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Preface
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Danish PhD degree. The presented work has been carried out at the Depart-
ment of Civil Engineering, Technical University of Denmark (DTU) between
March 2013 and February 2016 under supervision of Associate Professor Pe-
ter Noe Poulsen and Professor Henrik Stang. The PhD project has been
financed partly by the Graduate School and partly by Danish Centre for
Composite Structures And Materials for Wind Turbines.

The thesis consist of 7 chapters and 4 appended papers. The chapters give a
description of the background and the motivation for the research and con-
clude the major findings. Also a presentation of the work conducted is given

here. In the four appended the delivered research contributions are consid-
ered in detail.

Kongens Lyngby, the 29th February, 2016
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Abstract

Hybrid testing constitutes a cost-effective experimental full scale testing
method. The method was introduced in the 1960’s by Japanese researchers,
as an alternative to conventional full scale testing and small scale material
testing, such as shake table tests. The principle of the method is to divide
a structure into a physical substructure and a numerical substructure, and
couple these in a test. If the test is conducted in real-time it is referred to as
real time hybrid testing.

The hybrid testing concept has developed significantly since its introduc-
tion in the 1960’, both with respect to the size and the complexity of the
physical and numerical substructures. However, due to a rapid increase in
the computational time, a further increase in the size and complexity of the
numerical substructures is challenged. In this thesis a number of elements
that can help to improve the size and complexity of kinematic nonlinear nu-
merical substructures are presented, with special emphasis on the use of basis
reduction methods. Three elements that can help to improve the accuracy
are presented and illustrated.

In kinematic nonlinear systems, various deformation modes are coupled through
a nonlinear strain measure. If these coupling-activated modes are not repre-
sented in the basis reduction, a significant increase in the structural stiffness
can appear, which can ruin the numerical accuracy. One way to represent
the coupling-activated modes is by use of so-called modal derivatives. Equa-
tions to evaluate these exist. However, due to singularities these can only by
solved approximately. A modified and a novel set of system of equations of
motion governing the modal derivatives are, therefore, derived. From these a
set of improved modal derivatives are found. By use of an example it is, fur-
thermore, illustrated that the modal derivatives determined from the novel
system represent the exact modal derivatives.

One of the most time consuming tasks in the numerical time integration
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is the evaluation of the internal restoring forces. Due to its nonlinear format,
a time consuming element-by-element assembling is used. It is shown, that
by adopting an existing mathematical reformulation technique, the costly
element-by-element assembling is replaced by a significantly more efficient
global assembling in a reduced co-ordinate system.

By use of the novel modal derivatives an efficient basis formulation is ar-
ranged, combining linear modes with modal derivatives. The basis is based
on a Taylor series, and is, therefore, referred to as a Taylor basis. The basis
predicts a relation between the linear normal modes and the modal deriva-
tives. Utilizing this basis formulation, the modal derivatives are included
without introducing further unknowns into the system. The basis formula-
tion is shown to exhibit high precision and to reduce the computational cost
significantly. Furthermore, the basis formulation exhibits a significant higher
stability, than standard nonlinear algorithms.

A real-time hybrid test is performed on a glass fibre reinforced polymer com-
posite box girder. The test serves as a pilot test for prospective real-time
tests on a wind turbine blade. The Taylor basis is implemented in the test,
used to perform the numerical simulations. Despite of a number of intro-
duced errors in the real-time hybrid testing loop, the test confirms the high
stability and efficiency of the Taylor basis.



Resumé

Hybrid tests udggr en omkostningseffektiv eksperimentel fuldskala testme-
tode. Metoden blev introduceret in 1960’erne af Japanske forskere, som et
alternativ til konventionelle fuldskala tests og materiale tests foretaget i min-
dre skalaer, sasom test udfert pa et rystebord. Princippet bag metoden bestar
i at opdele konstruktion i en fysisk subkonstruktion og en numerisk subkon-
struktion, som kobles i en test. Hvis testen udfgres i realtid, kaldes det for
en realtids hybrid test.

Hybrid test princippet har oplevet en markant udvikling siden det blev
indfgrt i 1960’erne, bade med hensyn til stgrrelsen og kompleksiteten af de
fysiske og de numeriske subkonstruktioner. Grundet en hurtigt stigende be-
regningstid, er en yderligere forggelse i stgrrelsen og kompleksiteten af de
numeriske subkonstruktioner udfordret. I denne afthandling praesenteres en
rackke elementer der kan hjeelpe til at gge storrelsen og kompleksiteten af de
numeriske subkonstruktioner, med vaegt pa brugen af basis reduktionsmeto-
der. Tre elementer der kan forbedre ngjagtigheden praesenteres og illustreres.

I kinematisk ikke-linesere systemer kobles diverse deformation modes gen-
nem et ikke-linezert tgjningsmal. Hvis disse koblings-aktiverede modes ikke
er repraesenteret i basis reduktionen, sa kan stivheden af konstruktionen gges
markant, og derved gdeleegge den numeriske ngjagtighed. En made hvorpa
disse koblingsaktiverede modes kan repraesenteres, er ved hjelp af sakaldte
modale afledte. Der findes ligninger til at bestemme disse, men de kan kun
lgses approksimativt. Et modificeret samt et nyt system af ligninger der sty-
rer de modale afledte udledes derfor. Ud fra disse kan der beregnes forbedrede
modal afledte. Ud fra et eksempel, vises det at de modale afledte bestemt ud
fra det nye ligningssystem, repraesenterer de eksakte modale afledede.

En af de mest tidskreevende opgaver i den numeriske tidsintegration er eva-
lueringen af de indre knudkraefter. Grundet dets ikke-linezere format, er en

tidskraevende evaluering benyttet, hvor hvert elementbidrag evalueres et ad
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gangen. Det vises, at ved at adoptere en eksisterende matematisk omformu-
lerings teknik, sa kan den tidskreevende evaluering erstattes af en markant
mere effektiv global evaluering i et reduceret koordinatsystem.

Ved benyttelse de nye modale afledte opstilles en effektiv basis, der kom-
binerer linezere modes med modale afledte. Basisen er baseret pa en Taylor
serie, og kaldes derfor for en Taylor basis. Basisn forudsiger en relation mel-
lem de linesere modes koordinater og de modale afledtes koordinater. Ved at
benytte denne basisformulering, kan de modale afledte blive inkluderet uden
at gge antallet af ubekendte i systemet. Denne basisformulering udviser en
hgj ngjagtighed og reducerer de beregningsmaessige omkostninger markant.
Derudover udviser basisformuleringen en signifikant forgget stabilitet, sam-
menlignet med standard algoritmer benyttet til ikke-linesere problemer.

En realtids hybrid test udfgres pa en glasfiberarmeret kompositbjeelke. Te-
sten benyttes som en pilottest for fremtidige realtids test pa vindmgllevinger.
Taylor basisn implementeres i testen og benyttes til at foretage de numeri-
ske simuleringer. Pa trods af en raekke fejl introduceret i realtids hybrid test
loopet, bekraefter testen stabiliteten og effektiviteten af Taylor basisen.
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Chapter 1

Introduction

Hybrid testing, also referred to as hybrid simulation, on-line testing and
hardware in the loop simulation, is a cost-effective experimental technique
introduced in the 1960’s, used to investigate the response of complex struc-
tural engineering problems under dynamic response. The principle of the
technique is to divide the problem into a physical substructure and a virtual
substructure and couple these in a test. The physical substructure typically
represents a part of the problem of particular interest with a behavior too
complex to be modelled. Therefore, this part requires to be tested in a phys-
ical test setup. The virtual substructure, on the other hand, represents a
part of the structure with known behavior and is modelled as a computer
model, typically by use of finite element method (FEM). In this case the vir-
tual substructure is also referred to as the numerical substructure. During
the hybrid simulation the substructures run in parallel and communicate and
exchange information through a control system.

The point of introducing hybrid testing was to have an alternative to
conventional full scale testing and small scale material testing, such as shake
table tests. Full scale testing is important, as this is the only test where
exact knowledge of structural behavior is provided. However, for large and
complex structures this can be an expensive and time consuming solution.
The shake table tests, on the other hand, do not require much space, and
can lower the cost compared to the full scale testing significantly. However,
in shake table tests scaling problems are an issue. Especially nonlinear be-
havior can be difficult to handle in small scale models. In hybrid testing
such scaling problems are automatically avoided, as this is considered a full
scale test. Moreover, by use of the substructure technique, only the struc-
tural components of specific interest need to be tested in an actual physical
test setup. This can reduce the size of the required physical surroundings
significantly, and thereby also the cost and time of the experiment.



Introduction

Initially hybrid tests were performed under the assumption that the physi-
cal substructures exhibited no rate dependent behavior, and only the numer-
ical substructure contained dynamic effects, such as viscosity and inertia.
This assumption allowed the tests to be performed on an extended time
scale. In this regard the technique is also referred to as pseudo-dynamic test-
ing. As rate dependent devices, such as e.g. dampers, started to become a
more integrated part of the infrastructure, the interest for testing rate depen-
dent devices in hybrid testing started to grow. Effort to improve technology
and replace the extended time scale by a true time scale was increased. This
succeeded in the beginning of the 1990s where the first real-time test was re-
ported. In this context the method is referred to as real-time hybrid testing
(RTHT).

Since then the field of real-time hybrid testing has expanded tremen-
dously, and still is. Today RTHT is e.g. used for testing of dampers, nonlinear
reinforced concrete and frame structures, soil-structure interactions, offshore
platforms and the concept has also been adopted in the aerospace and vehicle
industry. The concept of hybrid testing is, however, still a field under devel-
opment, with many challenges to be solved, before it can be fully integrated
as a standard tool for engineering practice. One problem is related to the
capacity of the numerical engine. As the concept improves, the requirement
for improving the complexity and size of the numerical substructures grows
simultaneously. However, computational speed limits the capacity, and only
models with limited complexity can be included in real-time experiments
today.

At the Technical University of Denmark (DTU), it is a declared ambition,
within a short period of years, to be able to perform state of the art research
when it comes to the development of methods and models in the analysis
of composite materials and lightweight structures, such as e.g. wind turbine
blades and airplanes. A key to fulfil the ambition is by use of hybrid testing.
Therefore, DTU has decided to invest in facilities and equipment used to
perform RTHT. Today, no such facilities exist. The present PhD project can
be seen as a part of the RTHT implementation project at DTU.

The present chapter serves as a general introduction to the hybrid testing
concept and to give the reader an overview of the some of the challenges in the
field of RTHT. Furthermore the chapter will explain the context and objective
of the given PhD project in more detail. A detailed list of references is not
given in the present chapter, but will be introduced in the following chapters
covering, among other things, the historic development and detailed theory
behind RTHT.

2 Department of Civil Engineering - Technical University of Denmark



Introduction 1.1 Concept of Hybrid Testing

1.1 Concept of Hybrid Testing

In the following the principle of hybrid simulation is explained in more detail.
For the purpose an imaginary example, with a frame structure exposed to a
ground acceleration, a, is considered, see Figure 1.1. The potential damage to
the structure is minimized by installing a number of dampers, at the ground
level, in order to dissipate the energy. To ensure that the dampers work as
intended these are tested in a hybrid test.

Numerical Substructure

ot
° Frame structure @

» ¥
Shared boundary
Y

Numerical substructure Shake Table ——»

A

Figure 1.1: (I) Damped structure exposed to ground acceleration (II) is
divided into substructures and (IIT) organized in a hybrid testing setup.

The substructuring technique is used to divide the structure in a nu-
merical and physical substructure. The dampers usually display complex
behavior, and these are therefore chosen to constitute the physical substruc-
ture, i.e. the structural part to be tested in a physical framework. The frame
structure, on the other hand, displays known behavior, and its response can
be modelled numerically, using FEM. Thus, this part of the structure con-
stitutes the numerical substructure. A hybrid test setup is then organized,

Department of Civil Engineering - Technical University of Denmark 3



Numerical Substructure

1.1 Concept of Hybrid Testing Introduction

by installing a set of actuators on each of the dampers at the contact sur-
face between the numerical and physical substructures. In the present this
is referred to here as the shared boundary. Three actuators are installed on
the shared boundary each damper to be able to introduce translations in
the horizontal and vertical directions combined with rotations. Furthermore,
the ground acceleration is imposed by a shake table at the bottom. For the
actuators and the numerical substructure to communicate, a control system
is arranged.

The RTHT is then ready to be initiated. In Figure 1.2 is visualized the
closed hybrid testing loop, with the coupling between boxes indicated by the

arrows.
Control System

Sent target displacements

at the shared boundaries

to the actuator controllers l

?’ ?’ Actuators measure force

response from physical

Displacements at shared
substructure, due to

boundary are calculated, imposed actuator

based on external load .
displacements and

and actuator forces. J

-

_ ground acceleration J

Control System

Sent actuator forces,
at shared boundary to

numerical substructure

Figure 1.2: Hybrid testing loop.

The test is started by exposing the dampers to the ground acceleration,
d. The actuators then measure the force response at the shared boundary
through a load cell. The measured actuator forces are sent to the numerical
substructure through the control system, and the response of the numerical

4 Department of Civil Engineering - Technical University of Denmark
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Introduction 1.1 Concept of Hybrid Testing

model is determined by use of a time integration scheme. The response
displacements are also referred to as the target displacements. The rotations
and translational displacements at the shared boundary of the numerical
substructure are then sent back through the control system to a digital servo-
controller, that controls the actuator motion. The displacements are then
imposed onto the dampers by the actuators and the loop is ended. This loop
is repeated until the test is finished.

In order to keep up with real time, each loop in Figure 1.2 has to be
ended within single time step, At, corresponding to the time steps taken
by the numerical model in each integration step. Typically the time steps
applied in a real-time test are in the order of At=1-10 ms, see e.g. Chen
et al. (2012). This is a strict requirement, which requires fast responding
actuators and associated control system, an efficient computational model,
and a fast interchange of data, to succeed.

A o Extrapolated point
o Interpolated point
. V‘i/o,-O'—D‘EL\.Vi+1
w -
=! e : .
GE') ,/ ;/ Y Y Y Y v
§ /,/ ot ot ot ot ot
o= / ' '
) ’ K ¥
/ : At .
Vi : :
' »time
i1 t; tit1

Figure 1.3 Displacements, V, evaluated by extrapolation and interpola-
tion, are sent to the digital controller with time intervals dt.

To ensure that the actuators move continuously with a smooth velocity,
the target displacements calculated in the numerical model have to be sent
at the sampling frequency of the digital controller. To meet this demand
each time interval, At, is divided into a number of sub steps, dt, see Figure
1.3. The displacements, V, at each sub step can be found from, respectively,
extrapolation and interpolation between the numerically evaluated displace-
ments, V; and V,,;, at the specific times t; and t;,;, see e.g. Nakashima
and Masaoka (1999). The numerical calculation of the displacement V;
requires the actuators forces measured at time, t;. Therefore, the displace-
ments V,,; will not be available from time t;, and the initial displacements
sent to the digital controller are evaluated through extrapolation of previous
displacements. When the displacement V;,; is calculated, the interpolation

Department of Civil Engineering - Technical University of Denmark 5



1.2 Numerical Challenges in RTHT Introduction

can start. In Figure 1.3, the displacement V; ; is known beyond the time t
= t; + 20t.

As will be described in more detail in the end of the chapter, the main
focus of the present work is on the numerical engine, enhanced by bold in
Figure 1.2, with special emphasis on the computational time and cost. There-
fore, further details of the various components in the hybrid simulation loop
related to communication and the physical test, are not described in more
depth in the present. For details of included hardware and communication
software, the reader is referred to e.g. Waldbjoern et al. (2016).

1.2 Numerical Challenges in RTHT

The application of RTHT is rapidly growing, and the complexity and size
of both the numerical and physical substructures increase. However, if this
development should continue, many challenges need to be solved. In Marazzi
et al. (2011) are listed some of the most obvious challenges which can limit
the potential expansion of real time hybrid testing. The list is based on
the outcome of the so called EFAST project from 2010, initiated by the
European commission. Among the things related specifically to the numerical
substructures, are mentioned:

e Increasing computation time for increased complexity

e Accuracy and efficiency of integration algorithms

Since the first real-time simulation was reported in the early 1990s, the
numerical substructures have increased in both size and complexity. Ini-
tially small linear systems were considered. Rapidly, the complexity was
increased by adoption of nonlinearities, and an increase in the degrees of free-
dom (DOFs) in the FEM models. However, when nonlinearities are included
in the numerical simulations, the computational time is rapidly increased
with the number of DOFs. To the best of the present authors knowledge,
the capacity today, is about 500 DOFs, considering a material nonlinear
frame structure with assumed bilinear constitutive behavior, cf. Chae et al.
(2013). For this a specialized software was developed.

It is important to stress that the number of DOFs is not necessarily a
direct measure for the complexity or accuracy of a numerical model. If highly
advanced elements are used, few elements can be sufficient in some cases. On
the other hand, if simple constitutive relations are applied, many DOFs can
be needed to model even small size structures in a sufficient manner. So
the amount of DOFs do not directly indicate the level of complexity and
accuracy, but it can serve as a good indicator.

