not so much the
peaks amplitude but rather the frequency at which they appear and these are correctly
identified.
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Figure 3.23: Normalised root-mean-square deviation between the simulated and
experimental acceleration-over-voltage frequency response functions. Measurements
done on the 120-kN DongLing shaker with a sine sweep in the [5 Hz - 2 500 Hz|
frequency range.

Dynamics of the shaker

At this time, results of the test campaigns have been analysed only in the frequency do-
main. It is really interesting to analyse them in the time domain in order to understand

the dynamics of the shaker. Indeed, the modes of the shaker can be visualised and the

University of Liége - V2i internship 38



CHAPTER 3. SHAKER MODELLING Validation of the shaker model

possible transverse motions may be observed.

For the identification process, only the accelerometer at the centre of the shaker table
is used. But in fact, as it is shown in Figure 3.13a, six accelerometers are fixed. Their
space distribution and their name can be observed in Figure 3.24. The acceleration they

have measured can now be analysed by looking at the time signals.

Figure 3.24: Location pattern and nomination of the accelerometers.

In this chapter, the focus will be on the results in the time domain deformed shapes.
The time signals will be analysed and they will allow to visualise the operational deforms.
The identified modes in the frequency domain in the previous sections may then be better

understood.

Now, the measured acceleration signals may be analysed in the time domain. To do
so, a link must be established between the time and the frequency domains. It can be
remembered that the test campaign had been made with a logarithmic sine sweep excita-
tion and that, as said in Table 3.5, the acquisition took 548 s. In this time, the frequency
evolves from 5 Hz to 2 500 Hz. To draw a comparison between the two domains, it is
then interesting to know the sweep frequency at each time of the acquisition. This can

be known by looking at Figure 3.25.

In Figure 3.26, the accelerations along z-axis of all of the six sensors are superposed.
One can directly notice that a first peak is identified at the 535" second. This corresponds
to the sweep frequency of 2 150 Hz, which is the coil mode that had been determined in
Table 3.6.
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Figure 3.25: Evolution of the sweep Figure 3.26: Acceleration along the vertical
frequency with respect to the acquisition axis for the six acclerometers on the table
time. of the shaker.

At first, the acceleration of these accelerometers can be observed in regions outside
the peak region. For example, the acceleration around 315 s and 450 s may be observed
respectively in Figure 3.27a and 3.27b. It can be seen that all the accelerometers move
in phase with more or less the same amplitude of acceleration. It means so that outside
the peak region, the table acts as a rigid body.
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Figure 3.27: Acceleration along the vertical axis for the six acclerometers on the table of
the shaker.

However, in the peak region, it is not the case. In fact, it can be seen in Figure 3.26
that the accelerometer placed at the centre is the one that withstand the highest vertical
acceleration. This can be observed by animating the deformation related to this peak:
the maximum amplitude of the accelerometer at the centre of the table are used as well
as all the nearest maxima of the other accelerometers and their phase shifts with respect

to the maximum of the centre accelerometer. The mode is then animated by plotting
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this for each accelerometer. The amplitude of acceleration is given at any time by the

equation 3.21:

a(t) = Asin (21 f(t + At)). (3.21)

The shape of this mode may be observed in Figure 3.28. It can be seen that, indeed,
the accelerometer at the centre of the table is displaced more than the others along the
vertical axis. However, there is also a torsion motion. Indeed, the accelerometers placed

out of the centre have an acceleration along x and y axes.
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Figure 3.28: Animation of the mode at 2 145 Hz - coil mode

It can be noticed that the table of the shaker is rather largely deformed while it had
been assumed infinitely stiff. Indeed, the identification of the modes have been done only
with the acceleration measured at the centre of the table, as if it was the same all over
the table. It clearly appears here that it is not true. This is a limitation of the model.
Moreover, a torsion of the table is observed and this is not neither considered in the
model. Adding other degrees of freedom in the model could be a way of improving the

model.

However, in Figure 3.29 showing the acceleration along the three directions measured
by the accelerometer at the centre of the table, it can be seen that the transverse acceler-
ations are much smaller that the acceleration along the vertical z-axis. The mode shown
here above at 535 s is clearly identified in the Z-direction but is much less important in

the transverse directions.

The acceleration on one side of the table (at the accelerometer called Front in Fig-
ure 3.24) is observed in Figure 3.30 and another peak appears at 510 s. This time cor-
responds to a frequency of 1611 Hz. This peak was not identified in the FRFs presented

in Section 3.2.2 (cf. Figure 3.19) since they were plotted with the vertical acceleration at
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the centre of the table.
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Figure 3.29: Acceleration in the three Figure 3.30: Acceleration in the three

directions at the centre of the shaker table. directions at the front of the shaker table.

As it has been done for the mode identified at 2 145 Hz, the mode at 1 611 Hz may be
visualised in Figure 3.31. This time, the accelerometers out of the centre undergo higher

vibrations than the centre of the table. It is called butterfly mode because of its shape.
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Figure 3.31: Animation of the mode at 1 611 Hz - butterfly mode

Another interesting result may be analysed. One can have noted that a phenomenon
appears on the measured acceleration-over-voltage (cf. Figure 3.22) and voltage-over-
current FRFs (cf. Figure 3.20) at 39 Hz and does not appear in the simulated results.

The time signal of the current and of the voltage may be observed respectively in Fig-
ures 3.32 and 3.33.

The amplitude of the voltage is constant as expected. However, the time signal of the
current has a distortion around 191 s which corresponds to the 39 Hz frequency. The same

bump can be observed in the time signal of the accelerations in Figure 3.26 in the vicinity
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of 191 s too. This phenomenon cannot be observed on the acceleration-over-current FRF

since it appears on both signals; they compensate each other.
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Figure 3.32: Time signal of the current Figure 3.33: Time signal of the voltage at
flowing through the coil for the empty test. the terminals of the coil for the empty test.

It must be reminded that the measured voltage is the non-amplified signal. The am-
plifier has not been yet applied. Therefore, it means that this phenomenon is due to the
amplifier and that it is from electrical nature. Unfortunately, no information about the

electrical circuit of this amplifier is provided by the DongLing shaker supplier.

3.3 Conclusion

Thanks to these two experimental test campaigns, it can be concluded that the model of
the shaker, constituting the first block of the virtual shaker testing, allows to simulate the
reality in an accurate manner. However, these are not perfect and could be improved by
adding, for example, more degrees of freedom in the model. This has been investigated

in [6] and it has appeared to be quite complex for the parameter identification.

The shaker is now correctly modelled but the goal of the virtual shaker testing is to
simulate the behaviour of more complex structures. For both realised test campaigns,
simple masses were considered for the parameter identification process. Their own dy-
namics were not taken into account, they were considered as rigid bodies. To analyse
the interaction between the shaker and a specimen, it is needed to couple the model of
the device under test with the model of the electrodynamic shaker to truly represent the

interaction between the structure being tested and the exciter.
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Chapter 4

Coupling of a specimen to the shaker

At this time, the model of the electrodynamic shaker is validated. However, the aim of
a virtual shaker testing is to simulate a complete shaker test. It is therefore needed to
know how to couple the model of the specimen to be tested to the shaker model. In this
chapter, the methodology to follow is first explained. After that, this method is applied
to two different case studies and the models are validated by comparing them with ex-

perimental measurements.

4.1 Methodology

In this work, two different methods to couple a dynamic model of a specimen to the
lumped parameter model of the electrodynamic shaker are considered: by using a numer-

ical reduced model of the specimen or by using an experimental model.

4.1.1 Numerical model of a specimen coupled to the shaker

The idea of this first method is to couple a numerical model of the structure to the model
of the shaker. The process to follow is described in Figure 4.1. The first objective, be-
fore coupling it to the shaker model is to have a reliable model of the specimen. The
Computer-Aided Design (CAD) model is first built or directly used from the supplier if
provided. The natural frequencies and mode shapes of the structure are then identified.
In parallel, an experimental modal analysis is performed in order to update and validate
the numerical model. The mode shapes are therefore obtained experimentally. The nu-
merical model being much larger than the experimental one, a model reduction is needed.
The numerical modal parameters and mode shapes may then be compared to the exper-
imental ones. If there is a satisfying correlation between both approaches, the model

is validated and may be coupled to the model of the shaker. If it is not, the specimen
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model must be updated by modifying its CAD model. To do so, for example, more details
must be added to the model, the boundary conditions of the specimen coupled to the
shaker may be represented differently, etc. Each of these steps of the coupling between

the specimen and the shaker are more completely described in the following sections.

Specimen to

be tested
> CAD Modal testing
Numerical Experimental
natural natural
frequencies frequencies
and mode shapes and mode shapes
\ Y
Reduction

Y

Correlation ?

No Yes
Model Shaker and specimen
updating models coupling

Figure 4.1: Model updating process.

Numerical model of the specimen

The first requirement to prepare the coupling of a specimen and the shaker model is to
develop an accurate and good numerical model of the considered specimen. The CAD
model of the device can be used if it is made available by its supplier company or it has
to be built otherwise. The first objective of this procedure is to observe the dynamic
behaviour of the structure on its own before coupling it to the shaker. Therefore, the
numerical model of the structure must be meshed so that its natural frequencies may be

computed. After that, the mode shapes of the device are analysed.

During the model update process, the model is improved by progressively increasing
its complexity. The first version of the model is indeed quite simple. The boundary

conditions of the problem are estimated by clamping the bottom of the specimen, at

University of Liége - V2i internship 45



CHAPTER 4. COUPLING OF A SPECIMEN TO THE SHAKER Methodology

the location where the experimental specimen is fixed on the shaker. The meshing of the

specimen CAD model is then optimised in this configuration: a convergence study is done.

As said previously, to validate the model of the specimen, the numerical natural fre-
quencies and mode shapes are compared with the ones obtained experimentally. In this
work, for the large considered structures such as the expander, the best way to perform
the impact testing is to fix the specimen on the shaker. To compare numerical and ex-
perimental results, the model has to account for this. The boundary conditions of the
model must mimic the behaviour of the shaker. Therefore, when the meshing is validated

by the convergence study, the boundary conditions of the specimen model are enhanced.

To do so, the shaker is considered in the model by introducing stiffness elements.
Rather than clamping the bottom of the specimen, its lower face is now rigidly linked
to a point representing the table of the shaker. In order to model the suspensions of
the table, a stiffness element is placed between the table point and a clamped point
representing the body of the shaker. Its stiffness value kg is already known from the
identified shaker parameters presented in Chapter 3. To account for the coil behaviour,
a second stiffness element is introduced in the model. Once again, this stiffness value is

already known. These two elements are shown in Figure 4.2.

Specimene
Table

k. Kq
Coil

Figure 4.2: Scheme of the boundary conditions of the specimen fixed on the shaker.

Thanks to the improved finite element model, the natural frequencies and the modes
of the specimen are computed. One can note that lots of modes may be computed by the
numerical model, it is therefore needed to select a finite set of modes. To choose them,
the concept of effective mass is used. The effective mass defines the "significance" of a
vibration mode. It helps to see which modes and which parameters govern the dynamic
phenomena [21]. Modes with high effective mass are likely to be easily excited by base
excitation, and thus the shaker may transmit them energy [22|. These are the modes of
interest. Therefore, only the modes having a certain effective mass are analysed. The
natural frequencies of the specimen and its mode shapes are finally estimated and must

be compared to experimental data.
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Experimental modal analysis

To be able to validate the specimen model, an experimental modal analysis is performed:
an impact testing is carried out on the specimen. In this way, the numerical and ex-
perimental mode shapes and natural frequencies can be compared. This test consists
in hitting the structure with an impact hammer to excite it while measuring the force
of the impact. Accelerometers are placed on the device and record the corresponding

acceleration at several locations.