6 Department of Civil Engineering - Technical University of Denmark



Introduction 1.2 Numerical Challenges in RTHT

As will be accounted for in the following chapter, frame structures ap-
pear to comprise the most used type of numerical substructures applied in
RTHT. When considering the global response of frame structures, with non-
linear constitutive relations as in Chae et al. (2013), then 500 DOFs can
typically be considered to be a fairly large amount of DOFs for modest size
structures. However, for three dimensional structures modelled with con-
tinuum elements, including nonlinear constitutive relations, the capacity of
500 DOFs can rapidly be exhausted, even for modest size structures. Thus,
if such numerical substructures should be adopted in RTHT, more accurate
and efficient time integration techniques and methods are required.

In the following an example illustrating the rapidly increasing computa-
tional time in kinematic nonlinear analysis, as a function of the number of
DOFs, is given. Furthermore the reason for the rapid time increase is iden-
tified. The time integration techniques applied in the example are described
in detail in chapter 3.

1.2.1 Computational Time - Example

A kinematic nonlinear beam exposed to a harmonic load, F(t), with excita-
tion frequency, we, is considered, see Figure 1.4. The beam is of length 1, has
a density p, a bending stiffness EI, and a relative damping ratio ¢. In Table
1.1 the parameter values are presented, selected such, that the first bending
mode of the beam is w; = 1 rad/s. The beam is rigid supported at the left
end and prevented from horizontal displacements at the right end.

F(%
EL p, ¢ .
| )

l

K. v
A A

Figure 1.4: Kinematic nonlinear beam

Using FEM to analyse the beam, the governing equations of motion on
discretized form, with assumed linear damping, are formulated as:

MV + CV +g(V) = F(t) (1.1)

M and C are the mass and damping matrices, g(V) represents the internal
restoring forces, F(t) is the external load dependent on time, V represents
the displacement field and d()/dt = (). For nonlinear systems the restoring
forces are a nonlinear function of V, whereas for linear systems it is given
as the linear product g(V) = KV, where K is a constant stiffness matrix.

Department of Civil Engineering - Technical University of Denmark 7



1.2 Numerical Challenges in RTHT Introduction

Table 1.1: Beam parameters.
Parameter Unit  Magnitude

1 m 1
EI Nm? 6.44-10%
p kg/m?3 7800
¢ % 2
Finax kN 644
We rad/s 1

Plane Euler-Bernoulli beam elements are used to model the beam. These are
described in detail in Andersen and Poulsen (2015). In appendix A is pre-
sented a full analysis of the beam. Here, only the computational simulation
time, tgm, is considered. In Figure 1.5b is presented the relative simulation
time spend on simulating three periods of the first bending modes in the
range 14 DOFs to 59 DOFs. The relative time is defined as:

r = tsim/tO (12)

with ty representing a reference time. In the given case ty is chosen as the
simulation time with 14 DOFs. The reference time, tqg, was 37 times larger
in the nonlinear case compared to the linear case.

80
60
I 40t

201

0 I L L L I}
10 20 30 40 50 60
DOFs
Figure 1.5: Simulation times, r, as a function of the number of DOF's.

Two curves are plotted in Figure 1.5 for comparison; the relative time
based on the kinematic nonlinear beam, r,,,, and a relative time, based on a
linear version of the considered beam, ry;,. Both curves are found by use of
the central difference method (CDM), which is en explicit time integration
scheme. The relative simulation times are seen to be a nonlinear function of
the DOFs. The ry,, curve increases from a relative time of 1 to approximately

8 Department of Civil Engineering - Technical University of Denmark



Introduction 1.2 Numerical Challenges in RTHT

70, over the DOF range considered. The ry;, curve increases significantly less,
going from a ratio of 1 to approximately 12. The increase in the simulation
times are partly attributed to the fact that more equations have to be solved
for an increasing number of DOFs. Furthermore, the simulation time was
increased because the time steps had to be decreased for an increasing number
of DOFs. Increasing the DOFs, higher frequencies are introduced, which
calls for smaller time step magnitudes to keep stability. The same time step
magnitudes were applied in the linear and nonlinear analysis.

The reason for the significant higher relative increase in the nonlinear
analysis is due to the evaluation of the internal restoring forces, g(V). Due
to the nonlinear formulation, these have to be evaluated element by element,
after each time step, which is very time consuming. In Table 1.2 a prozentual
division of the computational times are presented, when using the CDM
and the implicit Newmark method with assumed average acceleration, to
analyse the beam. The time is split in the element assembling (EA) time,
covering the evaluation of g(V) and the tangent stiffness matrix K, and
the remaining tasks denoted 'Others’, covering e.g. evaluation of residuals,
prediction steps and solving the equations. The tangent stiffness matrix K
is used for iterations in the implicit schemes, and also has to be assembled
element-by-element after each time step.

Table 1.2: Relative computational times.

14 DOFs 59 DOFs
Integration Scehmes EA Others EA Others
CDM (Nonlinear) 91 % 9% 94% 6%
Newmark (Nonlinear) 90 % 10 % 96% 4%
CDM (Lincar) 20% S0 % 2% 2%
Newmark (Linear) 15% 8% 13%  87%

From Table 1.2 it is obvious that the EA tasks constitute far most of the
computational time in the nonlinear analysis, whereas it constitutes slightly
less in the linear analysis. Furthermore, increasing the number of DOFs
is seen to increase the relative EA task in the nonlinear integration. This
development implies, that if the computational time should be reduced in
kinematic nonlinear analysis, the element assembling task is a key component
to consider.

Furthermore, in the given kinematic nonlinear analysis, 29 DOFs was the
real-time limit with a time step magnitude of At=1 ms. This real-time DOF
capacity will be used as a reference point in the given work.

Department of Civil Engineering - Technical University of Denmark 9



1.3 Hybrid Testing at DTU Introduction

1.3 Hybrid Testing at DTU

At DTU the ambition is to become experts in the development of methods
and models for the analysis and design of composite materials and lightweight
structures, such as wind turbines, bridge sections and airplanes. Today,
design of large scale composite structures is performed by wind turbine and
aerospace industries. However, a frequent amount of failures still appear
in e.g. wind turbine blades, due to an incomplete understanding of the
very complex composite behavior. A way to improve testing and gain more
knowledge in the field of composite materials and lightweight structures, is
by use of hybrid simulation.

-~ vl

'b Actuator

ctuator @®7T ~~
T

Figure 1.6: Wind Turbine Blade installed at a beam support by a 250 kN
actuator, DTU Civil Engineering, January 2016, DTU Byg.

In 2012 DTU applied the Villum Fond for 10 million euro, with the pro-
posal to establish a center for mechanical testing and materials. The appli-

cation was made through a collaboration between three DTU departments;
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The Department of Civil Engineering, Department of Mechanical Engineer-
ing and Department of Wind Energy. The purpose of establishing the center
is to support the need for multi-scale experimental research in Danish as well
as in international engineering, covering micron scale to large scale, with the
latter including hybrid testing.

In 2014 the money were granted from the Villum Fond, and DTU has
started the project. Out of the full grant, approximately 3 million euro are
ear marked to establish the hybrid testing facilities, where most of the money
are intended to be invested in so called strong floors and strong walls, used
for organizing the physical test setup, and furhtermore actuators, hydraulic
supply systems and advanced measuring systems. Part of equipment has
been bought and is in its implementing phase. In Figure 1.6 is shown a 15 m
long section of a SSP wind turbine blade, with a normal full length spanning
34 m. The blade root is installed on a so called strong wall, and a cross beam
with single actuator is installed at the other end. The actuator is one of the
investments made by use of the funding, and has a load capacity of 250 kN.
In Figure 1.7 a close up on the WTB root on the strong wall is shown from
two different angles.

Figure 1.7 Installation of Wind Turbine Blade Root on Strong Wall, Jan-
uary 2016, DTU Byg.

In connection with the hybrid testing investment plans at DTU, Danish
Centre for Composite Structures and Materials for Wind Turbines (DCCSM)
has started a project at DTU with focus on implementing wind turbine test-
ing in RTHT. The purpose of the project is to test wind turbine blades and
study e.g. the global response including the impact of local phenomena such
as interlaminar buckling and fracture, with complex load application. Local
effects such as interlaminar buckling and fracture can be difficult to model
and, therefore, hybrid testing is an ideal tool for such tests.
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1.4 Objective and Structure of the Thesis

The present PhD project constitutes one out of a number of PhD projects on
DTU, started on the initiative of DCCSM. The overall objective for DCCSM
is to implement the required facilities at DTU Civil Engineering Test Fa-
cilities, to be able to perform RTHT on wind turbine blades. Each of the
PhD projects contribute to different areas of the hybrid testing facility imple-
mentation, such as; improving sensor technology used to measure and detect
data from the physical substructure such as response and local failure mech-
anisms, improvement of actuator displacements, and an extension of present
available software programs to handle real-time hybrid simulations. Focus of
the present PhD project is on the numerical substructures.

As previously discussed, todays computational speed allows nonlinear
numerical substructures of dimension 500 DOF's to be included in real-time
hybrid tests, when using specialized software for the purpose. For frame
structure like models this can in many cases be sufficient, but if e.g. complex
three dimensional structures should be included, such as in e.g. wind turbine
modeling, the available capacity can rapidly be exhausted. A demand for
improving the complexity of numerical substructures therefore exist. The
object of the present PhD project is related to the numerical capacity, and
is stated as:

Objective of PhD project:

To improve the accuracy of kinematic nonlinear
numerical models, in real-time simulations, by
use of mathematical models and methods.

To improve the accuracy, special emphasis has been on projection based
reduction methods, which is a mathematical way to sort out some of the less
important content of large numerical models. If a reasonable basis is chosen,
this is a very efficient tool to obtain accurate simulations with a significant
reduction in computational time. Said in another way, basis reduction can
be a clever way to utilize the available computational capacity, if the right
basis is applied. As will be accounted for in chapter 2 only little emphasis
has been given to the use of basis reduction in hybrid testing context so far.

Furthermore, kinematic nonlinearities are taken as the focus area. In
composite materials both material and kinematic nonlinearities are impor-
tant. However, in RTHT litterature, kinematic nonlinearities have been paid
significantly less attention, than material nonlinearities. Thus, emphasis was
chosen to be on the kinematic nonlinearities.

It is important to stress, that it is not within the scope of the present
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project to increase the accuracy by improving the given hardware or by orga-
nizing specialized software with adoption of special programming languages
or programming strategies. Focus is on improving the accuracy with the
given computational capacity as a reference point. To have a comparable
reference to evaluate the contribution of the present work, the real-time ca-
pacity of 29 DOF's reported in the example in section 1.2.1, is used.

The present dissertation presents the work conducted over the three years
PhD period, and consist of 7 chapters followed by four appended papers. The
appended papers present the essential results of the work with detailed anal-
ysis and discussion hereof. The preceding chapters serve as a introduction
and background to hybrid testing. Furthermore, the chapters present and
sum up on the methods applied and developed and the results achieved in
the PhD study. In more detail:

In Chapter 2 a brief historical survey of hybrid testing is given. A
view on the development of hybrid testing since its introduction in the 1960s
is considered, with special emphasis on the development of the numerical
capacity, after the introduction of real-time tests in the 1990s.

In Chapter 3 time integration in hybrid testing context is considered.
Some of the most obvious challenges in the real-time time integration are
discussed, and different existing time integration schemes and methods are
presented.

In Chapter 4 the concept of projection based reduction methods are
presented, and a discussion of the most important modes to include in the
basis, when considered kinematic nonlinear systems, is given. Furthermore
three elements, which can help to improve the accuracy of real-time sim-
ulations, are presented. The three elements constitute the major research
contributions of the present PhD study.

In Chapter 5 the use of reduction methods in hybrid testing is discussed.
Furthermore, a real-time hybrid test performed at DTU Byg, December 2015,
is presented. The results are discussed, and potential improvements to the
test are suggested.

In Chapter 6 potential future research activities in the field of hybrid
testing, with reference to the presented research elements, are briefly dis-
cussed.

In Chapter 7 the findings of the numerical work are summarized and
the work is concluded.
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Chapter 2

History of Hybrid Testing

In the present chapter a brief historic survey of hybrid testing is presented,
with focus on some of the significant steps made towards what is known as
today’s conventional real-time hybrid testing. Furthermore, the development
of the size and complexity, of the numerical substructures, is considered.

Historic reviews of the hybrid testing are given in e.g. Saouma and Siva-
selvan (2008) and Carrion and Spencer Jr. (2007). These have been used,
among others, as support in the present PhD study to get an overview of the
historic development.

2.1 Introduction of Hybrid Testing

The concept of hybrid simulation was initially introduced by Japanese re-
searchers in the 1960s, cf. Hakuno et al. (1969). A single dof (SDOF)
structure, loaded by an electromagnetic actuator, was considered under seis-
mic loading, and the belonging equation of motion (EOM) was solved by use
of an analog computer. With the introduction of the hybrid testing concept,
a potential future alternative to the use of shake table testing of seismic
loaded structures, was introduced.

In the 1970s Takanashi et al. (1975) improved the accuracy of hy-
brid simulation by replacing the analog computer with a digital computer.
Furthermore, the actuator loads were introduced on an extended time scale,
using a so called ramp and hold method, characterized by shifting between
imposing a load increment and taking a hold. Today, this type of load ap-
plication is considered as the conventional pseudo-dynamic (PsD) testing
approach.

Since the work of Hakuno et al. (1969) and Takanashi et al. (1975) the
field of hybrid testing has developed significantly. Up untill the 1990s the
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majority of the development within the field of hybrid testing was performed
mainly in Japan and the United States. In Takanashi and Nakashima (1987),
Mabhin et al. (1989), and Shing et al. (1996) a summary of some the the work
performed in these countries, is given. In the beginning of the 1990s hybrid
testing started to receive a growing interest in other parts of the world, such
as Europe and Asia, see e.g. Donea et al. (1996) and Chang (1998).

Various branches of the conventional pseudo-dynamic testing have devel-
oped since its introduction in order to improve the test method. A step in
the direction of the later introduced real-time PsD testing was introduced
with the so called continuous pseudo-dynamic testing by Takanashi and
Ohi (1983). The ramp and hold method, applied for the actuator loading,
was replaced by a continues applied loading. In the given work a dynamic
actuator was used for the purpose and tested on a SDOF beam structure
supported by two columns. The initial idea for introducing a continues load-
ing, was to remove the potential effect from force relaxation of the considered
structure during the hold periods of the actuator. With the introduction of
the continues pseudo-dynamic testing the possibility to perform fast hybrid
simulations was introduced. However, due to computational speed limita-
tions, only experiments on a time scale larger than one could be executed at
this point.

Another significant contribution to the field came with the introduction
of the substructure technique in PsD testing in the 1980s by Dermitzakis
and Mahin (1985). The substructure technique made it possible to test
only the structural part displaying complex behavior in a physical configura-
tion, whereas the structural parts displaying well known behavior, could be
modelled numerically. Since its introduction, the substructure technique has
been extensively applied, and it is considered to be a more or less implicit
part of the hybrid testing concept today. In Bursi and Wagg (2008) a more
in depth description on the development and the use of the substructure
technique is given in pseudo-dynamic context as well as in real-time context.

2.2 Real-time Hybrid Testing

In the beginning of the 1990s an important milestone in the history of hybrid
testing was reached. Nakashima et al. (1992) reported the first system
capable of performing a pseudo-dynamic test in real time using a digital com-
puter. In the given case a building, installed on top of rubber bearings and
a viscous damper, was considered. The substructure technique was applied,
and the superstructure, including the rubber bearings, was taken as the nu-
merical substructure, and the viscous damper as the physical substructure
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loaded by a dynamic actuator. The key elements to succeed with performing
a real-time experiment, were improved displacement and velocity control of
the actuators, and the use of staggered time integration. The actuator dis-
placement and velocity were improved by installing a digital servo-mechanism
between the computer and the actuator servo-controller, which frequently
checked and corrected, if necessary, the actuator movement. Furthermore,
time integration based on the even ad odd time states were applied, using
the central difference method. In this way the data needed to predict the
displacement at time t,,.; was already available from the time t,,_; and could
be determined before the time t,,. Thus, the actuators did not have to hold
for a predictor displacement to be determined at the end of each time step,
and could instead sustain a continues movement. However, due to limited
computational speed, large time steps of magnitude At=20 ms had to be
applied, and only a numerical SDOF substructure was considered.

Since the first reported real-time simulation reported by Nakashima et al.
(1992) an extensive amount of work in the field has been made and many
real-time tests have been reported. However, in the strive for improving
and expand the size and complexity of the structural systems considered in
real-time hybrid testing, many new challenges have been met. Especially
issues in the domain of control and communication have received extensively
attention.

One such field is time delays. These are an inevitable issue in real-time
testing, and has to be properly compensated to obtained accurate experimen-
tal results. Horiuchi et al. (1996) considered the effect of actuator time
lag, i.e. the delay by which the displacement imposed by the actuator on
the shared boundary. It was demonstrated, for a linear SDOF system, that
actuator lag corresponds to introducing negative damping into the system.
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Figure 2.1: Actuator input displacement field compensated by shifting it a
time step, 0t;, ahead of the actual calculated displacement field.
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To compensate for the time lag it was suggested to predict the actuator
input displacements a time step ahead, corresponding to the actuator time
lag, dt;, see Figure 2.1. In this way the correct actuator output displacements
would be imposed onto the structure. For the input prediction, a polynomial
based on n previous calculated values was applied. The effect was promising,
and extrapolation has been widely since, see e.g. Darby et al. (2002), Wu
et al. (2006b) and Chae et al. (2013).