Thanks to an acquisition system, the frequency response functions of the acceleration
over the force are obtained. Thanks to these, the natural frequencies and the modes of
the structure are identified but this will be detailed later. The focus can first be made on
the acquisition. Different parameters must be specified in the acquisition software. The
frequency bandwidth of interest W and the number of spectral lines n are first required

to determine the frequency resolution. Indeed, the frequency step is defined as:

w
Af =—. (4.1)
n
The acquisition time is then computed as:
1
T=—. 4.2
Af (4.2)

Finally, the last parameter to define in the acquisition software is the sampling fre-
quency. This must be sufficiently high to have a sufficient resolution of measured signal.
Moreover, in order to avoid aliasing phenomena, the sampling frequency f, is taken 2.56
times larger than the bandwidth as it is explained in [19]. Indeed, the Nyquist-Shannon
sampling theorem states that the bandwidth W of the sampled signal must be smaller
than half of the sampling frequency so that the sampled signal has the same spectrum as
the analog signal. As a consequence, in practice, the sampling frequency is usually set to
be 2.56 times larger than the bandwidth.

The time response measured by accelerometers is observed on a finite length of time. A
problem of leakage could therefore introduce amplitude and frequency errors so windowing
is needed in order to minimise this problem. Indeed, an exponential window is needed
to ensure that the acceleration response decays to zero before the ending time of the

measurement [23|. The effect of such a window is shown in Figure 4.3.
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Figure 4.3: Effect of an exponential window on the accelerometer signal [23].

Moreover, a rectangle window is used for the excitation. Indeed, since it is an impact
excitation, it is wanted to remove the noise around the force peak that the hammer could
measure. Additionally, in order to minimise spurious random noise from the signals, three
impacts for each test are performed at the same location and the results are averaged. It

allows to reduce the noise of the signals.

An important decision to be made is the location of the impact points and of the
sensors. Since the mode shapes are first estimated by the numerical model, it is known
where the structure deforms the most. Therefore, the accelerometers are placed there to
catch the different modes as accurately as possible. If it is expected that modes will react
in the three directions, triaxial accelerometers are used to record the accelerations over
the three directions of space. Moreover, it is recommended to excite the structure in the

three directions.

The FRFs of the impact force over the measured acceleration are registered by the
acquisition system. The natural frequencies of the structure can then be extracted from
this set of FRFs. To do so, the Multiple Input Least-Squares Complex Exponential, or
polyreference LSCE (p-LSCE) method is used. This specific method is chosen because
the author has developed the simple LSCE method in a previous scholar work [24]. Tts
implementation is thus modified to be adapted to multiple inputs. After modification,
it allows to estimate the poles (frequencies and damping ratios) of the structure. It
is a time domain method since it uses the impulse response function (IRF). Therefore,

the inverse fast Fourier transform is first applied on the FRFs to enter in the time domain.

The p-LSCE can be briefly explained but all the mathematical details can be found

in the Appendix B. Only the main equations, essential for understanding, are given here.
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In [25], it is shown that the poles of the structure are identified by computing the roots
Z* of the polynomial Equation 4.3:

ag+oZ+oZ+ ... +0,Z9L =0, 4.3
q

where L is a matrix of modal participation factors and Z,, are equal to e, with )y, the
poles, and At, the time resolution. a are assessed coefficients based of the IRFs expres-
sion as explained in Appendix B. Moreover, to avoid the solution @ = 0, the constraint

a, = I is imposed.

The roots of the polynomials are thus computed. These roots are known to have the

A At

form Z; = e2! so the complex eigenvalues A, are found (with & = 1, 2, ..., ¢ and ¢ is

the system order).

Since the poles have the form:

A = (—ck Liy1- c,z) , (1.4)

the values of the natural frequency wy and the damping ratio (;, are assessed as follows:

W = ’)‘k‘>
(4.5)
{ o = _Ree:}lk{Ak}‘

The modal parameters can then be computed for a specific order ¢ of the system.

By selecting a g-order system, an assumption is made on the number of modes in the
frequency range of interest [20]. It is thus an important choice to make. To avoid this
issue, the multi-input LSCE method explained here above is solved for increasing model
orders ¢. All the solutions are then plotted on a same figure (the natural frequencies on

the abscissa and the model order on the ordinate); this yields the stabilisation diagram.

To distinguish the physical modes from the spurious modes, the stability of the poles is
checked. The modal parameters at the order p are compared with the modal parameters
obtained at the previous order p — 1. The frequency and damping stability are assessed

if the following conditions are respectively verified [26]:

wr(p) — wi(g — 1)

D) S e =1% (4.6)
Cr(p) — Celg — 1) _
Lo <o =% (A7)
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However, it will be shown later with a case study that these stabilisation diagrams
are not always clear and it is sometimes difficult to see the poles that are stabilised. To

"clean" these diagrams, an alternative p-LSCE method is implemented.

In fact, another criterion can be used to distinguish spurious modes from physical
modes. By looking at Equation 4.5, it can be seen that the sign of the damping ratios is
the opposite sign of the real part of the pole. It means so that if a pole has a positive real

part, it would lead to a non-physical solution since a negative damping ratio has no sense.

In [27] and [28], it is shown that, if the constraint o, = I defined here above is replaced
by oy = I, it sets the real part of the spurious poles to be positive values. Modifying
this constraint is equivalent to flip the time vector. In Figure 4.4, the imaginary part
of the poles are plotted with respect to their real part for both versions of the p-LSCE
(the classical and alternative p-LSCE methods). As a matter of fact, with the alternative
method, the spurious poles are sent to the non-physical region. It will be shown later
with a practical case that the stabilisation diagram is much clearer with the alternative
method.

7000 7000 -
»® x * ‘ Yo *
. *® X @
6000 ! % Poles 6000 - ®' * x  Poles
. i O Theoretical solutions q' x .l 0 Theoretical solutions
g g
5 5000 . ; 5 5000 i
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* * | 1 »
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Pole Real Part Pole Real Part
(a) Classical p-LSCE method. (b) Improved p-LSCE method.

Figure 4.4: Poles diagram.

Thanks to this method it is then possible to determine the poles that are stabilised.
However, to validate its implementation, the results obtained with the p-LSCE are com-
pared to the PolyMax method directly usable in LMS sotfware. As opposed to the
p-LSCE, it is used in the frequency domain [29]. It is also called the polyreference
least-squares complex frequency-domain exponential method. It makes use of multiple-
input-multiple-output FRFs so it also allows to consider all the accelerometers and all

the impacts.
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Now that the natural frequencies are known, the mode shapes have to be analysed.
To extract them from the impact testing measurements, the Least-Squares Frequency
Domain method (LSFD) is used. In combination with the LSCE method, it allows to
compute the mode shape vectors based on the measured FRFs and on the identified poles.
The next section explains how to compare the numerical modes with the experimental

ones.

Comparison between numerical and experimental results

During the Experimental Modal Analysis (EMA), the acceleration is recorded only at
some specific points. There is thus a spatial truncation: there are much less experimen-
tally measured degrees of freedom than the number of degrees of freedom in the numerical
model. Therefore, a model reduction is needed to finally compare the experimental and

numerical mode shapes.

To compare these modes, the Modal Assurance Criterion (MAC) is used. This crite-
rion is an indicator that evaluates the spatial correlation between mode shapes [30]. It
allows to pair experimental modes with analytical ones. It must be paid attention to the
fact that it only compares mode shapes, it does not consider the natural frequencies so,
when the modes are coupled, it is important to compare their frequencies. This MAC
indicator is bound between 0 and 1. If it is close to 1, it means that the modes are
consistent. If it is close to 0, it means that the modes are not at all correlated. In this

work, it is considered that only the modes having a MAC higher than 0.8 are correlated.

The MAC coefficients are computed as follows:

expl 2
Yiy )
T |

MAC (w;;;p, «p?;;m) - (4.8)

where d)é’;p are the eigenvectors obtained experimentally and @bé‘j‘im are the analytical
eigenvectors extracted from the numerical model. The index 7 varies between 1 and the

number of experimental modes, and j between 1 and the number of the numerical modes.

If the correlation criterion is not acceptable, it is needed to modify the numerical
model. The non-sufficient correlation may come from the CAD model. To improve the
correlation, small details must be added to it. Moreover, the boundary conditions are
sometimes not representative enough and need to be modified. When the MAC and
the error on the frequencies finally show a good correlation between experimental and
numerical modes, the model of the structure is validated and may be coupled to the
model of the shaker.
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Coupling of shaker and specimen models

The final goal of this section is to introduce the numerical model of the specimen in the
virtual shaker testing. The model of the studied structure being validated, it must be
coupled to the model of the shaker. To do so, a superelement is created thanks to the

Craig-Bampton method implemented in the Samcef software.

The Craig-Bampton method is a reduced-order model method, it allows to reduce the
dimension of the problem [31]. Moreover, the size of the numerical model is usually too
large to be used entirely in the virtual shaker testing. Indeed, in the Simulink model,
the acceleration, the voltage and the current are computed for each time step. If the
acceleration of each point of the Finite Element Model (FEM) had to be computed in the
time domain, it would be too much time consuming. It is why it is essential to reduce

the numerical model, to compute the problem only at some points.

This Craig-Bampton method is a substructuring technique. The different parts of the
model that must be assembled are reduced on common interfaces [32]. According to this

method, the dynamic behaviour of the substructure may be fully described by:

e the static modes: a unit displacement is imposed on the degrees of freedom of the

interface. These DoFs are the boundary degrees.
e the internal vibration modes: the boundary degrees of freedom are clamped.

This is illustrated by Figure 4.5.

a. Static mode b. Vibration mode

Figure 4.5: Static modes and internal vibration modes of a substructure [32].

Therefore, only some degrees of freedom are studied. The model of the subsystem is

thus reduced and the degrees of freedom are separated into two parts:

e xp, the boundary degrees of freedom;
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e x;, the subsystem internal degrees of freedom.

The subsystem contribution to the complete system is written as follows:

M M T T K 0 T
BB BI “B . ‘B n BB B\ _ PB . (4'9)
M;p M| \ % Ty 0 Kir| \zs 0

From the second line of Equation 4.9, the acceleration of the internal degrees of freedom

CBB 0
0 C[[

may be obtained:
jI:—MI_IlM[BiB—MI_Ilc[[aE]_M[_IlKIIwI' (410)

To introduce the mechanical system of the substructure in the model, it must be

transformed into a state-space representation. The later is defined by:

q = Aq + Bu, (4.11)
y = Cq + Du. (4.12)

This transformation is realised thanks to the state variable q defined by:

q= <m1> . (4.13)

The first equation of the state-space representation (cf. Equation 4.11) is obtained by
using the identity equation and Equation 4.10:

a'c; 0 1 Ty 0 .
= o ) T+ o ip . (4.14)
rr _MII K[] _MII C[[ rr _MII MIB ~~~

S—— N N —— "

-~
q A q B

The second equation of the state-space representation (cf. Equation 4.12) gives the
output values. When the aim of the virtual shaker testing is to simulate the dynamics of
the shaker with a structure represented by a superelement, it may be useful to know the
acceleration at some specific points of the non-reduced structure. Therefore, the two out-
puts of interest are the reaction forces of the specimen on the shaker and the acceleration
of a selection of points: the points of the interface and other chosen points. The aim is
here to choose the acceleration as output at the points where the the accelerations have
been measured during the impact testing. In that way, the numerical and experimental

results may be compared.