Another challenge in expanding the real-time testing, lies in the limitation
of the numerical capacity. Since the first real-time test, the numerical models
have increased in both size and complexity. However, as opposed to the
communication and control domain, the numerical aspects have received less
attention.

In Figure 2.2 the development of the amount of DOFs applied in RTHT,
based on a selection of work ranging from the introduction of RTHT in 1992
up until today, is sketched. The development is seen to be increasing, starting
with a linear SDOF numerical substructure in 1992 to nonlinear numerical
substructures containing more than 500 DOF's today. However, a demand for
being able to increase the DOF capacity, and thereby increase the complexity,
still exist.
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Figure 2.2: Development of the real-time DOF capacity in numerical sub-

structures since the introduction of real-time simulation, plotted on a loga-
rithmic scale.
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The initial attempts made to improve the numerical capacity focused on
improving the applied technology. Horiuchi et al. (1994) introduced a new
real-time system including parallel programming and a new programming
language, all to improve the computational speed. Significant increase in
speed was reported, with one iteration cycle executed in 0.5 ms. With the new
system, real-time simulations with linear numerical substructures, containing
up to three DOF's, were successfully conducted.

Nakashima and Masaoka (1999) came up with an improved edition
of the system applied in Nakashima et al. (1992), characterized by adoption
of the C language to improve the flexibility of the programming and the use
of digital signal processors, both to improve the computational speed and
capacity. Furthermore extrapolation, interpolation and compensation tech-
niques for various time delays were included to obtain accurate displacements
and velocities. To test the real-time capabilities of the improved system, a
multi-storey building, with four rubber bearings installed at the bottom, was
considered. The multi-storey building was modelled numerically, with each
floor represented by a lumped mass, connected to the neighbor floors by shear
springs. The rubber bearings formed the physical test setup with one DOF
in the common interface between the substructures, represented through a
single actuator. It was found that in case the numerical substructure was
represented by a linear model, the system could handle 12 DOFs in real time.
To test the capability in a nonlinear context, the constitutive relations of the
springs were assumed to be described by a bilinear curve, formulated as a
sum of multiple bilinear curves to increase the computational demand. With
a time step of 10 ms and ten sub steps, the system was able to run a 5 DOF
nonlinear substructure with the constitutive relations described by a total
sum of 150 bilinear relationships.

In the beginning of the new millennium Darby et al. (2001) and Blake-
borough et al. (2001) suggested the use of basis reduction to improve the
numerical capacity. The benefit of using a basis reduction is, that for linear
systems, choosing a linearly independent basis, the EOM are decoupled. Fur-
thermore the higher frequency modes, which do not represent physics well,
can be removed, and at the same time improve the stability of the system.

Darby et al. (2001) used the approach to purely linear numerical substruc-
tures, whereas Blakeborough et al. (2001) extended to concept to consider
material nonlinear substructures. For the nonlinear structural analysis a
Ritz basis, consisting of linear modes and plastic deformation vectors, was
applied. The plastic deformation vectors were determined from a nonlinear
static analysis of the structure considered, where a load was continuously
increased in order to raise the number of yield points. The deformation
patterns at the various yield stages were subtracted from each other and
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represented a set of plastic vectors. However, high natural frequencies were
associated with the plastic vectors. To be able to keep a small time step, and
avoid instability, the frequencies were artificially decreased. The basis was
verified by running a numerical test on a cantilever beam with an additional
support at the 'free’ end. Furthermore, a real-time hybrid simulation of a
simple portal frame with material nonlinearities, modeled with bi-linear con-
stitutive relations, was analysed. The frame was exposed to the El-Centro
earthquake record, and was executed by using a time step of 25 ms. The
numerical part of the simple frame was initially modelled with 50 DOFs. A
basis consisting of nine modes, with three linear modes and six plastic modes,
was used for the analysis. The results were not verified against other models
or measurements, but it was concluded that the method was encouraging,
but needed additional work to be improved.

One of the major focuses for improving the numerical accuracy, speed and
complexity has been on investigating and improving various time integration
techniques and methods. The ideal integration algorithm for hybrid testing
would be an algorithm with unconditional stability, high precision and the
ability to perform a fast execution. The idea of possessing such a scheme
has motivated a number of researchers to put an effort in developing explicit
like algorithms with unconditional stability. In Chang (2002) an explicit
scheme, referred to as the Newmark-Chang algorithm, was organized by in-
troducing two weighting parameters, 3, and 3, in the predictor displacement
equation of the explicit Newmark scheme, see (2.1).

The weighting parameters were based on the initial stiffness of the system,
and remained constant throughout the time integration. With the chosen pa-
rameters, the properties of the scheme were shown to be identical with those
in the constant average acceleration method, i.e. with unconditional stabil-
ity, good precision and a low error propagation. Later, in Chang (2010) a
further analysis of the algorithm properties of the scheme were examined in a
nonlinear context. Here it was shown that only in case of softening behavior,
i.e. for at decreasing tangent stiffness, unconditional stability is achieved,
while for stiffness hardening structures, the algorithm is conditionally stable.
Nakashima et al. (1990) suggested to use the so-called operator-splitting
method (OSM). The method builds on the key assumption, that the nonlin-
ear restoring force of a system can be split in a nonlinear part and a linear
part, respectively. The nonlinear part is the restoring forces based on the
predictor displacements, V*, and the linear part is a corrector term given as
a stiffness, K, times the difference between the predictor displacements and
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the corrector displacements, V, see (2.2).
gr~g(V')+K(V-V" (2.2)

By introducing the assumption in (2.2) in an implicit scheme, iterations can
be avoided. In Nakashima et al. (1990) the OSM was introduced into a-
modified Newmark scheme, introduced by Hilber et al. (1977). The method
showed to be unconditionally stable for softening-behaving structures.

In Wu et al. (2006a) it was argued that the OSM was implicit in case
of nonlinear damping. To make the OSM explicit in both displacement and
velocity in case of nonlinear damping, a predictor velocity was introduced to-
gether with a damping force increment proportional to the difference between
the predictor velocity and the target velocity, see (2.3).

g~ g(V)+K(V-V)+CV -V (2.3)

In Bonnet et al. (2008) the OSM, the Newmark-Chang algorithm, and
four other widely used integration schemes, were compared and evaluated in
a nonlinear real-time hybrid simulation context, with focus on, among other
things; stability, accuracy and computational efficiency. Two of the integra-
tion schemes considered were explicit, and represented the explicit Newmark
method and the Newmark-Chang method. Furthermore, the constant aver-
age acceleration method and the a-modified version were implemented in full
implicit form. The last two schemes considered, were the OSM incorporated
in the average acceleration method and the a-method.

To test the various integration methods in a real-time context, a series
of masses connected by material nonlinear springs, characterized by strain-
hardening ratio of 0.5, were considered. The physical substructure repre-
sented a single mass exposed to a sinusoidal load, imposed by an hydraulic
actuator. Furthermore, the numerical and physical substructures were con-
nected through a single DOF.

To be able to apply the two fully implicit schemes for nonlinear systems,
a so-called sub-step feedback strategy was introduced, where the nonlinear
forces were written as a sum of a linear contribution plus an additional non-
linear increment. The increment was divided in sub-steps, and required a fre-
quent feedback from the physical substructure. However, due to the sub-step
feedback approach, the implicit schemes required the highest computational
demand, and showed the poorest results, DOF wise. It was only possible to
run a nonlinear substructure including 20 DOFs.

The remaining four schemes however, were capable of simulating a 50
DOF system with time steps in the range 5 - 25 ms. The explicit Newmark
scheme exhibited the highest precision and stability, and was concluded to
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be the preferred scheme. The Newmark-Chang, the OSM and the a-OSM
also showed high precision and stability, but the former was a little more
efficient. Furthermore, the a-OSM was recommended in case high frequency
content should be removed.

In Chen and Ricles (2008), Chen et al. (2009) and Chen et al.
(2012) yet another integration algorithm, denoted the CR algorithm, was
presented and tested in a real-time hybrid simulation context. The CR al-
gorithm is an explicit scheme in both displacement and velocity. By using
a target displacement and target velocity with weighting parameters chosen
by use of a pole mapping technique from discrete control theory, the al-
gorithm was made unconditional stable for linear analysis. Furthermore the
CR algorithm was reported to have the same accuracy, in terms of equivalent
damping and period elongation, as the constant average acceleration method.
To examine its real-time potential in nonlinear cases, a three-storey frame
with an elastomeric damper installed at the bottom floor was considered.
The frame was assumed to exhibit a material non-linear behavior, charac-
terized by the Bouc-Wen model, and was modelled by membrane, beam and
truss elements. The damper was taken as the physical substructure coupled
by 3 DOFs to the numerical frame structure. A successful real-time hybrid
simulation with stable and accurate results was executed with a time step in
the order of 10 ms. In the given case the capacity was reported to be 134
DOFs. Furthermore the algorithm was shown to be unconditionally stable in
the case of softening behavior, but conditional stable for hardening behavior.

In recent years the increase in the DOF capacity is mainly attributed to
an increasing available computational speed and more flexible software with
improved programming strategies. In Saouma et al. (2012) a specialized
software, called Mercury, was developed with main emphasis on improving
the real-time capacity in or to be able to consider highly nonlinear rein-
forced concrete members. The simulation software was developed in both
a MATLAB version and a C+-+ version, with the latter used for real-time
applications. Two dimensional beam flexibility elements and stiffness based
beam elements were included in the implementation. Different constitutive
models were implemented for the steel and concrete. Classic isotropic and
kinematic hardening models were applied for the steel, and modified Kent-
Park models were used for the concrete. To model reinforced concrete an
innovative anisotrpic damage based element was applied. Furthemore, to
improve the evaluation of the restoring forces, which is one of the heaviest
task as discussed in chapter 1, a multi-threading of the code was organized,
which greatly improved the speed. The code was capable of simulating a
405 DOF steel reinforced concrete frame connected by 3 DOFs in the shared
boundary to a physical substructure made up by a reinforced concrete col-
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umn. For the purpose, an implicit time integration strategy introduced by
Shing et al. (2004) using a fixed numbers iterations was adopted. In the
given case ten iterations and a time step of 10 ms were used.

In Chae et al. (2013) another specialized software, called HybridFEM,
was used by to test an actuator compensation scheme in a real-time con-
text. A three story steel frame with a viscous damper installed at the third
floor was considered for the real-time validation. The damper was taken
as the physical substructure and the remaining frame structure as the nu-
merical substructure. The explicit CR algorithm by Chen and Ricles (2008)
was applied using a time step of magnitude 10/1024 s, with ten sub steps.
The numerical substructure was modelled by so called distributed plastic-
ity displacement-based beam-column fiber elements with five fiber sections
along each element. The fibers were assumed to have a bilinear stress-strain
relationship, with a strain-hardening ratio set to 0.01. Furthemore, nonlinear
panel zone elements were applied to model joints and a single column was
modelled wtih kinematic nonlinear elements. The test was successfully per-
formed with a total of 150 elements representing 514 DOFs, which constitutes
the highest amount of DOF's applied in a nonlinear substructure today.
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Chapter 3

Existing Time Integration

The present chapter focus on time integration in numerical simulations. First
the general principles behind time integration are presented, with the New-
mark method as point of reference. For this, the work of Krenk (2009), Cook
et al. (1974) and Chopra (1995) has been used as inspiration. Next the use of
time integration in a hybrid testing context is considered. The the pros and
cons of using implicit and explicit integrations schemes are discussed, and
a number of examples on methods implemented for real-time hybrid testing
experiments are presented. The chapter is ended with some concluding re-
marks, arguing for the choice of time integration methods used in the present
PhD study.

3.1 Time Integration

The global EOM, on temporally discretized form at the specific time t;, are
considered:

MV, +q (Vz', Vz) =F(t;) (3.1)

V is the displacement vector, M represents the mass matrix, F is the external
load vector, q(V;, VZ) represents the internal force vector of the system and
() = d()/dt.

Numerical time integration of the EOM is applied when the dynamic
problems become large or complex. The aim of the integration is to determine
the state of the system at the specific time t;;1 =t; + At by use of the state
at the previous times t;, t;_1, ..., and the loading over the interval At, see
Figure 3.1. In some integration methods, also the state at the time t;;; can
be included in an iterative approach. The standard methods applied in time
integration are the so called collocation-type methods, where the equations
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Figure 3.1: Displacement history.

of motion in (3.1) is fulfilled at selected points in time, cf. Krenk (2009).
As the displacements, velocities and accelerations comprise three unknowns,
three set of equations are required to evaluate these. In addition to the EOM,
a suitable relationship between the displacements, velocities and acceleration
are assumed. These are typically given a set of Taylor approximations.

One of the most applied time integration schemes, is the Newmark method,
cf. Newmark (1959). Here the displacements, velocities and accelerations are
at the specific times t; and t;,; are related by the expressions:

Viaa=Vi,+ APBVi

Vi—l—l - V;k+1 + At’}/VH_l (33)
where ()* denote the predictor terms, which are defined as
) 1 .
Vi = Vit (1-7)AtV; (3.5)

with the weighting parameters 5 and ~.

When thinking of time integration methods, these are often divided in
two categories; explicit and implicit schemes. Implicit schemes usually re-
quire iterations in nonlinear context, whereas explicit schemes do not. This
allows explicit schemes to proceed faster from one state in time to the next.
However, the time step magnitude is usually required to be much smaller in
explicit schemes, in order to remain the stability and accuracy of the algo-
rithm. Based on the choice of parameter values of § and v, the Newmark
method offers both implicit and explicit versions.

In case a linear system is considered, the internal force vector in (3.1) is
given as:
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where C and K are constant damping and stiffness matrices.

With (3.6) the approximate displacements in (3.2)-(3.3) can be introduced
into the EOM in (3.1) at time t; 1, and a linear expression in V,; is found.
Evaluating \“71-“, the displacements and velocities can be determined by use
of (3.2)-(3.3), and one can proceed on to the next time step.

In case, the internal force vector is a nonlinear function on the displace-
ments and velocities, an iterative solution on the residual, r;,, is required.
The residual is defined as:

ri = F(tiy) — MXi1 — q(Xi1, Xiq1) (3.7)
In Newton iteration the linearized increment, dr;, of the residual is considered
| | + 51‘2'4_1 +..=0 (38)

with the dots indicating the higher order increments. These higher order
terms are not needed, as only linear equations can be solved anyway.

The linearized increment in the residual, can be expressed as an increment
in the displacements, 6V, velocities, dV;, and accelerations, 6V, as

or; or or .

From (3.2) and (3.3) the displacement, velocity and acceleration increments
in (3.9) are related by the expressions:

SV =At?BV; (3.10)
SV, =AtvV; (3.11)

Introducing the expression (3.9)-(3.11) into (3.8) a linear form for evaluation
of the displacements increment is found

K9V =r (3.12)
where K* is denoted the modified tangent stiffness matrix, formulated as
¥ 1
K" =Kp(V C M 1
7 )+6At AN (3.13)

with K7(V) representing the tangent stiffness matrix, which is a nonlinear
function of V. Evaluating the incremental displacement 6V from (3.12), the
state of the system can be updated by use of (3.10)-(3.11)

Vi+1 - Vi+1 -+ §Vi+1 (314)
Vi+1 = Vi+1 + @5VH1 (315)
.. .. 1

ViJrl = Vi+1 -+ WéVi+1 (316)
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By use of (3.7), (3.12) and (3.14) - (3.16) an iterative process can be carried
out, until the residual in (3.7) is below a chosen tolerance.

In the following the pros and cons of using implicit and explicit schemes,
in relation to hybrid testing, are discussed. Furthermore, a more in depth
description of some of the time integration methods and approaches adopted
in RTHT, are presented. All of these build on the Newmark method presented
here.

3.2 Time Integration in Hybrid Testing

Time integration constitutes a vital element in hybrid testing with stability,
accuracy and computational speed as the key points for obtaining success.
Accuracy and stability are desirable properties for obvious reasons. However,
in case real-time testing is desired, computational speed is just as important
as the former two mentioned key points. As discussed in relation with the
RTHT loop in Figure 1.2, the actual simulation time, At,, spent on simu-
lation each time step, has to be less than the length of the simulated time
step, At. Thus, a real-time criteria is:

At, < At (3.17)

If not the real-time requirement in (3.17) is fulfilled, errors are introduced
into the hybrid test, and strategies to make up for the these are then needed.
However, in case path-dependent structures are tested, it might not be pos-
sible to attain the desired state after errors are introduced, and the test has
to be restarted.