The reaction force is expressed as:

R = My i, (4.15)
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and the acceleration of the nodes of interest is expressed as:

Gos = Gr&; + GpTp, (4.16)

where ¢ = [¢, ¢p] is the transformation matrix between selected degrees of freedom

and state-space degrees of freedom. This matrix is computed by Samcef.
The expression of &; is given by the second line of Equation 4.14. It can therefore be

plugged into Equations 4.15 and 4.16 and it gives the output equations of the state-space

representation. This system of equations is shown in Equation 4.17.

(R) _ [_MBIM]_IIKH _MBIM[_IICH] (iﬂl) [ _MBIM]_IIMBI

.. _ _ . _ B
qop M111¢IK[I M111¢[C[] Ty _M][1¢IMBI+¢B ~~~
e Vand ~~ —— N ~~ .
Yy C q D
(4.17)

Now that the expression of the four state-space matrices A, B, C, D are known, they
might be introduced in the VST model of the shaker. Their introduction in the Simulink
model is illustrated in Figure 4.6 where the subsystem block is highlighted in green. This
added block takes the state-space matrices as input and returns the specimen reaction

force and the accelerations of the stored degrees-of-freedom as outputs.

V_out

reactionLoads|————»(5)

ReactionLoads

SS input
| internalDofs 4’I—>.

acc_internNode
D d
| LKk x_dot_c
] x_ddot_t "2
Electrical i acc_table
—>reactionLoads x_dot_t
Mechanical

Figure 4.6: Introduction of the superelement (green box) in the Simulink model.

To summarise, it can be explained how the superelement is built and introduced in
the Simulink shaker model. This is shown in Figure 4.7. First, in the Siemens NX
numerical model of the specimen, the node of the interface is retained. Then, the nodes
at which it is wanted to get the acceleration are selected. After that, the superelement is
computed with Samcef. Thanks to a MATLAB routine provided by Samcef, the matrices
A, B, C, and D are computed. In a MATLAB code, the parameters of the shaker are

defined, these matrices are loaded, and the Simulink model is called. Thanks to this
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model, the acceleration at the selected nodes and the reaction force at the interface are

finally computed.

Computation
i i i of the
Specimen Node SE creation Matrix Use of these :
modelling " selection | | by Samcef » extraction | matrices by | accelerations
by Matlab Simulink at the
selected nodes

Figure 4.7: Numerical coupling process of a specimen model to the shaker model.

Some vibration campaigns may be then simulated and the behaviour of the device
coupled to the shaker may be predicted by analysing the results. The acceleration-over-
current and acceleration-over-voltage FRFs are constructed so that the resonance frequen-
cies are estimated. To validate these simulations, they must be compared to experimental
results. Therefore, a test campaign is performed with the shaker and the Device Under
Test (DUT) fixed on it. A sine sweep excitation is used as it was done in Chapter 3 for
the validation of the identification method. The measured frequency response functions
can be then compared to the simulated ones. If they are well superposed, the model is
finally validated.

4.1.2 Experimental model of specimen coupled to the shaker

The second way to couple the model of the specimen to the model of the shaker is to use

an experimental model of this specimen. To do so, the Frequency-Based Substructuring
(FBS) method is used.

With this method, components characterised by experimental analysis can be coupled
with components modelled numerically. This approach is useful in the case where the
CAD model of a specimen is not available. It allows to get a model even if the structure
is complex and if it is difficult to obtain a converged numerical model. The main idea is
to measure systems separately and to recombine them together afterwards. Therefore, in
this work, the specimen is characterised by an experimental analysis that allows to build

an experimental superelement. It is then coupled to the numerical model of the shaker.

The system is composed of two components: A the specimen and B the shaker, as
illustrated in Figure 4.8. The input ¢ applied to B goes through B, through the A-
B connection ¢, through A and finally through the output degree of freedom m of A,
the output of interest in the case of virtual shaker testing. The output m is here the

acceleration at a specific point of the specimen.
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B
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Figure 4.8: FBS principle scheme.

;

Considering a rigid connection, if the shaker excitation is the only force applied to
the considered components, the FRF of a degree of freedom of A as a response to the

excitation of the shaker B is written as in Equation 4.18:

HA,mi - HA,mc (HA,CC + :[_:[B,cc)_1 HB,cia (418)

where the notations correspond to:

Hame: A output/connection FRF

Hpce: A connection/connection FRF (4.19)
Hp.: B connection/input FRF .
Hpc.: B connection/connection FRF

The expression of Equation 4.18 can be proved by the following developments. At first,

the force equilibrium writes:

F; HB’Ci + (_FC) HB,CC = F. HA,CC (420)

<:>E HB ci — Fc (HB,CC + HA,CC) (4 21)
H ci

F, > =F. (4.22)

(HB,CC + HA,CC)

where F; is the force created by the input ¢, and F is the force of contact between spec-
imen A and the shaker B.

By using the definition of the FRF, F. is replaced by:
Za,m = Fc HA,mcg (423)

and the equation becomes:

HB,Ci o Zm
(HB,CC + HA,CC) HA,mc’

F, (4.24)
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and finally

HB,ci
HB,CC + HA,CC)

Zm

F - HA,mc (HA,CC + HB,CC)il HB,ci- (425)

Hami = HA me

’ T
It means that to compute the FRF Hj ,,; linking the output acceleration to the input,

four FRFs must be first computed: Ha o, Hg cc, Hg ci, and Ha me. The combined dynam-

ics can be predicted using these FRFs. Therefore, the FRFs of structure B (the shaker)

are obtained using the numerical model of the shaker and the FRFs of structure A are

obtained experimentally using a impact test of the DUT.

One can note that the degrees of freedom of the connection between A and B are not
reachable when the specimen is clamped on the shaker. No impact can be done on this
point. Therefore, the theory of Virtual Point Transformation (VPT) is used to retrieve
the FRF at the precise location of the connection using multiple FRFs around the point
of interest. Local rigid behaviour must be assumed in the vicinity of the virtual point
and the module pyFBS is used.

This method uses an impact testing to create an "experimental superelement" [33].
The aim is to create a point on the interface between the specimen and the structure that
is compatible between the two substructures (the shaker modelled numerically and the
specimen modelled experimentally). The idea is to describe this point by six degrees of
freedom: the translations along the three global axes and the rotations along these three
axes. To do so, at least three triaxial accelerometers and six impacts are needed. The

measured Dofs allow then to estimate the dynamics of the virtual points.

Finally, the FRF of the acceleration over the input can be computed for any point in-
volved in the experimental analysis. The experimental superelement is built accordingly
and the dynamics of the assembly shaker/specimen can be simulated. This methodology

will be applied on a small structure fixed on the 100-1bf shaker.

It has to be noted that in this case, a rigid connection is considered between the
specimen and the shaker. However, these two are assembled with screws. These screwed

connections may create specific local behaviours that may be difficult to model.

This method allows to obtain a model without having to build a numerical model
but it has some disadvantages. Indeed, with a superelement, all the degrees of freedom
are accessible, the acceleration of any point of the structure can be obtained. With this
method, only few acceleration points are accessible. Moreover, an experimental modal

analysis is very time-consuming, even more for complex or large structure.
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4.2 100-1bf shaker: beam case

In this section, two coupling methods, numerical and experimental, are applied on a
studied case. A beam made of steel is tested on the 100-1bf shaker in order to validate

these two methods.

4.2.1 Numerical coupling between specimen and shaker

To validate the method of numerical coupling, the CAD model of a specimen is used. In a
first time, a simple mass is used only to validate the implementation of the superelement

then the small beam of interest is used to validate the numerical coupling methodology.

At first, the mass used in Section 3.2.1 is modelled. Its fem is built and a superelement
is created to couple it to the shaker model. This mass had already been virtually tested
in the beginning of this work but only by adding its mass to the mass of the shaker table.

It is now simulated by using its superelement.

The finite element model of this little mass is done in Siemens NX and is illustrated
in Figure 4.9. Then Samcef is used to create the superelement in which it is possible
to use Craig-Bampton’s method as a reduction method. In this case only one node is

retained at the centre of the base of the mass.

Figure 4.9: FEM of mass of 409 g.

A MATLAB routine allows to extract the mass and stiffness matrices from Samcef files
and then builds the matrices A, B, C, D of the state-space representation (cf. Equa-
tions 4.14 and 4.17). These are introduced in Simulink and the dynamics of the system
is simulated. The acecleration-over-current and acceleration-over-voltage FRFs are com-
puted and they are compared to the simulated curves of Chapter 3 where the mass is just
added to the mass of the table in the model. This comparison is shown in Figure 4.10.
These curves are perfectly superposed. It means that the superelement method is well

implemented and that the assumption of a point mass of the Chapter 3 is realistic.
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Figure 4.10: Comparison of FRFs obtained with the superelement or by adding the
mass of the specimen to the mass of the table

The superelement theory can now be applied on a more complex structure. The beam
presented in Figure 4.11 is fixed on the shaker. Once again, a sine sweep is realised be-

tween 5 Hz and 3 000 Hz and the same parameters as the ones listed in Table 3.1 are kept.

Figure 4.11: Sine sweep test in open loop  Figure 4.12: FEM of the beam structure.
on the VT'S VG-100 shaker with a beam

structure.

Thereafter, the finite element model is realised. The CAD model of the beam is il-
lustrated in Figure 4.12. The node at the centre of the base of the structure, where it
is attached to the shaker, is the retained node of the superelement. During the model
reduction, the node at the end of the beam and the node on the top of the base mass are
kept so that it is possible to retrieve the acceleration at these points. The superelement
is then coupled to the shaker model and the simulation of a complete test is launched

within the Simulink environment.
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As said in Section 4.1.1, the reaction force of the specimen on the shaker can be
simulated. It is an output of the Simulink model (as it is shown in Figure 4.6). The

reaction of the beam is thus plotted in Figure 4.13.
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Figure 4.13: Reaction force of the beam on the shaker.

The shaker user could be interested in knowing the force applied by the specimen on
the shaker depending on frequency of excitation. This graph shows the force that the

shaker has to provide in order to make the specimen vibrate.

After that, the FRFs related to the point at the end of the beam are computed and
are compared to the experimental results. The analytical and experimental acceleration-
over-current FRFs are superposed in Figure 4.14a and the acceleration-over-voltage FRFs

are superposed in Figure 4.14b.
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Figure 4.14: Comparison of the experimental and simulated frequency response
functions when a superelement is used for a beam structure.
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Globally, the behaviour of the system is well estimated by the VST. However, some
measured resonances are not predicted. This could come from the fact that the shaker
model does not take the rotation into account since only the vertical degrees of freedom
are represented in the model. Moreover, there is a small shift in frequencies at the iden-
tified peaks of resonance. This could come from the simplicity of the shaker model or
from the coupling between the specimen model and the shaker model. To conclude, this

coupling method gives not perfect but satisfying results.

4.2.2 Experimental coupling between specimen and shaker

In this section, the methodology explained for the experimental coupling of specimen
to the model of the shaker is applied to the 100-1bf shaker. It is then compared to the
numerical coupling and to the measurements performed with the sine sweep excitation

explained in the previous section.

As it is explained in Section 4.1.2, four different FRFs are needed to use the FBS
method: Hp .., Hp i, H4 ., and H 4 ., where c is the connection between both parts, ¢
is the input, so the current of the coil, and m is here the acceleration of the point at the
beam tip. Based on these FRFs, the output-over-input FRF of interest of the specimen,

H, ,,;, can be computed.