In hybrid testing the structure is partitioned in a physical part and a
numerical part, as discussed previously in reference to Figure 1.1. If distin-
guishing between the two contributions in the equation of motion in (3.1),
and assuming that the numerical substructure contains linear damping, this
can be written on the form:

M,V +C,V; +g,(V,) +R,; = F, (3.18)

with the subscripts n and p referring to the numerical and physical con-
tributions, respectively. The vector R, ; includes the inertia, damping and
restoring forces of the physical substructure. It is measured by the actuators
and given as a direct input to the EOM during the hybrid loop, as described
in relation to Figure 1.2.

In the following, R, ; is referred to as the actuator forces. Furthermore,
for simplicity the subscripts n and p in (3.18) are neglected in the following,
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and the internal restoring forces of the numerical substructure at the time
t;, are denoted g, (V;) = g;.

To solve the EOM in (3.18) various types of integration schemes have been
used in RTHT. The, most preferred integration schemes are the Newmark
method, the CDM and the OSM. The CDM is an explicit scheme, whereas the
Newmark method offers both implicit and explicit versions, depending on the
integration parameters chosen. The OSM is characterized as a noniterative,
linearly implicit and nonlinear explicit method.

In table 3.1 are listed some of the most obvious pros and cons related to
implicit and explicit schemes in a RTHT application. In the following these
are discussed and examples on integration schemes applied are presented.

Table 3.1: Pros and Cons in Time Integration Schemes for RTHT.

Implicit Schemes Explicit Schemes
Pros e Higher stability and accu- e Knowledge of physical sub-
racy than explicit schemes structure is not required
e Simple and computational
efficient
Cons e Number of required itera- e Lower stability and accuracy
tions are unknown than implicit schemes

e Require information about
physical substructure for it-
eration

3.2.1 Implicit Integration Schemes

As listed in Table 3.1, the typical advantage of implicit schemes compared to
explicit schemes, are that they are more stable and provide a higher accuracy
in terms of the displacement output. This typically allows larger time steps
to be applied, compared with explicit methods. Furthermore, some implicit
schemes offer unconditional stability for linear analysis. In nonlinear analysis,
however, the unconditional stability property vanish, or is, at most, only
present for softening type behavior, considering collocation-type methods.
The high precision and stability of implicit schemes are desirable proper-
ties, especially as large times can be required, in order to fulfill the real-time
criteria in (3.17). However, in RTHT context many challenges also arise with
the use of implicit schemes. One issue is in case of nonlinear systems, where
iterations are introduced. This complicates the process, as the number of
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iterations are typically unknown prior to the simulations. Furthermore, iter-
ations require a frequent exchange of data between the substructures, which
in Bonnet et al. (2008) was shown to be potentially very computational ex-
pensive. Also properties, such at the stiffness, of the physical substructure,
are often required in the iteration process. These can be difficult to measure
during a test.

Furthermore, the conventional iteration process is not possible in RTHT.
By this is meant, that it is not possible to impose a predicted displacement
at the following time step, At ahead in time, onto the physical substructure,
evaluate the residual and correct this with a displacement increment found
in a subsequent iteration. The displacement imposed onto the physical sub-
structure a time step, At, ahead should be the converged displacement, and
not a predicted displacement. Thus, the iterations have to be performed
in parallel while imposing the displacements onto the physical substructure.
For this additional strategies have to be adopted in the iteration processes.

Thus, the use of implicit schemes in RTHT context faces a number of
challenges. However, different schemes and approaches have been adopted to
work out these in the best way. In the following three examples on different
implicit integration schemes and strategies applied in real-time context are
given, with focus on solving the challenges discussed above.

Implicit Method With Fixed Number of Iterations

Shing et al. (2004) and Jung and Shing (2007) suggested a nonlinear solution
approach, combining a Newton-type iteration with sub-increments imposed
onto the physical substructure through interpolation. A key points of the
method, is that a fixed number of iterations are adopted in each time step,
to ensure that the iterations can be finished within the real-time requirement.
The approach is sketched in Figure 3.2 for a one dimensional case, where
the actuator displacement has reached the value V; at time t; and the dis-
placement V.1, a time step At later, should be evaluated next. The interval,
At, is divided in n equal time steps, 0t, corresponding to the number of fixed
iterations applied, with k denoting the iteration step, k € [1;n]. In each itera-
tion step an estimate for the displacement at time t; 1, is made, referred to as
Vi’fH. After evaluation of this, a polynomial through the displacement points
Vi1, V; and Wip is then used to interpolate the displacement, f/i’il, at the
following sub-step. The interpolated displacement is sent to the actuators,
where the actuator force Rfﬂ is measured at sub step k, and is sent to the
numerical substructure, where it is used in the following iteration step.

The point of the iteration steps is to update the displacement V»’fH. For

1
this the residual, ffﬂ, at the imposed displacements, V;’_“H, is used. Intro-
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Figure 3.2: Implicit Integration Method by Shing et al.

ducing the approximate displacements and velocities in (3.2)-(3.3) into the
EOM in (3.18) together with the forces RY , and gF ;, the residual can be
evaluated as:

P =Fn + MV = Vi) = OV =0 — Riy (3.19)
with
- M + AtyC
M pu— —_— -2
() 320
i1 = ‘/zlj-l (3:21)
T =V (3.22)

Knowing the residual, 7¥ .1, the incremental displacement, 6V, can then be
evaluated from (3.12). During the test it can however be difficult to measure
the properties of physical substructure required to evaluate the modified
stiffness matrix in (3.12). Instead, Shing et al. (2004) and Jung and Shing
(2007) suggested to use the initial measured mass, damping and stiffness
properties of the substructures, in the nonlinear iteration process. Using this
approximation, the modified tangent stiffness matrix in (3.13) can then be
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formulated as:

K= (K,o+K,o) + l(cn +C,) +

A (M,, + M,) (3.23)

1
BAL?
with the subindex p and n referring to the physical and numerical substruc-
tures. The exact values for the physical substructure are not required in the
iteration process. Using approximate values can however slow down the iter-
ation process. When using the initial properties in the iteration Shing et al.
(1991) and Shing and Vannan (1991) suggested to use a stiffness slightly
higher than the actual stiffness, as this improved the stability of the algo-
rithm.

After having evaluated the displacement increment, §V, by use of (3.12)
with residual in (3.19) and the modified stiffness in (3.23), the predicted
displacement at time t;,; can be updated to be

Vi =V 1oV (3.24)

It is important to stress, that displacement f/z’il in (3.19) should be the
displacement actual imposed by the actuators, in order to ensure consistency
between the numerical calculations and the actual experiment. The final
displacement, \7;11, imposed by the actuators onto the physical substructure,
is taken as the converged displacement, Vi ;.

Shing et al. (2004) and Jung and Shing (2007) pointed out, that it is
uncertain how big the residuals will be, when a specific amount of iterations
are applied. It is however expected that these will be larger than in con-
ventional iteration. In the given case, though, ten iterations were reported
to be enough for even highly nonlinear systems. Another issue is, that if
many iterations are adopted, the frequent amount of feedback between the
substructures potentially can be problematic, as illustrated in Bonnet et al.
(2008) where the frequent feedback limited the DOF capacity of implicit
schemes compared to explicit schemes.

Despite of these uncertainties, the scheme has demonstrated to be fully
applicable in real-time context. In Jung and Shing (2007) the method was
reported to be successfully included in a nonlinear real-time test consider-
ing a steel braced frame with kinematic as well as geometric nonlinearities,
including a 35 DOF numerical substructure. As previously mentioned in
Chapter 2, the method was also recently applied by Saouma et al. (2012), to
run a 405 DOF nonlinear substructure in a RTHT.
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Combined Implicit or Explicit Method

In Mosqueda and Ahmadizadeh (2007) a so-called combined implicit or ex-
plicit method was presented. A key point in the method is, that polynomial
expressions, based on previous measurements, are used to express the actu-
ator forces, R;;1, in the iteration process. Furthermore, the displacement
corrections found during the iteration process are not compensated for un-
til the following time step. This was done in order to avoid unrecoverable
damage due to potential iterative displacement reversals.

The principle of the method is shown in Figure 3.3, where the displace-
ment, V, at the shared boundary is sketched as a function of time. Two
curves are shown; an implicit solution curve, and the actual actuator dis-
placement curve. The latter is based on the predictor displacements of the
implicit solution curve, determined by use of the fully explicit Newmark

scheme (6 =~ =0), cf. (3.4) - (3.5):

. . 1 3}
= Vi+ AV, + §At2V2~ (3.25)
Vi, =V + AtV (3.26)
AV
— Predictor displacements
—X— Implicit solution curve
—0-- Actuator displacement
- / Ny M \
\ ~
At At
t
-

Figure 3.3: Combined implicit or explicit method.

During the time interval, At, where the actuators impose the predictor dis-
placements and velocoties in (3.25) and (3.26), a Newton-type iteration is
running in parallel. However, to avoid iterating on the physical substructure
and to minimize the communication between the substructures, the actuator
force, R;y1, is approximated. For this the most recently measured actuator
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forces and displacements are used to oragnize two second order polynomials,
see (3.27)-(3.28), with t denoting the time, and a;, b; and ¢; representing the
polynomial coefficients, i € [1;2].

V(t) = a1t2 + blt + 1 (327)
R(t) = a2t2 —+ bgt + Co (328)

During an iteration, the polynomial in (3.27) is used to determine the time,
where displacement in iteration step k, Vf;rl, appears. Entering the corre-
sponding time into (3.28) the actuator force, RF,, can be evaluated. By
adopting this strategy, the iteration task can be separated from the physical
substructure, and iterations can then proceed until convergence is fulfilled.
Hence, no actuator feedback is required in the iteration process with the
present method.

As stated previously, the corrections to the predictor displacement found
in the iteration process, are not enforced along with the iterations. Instead
they are implicit compensated for in the following time step by the predic-
tion step of the implicit solution curve. However, as sketched in Figure 3.3,
the approach entails that the actuator displacements will deviate from the
equilibrium curve, but that the implicit solution curve is intended to keep
it close the the actual response. Furthermore, in case equilibrium is not
achieved during the time step, the initial prediction displacements in (3.25),
are taken as the equilibrium state. The method then converts to an explicit
method.

In Mosqueda and Ahmadizadeh (2007) the integration strategy was tested
on a frame structure exposed to an earthquake, with one column taken as
the physical substructure. In a linear test the method was compared with
the central difference method, and it was demonstrated that the presented
algorithm is much more stable when the time step magnitudes were increased,
due to its implicit character. The algorithm was also successfully tested in a
case where the physical substructure exhibited material nonlinear behavior.

The authors pointed out a number of weaknesses of the method. In case
of displacement reversals, the polynomial prediction in (3.27) will perhaps
not be able to represent the displacments, and complex numbers will then
appear. Furthermore, the approximation for the actuator force is based solely
on displacements, i.e. the effects of velocity and acceleration are neglected.
Thus, the approach is mainly applicable for displacement-dependent struc-
tures, and not for highly rate dependent structures, such as e.g. dampers.
Thus, improvements are required. Furthermore, it was not demonstrated if
the method worked well with adoption of nonlinear numerical substructures.
Only linear substructures were included.

34 Department of Civil Engineering - Technical University of Denmark



Existing Time Integration 3.2 Time Integration in Hybrid Testing

Operator Splitting Method

Nakashima et al. (1990) introduced the Operator-splitting method (OSM) in
pseudo-dynamic testing. The algorithm was initially suggested by Hughes
et al. (1979). A key point of the method is that the restoring force is split into
an approximated linear and nonlinear part, cf. (2.2). With this assumption
the actuator forces and the restoring forces of the numerical substructures
are approximated as

gir1 =81 T Kno(Vigr — Vi) (3.29)
Ri+1 :RIH + Kp,O(ViH - V:H) (3-30)

where K, o and K,y are stifnesses close to the initial elastic stifnesses of the
numerical and physical substructures, respectively. Furthermore g7, , and
Rj,, represent the restoring force of the numerical and physical substruc-
tures, evaluated at the predictor displacements. The assumption for the
actuator forces in (3.30) in the one dimensional case, is sketched in Figure
4.1.

AR

Kp,0<vi+1‘vj+1>

e

*
141

>V

*
i+1 Vi1

Figure 3.4: Approximate actuator force in the OSM.

With the approximations in (3.29) and (3.30) the EOM in (3.18) can be
written on the form;

MV, +CVi +gi + R+ (Koo +Kpo) (Vi — Vi) =F (3.31)

Introducing the predictor and corrector terms in (3.2)-(3.5) into (3.31) an
expression linear in V4, is given. By evaluation V. the displacements and
velocities at the specific time t;,7 can be found, and the displacements and
velocities used for the following time step can be evaluated from (3.2)-(3.3).
In this way iterations are avoided.
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It should be stressed, that the corrector displacement, Vi, is never
imposed onto the substructure, but is used to compensate for the error of
the predictor displacement, V7, in the following step. This is similar to the
procedure used in the combined implicit or explicit method by Mosqueda
and Ahmadizadeh (2007).

The introduced assumption in (3.30) is only valid in case displacement
related nonlinearities exist in the physical substructure. As discussed in
chapter 2, Wu et al. (2006a) extended the method to the case where the
structural response would also be a nonlinear function of the velocity. This
was done by introducing a similar corrector term for the nonlinear damping.
With this the approximation for the actuator forces in (3.30) were extended
to

Ri+1 :R;-Zrl + Kp,O (Vi—i—l - V;Zrl) + Cp,O(VH-l - V;+1) (3-32)

where C,  is a prescribed damping matrix related to the physical substruc-
ture.

The Operator splitting method is theoretically an implicit scheme, but
uses explicit predictor displacement to impose onto the structure. This makes
it very simple and straight forward to use. It is second order accurate and has
shown unconditional stability for linear systems and for nonlinear systems
with softening behavior. It can also be combined with the a-method to
introduce damping into the system. As concluded in Bonnet et al. (2008),
the scheme is however a little less efficient than the explicit Newmark scheme,
and the Newmark-Chang scheme.

3.2.2 Explicit Integration Schemes

Next, explicit time integration in hybrid testing is considered. The charac-
teristics of an explicit scheme is that the evaluation of V;,; does not require
an iterative solution on any system of equations at time t;,1, but instead
can be evaluated directly from the results at the previous time-steps. An
example on a scheme which is explicit in the displacement, is the explicit
Newmark scheme, using the parameters § = 0. The displacement vector in
(3.2) is then approximated as

. 1
Vi =Vi+ AtV + At2§Vi (3.33)
Explicit schemes tend to be more appealing in a RTHS context as the ac-
tuator forces, and the stiffness, mass and damping properties of the physical

substructure are not required in an iterative process. Explicit schemes are
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typically also simple to implement, and can be very time efficient as listed in
Table 3.1. However, when using explicit schemes, more strict requirements
exist with respect to the stability and precision. The stability limit for the
time step magnitude is typically inverse proportional with the highest fre-
quency of the system, i.e. when high frequency content is present, the applied
time steps have to be small. Typically the time steps in explicit schemes will
be significantly smaller compared to if implicit schemes are used. However,
the efficiency can compensate for this.

The Central Difference Method

The CDM is as previously mentioned, a popular applied explicit scheme in
hybrid testing, due to its simplicity and efficiency. In real-time context the
scheme has been applied e.g. by Nakashima et al. (1992), Nakashima and
Masaoka (1999), Darby et al. (1999) and Carrion and Spencer Jr. (2007). In
the CDM the velocities and the accelerations are approximated as

- Vi — Vi
V, =4+ T .34
’ 2At (3:34)
.. Viii—2V,+V,,
Vi - .
At? (3:39)

Inserting the approximations in (3.34) and (3.35) into the EOM in (3.18)
evaluated at time t;, the displacement, V;,, at the following specific time,
ti11, can be evaluated as

1 1 N\

where the coefficients a and b are:

1 1

2
b=—-M .
A (3.38)

As seen from (3.36) the displacements at the specific time t;_; are re-
quired. In the first step the value for V_; can be evaluated by use of (3.34)
and (3.35) as:

At?

V_i=V,— AtV + 7\'70 (3.39)
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The stability requirement of the CDM in the linear domain is inversely
proportional to the highest frequency, cf. Cook et al. (1974):

At <

SN

(3.40)

where w has the unit rad/s. In nonlinear context the stability requirement,
(3.40), is however no longer valid. Thus, in nonlinear analysis a suitable time
step magnitude has to be evaluated in another way, for example through a
number of test simulations.

A main disadvantage of the CDM is that that it is only explicit in the dis-
placement, which makes it implicit for nonlinear rate-dependent structures.
However, the scheme also possesses many good qualities, such as; its is sec-
ond order accurate, it exhibits no numerical energy dissipation, it is simple
and last but not least, it is very efficient. These quantities are most likely the
reasons why the scheme has been so popular in hybrid testing application.

3.3 Concluding Remarks

In the present chapter, the pros and cons of using implicit and explicit time
integration methods in real-time hybrid testing, have been discussed. Fur-
thermore a number of examples on different integration schemes and tech-
niques used in applied test cases, have been presented.

In the present PhD study the central difference method has been used as
the preferred time integration method. The reason for choosing this scheme
is first of all because it is very simple and efficient. Furthermore, an explicit
scheme was chosen in order to put aside the iteration issues discussed above,
and focus purely on the numerical substructures.
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Chapter 4

Existing and New Basis
Reduction Methods

The present chapter focus on the use of projection based reduction methods,
also referred to as basis reduction, with special emphasis on its application
in kinematic nonlinear structures. Generally reduction methods are used
to reduce the dimension of large discretized numerical models with the aim
of decreasing the computational time, and simultanesouly maintain a high
solution accuracy.