In a first time, the FRFs related to the system B (the shaker), are easily synthesised.
Indeed, the FRFs of structure B are obtained using the numerical model of the shaker
implemented in Simulink. These FRFs are illustrated in Figure 4.15 and 4.16.
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Figure 4.15: Synthesised Figure 4.16: Synthesised
connection-over-connection FRF of the connection-over-input FRF of the
shaker. shaker.
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To compute the FRFs related to the specimen A, the VPT is used. To do so, it
is needed to realise an impact testing. As explained earlier, accelerometers have to be
placed as close as possible to the interface. In this way, the FRFs are retrieved at the
location of the connection. Four accelerometers are placed around the base of the beam,
as shown in Figure 4.17. Indeed, an accelerometer is fixed at the back of the base but is

not visible in this picture. Then seven impacts are performed.

Figure 4.17: Reaction force of the beam on the shaker.

From the FRFs measured by these four accelerometers, the FRFs of the specimen A

are computed. These are shown in Figure 4.18 and 4.19.
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Figure 4.18: Synthesised Figure 4.19: Synthesised
connection-over-connection FRF of the output-over-connection FRF of the
specimen. specimen.

The four needed FRFs being known, they are introduced in Equation 4.18 and the

input-over-acceleration FREF H 4 ;,,, is finally synthesised. It is drawn in Figure 4.20 where
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it is compared to the FRFs simulated with the numerical superelement and with the ones

measured during the sine sweep.
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Figure 4.20: Synthesised output-over-input FRF of the specimen.

One can note that more resonance peaks are observed with the experimental superele-
ment than with the numerical one, but this is not surprising. Indeed, with the numerical
model, the studied node is perfectly centred on the beam tip. However, the accelerometer
used for the experimental measurements is centred on the beam tip but is rather coarse.
Its position is therefore not accurate. And since it is placed at the end of this thin beam,
the transverse effects are important. Another sensor such that a laser could have been
used for more precision. Nevertheless, the modes identified with both methods have more

or less the same amplitudes and natural frequencies which is reassuring.

Moreover, it can be seen that the simulated curves obtained with the experimental
superelement differ quite significantly from the ones measured with the sine sweep excita-
tion. In fact it is not astonishing. Indeed, the two excitation processes are really different.
One is done with hammer impacts while the other is a base-excitation done with a shaker.
The structure is more damped with the base-excitation so this could explain why more
peaks are identified with the experimental superelement. However, one can notice that

some peaks are the same but with some errors on the natural frequencies.

To conclude, it can be said that the method is not completely validated and some
research still needs to be done about this FBS method. For example, the interface and

the coupling conditions could be improved.
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4.3 120-kN shaker: head expander case

When large structures must be tested on an electrodynamic shaker, it is common to
mount an expander on its table. The surface on which the structures to be tested may be
installed is then much larger. In the case of the 120-kN DongLing shaker, it is interesting
to use such a tool. However, this has a large mass. Indeed, for this specific shaker, it
weighs 174 kg. It is therefore important to see if the dynamics of this expander have an
influence on the dynamics of the shaker. One goal of this internship, expected by V2i, is

to model this expander and its interaction with the electrodynamic shaker.

In this section, the CAD model of the expander is built. An experimental modal
analysis is then performed to obtain the experimental modes. The FE model of the ex-
pander is updated until the correlation between experimental and numerical modes is
satisfying. Thereafter, this model is coupled to the shaker model and the dynamics of the
shaker /expander assembly is simulated. Finally, these simulations are validated thanks

to an experimental test campaign.

4.3.1 Model of the head expander

The first step in this coupling process is to model the expander itself. The CAD model
being not given by the shaker supplier, it must be here developed. This CAD model
is shown in Figure 4.21 and is developed in Siemens NX. The mass that the software

computes must correspond to the actual mass of the weighted expander.

Figure 4.21: CAD of the expander.

The actual mass of the expander is 174 kg. It is made of an alloy of magnesium and
aluminium which has a density of 1.74 g/cm?®. After assignment of the material, the com-
puted weight in NX is more or less the same as the measured one: 173.8 kg. However,

since the head expander is a cast metal part, its geometry is not perfect. All the screw
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holes do not have the same size, the solid is not perfectly symmetric, the density is not

exactly known and probably not uniform. For these reasons, the CAD model cannot be

perfect either.

The next step is then to mesh the solid. Tetrahedral mesh elements of degree one
are chosen. It means that each element is made of four nodes. To assess the validity of
the meshing, a convergence study is carried out: the five first natural frequencies of the
expander are computed for different mesh sizes. The convergence of the frequencies may
be observed in Figure 4.22. To realise this study, the bottom of the head expander is
simply clamped.
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Figure 4.22: Convergence of the natural frequencies with the mesh size reduction.

The study is started with a mesh size of 50 mm (with a model made of 222 000 DoFs)
and is refined down to 8 mm (1 880 000 DoFs). The mesh of 50 mm is really coarse but
the smaller mesh takes a significant time to be executed (more than eight minutes). The
ante-penultimate point in Figure 4.22 corresponds to a mesh size of 10 mm (1 200 000
DoFs). However, with this mesh, there is a large deformation energy around the screw
holes of the expander. The mesh is still coarse around very small holes. The mesh size

needs to be reduced to avoid this issue.

In order to refine the mesh where the stress is the highest without increasing too much
the execution time, only a part of the expander can be refined. Indeed, there are small

screw holes only at the center of the expander. Therefore, the FEM is only refined with a
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mesh of 8 mm on a cylinder of 300 mm. It can be seen that at this point, the frequencies
are already converged and that the computation time stays reasonable. For this specific
mesh, there is 1 300 000 DoFs. Therefore, it is this meshing that will be used for the next

computations.

One may notice in Figure 4.22 that the 4" and 5" frequencies are not completely
converged with 1 300 000 DoFs. To get better results, the mesh should be more refined.
However, the number of degrees of freedom is already really high as well as the execu-

tion time. Moreover, the three first frequencies are well converged so it is judged sufficient.

The mesh being validated, boundary conditions that would represent the reality more
faithfully have to be set. Annular surfaces around each screw hole are then clamped
to simulate the screwed connection between the expander and the shaker table. This is
illustrated in Figure 4.23. The aim is to represent the contact surface between the table
of the shaker and the bottom of the expander. To do so, it is common to project the
washer face of the screw head on the interface with a cone having a half apex angle of
30° [34]. The surface of the bolt is also projected on the bottom surface of the expander.
The surface of contact is finally defined by the intersection between the two projected
surfaces as shown in Figure 4.24. Moreover, the surface of contact between the shaker

table and the screw head is clamped too.

[T 777777

Figure 4.23: View of the interface at the  Figure 4.24: Clamping around the screw
bottom of the expander. holes.

Thanks to this numerical model, the deformation of the mode shapes may be visu-
alised in Siemens NX. These are used to determine the setup of the experimental tests.
Indeed, they help to place the accelerometers on the table of the expander to catch as
many modes as possible. Some of them may be observed in Figure 4.25. Only the global
modes are displayed because these are the modes that are wanted to be represented by

the model. The more localised modes are not interesting here.
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(a) Mode 1 - 556.3 Hz. (b) Mode 2 - 710.7 Hz.

(¢c) Mode 3 - 714.8 Hz. (d) Mode 12 - 993.3 Hz.

Figure 4.25: Numerical modes of the expander clamped at its base.

Thanks to these deformations it is concluded that it is necessary to measure the
acceleration in the three directions since the expander deforms in the vertical direction
but also in the table plane, as it is illustrated with the torsion mode in Figure 4.25a.
Accelerometers must also be placed at least at each corner to catch the three other

modes.

4.3.2 Experimental modal analysis: impact testing

An experimental modal analysis is performed in order to identify the experimental modes
of the expander. The aim is to compare the numerical modes to them in order to validate
the expander FEM.

This test campaign consists in exciting the head expander, fixed on the shaker table,
in the three directions with a hammer. The hammer records the force of the impacts and
the acceleration experienced by the structure is recorded through different accelerometers.
The location of the accelerometers are determined with respect to the form of the modes
computed by the numerical model. They are then placed in a cross pattern on the table
of the shaker and one is placed at each corner. In addition, it is needed to refine this

sensor grid to catch more localised modes. However, the more accelerometers there are,
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the longer the test campaign takes. As the time available for testing on the shaker is very
limited, it has been decided to refine only a quarter of the table. This configuration of

impacts and measurement points may be observed in Figure 4.26.

X
|

Figure 4.26: Setup of the impact testing on the expander: impact points (green) and
measurement points (blue).

The acquisition is still performed thanks to Siemens LMS testLab. The FRFs of the
acceleration over the force of the impact are provided by the software. There is thus a
total of 756 acceleration-over-force measured FRFs: 28 measurement points, 3 directions
measured since triaxial accelerometers are used, and 3 excitation points done to excite

the three directions.

One can note that the structure is damped a lot and the force provided by the hammer
is limited, so it is necessary to use very sensitive accelerometers. Therefore, accelerome-

ters with 100 mV /g are chosen.

It is chosen to optimise the model in the [5 Hz - 1000 Hz| frequency range. However,
the use of a single hammer does not allow to excite this whole frequency range. In fact,
the excited frequency range depends on the stiffness of the hammer tip. The softer the
tip, the more the low frequencies are excited, while the stiffer it is, the wider the excited
frequency range is [20]. Therefore, two different hammers are used. One with a tip
made of rubber to excite frequencies below 200 Hz and one tip made of vinyl to excite
frequencies between 200 Hz and 1 000 Hz. It is illustrated in Figure 4.27 with the power
spectral densities (PSD) measured during the impact testing. For the one obtained with
the rubber hammer tip, the amplitude is high but only the low frequencies are excited. It
is what is needed to excite the first modes. Indeed, the lower modes are global modes so
they need a lot of energy to deform. In contrast, for the curve showing the PSD obtained
with the vinyl tip, the amplitude is lower but it covers a much larger frequency range.

In fact, modes at high frequency are often more localised modes so they need less energy
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but the impact needs to be able to excite these high frequencies. This is why the stiffer

tip made of vinyl is used in this case.

—— Vinyl tip hammer

100 /ﬁ ——Rubber tip hammer 7

PSD [g?/Hz]

1041
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Figure 4.27: PSD from vinyl and rubber hammer impact.

The natural frequencies of the expander are then extracted thanks to the p-LSCE
method: the poles are computed for different model orders and all the solutions are

gathered on the stabilisation diagram. The one built with the vinyl hammer impact

testing is shown in Figure 4.28.
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Figure 4.28: Stabilisation diagram (vinyl hammer). Classical p-LSCE method.

This diagram is drawn with the classical p-LSCE method presented in Section 4.1.1.
These results are compared with the PolyMax method and the related stabilisation di-

agram is shown in the Appendix C, in Figure C.1. The natural frequencies are really
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similar to the ones obtained with the p-LSCE method as it is observed in Table C.1.

As said earlier, if the alternative p-LSCE method is used, most of the spurious modes
are removed. The stabilisation diagram shown in Figure 4.29 is indeed much clearer than
with the classical p-LSCE method.
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Figure 4.29: Stabilisation diagram (vinyl hammer). Alternative pLSCE method.