The principle of basis reduction is to define a subspace represented by a
reduced basis, where the nonlinear EOM are projected onto. Ideally a basis
that spans a low-dimensional subspace, and at the same time can span the
solution, V, to the EOM, is chosen.

Z A A e

(a)

Figure 4.1: (a) Solution vector V in (x,y,z) space and (b) basis vectors ¢,
and ¢, spanning a plane, that contains V.
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In Figure 4.1 the principle is illustrated, with a solution vector V spanned
in a three-dimensional (x,y,z) co-ordinate system. Instead of solving the EOM
described in the three-dimensional space, it can be projected onto a reduced
basis consisting of the two basis vectors, ¢, and ¢,, spanning a plane in which
the full solution vector, V, is also located. By this the EOM is reduced by
one dimension, meaning that less equations have to be solved, but with a
retained solution accuracy.

The concept of basis reduction is well known from linear analysis, but
has also found its use in nonlinear analysis, see e.g. Horri and Kawahara
(1969) and Nickell (1976). In linear structural analysis basis reduction can
be used to decouple the equations of motion, and thereby improve the effi-
ciency of the simulations, see e.g. Chopra (1995). In nonlinear analysis this
property also exist, but requires the basis to be updated in between each
time step. This is a costly procedure, and is not well suited for real-time
simulations. Furthermore, the selection of basis vectors for nonlinear sys-
tems is more complex than for linear systems. In linear systems the basis
vectors orthogonal to the loading are typically not of importance, and can be
disregarded. However, in kinematic nonlinear analysis, different deformation
modes are coupled through a nonlinear strain measure, which can cause the
basis vectors orthogonal to the loading to be activated. If the coupling acti-
vated modes are omitted from the basis, locking can become a consequence,
potentially ruining the accuracy of the response.

Another potential benefit of basis reduction, is that it provides an efficient
way of removing some of the high frequency content of the discrete FEM
models. Removing the high frequency content, the stability of the system is
increased, and larger time steps can be applied in the time integration. This
can help to improve the efficiency of the simulations.

In the present chapter, the general principles behind basis reduction are
given, and some of the most applied basis vectors are presented. These en-
counter the Linear Normal Modes, Ritz vectors and Modal Derivatives. To
illustrate the importance of choosing a basis that can represent the nonlinear
effects of the system, an example is given. After the general introduction,
three elements that can improve the accuracy in a real-time context are pre-
sented. These consist of the adoption of a efficient global evaluation of the
internal restoring forces, an improvement of the modal derivatives, and the
use of a so-called Taylor basis. The elements constitute the major contribu-
tions of the present PhD study.

It should be stressed, that in the present chapter, purely numerical sys-
tems are considered. The coupling of physical substructures with numerical
substructures including basis reduction, is discussed in the following chapter.
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4.1 Basis Projection
The starting point of basis reduction is the EOM on discretized form
MV + CV +g(V) = F(t) (4.1)

where the mass and damping matrices are of dimension nxn and the re-
maining components are vectors of dimension nx1. A basis is then chosen,
consisting of N basis vectors, ¢;, of dimension nx1, and their belonging re-
duced co-ordinates, s;, i € [1;N]. The basis vectors are organized as columns
in a basis matrix, ®, of dimension nxN and the reduced co-ordinates are
organized in a vector s of dimension Nx1. The displacement field, V, can
then be approximated as:

N
V ~ Z p;8; = Ps (4.2)
i=1

In the following the basis formulation in (4.2) is referred to as the linear basis
formulation, because of the linear relation between the basis vectors and the
reduced co-ordinates. The EOM in (4.1) are projected onto the reduced basis
in (4.2) to obtain the reduced system of equations, yielding the formulation:

ms + cs + g(s) = f(¢) (4.3)

with the projected matrices and vectors defined as:

m = &' Mo (4.4)
c=®"C® (4.5)
&(s) = ®"g(®s) (4.6)
f(t) = ®"F(t) (4.7)

The mass and damping matrices in (4.4) and (4.5) are of dimension NxN
and the internal restoring forces and the load vector in (4.6) and (4.7) are of
dimension Nx 1. Typically N < n, and the projected EOM in (4.3) can poten-
tially be solved significantly faster than the initial system in (4.1). However,
due to the nonlinear character of the internal restoring forces, these have to
be assembled element-by-element before they can be projected as done in
(4.6). The assembling was previously illustrated to be a costly procedure, cf.
section 1.2.1. In section 4.2.1 a reformulation technique of the restoring forces
in (4.6) is discussed, which can ease the computational burden significantly.

To obtain an accurate solution when solving the system of equations in
(4.3), it is of major importance that the chosen basis in (4.2) can span the
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response with a high accuracy. For linear systems, typically the basis vectors,
,, with frequencies in the domain of the load excitation frequency and with
a relatively high load, f; = |goZTF , are significant to the response. These
basis vectors are also important in nonlinear systems. However, in kinematic
nonlinear systems, the nonlinear strain measures couple various deformations
modes. This can cause modes orthogonal to the loading to be excited as
well. In the following an example is given to illustrate the importance of
representing the coupling activated deformation modes in the applied basis.
The example is taken from the work in Andersen and Poulsen (2014).

4.1.1 Nonlinear Cantilever - Example

A nonlinear cantilever beam of length [, exposed to an external harmonic load
F(t), with an excitation frequency, w,, and an amplitude, F ., is considered,
see Figure 4.4a. The beam has a bending stiffness EI, a density p, a damping
ratio (, a poisson’s ratio v, and a cross section of height h and width b. The
beam parameters are given in table 4.1. Furthermore, the displacement in
a point (x,y,z) is described by the vector u(z,y, z) = [u, u, u.|’, with the

normal center in (x,y)=(3,2) m.
F(t)L
EL p, ¢, v Z

l ut

(a)
Figure 4.2: (a) Cantilever exposed to harmonic load in the (y,z)-plane. (b)
Sketch of deformed state.

2
<

The beam is modelled by use of 10-nodal isoparametric tetrahederal con-
tinuum elements with three translational DOFs in each node. For details
about the element and the mesh, see Andersen and Poulsen (2014). Green
strains are assumed, and the strain measure along the beam length, ¢, is

constituted by first and second order terms in the displacement field, see e.g.
Krenk (2009):

ou, 1 Ouy\ > Ou, 2 ou, \ 2
#(@,9,2) = 0z +§[< 82) +(E) +(8z> (4:8)

The strain measure in (4.8) introduces a coupling between deformations in
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Table 4.1: Cantilever parameters.

Parameter  Unit  Magnitude

1 m 4
h m 1
b m 1

EI Nm? 17.5-10°
p kg/m? 7800
v - 0.3
¢ % 0

Finax GN 2
We rad/s 47

the x-, y- and z-direction, respectively. In linear analysis the higher order
terms in (4.8) vanish, and the coupling disappears.

If, for simplicity, it is assumed that the normal force along the beam
axis in the deformed state is negligible, then the strain, £, will be zero.
Furthermore, if it is assumed that u, = 0 and (Ju./0z)? < (u,/dz)?, then
(4.8) can be approximated as:

Ou, 1 (0uy 2

(=) =0 4.9
0z + 2 < 0z ) (4.9)
By integrating over the beam length, a deformation in the y-direction is seen
to introduce a negative axial deformation due to the coupling:

wa(z) = — %/ﬂ (%)2 dz (4.10)

To illustrate the importance of representing the axial deformation in (4.10)
due to bending, the dynamic response of the cantilever in Figure 4.4a is
analysed by use of basis reduction. Part of the basis consists of so-called
Linear Normal Modes (LNMs), ¢,. These are described in more detail in
section (4.1.2). Furthermore a set of higher order terms are included. These
are organized by solving the linear and kinematic nonlinear systems in (4.11)
and (4.12) and subtracting the solutions from each other, cf. (4.13). The
parameter « is a scalar, that is scaled so that the maximum deviation in a
discrete point between V,,, and Vi, is 1%, with Vy, taken as reference.

KT(O)VHH = OJMQDZ (411)
K7(V)Vion = aMep, (4.12)
©; = Vion — Vi (4.13)
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Three different basis combinations are considered, referred to as reduced basis
formulation (RBF) 1 to 3, listed in Table 4.2. In the RBF1 case the four first
LNMs are included, in the RBF2 case the first LNM and its higher order
mode is included, and in the RBF3 case LNMs number 1 and 4 and their
higher order modes are included. The LNMs number 1 and 4 are bending
modes in the loading plane, LNM 2 is a bending mode in the (x,y)-plane,
and LNM 3 is a twisting mode with the z-axis as rotation axis. None of the
LNMs included deformation in the z-direction.

Table 4.2: Mode combination in cantilever analysis.

Case Linear modes, ¢, Higher order modes, ¢!

RBF1 1-4 _
RBF2 1 1
RBF3 1,4 1, 4

The LNMs number 1 and 4 are plotted in the top of Figure 4.3 in the

(v,z)-plane. For simplicity only the deformation along the line (x,y) = (0,1)

m of the cantilever is considered. The corresponding higher order modes are

Figure 4.3: Basis vectors, marked by solid lines, used for analysis of Can-
tilever - plotted in the (y,z)-plane.

also plotted in the bottom of Figure 4.3. In contrast to the linear modes,
that are based on a linear system, the higher order modes are seen to contain

deformations in the z-direction, introduced due to the coupling effects.
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In Figure 4.4 the transverse deformation, -u,, in the point (x,y,z) = (%,%,4)
m is plotted over a time interval of 0.25 s, which corresponds to half a load
period. Four solution curves are presented; a solution based on the implicit
Newmark algorithm (NA) of the full model and three solution curves based
on the three RBF listed in table 4.2, evaluated by use of the CDM. The NA

solution is taken as the ’exact’ solution.

3 -
—NA
RBF1
— RBF2
— RBF3
— 2 I
)
)
7
1 [
0

0 005 0.1 0.15 0.2 0.25
time [s]
Figure 4.4: Cantilever endpoint deformation.

From Figure 4.4 the global NA response is seen to be in phase with the
excitation frequency, w,.. Furthermore local oscillations in the order of 50 Hz
are present. This is caused by the influence of the first bending mode of the
system, ¢, which has a frequency of that magnitude.

The RBF1 solution is seen to deviate from the NA response, with a sig-
nificantly smaller amplitude and a higher local frequency. Thus, the given
basis seems to increase the stiffness of the system. This is because the LNMs
do not allow any horizontal deformation. The increase in stiffness can be
loosened by including the higher order modes. This is verified by the RBF2
and RBF3 solution curves. Solely by including a single higher order mode,
", significant improvement in the response is seen. Including the second
higher order mode, %, in the basis, the response is improved further. In-
creasing the number of modes, the solution will converge at some point. This
is however not shown in the given case considered.

From the example it is obvious that it is of high importance to include
the coupling activated deformations in the basis.
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4.1.2 Basis Vectors

Many different bases exist, each with many variants and refinements. In
Lilf et al. (2013) an extensive review on some of the most popular applied
bases in kinematic nonlinear dynamic context were presented and compared.
The methods used to evaluate the bases were divided in so called post priori
methods and a priori methods, with the characteristics:

e post priori methods: Require information from actual full order solution
to generate bases.

e a priort methods: Do not require information from the full order solu-
tion to generate bases.

Among the post priori methods are e.g. the Proper Orthogonal Decompo-
sition (POD) method and the smooth orthogonal decomposition, whereas
among priori methods can be mentioned the Modal decomposition and the
Ritz method. For details about the various methods, see Liilf et al. (2013).

As stated above, the post priori methods require information on the full
order solution, e.g. found from a simulation of a numerical model or from
physical experiments, in the evaluation of the basis vectors. The a priori
methods, on the other hand, do not require any information on the solution
prior to the evaluation. In a hybrid testing context the response is not avail-
able prior to the analysis, and therefore only bases based on a priori methods
are considered in the given study. In Lilf et al. (2013) the LNMs and the
Ritz vectors were stated as the preferred a priori basis, based on a number
of nonlinear tests considering both local and global kinematic nonlinear sys-
tems exposed to different loading types. The LNMs and the Ritz vectors
also represent the two types of basis vectors applied in RTHT context by the
present author and other researchers. Therefore, the Ritz vectors, and LNMs
are elaborated in the following. Furthermore, the so-called modal derivatives
are considered. These represent the higher order effects of the displacement
field, discussed in more detail in the following. The modal derivatives have
also been extensively used in the present PhD study.

Modal Decomposition & Linear Normal Modes

Modal decomposition, also referred to as modal superposition, is one of the
most commonly applied projection based reduction methods. The basis is
constituted by a number of modal vectors, ¢;, which describe the free vibra-
tion modes of the undamped structure, referred to as LNMs or mode-shape
vectors. Each LNM has an associated natural frequency, w;.
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The classic LNMs and the associated natural frequencies are given as the
corresponding eigenvectors and the eigenvalues to the linearized eigenvalue
problem in (4.14), see e.g. Chopra (1995):

(Kr —w/M) ¢; =0 (4.14)
For linear systems, the mode-shape vectors are mass and stiffness orthogonal;

PiMp; =0 , ¢ Krp; =0 , i#] (4.15)

The orthogonality conditions in (4.15) can be used to decouple the EOM,
which helps to improve the efficiency of the time integration. This was e.g.
utilized in Darby et al. (2001) in a RTHT context, where modal decompo-
sition was applied. However, for nonlinear systems, the orthogonality con-
ditions in (4.15) are only preserved if the modes are updated between each
time step. This is however an expensive task, and it is not beneficial in a
real-time context.

The mode superposition has also been applied by Wu et al. (2006a) to
perform a RTHT analysis of an off shore platform to consider the perfor-
mance of a damper installed to prevent vibrations induced by i.a. earthquake
loading. In the given case a simplified model of the platform was analysed
using three LNMs. Also part of the basis vectors in the Ritz basis applied in
Blakeborough et al. (2001) consisted of LNMs.

The first application of modal superposition in kinematic nonlinear sys-
tems is dated back to Horri and Kawahara (1969) and later Nickell (1976).
To the best of the authors knowledge, modal decomposition has not yet been
used for kinematic nonlinear substructures in RTHT context.

The Ritz Method

Ritz vectors is another widely used basis vector, that was initially suggested
to be used as basis vectors by Wilson et al. (1982). In contrast to the LNMs,
where the vectors represent the free vibration modes of the system, the Ritz
vectors, 1,, are based on the load distribution of the system.

To evaluate the classic Ritz vectors a harmonic loaded system is consid-
ered. Introducing a harmonic solution, the EOM can be written on the form,
cf. Kapania and Byun (1993):

K = F 4+ WMy (4.16)

where F 4 is the load amplitude. The first Ritz vector, 1,, is based on the
static problem in (4.16), and is normalized with respect to the mass, cf.
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(4.17) and (4.18).

P, = K;'Fy (4.17)
P = T ¢1~ 1/2 (4.18)
(91 M9,

To compensate for the inertia forces neglected in the evaluation of 4, the
following Ritz vectors are based on an equivalent static system with a force
given as the mass times the previous Ritz vector, cf. (4.19). After the evalu-
ation of each vector the Gram-Schmidt method is used to make it orthogonal
to the previous generated vectors, and it is then normalized with respect to
the mass, cf. (4.19)-(4.22).

Krpl,, =My, , i>1 (4.19)

Y1 = Vi chqp (4.20)

¢ = wfl\/hbm (4.21)

Vg1 = —— ﬂ)ﬁl 7 (4.22)
($aMP,)

In order to account for material nonlinearities, the Ritz vectors applied
in Blakeborough et al. (2001) to perform real-time hybrid tests, deviate from
the classic Ritz vectors. As previously explained in chapter 2, each vector
was taken as the increment in the deformation pattern between various yield
stages found from a nonlinear static analysis, and made orthogonal to the
other basis vectors.

In the example in section 4.1.1, the expressions in (4.11) and (4.12) used
to evaluate the higher order modes were also inspired by (4.19). However,
the formula in (4.12) was replaced by a kinematic nonlinear system.

Modal Derivatives

Idelsohn and Cardona (1984, 1985a) introduced at set of higher order basis
vectors, Og,;/0s;, to the LNMs, referred to as modal derivatives. The dis-
placement field, V, can be expanded into a Taylor series around the reference
points s;g, with s; referring to the reduced co-ordinates. In (4.23) a second
order expansion is presented:

8V 1 N N aQV
V=Vot Z 0s; 0 —sj0) + 2 Z Z - (s — s50)(Sk — ko) (4.23)
j

= j=1 k=1
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By introducing the basis in (4.2) into (4.23), the LNMs, ¢,, are seen to repre-
sent only the first order displacement terms, whereas the modal derivatives,
O, /0s;, also contribute to the second order terms, cf. (4.24) and (4.25).
Thus, the Taylor series indicate, that modal derivatives will contribute with
important information in nonlinear analysis.