On this stabilisation diagram, columns of stabilised poles can be observed where
poles appear at almost identical frequencies for several consecutive orders. It is chosen to
consider here only the modes for which poles are stabilised over at least six consecutive
orders. The higher natural frequencies of the structure are then identified. They are
gathered in Table 4.1

Frequency [Hz| | Damping coefficient [%)]
Mode 1 290.23 0.19
Mode 2 598.3 2.05
Mode 3 744.4 0.26
Mode 4 825.7 0.13
Mode 5 874.9 0.21
Mode 6 927.4 0.81
Mode 7 997.1 0.23
Mode 8 1 046.8 0.16
Mode 9 1118.47 0.81
Mode 10 1197.1 0.55

Table 4.1: High natural frequencies of the head expander fixed on the table of the
shaker obtained with the impact testing.
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The same process is followed for the low frequencies, thanks to the rubber hammer
impact testing. Six different modes are identified. Their frequencies and damping coef-
ficients are gathered in Table 4.2. Unfortunately, even with a soft hammer tip, very few
modes react at low frequency. The measured data are really not easy to process so the
results can difficultly be trusted. One can note that the values of the damping coefficients

in Table 4.2 are indeed abnormally high.

Frequency [Hz| | Damping coefficient [%)]
Mode 1 8.5 24.8
Mode 2 28.8 18.9
Mode 3 56.4 4.56
Mode 4 71.1 6.43
Mode 5 84.2 9.71
Mode 6 96.2 4.27

Table 4.2: Low natural frequencies of the head expander fixed on the table of the shaker
obtained with the impact testing.

Thanks to the LMS TestLab, the corresponding mode shapes can be visualised. The
author has chosen to focus only on easily identified modes. These will be plotted later.
The retained modes at high frequency are modes 3, 4, 6, 7, and 10 (Table 4.1) and the

retained modes in the low frequency set are modes 5 and 6 (Table 4.2)

The corresponding mode shapes can then be compared with the numerical ones. To

do so, the Modal Assurance Criterion is used. It can be observed in Figure 4.30.
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Figure 4.30: Modal assurance criterion of the modal analysis and the model of the
expander when it is clamped at the screw holes.
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The experimental modes obtained with the rubber hammer are denoted by a R and
the ones obtained with the vinyl hammer are denoted by a V. One can see that the

correlation is really poor since only two modes are above the 0.8 MAC limit.

To improve this correlation, the model needs to be updated. Indeed, these results
are for the expander clamped at the estimated surfaces of contact. However, the impact
testing of the expander having been done on the shaker, it is needed to imitate this
situation. When the expander is fixed on the shaker, certain modes may result from the
coupling between both parts. For example, tilting modes of the overall structure should

appear. They can not be identified with the clamped expander.

4.3.3 Improvement of the model

At this time, the model of the expander is just clamped at the screw holes. To be closer
to the reality, the shaker on which it is fixed must be modelled. To do so, the areas
representing the screw holes considered as clamped previously, are now connected to a

point (cf. Figure 4.31) to model the shaker table on which the expander is set.

Two kinds of connections are tried. The first one are rigid links between all the
surfaces of contact previously clamped and the point representing the table. The second
one is the "Mean interpolation" option in Siemens NX. With this type of connection, the
surfaces are allowed to deform but the mean relative displacement of these surfaces is
null. In fact, the reality is rather in between these two kinds of connection but is difficult
to represent. However, the "Mean interpolation" option gives better results than the

rigid links so it is the selected option. These results will be shown later on.

Figure 4.31: Rigid link between the expander and the shaker.

The motion of the attachment point is prevented in the horizontal plane; the dis-
placements along z and y axes are blocked to represent the support flexures of the shaker
table. The suspensions of the table connected to the shaker body are represented by a
stiffness element. In addition to the stiffness acting along the z-direction, three rotational
stiffnesses must be added here. They are essential to represent the overall tilting modes.

The coil is represented by a point that can only move vertically as it is supposed to be
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in reality. Its suspensions are also modelled by a stiffness element. This is illustrated in
Figure 4.32.

]
Table
kSl kxx:
kC kyy ’ kZZ
Coil Body

Figure 4.32: Scheme of the model of the shaker underneath the expander.

The values used in the model for the table and coil suspension stiffnesses (respectively
ks and k.) are the ones computed in Table 3.7. However, the rotation stiffnesses, k.,
ky, and k., are not given by the parameter identification of Section 3.1 so they must be
assessed. To do so, the formula of the natural frequencies of the torsion modes is used as

shown in Equation. 4.26:

ilz2
kll iCG
= - 4.26 i
f I ( ) al i
Sk = f2 x Ips (4.27) Table

Figure 4.33: Inertia of the expander.

with I = x, y or z and where [I;; is the inertia in rotation about the point of fixation
on the table. These are illustrated in Figure 4.33. The inertia about the centre of gravity
(CG) is given by the CAD model in Siemens NX. The transport theorem is then used to

compute the inertia around the point of interest.

The natural frequencies of the three modes of rotation are known experimentally.
They will be displayed later but it comes that the rotation mode around y-axis, so the
first tilting mode, appears at 85 Hz. The second tilting mode, around the x-axis, appears
at 94 Hz. Finally, the torsion mode around z-axis appears at 1196 Hz. These computed

stiffnesses are then gathered in Table 4.3:

Stiffness [kg.m?|
Rotation around z-axis 4.48 x 103
Rotation around y-axis 3.58 x 103
Rotation around z-axis 7.33 x 10°

Table 4.3: Stiflnesses in rotation for the numerical model built in Siemens NX.
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One can note that the torsional stiffness around the z-axis is much larger than in the
other directions. It is due to the fact that the support flexure shown in Figure 2.2 is flex-
ible in the vertical direction. In this way, the coil can move in the vertical direction but
not so much in the plane since it is very stiff in this direction. They cannot be twisted.

This explains why the first torsion mode is so high in frequency.

4.3.4 Comparison of numerical and experimental modes and fre-
quencies after model update

After modification of the model, the mode shapes can again be compared thanks to the
Modal Assurance Criterion. The MAC coefficients can be observed in Figure 4.34.

As said in Section 4.1.1, only the numerical modes having a sufficient effective mass
are plotted on the MAC graph. Only the modes having an effective mass higher than
5% are studied. However, there is an exception for perfect symmetric modes for which
all the effective masses are equal to 0%. Their deformations will be plotted later and it
will be seen that these modes respond a lot so are still interesting. In fact, since these
modes are symmetric, the contributions of the symmetric parts cancel each other and so

the reaction to the shaker is null.
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Figure 4.34: Modal assurance criterion of the modal analysis and the model of the
expander when it is fixed on the shaker.

It can be seen that there is a tendency of correlated modes on the diagonal of the grid,
which was wanted. The MAC coefficients are much better than in the case of a clamped

expander. Five modes have a MAC coefficient above the 0.8 limit.
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However, some modes of the diagonal have a MAC coefficient lower than 80%, but
will be analysed anyway. Indeed, one has to note the difficulty of the structure to be
modelled. The piece is not perfectly symmetric, it has a lot of defaults. For example, the
stringers never have exactly the same thickness, the thickness of the table is not uniform,
surfaces are not perfectly flat, etc. It is not a piece produced in series, it is a unique

foundry piece sold with the shaker so it is not precisely manufactured.

The natural frequencies related to these modes are gathered in Table 4.4 and the
relative error computed with respect to the experimental natural frequencies is obtained

as shown in Equation 4.28:

ef = Jexp — Joum f_ foum, (4.28)
exp

and can be observed in the Table 4.4.

Frequency LSCE [Hz| | Frequency FEM [Hz| | Error e |%)]
Mode R5 84.2 Mode 2 88 -4.5
Mode R6 96.5 Mode 3 98 -1.6
Mode V3 744.4 Mode 5 680 -8.6
Mode V4 825.7 Mode 6 804 2.6
Mode V6 927.4 Mode 17 997 7.5
Mode V7 997.1 Mode 20 1035 3.8
Mode V10 1197 Mode 4 488 59.23

Table 4.4: Comparison of the natural frequencies of the head expander fixed on the
table of the shaker obtained with the impact testing and with the FEM model.

It is observed that there are still some important errors on the natural frequencies.
This probably results from the simplicity of the shaker model. Indeed, the table of the
shaker is assumed to be rigid in the model. To get better results, it would have been
needed to realise a CAD model of the table then to couple it to the coil of the shaker.
However, the coil of this shaker is not easily accessible and it is impossible to perform

measurements on it. Therefore, this was not realistic in the scope of this work.

To better understand these results, the identified modes can be analysed. From the
modal analysis, several modes are exploitable. They can be visualised and compared to

the numerical mode shapes in the following figures.

The two first modes are captured with the rubber tip hammer. The first mode is a
tilting mode around the y-axis (Figure 4.35). The second mode is more or less the same

but about the z-axis (Figure 4.36).
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Figure 4.36: Experimental mode at 94 Hz (left), numerical mode at 98 Hz (right).

The following modes are caught with the vinyl tip hammer since they appear at
higher frequencies. The third mode is already more complex. It is chosen to call it the
first butterfly mode because of its shape (Figure 4.37): two corners have positive vertical
deflection while the two other corners have a negative vertical deflection. The fourth
mode is the second butterfly mode: two opposite sides have positive vertical deflection
while the two others have negative vertical deflection (Figure 4.38). These two modes are

each symmetric, which means that their effective masses are equal to zero.

Figure 4.37: Experimental mode at 744 Hz (left), numerical mode at 680 Hz (right).
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Figure 4.38: Experimental mode at 825 Hz (left), numerical mode at 804 Hz (right).

The fifth and sixth modes are more localised modes; the corners of the expander are
mainly deformed as well as the stringers below the table of the expander (Figures 4.39
and 4.40).

Figure 4.40: Experimental mode at 997 Hz (left), numerical mode at 1 035 Hz (right).

The last experimental mode is a torsion mode and is observed in Figure 4.41. It is
identified at 1 197 Hz while the numerical torsion mode already appears at 488 Hz. This
large difference could already be noticed with the corresponding large error computed in
Table 4.4.
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Figure 4.41: Experimental mode at 1997 Hz (left), numerical mode at 488 Hz (right).

4.3.5 Validation of the model

The ultimate goal of this chapter is to show the final results of the virtual shaker testing.
To do so, the numerical superelement of the shaker is introduced in Simulink in order
to couple it to the shaker model. As it has been done to validate the shaker model, the

Stmulink simulations results obtained with Simulink are compared with a test campaign.

The idea of this test campaign is to obtain measured FRFs to compare them to the
simulated ones. The current, the acceleration and the voltage are recorded so that the
accleration-over-current and acceleration-over-voltage FRFs are plotted. To do so, a sine
sweep excitation is therefore applied to the expander. The latter is screwed on the table
of the shaker. An accelerometer is placed on the table of the shaker, below the expander,
to understand its behaviour when such a mass is fixed on it. Three accelerometers are
placed on top of the table: one at the centre, one at the right of the expander table and
one at its front. One accelerometer is placed on one side of the table as it is shown in
Figure 4.42.
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Figure 4.42: Location pattern of the accelerometers (blue dots) on the expander.

The sine frequency is, this time, only varied between 5 Hz and 1 000 Hz. The input

signal is defined in the same way as for the first test campaign done in Chapter 3: a
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preliminary first closed loop system allows to define the limit of the maximum input
voltage. However, in order to avoid measuring noisy signals at low frequency, once again,
the drive signal is defined larger than the limit at low frequency and is progressively
decreased so that the limit is respected at high frequencies. The drive signal has therefore
the shape illustrated in Figure 4.43.
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Figure 4.43: Shape of the driving signal.

The acquisition is still performed through LMS. The considered acquisition parameters

are shown in Table 4.5. The measured FRFs are finally obtained.

Parameters Value
Input type Sine sweep
Input voltage 0.01V
Bandwidth 10 000 Hz
Frequency sample | 25 600 Hz

Table 4.5: Acquisition parameters for a test on the 120-kN shaker with the expander.

To obtain the simulated curves, the superelement is done in Siemens NX. The point
that models the table of the shaker as it was illustrated in Figure 4.32 is now the re-
tained node of the superelement. Only the vertical translation DoF is retained and the
five other DoFs are blocked. Four nodes are included in the superelement: the same as
the accelerometer locations shown in Figure 4.42. In this persepctive, the acceleration

measured at these points may be synthesised with the virtual shaker testing.

The mode shapes, their natural frequencies and the superelement matrices of Equa-
tion 4.14 and 4.17 are computed with Samcef. The latter are introduced in the Simulink
model. The superelement of the expander is thus coupled to the numerical model of the

shaker. The measured and simulated FRFs are finally compared. The acceleration-over-
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current FRFs (resp. acceleration-over-voltage FRFs) related to the accelerometer at the

right side of the expander table are shown in Figure 4.44a (resp. in Figure 4.44b).
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(a) Acceleration-over-current FRFs. (b) Acceleration-over-voltage FRFs.

Figure 4.44: Expander fixed on the shaker, acceleration measured on the centre of the
expander table: comparison between measured and simulated FRFs.

It can be seen that the curves do not exactly match but these results are not sur-
prising. Indeed, in the model, the node related to the Centre accelerometer is exactly
located at the centre the structure. However, in reality, the accelerometer is not ex-
actly fixed at the centre of the table. Moreover, the expander is not perfectly symmetric
and there is probably a small eccentricity off the axis of the shaker. This explains why

such peaks appear in the measured curves while the simulated curves are so unresponsive.

The acceleration-over-current (resp. acceleration-over-voltage) FRFs related to the

Right accelerometer are shown in Figure 4.45a (resp. Figure 4.45b).
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(a) Acceleration-over-current FRFs. (b) Acceleration-over-voltage FRFs.

Figure 4.45: Expander fixed on the shaker, acceleration measured on an extremity of
the expander table: comparison between measured and simulated FRFs.
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One can note that the curves are not superposed as expected. This can be explained
by the simplicity of the model while the studied system is very complex. To obtain better
results, as said previously, the table of the shaker should be modelled more accurately by
a CAD model and coupled to the rest of the shaker with a superelement. This could be

done in future works.

Nevertheless, these figures show interesting results. Indeed, even if the peaks of reso-
nance are not perfectly identified, it indicates that the expander/shaker assembly reacts
in a specific range of frequency. The virtual shaker testing allows then to predict that
some resonance phenomena are expected above 600 Hz. Moreover, the amplitude of the

peaks is well represented.

4.3.6 Addition of the load support guidance

Since the expander is a heavy mass added on the shaker, some guides are needed to
limit the torque applied on the armature, i.e., on the coil and the shaker table. Load
support guidance allows payload to be safely mounted on the shaker, and reduces the
risk of damage on the shaker suspension system even if the centre of mass is not aligned
with the shaker axis. This support is made of four linear ball bearings. Two of them
can be observed in Figure 4.46: these are the cylindrical pieces of metal. They prevent
cross-axial motion or rotation of the upper surface of the expander, and they ensure that
the movement is as purely vertical as possible. The load supports are also made of two
load isolation supports that are inflatable suspensions that limit the weight that the ex-
pander applies onto the shaker coil. One of them is shown in the Figure 4.46, it is the

cushion-shaped part located between the linear bearings.

Figure 4.46: Load support guidance of the expander on the 120-kN shaker.
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In fact, in this DongLing shaker, the coil motion is only constrained in its bottom by
some racks but it is less constrained in its upper part. Indeed, the top of the coil is only
guided by the support flexure (cf. Figure 2.2). As a matter of fact, if the specimen is
slightly off-centre, which is always the case in the real life, the shaker does not vibrate
along its vertical axis only but also in the other directions. As a consequence, no speci-

men can be tested on the expander without the load support guidance.

Test campaign on the shaker

This load support has to be modelled to be part of the virtual shaker testing. However,
it is very difficult to build a finite element model for these complex systems. Therefore,
experimental tests need to be carried out on to understand the role they play in the
structure. In order to integrate them efficiently in the global shaker model, they have to
be modelled in the simplest way as possible. To know the influence that the expander load
support has on the system, the same sine sweep excitation as without the load support
is applied again on the expander. The acceleration-over-current and acceleration-over-
voltage FRFs with the load support can then be computed and compared to the no
load support case. To do so, accelerometers are placed as shown in Figure 4.47 and, as

previously, the voltage and the current are recorded during the sine sweep excitation.
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(a) Top view of the expander. (b) Side view of the expander.

Figure 4.47: Location pattern of the accelerometers (blue dots) on the expander and its
load support guidance.

The same acquisition parameters as without the support guidance are kept. These
have been summarised in Table 4.5. To compare the behaviour of the expander with and
without these supports, their respective FRFs are superposed. The acceleration-over-

current and acceleration-over-voltage FRFs are respectively shown in Figure 4.48 and
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4.49. The acceleration measurement used to plot these is the vertical acceleration at the

centre of the table of the expander.
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Figure 4.48: Comparison of the acceleration-over-current frequency response functions
with and without load support guidance. Measurements done on the 120-kN DongLing
shaker with a sine sweep in the [5 Hz - 1 000 Hz| frequency range.
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Figure 4.49: Comparison of the acceleration-over-voltage frequency response functions
with and without load support guidance. Measurements done on the 120-kN DongLing
shaker with a sine sweep [5 Hz - 1 000 Hz| frequency range.

It can be observed in these two cases that, when the load support guidance is present,

the peaks of resonance appear at different frequencies, there are additional peaks.

To understand if these supports stiffen the structure or if they just guide the motion
and act as sliders, the acceleration signal of the accelerometers placed on these supports
is analysed. The sensors of interest are those named Connection and Isolation support in

Figure 4.47b. It can be seen in Figure 4.50 that different peaks of resonance appear.
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Figure 4.50: Acceleration evolution of the load support.

To understand the behaviour of the load support, it is common to draw the stiffness
diagrams [35]. It plots the acceleration Z(t) as a function of the displacement z(t). To
obtain the displacement from the acceleration measured during the experimental test,

signals are simply integrated over time.

These accelerations can be analysed at two different times: when the response is sta-
tionary and when the largest peak appears so around 420 s. In the stationary region, it is
chosen to look at the response at 300 s because the transient responses is over and there
is no peak there. These two extreme configurations are both shown for each of the two
studied accelerometers. The two plots related to the Isolation support accelerometer are

shown in Figure 4.51a while the ones related to the Connection accelerometer are shown

in Figure 4.51b.
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Figure 4.51: Stiffness diagrams displayed at two different times: in the stationary region
and in the peak region of the response.

Figures 4.51 shows that in the stationary region, when no mode reacts, the slope of
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the stiffness plot is much smaller than in the peak region. This means thus that when the
supports are not solicited, they only act as simple guides. There is only a sliding motion
since there is almost no stiffness. However, in the peak region, the slope of the stiffness
diagram is increased. It means that the stiffness of the supports is increased. In fact,
when the mode reacts, the corner of the expander deforms and the linear ball bearings
work in bending. This is not what they are done for so their stiffness is increased. To
conclude, this proves that the stiffness of the bearings is increased when there are peaks

of resonance.

Numerical model of the expander with its load support and comparison with
the experimental modal analysis

It has been shown in the previous section that modelling the loading supports by sliders
only is not sufficient. Therefore, some stiffnesses need to be added in the expander model

to correctly compute the different mode shapes of the structure.

To model the expander with its load support fixed on the shaker, the stiffnesses that
had been placed under the expander to model it in a first time are kept. As a reminder,
the suspension of the coil was modelled by a stiffness acting in the vertical direction and
the suspension of the table by a stiffness in the vertical direction too but also in the three

axes of rotation. It was illustrated in Figure 4.32.

To model the load support of the expander in the FEM, some stiffnesses are added.
The linear ball bearings vertically guide the expander so the resistance along the vertical
axis is very low and the stiffnesses acting in the plane and along the rotation axes are
really high. In the following, the stiffnesses related to these bearing guides will be denoted
by k4. The two load isolation supports seem to be mainly used to sustain the mass of
the expander and so it can be modelled by a stiffness along the vertical axes. However,
it slightly prevents the torsion and the rotations so stiffnesses in the other directions can
also be added. These stiffnesses will be denoted by k;.

Therefore, there are twelve stiffnesses parameters (six for the bearings and six for
the isolation supports) to introduce in the FEM. These parameters must be identified.
By lack of time, they have only been determined manually. Their values are manually
adjusted until the correlation between experimental and numerical results is acceptable.
Therefore, an experimental modal analysis is needed to identify the experimental modes
and their natural frequencies. The numerical ones obtained with NX can then be com-

pared to these experimental results.
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An impact testing on the expander with its loading support has already been done a
few years ago in V2i. Its results are used here to determine the natural frequencies and the
mode shapes of the structure. The acceleration had been measured in the three directions
with 45 measurement points. Moreover, impacts have been done in two directions: in the

vertical axis, and in the plane of the expander table as it is illustrated in Figure 4.52.

Figure 4.52: Location pattern of the accelerometers (blue disks) on the expander.

The natural frequencies and the damping coefficients are then extracted thanks to
the p-LSCE method and the eigenmodes are obtained with the LSCF method. These
experimental results are used to optimise the numerical model of the load supports by
adjusting the stiffness parameters. Different values are tested and the ones that give
the better correlation between analytical and experimental modal results are kept. To
evaluate this correlation, the difference between the natural frequencies is computed and
the MAC is evaluated. These stiffness values are gathered in Table 4.6:

Translation [N/m| | Rotation [Nm/rad]
kg, 10 000 10 000
ky, 10 000 10 000
k. 10 10
ki 10 10
ki, 10 10
ki, 10 000 10

Table 4.6: Stiffnesses in rotation for the numerical model built in Siemens NX.

The MAC coefficients computed between the experimental modes and the final nu-
merical modes obtained with these values are illustrated in Figure 4.53. Only the seven

first modes are here considered.
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Figure 4.53: MAC between the modal experimental analysis and the model for the
expander with its load supports.

It can be seen that the correlation is still rather poor. Indeed, only two poles have
a MAC coefficient higher than 80%. Nevertheless, a diagonal of correlations higher than
the others is observed. Only the most correlated modes are analysed: the experimental
modes 1, 2, 4 and 5 and the numerical modes 3 to 6. The error between these natural

frequencies can then be calculated. These are gathered in Table 4.7.

LSCE frequency [Hz| | FEM frequency [Hz| | Error e; [%]
Mode 1 53.38 Mode 3 103.26 -93.44
Mode 2 239.86 Mode 4 483.69 -101.66
Mode 4 535.71 Mode 5 680.92 -27.21
Mode 5 610.16 Mode 6 806.74 -27.22

Table 4.7: Natural frequencies of the head expander fixed on the table of the shaker
obtained with the impact testing.

The natural frequencies obtained numerically are largely over-estimated. Many dif-
ferent stiffness values have been tried but none of them has given better results than
those shown in Table 4.7. To get better results, an identification method should have
been developed to determine these stiffness values. However, in this work, only one model
update iteration has been performed so results are not satisfying. A more advanced study

could be done in a future work.
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Nevertheless, the deformation of these modes can finally be observed. Even if there
exists a large gap between estimated and measured frequencies, the shape of the modes
is well approximated. The first identified mode is a tilting mode. The second one is a
torsion mode. The third one is the first butterfly mode and the forth one is the second

butterfly mode.