N
Ip;
63] aS] (; PiS ’L) - z_; a_sjsi + (p] (424)

*V iv: e, Opr 0%,
0s;0sy, 83]83k Os;  0sg

(4.25)

To determine the modal derivatives, a governing system of equations were
found in Idelsohn and Cardona (1984, 1985a) by differentiating the linearized
eigenvalue problem in (4.14). This yielded the system of equations:

D, Ow? OK7(V)
2 7 o )
(Kr (V) - wiM) 5E < M- e (4.26)

The matrix on the left hand side of (4.26) is seen to be identical with the
eigenvalue problem in (4.14), which by definition is singular for the given nat-
ural frequencies, w;. Thus, it is not possible to evaluate the modal derivative
from (4.26) in its initial form.

Different ways to handle the singularity issue have been proposed. In
Idelsohn and Cardona (1984, 1985a) one suggestion was to set one of the
elements in Jp,/0s; to a fixed number and only solve for the remaining
elements. Another suggestion was to neglect the inertia terms of (4.26),
yielding the static formulation:

dp; - aKT(V)

K —
T(V) 85j aSj

(4.27)

In Slaats et al. (1993) a numerical approach to determine the modal derivates
was suggested, cf. (4.28).

op; @i (Vo+ CPj58j) — ;(Vo)

~ 4.2
88]' (58]' ( 8)

Here ¢;(Vo + ¢;0s;) and ¢;(Vo) were the eigenvectors to the eigenvalue
problem in (4.14) based on the tangent stiffness matrices K7(Vo+¢,ds;) and
K7(Vy). Furthermore ds; represented a small increment. The magnitude of
this should also be sufficiently small to ensure precision, but at the same time
it should be sufficiently large to avoid round-off errors.

Department of Civil Engineering - Technical University of Denmark 49



4.2 Improved Basis Reduction Existing and New Basis Reduction Methods

Despite the approximate evaluations of the modal derivatives in (4.27)
and (4.28), the higher order terms were stated to include valuable information
in nonlinear analysis performed in Idelsohn and Cardona (1984, 1985a) and
in Slaats et al. (1993). The modal derivatives have also been applied in
combination with the use of Ritz vectors, see e.g. Idelsohn and Cardona
(1985b) and Chang and Engblom (1991).

In the present PhD study the modal derivatives have constituted a vi-
tal tool. Not only do the modal derivatives include valuable information
to nonlinear systems, but the Taylor series in (4.23) also allows the modal
derivatives to be included with a minimum of computational expense. This is
discussed in more details in the following section. To the best of the authors
knowledge, modal derivatives have not yet been applied in a RTHT context.

4.2 Improved Basis Reduction

In the present section three elements contributing to an improved accuracy
in real-time simulations are presented. The elements constitute the tools
applied and developed in the present PhD study, and consist of:

e An efficient global formulation of the internal restoring forces
e Two modified system of equations governing the modal derivatives
e An efficient basis formulation, based on a Taylor series

The first element listed considers the use of an existing mathematical
reformulation of the projected internal restoring forces in (4.6). The formu-
lation can replace the standard element-by-element assembling with a sig-
nificantly faster global assembling. The second element consists of two sets
of improved system of equations governing the modal derivatives, organized
by the present author. One is found by proposing a geometric restriction on
the modal derivatives in (4.26) in order to remove the singularity. The other
consists in the derivation of a novel set of governing systems of equations.
The final element consist in using the modal derivatives, to arrange a new
efficient basis formulation, based on a Taylor series. This is referred to as a
Taylor basis.

As will be demonstrated in the following sections, the three elements help
to improve the accuracy in two ways. First of all a set of improved modal
derivatives can be determined from the modified system of equations. These
improve the accuracy of the coupling activated deformations. Furthermore,
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the elements contributing to an improved efficiency, makes it possible to in-
crease number of basis vectors (DOFs), that can be used to span the solution
in the real-time simulations.

80
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Figure 4.5: Development of real-time DOF capacity for a time step
At=103 s during the present PhD study.

In Figure 4.5 is plotted the real-time DOF capacity development expe-
rienced in the present PhD study, achieved by implementing the three ele-
ments. The presented DOF capacity is based on a time step magnitude At
= 1073 s, and takes its starting point at 29 DOFs, found in the example in
section 1.2.1. A three step development has followed increasing the real-time
DOF capacity to 35, 44 and 59 DOFs, respectively. In round numbers this
corresponds to an increase of, respectively, 20%, 50% and 100%, with the 29
DOFs as reference. The first two steps referred to in Figure 4.5 are a con-
sequence of the efficient global formulation of the restoring forces, whereas
the third step is achieved by a combining the global formulation with the
efficient Taylor basis. The steps are described in more detail in the following
along with the three elements.

It should be stressed, that the increase in the real-time DOF capacity in
Figure 4.5 is a result based on the authors FEM programmes and compu-
tational power. Thus, a similar increase in real-time DOF capacity is not
necessarily achieved when implemented on other computers. However, the
increase in Figure 4.5 strongly indicates, that the mentioned elements can
improve the real-time DOF capacity in the general case.

In the following, each of the above listed elements are considered, starting
with the mathematical reformulation of the internal restoring forces.
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4.2.1 Global Assembling of the Internal Restoring Forces

To ease the computational costly element-by-element assembling of the in-
ternal restoring forces in (4.6), an efficient global assembling in the reduced
co-ordinates can be organized. This is done by use of a simple mathematical
reformulation technique, initially introduced by Nash (1977).

In kinematic nonlinear systems, the internal restoring forces are typically
given on a cubic form in the displacements, cf. Andersen and Poulsen (2015,
2016):

g(V) = (Ko + Ki(V) + Kz(V,V)) V
= Kg(V,V)V (4.29)

with Kg representing the constant linear stiffness matrix and K;(V) and
K5(V, V) representing two stiffness matrices linear and quadratic dependent
on the displacement field, respectively. The sum of these three stiffness
matrices represent the secant stiffness matrix, Kg(V, V). With the cubic
format in (4.29), the projected internal forces in (4.6) can by mathematical
reformulations be written on the form

&Tg(Ps (Ko + Z K, iSi + Z Z K, stzs]> S (4.30)
=1 j=1

with Ko, I~{1ﬂ-, and I~{2ﬂ-j being constant coefficient matrices. These are de-
fined as:

K0 37 K0<I> (4.31)
Ko = 7 (Ka(py, ;) + (1 — 6;)Ka(p,, ) ® (4.33)

with the Kronecker delta, §;;. Introducing the vector s in (4.30) on the form
n (4.34)-(4.35):

N
s=> Ts (4.34)
=1

L=[0u 0 - On]" (4.35)

the formulation in (4.30) can be written as a sum of constant equivalent force
vector coeflicients:

i
qu iSi + quZ ijSiSj +ZZZ q3,ijkSiS;Sk (436)

=1 j=1 i=1 j=1 k=1
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The equivalent force vectors in (4.36) are of dimension Nx1 and are all
constant. Furthermore, they are defined as, cf. Andersen and Poulsen (2015):

ar: =KoL (4.37)

doi; =K1 + (1 — 6;)) Ky 1, (4.38)
43,ijk =ik + (Ujki + Arij) (1 — 04505%)+

(Qikj + drji + Qi) (1 — 0i5) (1 — Gz0) (4.39)

Qiji =P K (p;, ;) @, (4.40)

The benefit of using the global formulations in (4.29) and (4.36) to eval-
uate the projected restoring forces, is that the constant matrix and vector
coefficients can be organized prior to the simulations. This is computation-
ally more efficient than the usual element-by-element assembling approach.

The reformulation technique has been applied by different researchers,
with a variety of ways to determine the matrix and vector coefficients in
(4.30) and (4.36). Some manipulate the FEM equations as indicated by
the procedure above, see e.g. Barbic and James (2005) and Shi and Mei
(1996). Others determine the coefficients based on a number of nonlinear
static solutions, cf. Mcewan et al. (2001), Muravyov and Rizzi (2003) and
Brake and Segalman (2010), or by use of experimental data, cf. Spottswood
and Allemang (2006).

In Andersen and Poulsen (2014) the real-time potential of the formula-
tion in (4.30) was investigated in combination with the higher order modes
introduced in the example in 4.1.1. For the time step magnitude of At=10"3
s it was found that a real-time simulation with 35 DOFs was possible. This
refers to the step 1 in Figure 4.5. Furthermore, the real-time potential of
the formulation in (4.36) was investigated in Andersen and Poulsen (2015,
2016). Here it was found that the formulation allowed a real-time capacity
of 44 DOF's. This is referred to as step 2 in Figure 4.5. The real-time capac-
ity analysis is presented in section 4.2.3. As previously stated, the real-time
DOF capacity increase is based on the present authors computational capac-
ity. However, the achieved real-time DOF increase indicates that the global
restoring force formulation is very beneficial.

4.2.2 Modified Governing System of Equations

Next two modified system of equations governing the modal derivatives are
presented. According to the Taylor series in (4.23)-(4.25) the modal deriva-
tives are important to include in basis reduction, in order to represent the
higher order effects. To avoid using approximate modal derivatives, a modi-
fied and a novel set of governing system of equations were derived in Andersen
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and Poulsen (2015). One was based on the systems of equations in (4.26)
where the singularity was removed by introducing a geometric restriction.
The other was a novel system of equations derived by introducing the Taylor
series into the free and undamped kinematic nonlinear EOM. These systems
are presented in the following.

Geometric Restriction on Modal Derivatives

In Andersen and Poulsen (2015) the singularity of (4.26) was removed by
introducing a geometric restriction on the modal derivatives. The solution
to (4.26) consist in a homogeneous and a particular solution:

op; 9 I,
= — 4.41
{ asj } { asj }Part " { asj }Hom ( )

The homogeneous solution must be identical to the solution of the eigenvalue
problem in (4.14), i.e.

dp; _

with [ being a scalar free of choice. It Andersen and Poulsen (2015) it
was assumed that the particular and homogenous solutions were orthogo-
nal. Otherwise, part of the information in the two solution parts would be
redundant. A geometric restriction was therefore given as:

T
{ i } { O } =0 (4.43)
asj Part asj Hom

If the governing system of equations in (4.26) are considered to be derived
from a minimization condition with the modal derivative as the variable
parameter, the Lagrange multiplier method can be applied to introduce the
geometric restriction, cf. Belytschko et al. (2000). This yields the following
nonsingular systems of equations:

(K7 (V) — w?M) wi} {{ZiA}P} _ {(2—1\4 - 20 ‘Pz} (4.44)

e 0 0

with A being the Lagrange multiplier, which is an additional unknown in-
troduced. In the following the particular modal derivatives determined from
(4.44) by inverting the matrix on the left hand side, are referred to as the
improved modal derivatives.
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Novel Governing System of Equations

Next the derivation of a novel system of equations governing the modal
derivatives is presented. Only the main steps are presented in the follow-
ing. For full details the reader is referred to Andersen and Poulsen (2015).

The starting point of the derivation are the free and undamped discretized
kinematic nonlinear equations of motion:

MV +g(V)=0 (4.45)

The next step consist in introducing the Taylor series in (4.23) together
with (4.24) and (4.25) into the equations in (4.45). When doing so, it is
furthermore assumed that the solution to the reduced co-ordinates, s;, are
given as an amplitude, A;, times a complex exponential function dependent
the time, t, and the frequency, w;(s):

j:Aa%Wﬁ (4.46)

Ow
= Wjo + Z aSJZO S — 3[0) + ... (447)

The amplitude in (4.46) is assumed to be constant as the free and undamped
vibrations are considered, whereas the frequency is assumed to be dependent
on the deformation due to the kinematic nonlinear nature of the system. The
frequency is formulated as a Taylor series with the subindex 0 referring to the
reference point, cf. (4.47). With the introduced assumptions in (4.46)-(4.47),
the introduction of the Taylor series in (4.23) into the free and undamped
EOM in (4.45) leads to a vector polynomial on the form:

A+ Z B;s; + Z Z Cjksjsg+..=0 (4.48)

7=1 k=1

where A, B; and Cj;, are vector coefficients and the dots represent higher
order terms. As the reduced co-ordinates, s;, can take on any value, each
of the vector coefficients in (4.48) have to be zero to fulfill (4.48). Setting
A equal to zero the EOM are found, setting B; equal to zero the eigenvalue
problem in (4.14) is found, and setting C;; equal to zero the system of
equations governing the modal derivatives is found.

In Andersen and Poulsen (2015) a kinematic nonlinear Euler-Bernouilli
beam element was used in the derivations of the three vector coefficients in
(4.48). This lead to the following system of equations governing the modal
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derivatives:
1/ 0p 0p.;
60(0) - o+l (22 521 -
0wk0 0K5(0)
|:2 asj (wko — w]‘())M — a—Sk QOj (449)

The equations in (4.49) were considered for the special case with zero initial
deformation, i.e. for s;=0, as the system of equations would otherwise be
implicit dependent on the modal derivatives.

The novel system of equations in (4.49) are seen to govern a sum of two
modal derivatives with switched indeces, appearing on the left hand side.
These are multiplied by a matrix containing the tangent stiffness subtracted
by the mass matrix multiplied by a squared sum of the linear natural fre-
quencies, wjp and wgp. On the right hand side the secant stiffness matrix on
differentiated form is subtracted from the mass matrix times a frequency co-
efficient, and multiplied onto the LNM number j. The frequency coefficient
is given as two times the difference between two linear frequencies, and a
differentiated natural frequency. Furthermore, the left hand side is seen to
be symmetric with respect to the indeces j and k. Thus, the same should be
valid with respect to the right hand side. Setting the right hand side it equal
to itself, but with switched indeces, the following relation can be found for
the frequency coefficients, cf. Andersen and Poulsen (2016):

8wk0

8s]~

2 (who — wjo) =

Osy, i 0s,;

In the following the modal derivatives evaluated from (4.49) are denoted
the novel modal derivatives.

Nonlinear Cable Analysis

In Andersen and Poulsen (2015) the novel modal derivatives and the im-
proved modal derivatives were used to analyse the dynamic response of a
highly nonlinear simple supported steel cable, see Figure 4.6.
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Figure 4.6: Simple supported cable.
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The cable was of length 1, had a diameter D, a bending stiffness EI,
an axial stiffness EA, and a density p. Furthermore, the cable was simple
supported in both ends and loaded by a harmonic line load p(t):

p(t) = Fisin(wit) + Fasin(wat) (4.51)

wy and wq represented the frequencies of the first and second bending modes,
and F; and Fy represented two load amplitudes. The applied parameters are
listed in Table 4.3.

Table 4.3: Cable and load parameters.

Parameter Unit Formula Magnitude

1 m - 20

E GPa - 210

D m - 50-1073
A m?  7(D/2)? 2:1073
I m* 2 3.07-1077
F1 N/Iﬂ - -1

F, N/m : 3

Wy rad/s - 1.60
wo rad/s - 6.40

P kg/m?3 - 7800

To model the response of the numerical substructure, a plane Euler-
Bernoulli element with a nonlinear strain measure was applied. The element
had two nodes with three DOFs in each node; two translations, u;, and u;,,
and one ration, 6;, i € [1;2]. The element is sketched in Figure 4.7, with 1
denoting the element length. The transverse displacements and horizontal
displacements were approximated by second and first order shape functions,
respectively. A detailed description of the element is given in Andersen and
Poulsen (2015).

0 02
'
u ' \ u
N [ v
N 7

Figure 4.7 Plane Euler-Bernoulli beam element.

The nonlinear strain strain measure, ¢, was taken as the Lagrange strain
measure, cf. (4.52), with u denoting the axial deformation of a beam fiber
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and w the transverse deformation.

ou 1 [0w)?
=—+4+ - = 4.52
°T or * 2 ((9x) (4.52)

With the given element, the model required a discretization with 21 ele-
ments, corresponding to 59 free DOFs, for the displacements to converge. In
Figure 4.8a a ten seconds response of the transverse deformation in the cable

midpoint is plotted, with a close up in Figure 4.8b. All of the curves were
simulated by use of the CDM. The solid curve (NC) represents the converged

Vi [cm] Vi [cm]

4 r_— NC 12 [ ‘\\ '
- CR2
-—— CRD2

close up

(a)

Figure 4.8: Transverse deformation of cable midpoint based on nonlinear
central difference method (NC) and three reduced bases with modal deriva-
tives (CRD) and without modal derivatives (CR) considering (a) a 10 seconds
interval and (b) a close up.

solution of the 59 DOF model. The remaining three curves were found by
use of basis projection. The dashed curve (CR2) represented a reduced basis
with the first two LNMs of the cable, the dash-dotted curve (CRD2) included
the first two LNMs and three modal derivatives, and the final curve (CRD3)
contained three LNMs and six modal derivatives. The included modal deriva-
tives were organized on the form in (4.53), with N representing the number
of LNMs. This form was used to be able to directly compare the novel modal
derivatives and the modified modal derivatives determined from (4.49) and
(4.44), respectively. To ease notation the applied modal derivatives in (4.53)
are referred to as Jep,;.