Figure 4.56: Experimental mode at 536 Hz (left), numerical mode at 681 Hz (right).
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Figure 4.57: Experimental mode at 610 Hz (left), numerical mode at 807 Hz (right).

Coupling of the numerical model to the shaker model

Finally, a superelement of the expander and its load support is created in order to couple
it to the shaker model. This is done in the exact same manner as without the load sup-
port and the same points as previously are included in the model (the four accelerometer

points represented in Figure 4.47a).

By introducing this superelement in Simulink, the dynamics of the shaker /expander /load
support assembly can be simulated. The synthesised FRFs can then be compared to the

ones obtained with the sine sweep tests.

The conclusions being quite the same for the four accelerometers, only the acceleration-
over-current and acceleration-over-voltage FRFs related to the Right accelerometer are
displayed here. These are respectively shown in Figure 4.58a and 4.58b. The shape of
the curves is well approximated by the virtual shaker but the frequencies are not. But

this result was expected since the specimen was not perfectly modelled (cf. Table 4.7).
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Figure 4.58: Expander and its load support fixed on the shaker, acceleration at the
expander table extremity: comparison between measured and simulated FRFs.
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4.4 Conclusion

To couple the model of the specimen to the numerical model of the shaker, the specimen
has been modelled in two different ways. The first one is to use a numerical superelement

and the second, an experimental superelement.

The numerical coupling of the specimen to the shaker model gives satisfying results
for the smallest shaker. All the resonance peaks are not identified but the matching
modes have frequencies close to the measured ones. For the largest shaker, even if there
is a non-negligible error on the natural frequency estimations and that the comparison
between experimental and numerical modes are not satisfying, the simulated results are
still interesting. Indeed, not all the modes are predicted by the model but it allows to
predict the amplitude of the resonance peaks and to anticipate the interactions between
the shaker and the specimen between 600 Hz and 1 000 Hz. The experimental coupling
of the specimen to the shaker model has only been tested on the smallest 100-1bf shaker.
The method must be improved but it allows to identify the frequency of some of the

resonance peaks and to predict their amplitude.

After that, the load supports of the 120-kN shaker expander have been analysed. It
has been shown that at high frequencies, the load support guidance stiffens the struc-
ture. Therefore, the latter has been modelled by stiffnesses in the FEM. However, it has
been shown that the results are not the expected ones. The results of the experimental
modal analysis of the expander with the support have not allowed to validate the model.
Therefore, the introduction of the model in the shaker model to simulate a test shaker is

not conclusive either.
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Conclusion and perspectives

Conclusion and main results

Throughout this work, a virtual shaker model has been developed. The aim was to vir-
tually simulate an entire vibration test. This has been performed in several steps. The
first stage was to model an electromechanical shaker. The second one was to couple the
model of a specimen to the model of the shaker. In this perspective, different method-
ologies have been theoretically proposed, and then applied on practical cases. Finally,
experimental measurements have been taken to validate these methods. The final goal

was to build a complete virtual shaker model of a large 120-kN shaker mounted in V2i lab.

In the state-of-the-art, the different components of an electrodynamic shaker have
been presented to understand its operation. After that, the lumped parameter model of
the shaker could be built. The shaker has been modelled by three degrees of freedom:

one for the shaker table, one for the coil and one for the shaker body.

Thereafter, a suitable method has been developed to identify the parameters of the
lumped mass model. When applying a sine sweep on the shaker of interest, the acceler-
ation of the table, the voltage and the current of the coil have been recorded. An empty
test and a loaded test have been performed, and based on their acceleration-over-current
FRFs, the natural frequencies of the shaker have been obtained. Thanks to these mea-
surements, the mechanical parameters have been identified. The electrical parameters
have then been defined by performing an optimization of the difference between experi-
mental and simulated curves. The results of the simulation have finally been compared

to experimental results so that it was possible to validate the method.

The last chapter was dedicated to the second step of the virtual shaker testing design
which was to couple the model of a specimen to the shaker model. Two different methods

have been used. The first one consisted in building a numerical model of the specimen.
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A finite element model has been developed and, by using a superelement, the numerical
model has been reduced then coupled to the model of the shaker. The accelerations-over-
current FRFs have finally been simulated and have been compared to the FRFs resulting
from the sine sweep tests. This method has appeared to work well on a small shaker
but less accurately on a larger shaker. Indeed, the natural frequencies obtained with the
model were not the same than the measured ones and not all the modes were identified.
After that, a second method has been presented. This time, an experimental model of
the specimen was built thanks to the frequency-based substructuring. An experimental
superelement has been coupled to the lumped mass model of the shaker. Thanks to this
coupling, the accelerations-over-current FRFs could be simulated. In order to compare
them to experimental ones, a sine sweep test has been performed with the concerned
specimen fixed on the shaker. This has allowed to demonstrate that this method works

rather well for small shakers but has not been tested on the largest one.

In the last chapter, the studied specimen was the expander. This piece has been largely
studied as well as its load support guidance. Its mode shapes have been analysed with
and without its load support. It has been shown that, even if the comparison between
the experimental and numerical results was not fully satisfying, it allowed to predict
the shapes of the modes and the coupling that can appear between the shaker and its
device under test. The frequencies of resonance that are identified are not exactly the
expected ones but it allows to say that beyond a certain frequency, there is a resonance

phenomenon between the shaker and the expander.

Perspective for future works

At first, the complexity of the lumped parameter model of the shaker could be improved.
In this work, only the vertical degrees of freedom of the lumped masses have been used.
The transverse effects were neglected. However, it has been shown that the table of the
shaker undergoes transverse accelerations. In a future work, the torsion and plane ro-
tations could be added to the degrees of freedom. This has not been done in this work
because it would have added a lot of difficultly identified additional parameters. For
the first part of this work, the presented lumped-mass model was sufficient to model
the shaker and to virtually test small masses. However, it has been shown later that it
was not sufficient anymore when a large mass was fixed on the shaker. These additional
degrees of freedom should be added to the model. Therefore, an idea that could be used
to identify the rotational parameters is to perform sine sweep test campaigns with an
off-centred mass. This could be done with an eccentricity along the x-axis, then in the
y-axis and by comparing measured and simulated FRFs, the parameters could be opti-
mised. The tilting modes of the shaker table could thus be identified.
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Secondly, in this study, a lumped-mass model has been used but a more complex
model could be developed. Indeed, the table of the shaker was considered to be rigid but
it could be integrated entirely with a CAD model. The method presented to numerically
couple a specimen to the model of the shaker could be used and the superelement of this
table would be coupled to the lumped-mass model. Consequently, the latter would only
contain the masses of the coil and of the body of the shaker. However, to do so, it is
needed to have access to the coil in order to take measurements for the validation of the

method but this was not possible in the scope of this work.

Moreover, the expander and its load support guidance have been modelled manually.
Indeed, the parameters involved in the model have been identified through trials and
errors. By lack of time, an automated method has not been developed. An optimization
of these parameters would have been very time-consuming. To do such an identification,
initial parameters first have to be fixed. Then one parameter must be varied. A derivative
is computed between the results with the previous parameter and with the new one to
determine if this parameter needs to be increased or decreased to improve the results.
This must be done for each parameter entering in the model. The computation of the
superelement would then be done twice per iteration. With the knowledge that the com-
putation of the superelement can take between 15 and 50 minutes, it is clear that these

calculations can take several days.

Finally, to complete the virtual shaker testing, the model of the controller could be
added. The loop of the VST could be closed by the controller and a test campaign could

be entirely simulated.
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Appendix A

Shaker specifications

In this work, two shakers are used to experimentally validate the methodology devel-
oped: the 120-kN DongLing shaker and the VT'S VG-100 shaker. Their specifications are
gathered in the Table A.1. This table allows to determine the feasibility of a test.

Characteristics VTS VG-100 DongLing
(445N) (120 kN)

Freq. Range [Hz] [5,4500] [5,3000]

Max peak force [kN] 0.1 120.0

Max RMS force [kN] 0.1 120.0

Max shock force [kN] 0.2 240.0

Max acc. [g] shaker 150.0 100.0
shaker + exp. ? 48.0
shaker + table ? 84.0 43.0

Max velocity [m/s] 2.54 2.0

Max disp. [mm] (0-p) 19.05 38.0

Moving mass [Kkg] 0.240 72.0

Driver bar [kg] / / /

Slip table [kg] / 71.0 203.0

Head expander [kg] / 174.0

Admissible mass [kg] ? 1000.0

Admissible torques [Nm] pitch ? 3300.0 |108600.0
roll ? 3600.0 {123700.0
yaw ? 200.0 | 47400.0
coil ? 2500.0

Figure A.1: Shaker specifications.
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Appendix B

LSCE method

This section explains how the natural frequencies and the damping coefficients of a struc-
ture are computed based on IRFs expression. The IRF related to coordinates r and s for

the j'" sample of time can be expressed as [20]:

hes(jAL) = 2Re (Z ATS(,C)eAHJ’At)) (B.1)

k=1
= 2Re <Z ATS(k)Zi) (B'2)
k=1

where 7, = M4t

is related to the pole of mode k£ and A, is the residue of mode &
associated to coordinates r and s. The complex conjugate pairs Z; must then be deter-

mined.

These are considered as the roots of a polynomial of degree ¢ = 2n and are obtained

using Prony’s method:

o+ Z+aZ?+ .+ Z9=0 (B.3)

If each p™ equation is multiplied by «,, and that they are then all added, it follows
that:

q n q
> aphg(pAt) = 2Re (Z Arsti) Y apZ};’) = 0. (B.4)
p=0 k=1 p=0

To avoid the solution a = 0, the last coefficient is imposed to be equal to 1: «a, = 1.

Therefore, the following equation is obtained:

q—1 n q
Z aph.s(pAt) = 2Re ( Avs(r) Z apZ,f> = 0. (B.5)
p=0 k=1 p=0

These coefficients a can be estimated by using the measured impulse responses. If
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n; >> q measured values are considered, the following undetermined system is obtained:

hs(0) hes(At) -+ he((g—1)At) o —hys(gAt)
h,s(At) h,s(2A8) - hy,s(qAt) ar | —h,s((q + 1)At)
hys((ny — 1)At) hrs(ﬁtAt) s s (g +.q — 2)At) a;_l —hps((ny + q—1)At)
) X e e ’

This LSCE method can be extended to the pLSCE method (|25], [27]) as described
in Equation B.6 where N, is the number of outputs, i.e., three times the number of
accelerometers if they measure in the three directions, and N; is the number of inputs,

i.e., the number of impacts.

h; (0) h,(At) - hi((¢ — 1)At) ] [ —h;(qAt)
hy ((ne — 1)At) hl(n'tAﬂ o (e + Q — 2)At) —h; ((n Jr‘q — 1)At)
h,(0) hy(At) - ho((g — 1)A?) o —hy(qAt)
hy((n; — 1)At) hQ(T;tAt> o ho((ne + Q — 2)At) : - —hy((r Jr‘q — 1)At)
hN(;(O) hNo&At) - ha((g - 1)At) xﬁ —hNo.(th)
L hy, ((n '— 1)At) hy, (neAt) -+ hy, (g —i—'q —2)At) | | —hy, (7 + q—1)At) |
' (B.6)

The least-squares solution is given by:

x = (ATA) " ATb (B.7)

The alpha coefficients are then determined. It is explain in section 4.1.1 how to finally

compute the poles (and so the natural frequencies and the damping coefficients).
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Appendix C

PolyMAX stabilisation diagram

At this time, the p-LSCE method has been used to plot the stabilisation diagrams and
obtain the stabilised poles. However, in order to compare these results with a second
method, the PolyMAX method can be used. Therefore, the stabilisation diagram related

to the impact testing done on the expander is shown in Figure C.1.

|

0.18

%]
%]
[N
%]
=%
7]

71}
[Ep—
o

wimimimieel e e
e
T
e
[=RE7 RN ]

[~

]
e e T T T T T Th= i Tt =N =Y
o

U=CR " e |

[ R ]

—

[T TTIT
PR )

2]
R R ]

@, .