Ip;

I
Opyy = A +(1=dy)5=

Y 8sj

Lje[l;N] Aj<i (4.53)
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From Figure 4.8a the CR2 curve is seen to diverge significantly from the
converged solution. However, by considering the CR2D curve, the response
is seen to improve significantly by including the associated modal derivatives.
Furthermore, from the close up in Figure 4.8b it is verified that a more or less
converged solution required a basis containing three LNMs and the associ-
ated modal derivatives. The projection based simulation CRD3 reduced the
computational time by more than 100 times compared to the full 59 DOF
simulation. This time reduction was attributed the small basis size and the
implementation of the restoring force formulation in (4.36).

0.1 0.02 0.01

= 0.05 0 0
=
=
T
=
s
]

N
Opq3
0.5 0.5

/U1 z/U T z/UTH

Figure 4.9: Linear basis vectors and modal derivatives used for analysis of
nonlinear steel cable.

The results of the reduced basis formulations in Figure 4.8 were found by
use of the novel modal derivatives. However, identical results were achieved
when replacing the novel modal derivatives with the modified modal. The
basis vectors used in the converged solution are plotted in Figure (4.9). In
the top of the figure the first three LNMs, ¢,, are shown. These contained
only deformation transverse to the beam in the (y,z)-plane. The remaining
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plots represent the modal derivatives, which all represented deformations in
the beam length. The solid lines represent the novel modal derivatives and
the dashed-dotted curves the modified modal derivatives, all in unscaled size.
The shape of the modal derivatives are seen to be alike, but the amplitude
of the modified modal derivatives are approximately twice the amplitude of
the novel modal derivatives. Compared to the magnitude of the LNMs, the
modal derivatives are seen to be very small. Moreover, a general trend of
the modal derivatives is, that the number of local minima and maxima are
higher than in their respective LNM.

Based on the fact that the novel modal derivatives and the modified
modal derivatives yielded identical result, it could not be concluded if the
one derivative was more exact than the other. A further analysis of the
difference between the modal derivatives was therefore performed. This is
discussed in the following.

Relation Between The Reduced Co-ordinates

A further evaluation of the modal derivatives was performed in Andersen and
Poulsen (2015). Considering the Taylor series in (4.23) for s;p=0 with (4.24)
and (4.25) inserted, this can be written as:

Z @5 + Z Z @Z e ) 515 (4.54)

i=1 j=1

From (4.54) the co-ordinates of the modal derivatives are predicted to be
given as a product of the LNM co-ordinates. In the analysis of the cable in
Figure 4.6 the reduced bases were organized on the form in (4.55) - (4.57):

V =®s (4.55)
¢ = [‘P1 Py p3 0Py Oy 0wz Opag a‘P?,S] (4.56)
s = [51 Sy 83 S4 S5 Sg St sg]T (4.57)

The co-ordinates s; to sz represent the co-ordinates of the LNMs, and s4 to
sg represent the co-ordinates of the modal derivatives.

In Andersen and Poulsen (2015) it was found that the modal derivative
Op,/0sy was given as the linear relation in (4.58). Thus, the mode O¢,/0s9
was not included in the basis in (4.55).

Oy _ 3 (a% %) L0,

882 883 881 B 18_81 (458)
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By introducing the relation in (4.58) into the Taylor series in (4.54), and
comparing the Taylor series with the basis in (4.55), the relations between
the reduced co-ordinates in (4.59)-(4.63) were identified.

1

4 = 81 — ~53 (4.59)
S5 = S189 (4.60)
Se = S183 — gsg (4.61)
S7 = 8983 (4.62)
sg = 53 (4.63)

In Figure 4.10 the relation in (4.59), based on the results from the cable
analysis, is plotted. Figure 4.10a represents the case using the novel modal
derivatives and Figure 4.10b represents the case using the modified modal
derivatives. The plots show, that the co-ordinates of the novel modal deriva-
tives fulfill the Taylor prediction, whereas the co-ordinates of the modified
modal derivatives do not. In the case with the modified modal derivatives,
the shape of the two relations plotted are similar, but a magnitude of about
two separates them. The same observations were made by plotting the re-
maining relations in (4.60)-(4.63).

Based on these observation, the novel governing system of equations in
(4.49) were concluded to be exact. In Andersen and Poulsen (2015) it was
furthermore argued that the reason why the modified modal derivatives did
not fulfill the Taylor series, was that the original governing system of equa-
tions in (4.26) were based on a linearized problem.

s |- S |-
Q A ‘!.
¢ 00 it @ ‘! R o ? L@

0 & o) | ‘ AN J;o" "‘0% ol 4 !’ a® 0
-0.2+ T o ! “"‘i i -0.2¢
o4 4t Nt oa

|
S4
R kL ‘ L tH 0.6
0 2 4 6 8 10

(a) (b)
Figure 4.10: Plot of the co-ordinates s; and s? — }lsg based on (a) the novel
modal derivatives and (b) the modified modal derivatives.
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4.2.3 The Taylor Basis

Next an efficient basis formulation introduced in Andersen and Poulsen (2016)
is presented. The basis is based on the Taylor series in (4.54) and is referred
to as a Taylor Basis. By utilizing the symmetry of the higher order terms in
(4.54) this can be written as:

N N 7
0, 0.
i=1

i=1 j=i

= (I’TST (464)

where ®1 represents a Taylor basis matrix and s; the reduced Taylor co-
ordinates. These are organized as:

0O\ 0 O\ 0\
¢T2|:9017 9027 LARS) ‘pNa 3?117 <%+%)7 LR %] (465>
T
ST:[Sl, S, .y SN, S, 8951, ..., s?\,} (4.66)

By using the basis formulation, V. = ®7s7, the N LNMs and their %(N+N2)
associated modal derivatives evaluated by use of (4.49), can be included in
a system with only N unknowns. In the following it will be illustrated, that
this is an efficient way to include the modal derivatives.

In Brake and Segalman (2010) a similar formulation to the one proposed
in (4.64) was suggested, considering the special case of Von Kérméan plates.
In the present case the displacement field was also approximated by a second
order Taylor series, with the out of plane displacement assumed to represent
the linear deformations and the membrane displacements to represent the
second order displacements. However, the higher order displacement fields
were approximated from a number of nonlinear static deformation cases using
finite difference approximations.

In Andersen and Poulsen (2016) the higher order displacement fields were
directly evaluated from the governing system of equations in (4.49). This
approach appears to be more straight forward, and in this way the inertia
effects are also accounted for. Furthermore, in Andersen and Poulsen (2016)
the basis formulation was combined with the global formulation of the inter-
nal restoring forces, and an in depth analysis of the efficiency, accuracy and
stability of the combination was investigated.

Taylor Projection and Transformation

When projecting the EOM onto a Taylor basis, an additional transformation
is required before the equations can be solved, due to the quadratic co-
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ordinates in (4.66). Projecting the EOM onto a Taylor basis yields:

s, + ¢8p + g(sr) = £(t) (4.67)
with the projected stiffness, mass, force and damping terms defined as;
m = (1) M(Pr) (4.68)
¢ = (®7)"C(®r) (4.69)
&(s7) = (1) g(®rsr) (4.70)
f = (®7)7F(t) (4.71)

The projected system of equations (4.67) is a nonlinear expression in the
unknown co-ordinates (s;,$;,8;). However, in order to solve the system, it has
to be linear in the unknown co-ordinates. Thus, a transformation from the
(s7,87,81) co-ordinates to the (s,8,8) co-ordinates is required. In Andersen
and Poulsen (2016), it was shown, that by introduction of two transformation
matrices denoted U(s) and P(s), the transformed EOM can be written on
the form:

ms + ¢(s, 8)$ + g(s) = f(s,?) (4.72)
with the mass, damping and force vectors defined as
m =U(s)"mU(s)” (4.73)
c(s,s) =U(s)" [2mP(s) + ¢U(s)] (4.74)
g =U(s) g(Prsr) (4.75)
f =U(s)"f(t) (4.76)

As the transformation matrices U(s) and P($) are dependent on the variables
(s,8), these have to be evaluated in between each time step in the time
integration.

Furthermore, in Andersen and Poulsen (2016) the projected internal restor-
ing forces in (4.70) were written on a global form in the reduced co-ordinates,
by use of the method introduced in section (4.2.1). Due to the second order
co-ordinates in s, the global restoring force assembling became a sixth order
polynomial on the form:

N N i
(@7)"g(®rsr) = Z qi,i5; + Z Z Q2,ijSiSj + ...+

i=1 i=1 j=1

N i § kI m

E § E E E E q6,ikimnSiSjSkS1SmSn (4.77)
i=1 j=1 k=1 I=1 m=1n=1

The mathematical definitions of the vectors coefficients in (4.77), and the
matrices U(s) and P(8) are given in Andersen and Poulsen (2016).
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Frame Analysis

To investigate the precision, efficiency, and stability of the Taylor basis for-
mulation in (4.64) with the sixth order formulation of the internal restoring
forces, cf. (4.77), a highly nonlinear frame was considered in Andersen and
Poulsen (2016). The geometry of the frame is sketched in Figure 4.11.

p(t) JTIETTTTITIET] 4N

EL EA, p A
EIL EA, p l
DS
\I'\ l /II/ ‘

Figure 4.11: Simple frame.

It consisted of a horizontal beam and a vertical beam both with a bending
stiffness EI, an axial stiffness EA and a density, p. Furthermore the frame
was simple supported. To enhance the kinematic nonlinear effects, the frame
corner was restricted from horizontal displacements. To excite the frame the
horizontal beam part was loaded by a harmonic line load p(t) given by the
formula:

p(t) = A - sin(wt) (4.78)

with A denoting the load amplitude and w the excitation frequency. The
latter was set equal to the frequency of the first bending mode of the frame.
In Table 4.4 the frame and load parameters are presented.

In addition to comparing the precision and efficiency of the Taylor basis
with a full FEM model of the frame, it was also compared with the standard
linear basis formulation, cf. (4.2). The modal derivatives were also included
in the linear basis formulation, but with independent reduced co-ordinates
as in the cable analysis, cf. (4.55)-(4.57). In the following the simulations
performed with the Taylor basis and the linear basis formulations are referred
to as the Taylor reduced basis formulation (TRBF) and the linear reduced
basis formulation (LRBF).
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Table 4.4: Frame and load parameters.

Parameter Unit Formula Magnitude

1 m - 10

E GPa - 210

D m 0.05
A m?  ID? 2.107
I m* ér—4D4 3.07-1077
F N/m ; 3
w rad/s 6.40
p kg/m? - 7800

The Frame was modelled by use of the kinematic nonlinear plane Euler-
Bernoulli element used for the cable analysis in section 4.2.2. When simu-
lating the response of the frame, a model with 40 elements, corresponding
to 118 free DOF's, were required for the displacements to converge. By use
of the TRBF, a converged response was achieved by including a basis with
six LNMs and their twenty-one associated modal derivatives. The same was
valid for the LRBF. All of the simulations were performed by use of the
CDM.

Vo [cm] Vi [cmm]
4--- TRBF1 0.71 ! TREFL |
0l . --—TRBF3 1

0.41

0.3

0.2

b [s]

Figure 4.12: Transverse deformation of frame considering (a) a 10 second
interval and (b) a close up.

In Figure 4.12 the center displacement of the frame beam, perpendicular
to the length direction, is plotted. The NC curve represents the full FEM
model, with 118 DOFs. Furthermore, three TRBF responses are plotted,
with respectively one, three and six LNMs, marked by the number at the
end of the figure legend. Also the LRBF with six LNMs is shown. From
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Figure 4.12 the TRBF1 is seen to diverge significantly from the converged
solution. To obtain a more or less converged solution with the TRBF, six
LNMs were required, as stated previously. Identical results were found by
use of the LRBF with six LNMs. Based on these observations, the LRBF
and the TRBF were seen to exhibit equal precision.

It was found that the TRBF was approximately eight-hundred times
faster than the full 108 DOFs model solution, and twenty times faster than
the LRBF, in the converged case. The significant time reduction achieved by
using the TRBF was attributed to the efficient global assembling of the inter-
nal restoring forces, the small basis applied and the use of a relatively large
time step magnitude. In order to maintain the stability and accuracy of the
simulations, the 108 DOF model required a time step of At=4.5-10"% s. Us-
ing the LRBF the time step could be increased to At=10"*s. Increasing the
two time step magnitudes further, instability occurred. However, when using
the TRBF a time step of magnitude of At=10"2 s was sufficient, both to en-
sure accuracy and stability. Actually, the time step could be increased even
further, but this would introduce visible errors in the displacements. These
observations indicated that a significant improved stability is obtained by
using the TRBF compared to a standard basis formulation, as the LRBF.
The stability of the TRBF is considered in more detail at the end of the
present chapter.

Linear Dependent Modal Derivatives

In the analysis of the frame, it was found, that for seven or more LNMs,
some of the associated modal derivatives became linear dependent on each
other. For seven LNMs, two linear dependent modal derivatives existed.
This amount increased concurrently with the size of the Taylor basis, and
for twelve LNMs, the number had increased to twenty-eight. However, it
seems, that if the size and complexity of the structures are increased, then
the number of LNMs can be increased before before linear dependent modal
derivatives are introduced. In the cable example in section 4.2.2 the first
linear dependent modal derivative was introduced for three LNMs. The frame
example increased slightly in complexity, with two elements connected in a
nonzero angle and with non-symmetric supports. In the given case the first
linear dependent modes were for seven LNMs, as stated above.

In conventional basis reduction methods, the linear dependent basis vec-
tors have to be removed from the basis, in order to avoid singularities. How-
ever, when removing a linear dependent mode, this has no influence on the
simulated response. The remaining basis vectors will just ’fill in’ for the
‘missing’ contribution of the removed linear dependent modes. This was il-
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lustrated in the cable example in section 4.2.2, where the linear dependent
modal derivative, given by the relation in (4.58), was removed from the basis.
To 'fill in’” for the 'missing’ contribution of the linear dependent mode, the
co-ordinates of the remaining modal derivatives were given by the relations
in (4.59)-(4.63), in order to fulfill the Taylor series.

In the Taylor basis formulation the singularity is automatically removed
with the transformations of the projected EOM into the (s,$,8) co-ordinates,
cf. (4.72). Tt is, therefore, not necessary to remove the linear dependent
modes. Furthermore, as the co-ordinates of the modal derivatives are ap-
proximated as a product of the LNMs co-ordinates, the contribution that
will be 'missing’ in case the linear dependent modes are removed, will not
be compensated for by the remaining modal derivatives. However, when the
Taylor formulation is applied, the linear dependent modes should not be in-
cluded in the basis (DOF) counting. Thus, in case many linear dependent
modal derivatives exist, using the Taylor basis formulation to include their
contribution, can possibly be considered as an expensive way to include the
modal derivatives. In such potential cases, other approaches to include the
modes, can maybe be considered. In the present study, however, it has been
chosen to keep the initial formulation. Alternative approaches for reorganiz-
ing the terms in case of many linear dependent modes exist, can serve as a
potential future research subject.

Real-time Simulations with the Taylor Basis

A further analysis of the efficiency of the Taylor basis was made in Andersen
and Poulsen (2016). For this the real-time DOF capacity was considered.
For comparison, the efficiency of the linear basis formulation in (4.2) was also
considered. In the following these are referred to as the Taylor reduced basis
formulation (TRBF) and the linear reduced basis formulation (LRBF). For
simplicity the formulations were compared for a similar time step magnitude
of At=1 ms. Thus, the improved stability of the TRBF was not accounted for
in the comparison. This is considered in a separate analysis in the following
section.

Two cases were considered in the analysis. In the first case the frame in
Figure (4.11), with dependent modes, was considered. However, in the given
case the linear dependent modes were not included in the counting of the
number of DOF's. In the second case the linear dependencies were 'removed’,
by changing a tolerance in the simulations. This allowed all of the basis
vectors to be accounted for in the DOF counting. Thus, the second case rep-
resented an idealised case. The point of 'removing’ the linear dependencies,
was to be able to investigate the full potential of the TRBF in case linear
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dependent modes do not exist. As discussed in the previous section, it is
expected that such cases exist as the complexity of the models is increased.
In this perspective the analysis is valid.

In Figure 4.13a a plot illustrating the simulation time spent on simulating
a ten seconds long response of the frame in Figure 4.11 is shown. It includes
a varying number of modes, Ng, representing the sum of LNMs and modal
derivatives without the inclusion of the number of linear dependent modes.
Furthermore, the values above the horizontal dashed line represents the sim-
ulations exceeding the real-time requirement, and the simulations below the
horizontal line are the simulations within the real-time requirement. More-
over, Figure 4.13b shows the relative time ratio between the two curves in
Figure 4.13a given as

y, — TREF (4.79)
ULRBF

Furthermore, the curve r; represents a lower bound estimate for the rela-
tive computational time, r;, given as the ratio between the amount of opera-
tions involved in the evaluation of the internal restoring forces in (4.36) and
(4.77). For details about this, see Andersen and Poulsen (2016).

Three curves are presented. The t rgr curve represents the simulation
time using the LRBF, and the t}zpp curve and the tprpp curve represent
the simulation times when using the TRBF. The tjgpp curve represents
the case where linear dependent modes exist, and the ttrpr curve the case
where the linear dependencies have been removed’. The marks a, b and ¢
represent equivalent points of the two TRBF curves, i.e. with equally many
modes. However, as the linear dependent modes are not included in the
DOF counting, the tjgpp curve this is displaced to the left in relation to
the trrpr curve. Furthermore, when linear dependent modes are present,
the formulation of the transformation matrices are changed a little, causing
the simulation time in the points a, b and ¢ to decrease. A more detailed
description of this is given in Andersen and Poulsen (2016). As the number
of modal derivatives are dictated by the formulation in (4.64), the increase
of Ng from step to step is fixed. Furthermore, the results are all based on
the central difference method.