IR
2]
[ RN R
2]
0

[}
[ R R ]

[P N R )
"_‘:-_,____

o
~m/ Rl as’asalo
w
e

f'ff fll\\"}:

il
Log
IIII|
L=]
[=]
W
WwWm
.

WGn s en i

L0 6n ' n i
_.._.._..(I,;-

L T I ) uJ\-.. W en

WG
. O G AR W
)

[=7]

w w

w
(ST
— “hih
-

%]
2]

B - T T M. TS
| .y

i

—
—

SRESN
i
e
_:\—\_
T T e
e =
i
| aaaeBRRARARARARRTRARARRR |
— Ia'ﬁ

| |102925|| |
1.20e+3

0.46e-3

||I:| [T 1
L o w
= o
o
o

[}
=
=
=1
=
=
=
m
[
S

Figure C.1: Stabilisation diagram obtained with PolyMAX method.

It can be noticed that the resulting stabilised poles are very similar to those shown
in Figure 4.28. The relative error computed between the natural frequencies obtained
with p-LSCE and PolyMAX methods are gathered in Table C.1. This diagram is directly
given by LMS TestLab.
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APPENDIX C. POLYMAX STABILISATION DIAGRAM

p-LSCE freq. [Hz| | PolyMAX freq. [Hz| | Relative error |%]

Mode 1 290.23 290.36 -0.03
Mode 2 598.3 596.50 0.02
Mode 3 744.4 745.28 0.1

Mode 4 825.7 825.14 0.07
Mode 5 874.9 873.56 0.15
Mode 6 927.4 933.11 -0.64
Mode 7 997.1 995.01 -0.06
Mode 8 1 046.8 1 046.73 0.01
Mode 9 1118.47 1 118.35 0.06
Mode 10 1197.1 1172.98 1.63

Table C.1: High natural frequencies of the head expander fixed on the table of the
shaker obtained with the impact testing.
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Appendix D

Vibration test reports

In this last appendix, a test report as it is usually done at V2i company is presented.
Two test campaigns have been done on the 120-kN shaker in the scope of this work: one
to validate the method used to build the shaker model and one to validate the method
of coupling a specimen model to the shaker model. The reports gathering the details of

both of them are shown in the following pages.
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Vibration test report

Sine sweep

Report Shaker Model Test
Campaign

Date: 12/04/2022
Page: 2/4

1. Introduction

The subject of this report is to present the results of the vibration tests performed in the aim to validate the model

of the 120-kN DongLing Shaker.

Since the tests are realised in open loop for a constant voltage, the tests are first performed in closed loop, by
controlling the acceleration in order to determine the maximum allowable voltage to impose in the open loop

test.

Two different tests are performed: with no load and with a load of 33kg.

2. Equipment Used

Electrodynamic Shaker

Control and Acquisition

LMS Instruments SCADAS IlI
. DongLing ET-120 kN .| mainframe
Shaker: LS3 550 — 3 in. stroke Front end: System SCL2E20V — Serial number:
62190513
Amplifier: SDA-120 Computer: | V2i-Shaker-9
Software
LMS Test.Lab 21A for control, acquisition and post-treatment
Accelerometers
manufacturer model name direction function serial calibration
number due date
DYTRAN 3023A Coil triaxial Control/ Measure 14170 21/05/2023
PCB 3023A02 Centre triaxial Measure 64600 23/11/2023
DYTRAN 3313A Front triaxial Measure 1000 01/02/2024
DYTRAN 3023A Left triaxial Measure 6532 26/08/2023
DYTRAN 3023M04T Back triaxial Measure 10967 21/05/2023
DYTRAN 3313A3 Right triaxial Measure 15333 21/11/2023
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Vibration test report

Sine sweep

Report Shaker Model Test
Campaign

Date: 12/04/2022
Page: 3/4

3. Testing Procedure

3.1.

In the next pages, the axes refer to the disposition described in Figure 1.

In Figure 2, the “coil” accelerometer is still underneath the mass.

Reference Axes and Vibration Tooling

1 Centre

b

§r" ¢

Figure 2: Definition of the 33-kg loaded tést axes
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3.2. Test Sequence
The chronological sequence performed on the tested item is given in Table 1
Test date Test performed Exutgtlon
axis

12/04/2022 Sine sweep — No mass — Close loop (0.5 g, 5 Hz — 2500 Hz) Z
12/04/2022 Sine sweep — No mass — Close loop (0.2 g, 5 Hz — 100 Hz) Z
12/04/2022 Sine sweep — No mass — Open loop (0.03 V, 5 Hz — 100 Hz) YA
12/04/2022 Sine sweep — No mass — Open loop (0.15 V, 5 Hz — 100 Hz) z
12/04/2022 Sine sweep — No mass — Open loop (0.01 V, 5 Hz — 2500 Hz) z
12/04/2022 Sine sweep — No mass — Open loop (0.05 V, 5 Hz — 2500 Hz) YA
12/04/2022 Sine sweep — With mass — Close loop (0.5 g, 5 Hz — 2500 Hz) Z
12/04/2022 Sine sweep — With mass — Open loop (0.2 V, 5 Hz — 100 Hz) YA
12/04/2022 Sine sweep — With mass — Open loop (0.007 V, 5 Hz — 2500 Hz) YA
12/04/2022 Sine sweep — With mass — Open loop (0.05 V, 5 Hz — 2500 Hz) YA

Table 1: Test sequence

3.2.1. Sine sweeps

Each of the sweeps detailed below has been applied to the tested structure in increasing direction.
In order to avoid noisy measurements, the sine sweeps are performed with a higher level at low frequency. This
is why there are two tables here: one for the whole frequency range and one for the low frequency range.

Frequency bandwidth 5 — 2500 Hz
Sweep rate 1 oct/min
Number of sweeps 1
Duration 9min8s
Direction Up
Frequency bandwidth 5— 100 Hz
Sweep rate 1 oct/min
Number of sweeps 1
Duration 4min27s
Direction Up
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1. Introduction

The subject of this report is to present the results of the vibration tests performed in the aim to validate the model
of the expander of the 120-kN DongLing Shaker

Since the tests are realised in open loop for a constant voltage, the tests are first performed in closed loop, by
controlling the tension in order to determine the maximum allowable voltage to impose in the open loop test.

Two different tests are performed: without and with the load support guidance of the expander

2. Equipment Used

Electrodynamic Shaker Control and Acquisition
LMS Instruments SCADAS llII
. DongLing ET-120 kN . mainframe
Shaker: LS3 550 — 3 in. stroke Front end: System SCL2E20V — Serial number:
62190513
Amplifier: SDA-120 Computer: | V2i-Shaker-9
Software

LMS Test.Lab 21A for control, acquisition and post-treatment

Accelerometers (no load support case)

manufacturer model name direction function serial calibration
number due date

DYTRAN 3023A Coil triaxial Control/ Measure 14170 21/05/2023
PCB 3023A02 Centre triaxial Measure 64600 23/11/2023
DYTRAN 3313A Front triaxial Measure 1000 01/02/2024
DYTRAN 3023A Table triaxial Measure 6532 26/08/2023
DYTRAN 3023M04T Body triaxial Measure 10967 21/05/2023
DYTRAN 3313A3 Right triaxial Measure 15333 21/11/2023
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Accelerometers (with load support case)
manufacturer model name direction function nsuer:\it?elr Czlljg?;ign
DYTRAN 3023A Coil triaxial Control/ Measure 14170 21/05/2023
PCB 3023A02 Centre triaxial Control/ Measure 64600 23/11/2023
DYTRAN 3313A Front triaxial Measure 1000 01/02/2024
DYTRAN 3023A Table triaxial Measure 6532 26/08/2023
DYTRAN | 3023M04T Body triaxial Measure 10967 21/05/2023
DYTRAN 3313A3 Right triaxial Control/ Measure 15333 21/11/2023
PCB 356A02 Bearing triaxial Measure 64633 06/07/2023
PCB 356A02 Connection | triaxial Measure 64597 06/07/2023
PCB 356A02 Structure triaxial Measure 136347 06/07/2023
PCB 356A02 Isolation triaxial Measure LW145493 06/07/2023

3. Testing Procedure

3.1.

Reference Axes and Vibration Tooling

In the next pages, the axes refer to the disposition described in Figure 1.

SR . e T S

Figure 1: Definition of the empty test axes
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Figure 2: Definition of the 33-kg loaded test axes

In Figure 1 and 2, there is a “coil” accelerometer underneath the mass.

3.2. Test Sequence

The chronological sequence performed on the tested item is given in Table 1

Test date Test performed Exgl)t(zia;lon
13/04/2022 Sine sweep — No support — Close loop (0.5 g, 5 Hz — 300 Hz) z
13/04/2022 Sine sweep — No support — Close loop (0.5 g, 250 Hz — 1000 Hz) z
13/04/2022 Sine sweep — No support — Open loop (0.01 V, 5 Hz — 1000 Hz) Z
13/04/2022 Sine sweep — With support — Close loop (0.5 g, 5 Hz — 300 Hz) z
13/04/2022 Sine sweep — With support — Close loop (0.5 g, 250 Hz — 1000 Hz) z
13/04/2022 Sine sweep — With support — Open loop (0.1 V, 5 Hz — 300 Hz) z
13/04/2022 Sine sweep — With support — Open loop (0.01 V, 5 Hz — 1000 Hz) Z

Table 1: Test sequence

3.3. Test Levels

To obtain experimental acceleration-over-current and voltage-over-current FRFs for the identification of
parameters, the test campaign is realised in open-loop, with no control. However, open-loop tests may be
dangerous since there is no security on the maximum acceleration that the shaker will undergo. In fact, there is
a limit of table acceleration in the specifications of the shaker. Therefore, a first bench of preliminary tests is
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performed in order to determine the maximum voltage to not exceed the defined limits. It is why some tests are
performed in close-loop, imposing an acceleration and others are realised in open-loop, imposing a voltage.

For the close-loop tests, some were not able to pass. Because of the complex structure of the expander, there
was a large anti-resonance peak. The controller fixed related to the accelerometer “coil” stopped the test because
the acceleration at this point was larger than the defined limit. Therefore, to bypass this issue, three controllers
have been defined and only the mean of the three accelerations needed to be below this limit.

3.3.1. Sine sweeps

Frequency bandwidth 5 — 1000 Hz
Sweep rate 1 oct/min
Number of sweeps 1
Duration 7min45
Direction Up
Frequency bandwidth 5 — 300 Hz
Sweep rate 1 oct/min
Number of sweeps 1
Duration 6min7s
Direction Up

In Figure 3, the shape of the input voltage is shown. To avoid noisy measurements at low frequency, the
voltage is higher at low frequency than at high frequency. It is decreased progressively until 100 Hz and is
finally set to 0.01 V.

1.00

[0 F == Spectrum AvgClrl With load support guidance
[ F s Spectrum AvgClrl Without load suppert guidance

W
Log (Peak)
A plitude

1003 | 4 g 1 Lo 1 L1 11 gy |000
5.00 Hz 1000.00

Figure 3: Shape of the input voltage
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