From Figure 4.13a it is seen that the computational time is increasing
as a nonlinear function of the number of modes, Ng. This is expected due
to the nonlinear formulation of the global restoring forces, see (4.36) and
(4.77). The tLrpr curve is seen to increase more rapidly than the other
curves. The trgpp curve and the tippp curve are initially identical up to
Ng=27, corresponding to six LNMs. Then the linear dependent modes are
introduced, and the tTgpp experience a more rapid increase. The two TRBF
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Figure 4.13: Simulation time using the Taylor basis formulation, trrpr,
and the linear basis formulation, tyrgr, as a function of the sum of LNMs
and modal derivatives, N.

solution curves exceed the real-time limit going from 59 to 62 DOF's and from
65 to 77 DOFs, respectively. The LRBF exceeds the real-time limit going
from 44 to 45 DOFs. Thus, a significant increase the DOF capacity is seen to
be achieved by use of the TRBF. The 59 DOF real-time capacity marks the
third step in Figure 4.5. This corresponds to an increase of approximately
100% in the DOF capacity, with 29 DOFs as the reference.

To get an idea of the full potential of the TRBF, the relative time ratio
r; in Figure 4.13b is considered. The ratio is seen to start at about 60% for
Ng equal to two and initially increase for an increasing number of modes.
It reaches a maximum value at nine DOF's of approximately 170%. Then a
rapid decrease takes place for a further increase in the number of DOF's until
a minima of about 7% is reached at 54 DOF's. Beyond this point the curve is
seen to fluctuate a little, but it is seen to remain in the domain of one order
of magnitude, which is close to the lower bound estimate, 1;.

The initial increase in r; is attributed to operations involved in the trans-
formations, which were dominant for small systems. For an increasing num-
ber of modes the evaluation of the restoring forces became dominant. How-
ever, due to the Taylor basis formulation, where the number of unknowns
correspond to the number of LNMs only, this required significantly less oper-
ations than in the LRBF, and the ratio, r;, is therefore significantly decreased.
Thus, based on the results in Figure 4.13b the LRBF is mainly seen to more
efficient for less than twenty modes. However, beyond this point the TRBF
is significantly more efficient than the LRBF.
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Stability of the Taylor Basis

In the following the stability of the TRBF is considered in more detail. As
was reported in the analysis of the simple frame in Figure 4.11, the TRBF
exhibited a significantly higher stability compared to the LRBF. This was
despite the fact that the same basis vectors were included in the two formu-
lations.

In Andersen and Poulsen (2016) the stability limit, quantified by the time
step magnitudes, was analysed for a wide interval of frequencies. For this a
LRBF and a TRBF, both containing one LNM and its modal derivative, were
used to simulate the response of the simple frame. The basis formulations
are presented in (4.80) and (4.81) with the subindexes L and T referring to
the LRBF and the TRBF, respectively.

Vi=[en 5] {} (4.80)

S
Vi =[en %] {} (481)

The frequencies associated with the basis vectors ¢, and d¢,/ds; were wy,
and wpy, respectively. The latter was approximated by use of Rayleigh’s

quotient
T
{3901} Ko {3<P1}
oo oo (4.82)

In Figure 4.14 the time step stability limits, as a function of the frequency
magnitudes, are presented. Figure 4.14a shows the stability limit of the
TRBF, Atrgrpr, and Figure 4.14b shows the LRBF stability limit, Aty ggp.
The time step magnitudes At;, and Aty refer to the time step limits evaluated
by use of (3.40):

Atp =2 A== (4.83)
wr wH
In order to vary the frequencies of the frame, the density, p, was continuously
changed. The marks (*) named a, b, ¢ etc. in the two plots in Figure 4.14,
correspond to same density ”state”.

As illustrated in Figure 4.14a the stability of the TRBF was very close
to the theoretical stability based on the LNM frequency, At;. For the fre-
quency domain considered the maximum deviation between the stability lim-
its Atrrpr and Aty was just below 30%, with Aty taken as the reference
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Figure 4.14: Stability curves for (left) the Taylor basis formulation and
(right) the linear basis formulation.

value. This deviation appeared in the density state marked by c. In the
remaining density states considered, the relative deviation was in the order
of magnitude of 6-12%.

The stability of the LRBF, on the other hand, was very close to the
theoretically stability limit related to the frequency of the modal derivative,
Atpg. For the given interval considered the relative deviation between Aty rpr
and Aty was around 8-10%, with Aty taken as the reference value.

Based on the above presented results, the stability of the Taylor basis
appears to be unaffected by the frequency of the modal derivative. Fur-
thermore, the results indicate that a ratio between the stability limit of the
TRBF and the LRBF can be approximated as:

Atrrpr _ Aty wg
Atprpr Aty wp

As indicated by the values in Figure 4.14, the magnitude of wy can be sig-
nificantly higher than wy. Thus, it appears as if the Taylor basis allows to
include the high frequent content in the form of modal derivatives without
their influence on the stability of the system.

In the analysis of the frame using the Taylor basis with six LNMs and
the associated modal derivatives, the highest natural frequencies of the LNMs
was w"*=67.6 rad/s. This corresponds to a stability limit of magnitude:

2
Aty = —re = 30 ms (4.85)

(4.84)

max

In the given case instability of the TRBF occurred around a time step
magnitude of At=28 ms, i.e. relatively close to the prediction in (4.85).
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4.2.4 Concluding Remarks

In the present chapter the application of basis reduction methods in kine-
matic nonlinear systems has been considered. The general concepts of basis
projection and various applied basis vectors were presented. Furthermore, by
use of an example, it was demonstrated that it is crucial to include coupling
activated deformations. Otherwise, the stiffness of the system can increase
and thereby ruin the simulation results.

Three elements that can improve the accuracy of kinematic nonlinear
systems have, furthermore, been presented; a global evaluation of the internal
restoring forces, two improved systems of equations governing the modal
derivatives and an efficient basis formulation, named a Taylor basis.

One of the heaviest task in the numerical simulations is the evaluation of
the internal restoring forces. By use of an example it was illustrated, that if
the standard element-by-element assembling of the internal restoring forces is
replaced with a global evaluation in the reduced co-ordinates, the real-time
DOF capacity can be increased with 50%, with the given computational
resources as a reference point.

Furthermore, it was illustrated that the exact system of equations gov-
erning the modal derivatives can be derived by introducing a Taylor series
into the free and undamped kinematic nonlinear equations of motion. The
exactness was verified through an example, where the solution of the reduced
co-ordinates, belonging to the modal derivatives, were shown to be identical
with the prediction of a Taylor series.

By use of the modal derivatives a so-called Taylor basis was organized,
including N linear normal modes and $(N+N?) associated modal derivatives,
containing only N unknowns. This was shown to be a very efficient basis
formulation. For even time step magnitudes, it was illustrated, that the
Taylor basis could be up to ten times faster than a standard basis formu-
lation. Furthermore, it was shown, that the real-time DOF capacity could
be significantly increased by use of the Taylor basis. In case no linear de-
pendent modes existed, the capacity could be increased from 29 DOFs to
65 DOFs, with a time step magnitude At=10"2 s as reference. However, if
modal derivatives existed, the efficiency was seen to decrease. For a specific
frame analysis, the existence of linear dependent modes limited the real-time
DOF capacity to 59 DOFs.

In addition to the high efficiency, the Taylor basis also exhibited a high
stability. From an analysis it was shown, that the stability of the Taylor
basis appears to be dependent on the frequencies of the LNMs, only. As the
frequencies of the LNMs are, typically, significantly lower than the remaining
frequencies of the system, this allows larger time steps to be applied when
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using the Taylor basis compared to a standard algorithm.

Taking into account the improved stability in the evaluation of the real-
time DOF capacity, this can be increased by more than the 100% found
for even time step magnitudes. The improvement will, however, dependent
on the structural system considered. The potential of combining the high
efficiency with the high stability was illustrated in the analysis of a frame.
Here the Taylor basis simulated the response 800 times faster than a full
FEM model, and 20 times faster than the standard basis formulation, with
equal precision.

Based on the above mentioned observations, it can be concluded that
the presented elements contribute with significantly improved efficiency and
stability to the numerical simulations. Contributions which can all help to
improve the accuracy in real-time simulations.
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Chapter 5

Application of Reduction
Methods in Hybrid Testing

In the present chapter the application of reduction methods in hybrid testing
is considered. To begin with, the projected EOM including the actuator
forces, are considered. After this, a real-time hybrid test on a composite
girder is presented. The test constituted the first real-time hybrid test in the
DCCSM project and served as a pilot test for prospective real-time tests on
a wind turbine blade. After the presentation of the real-time test results,
the potential improvements in the numerical modelling are discussed. This
is followed by another discussion on different approaches that can be used
for the selection of basis vectors in hybrid testing. The chapter is concluded
with some remarks on the merits of the pilot test results.

5.1 Basis Reduction in Hybrid Testing

The application of basis reduction in RTHT is in principle simple and straight
forward. Given a basis V ~ ®s, the system of equations in (3.18) can be
projected onto this, as described in chapter 4. This yields the projected
equations of motion:

m,S; + ¢,8; + &,(s;) + 1, =1 (5.1)
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with the projected matrices and vectors:

m, = ®'M, (5.2)
c, = ®7C, (5.3)
8n(si) = T gn(Ps)) (5.4)
r,; = ®'R,, (5.5)

f, = ®"F(t,) (5.6)

After each time integration step, the displacements to be imposed onto the
shared boundary, V, have to be transformed into the physical co-ordinates,
by the relation:

V, = d,s; (5.7)

with the matrix, ®,, representing the specific rows in ®, which relate to the
DOFs at the shared boundary.

5.2 Real-time Hybrid Test

A real-time hybrid test was executed at DTU Byg, December 2015. The
test constituted the first real-time hybrid test in the DCCSM project, and
served as a pilot test for prospective real-time tests on the wind turbine blade
shown in Figure 1.7. The test was carried out in collaboration with two other
PhD students on the DCCSM project, Jacob P. Waldbjoern and Jacob H.
Hoegh. The contribution from the present author consisted in delivering the
FEM code, which was implemented into a RTHT loop organized by Jacob
P. Waldbjoern and Jacob H. Hoegh.

A full description of the test is presented in Waldbjoern et al. (2016). In
the present, an overall description of the test and the results are presented,
with emphasis on the aspects and the considerations made in the numerical
modelling.

5.2.1 Test Structure and Hybrid Setup

The structure selected for testing consisted of a glass fibre reinforced polymer
composite box girder of a total length of 1650 mm. The geometry, loading
and boundary conditions are sketched in Figure 5.1.

The girder was clamped at one end and loaded vertically by a resultant
force, F(t), a distance of 47.5 mm from the free end. The physical substruc-
ture was selected as a 792 mm long part starting at the clamped support,
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Figure 5.1: Sketch of composite beam in (a) longitudinal direction and the
(b) cross section at A-A.

and the numerical part represented the remaining 858 mm of the cantilever,
see Figure 5.1a. To improve the nonlinearities of the structure, two holes of
length 590 mm and a height of 45 mm were cut in the sides of the physical
substructure. From Figure 5.1b the thickness of the webs and flanges are
seen to be respectively 5 mm and 6 mm.

To model the clamped boundary, the physical substructure was enclosed
by a rectangular steel profile. The installation is seen in Figure 5.2, showing
the RTHT setup. The shared boundary was considered as a discrete point
with 3 DOFs in the (x,y)-plane of the composite girder; two translational
DOFs, uy and uy, and one rotational DOF, 6. Three actuators were installed
to impose the displacements of the numerical simulation onto the shared
boundary, and to measure the corresponding reaction forces.

The actuators were fixed to a rectangular steel profile a distance of 108
mm from the shared boundary, denoted the load introduction zone. This was
done in order to erase the effect of the steel profile on the displacements. The
response of the shared boundary was monitored through real time tracking
of three applied measurement points, measured through a 3D DIC system,
for details see Waldbjoern et al. (2016).

Also a full scale model of the composite beam was organized. By this is
meant a full physical version of the composite beam in Figure 5.1. From this
the first two natural bending frequencies of the composite girder were exper-
imentally identified to be wf=7.40 Hz and wf=47.3 Hz. From a numerical

Department of Civil Engineering - Technical University of Denmark 77



5.2 Real-time Hybrid Test Application of Reduction Methods in Hybrid Testing

DIC system

Figure 5.2: Hybrid Test Setup, December 2015, DTU Byg.

model of the composite girder modelled in the commercial FEM program
ANSYS, the first natural frequency was found to be wi! = 8.90 Hz. The
increase in the numerical frequency was attributed to the indefinitely stiff
support at the clamped boundary. In Figure 5.3 the first mode identified in
ANSYS, along the line (y,z) = (30,80) mm, is plotted. The mode is seen to
be dominated by a shear deformation in the region with the cut-out hole.

0

-0.1¢
-0.2¢

— -0.37
04+ Shared boundary

-0.5¢
-0.6

0 0.5 1 15
x [m]
Figure 5.3: First mode shape of composite girder evaluated in ANSYS.

A number of full scale tests were performed prior to the real-time hybrid
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tests, with an actuator imposing the load F(t). From these tests it was
visually verified that the shear mode in Figure 5.3 was the dominating mode.
This seemed reasonable, as the excitation frequencies applied in the tests
covered a range from 1% to 40% of wi!. The same frequencies were applied
in the real-time hybrid tests.

5.2.2 Numerical Modelling

To model the response of the numerical substructure, the Euler-Bernoulli
element referred to in section 4.2.2 was applied. To reduce the size of the
EOM a Taylor basis was used for basis projection. To evaluate the basis
vectors, a full numerical model of the composite girder was considered, mod-
elled with the Euler-Bernoulli elements. In Figure 5.4 the first LNM, ¢,
and its associated novel modal derivative, g, /Js;, are plotted. The modes
of the full structure are shown, but only the part of the modes, which refer
to the numerical substructure were taken as the basis vectors. These parts
are marked by solid lines. The LNM is seen to be a bending mode, whereas
the modal derivative represent deformations in the beam length. A total of
ten elements were used when evaluating the modes.

The shape of the first bending mode, ¢, in Figure 5.4 is seen to deviate
from the shear mode shape in Figure 5.3, found in ANSYS. This is because
the Euler-Bernoulli element does not include shear-flexibility. The frequency
of mode one in Figure 5.4 was also significantly higher, with a magnitude of
w1 = 19 Hz. The frequency of the corresponding associated modal derivative
was w = 935 Hz.
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\\ ~
N
05 05 ‘h
881
-1 1 -1
-1.5 : : : ' -1.5
0 0.5 1 1.5 2 0 0.5 1 1.5 2
x [m] x [m]

Figure 5.4: LNM number one and its associated novel modal derivative for
the composite beam. The solid lines represent the mode of the numerical
substructures.
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During the real-time hybrid tests, it was found that the RTHT loop tasks
occupied a significant part of the computational resources, leaving only a
limited amount for the numerical time integration. To be able to keep up
with the real-time requirement, only small models with a time step magnitude
of 10 ms could be applied. This meant that only the LNM, ¢,, together with
its associated modal derivative, dp,/0s;, could be included in the reduced
basis.

To make the FEM code as efficient as possible, it was implemented in the
programming language C. Furthermore, the central difference method was
applied for the time integration.

5.2.3 Reference Structures

To evaluate the results of the real-time hybrid test, a reference model should
be applied. For this, a number full scale experiments of the composite girder
were performed, as mentioned previously. However, during the real-time
hybrid tests, instability issues were introduced due to, among other things,
measurement noise of the actuator forces. Due to limited computational
resources, it was not possible to filter out the noise. Instead the measured
actuator forces, had to be reduced by 75% after each measurement, before
they was sent to the numerical model. This eliminated the option of using
the results from the full scale tests to compare with real-time hybrid test
results.

To be able to evaluate the output of the real-time hybrid test, a numerical
reference model with a force reduction of 75% at the shared boundary in each
time step, was organized. For this a model with the Euler-Bernoulli element
was applied. To try and compensate for the missing shear flexibility of the
element, the stiffness of the elements in the physical substructural part were
decreased by use of a calibration point from the full scale tests. Figure
5.5 shows a static force displacement curve for the full scale model and the
numerical reference model used for comparison in the real-time hybrid tests.
The displacement referred to in Figure 5.5 is at the loading point, cf. Figure
5.1. Also the calibration point used to modify the stiffness of the physical
part in the numerical reference structure is shown. This is seen to be taken
from the linear domain.

From Figure 5.5 the full scale and the numerical reference relations are
seen to be very similar up to around a load of magnitude 100 N. Beyond this
point the stiffness of the numerical reference model is seen to slightly increase,
whereas the full scale model is seen to experience a softening behavior. The
softening behavior was visually verified to be due to local instability of the
flanges in the full scale model.
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Figure 5.5: Force-displacement curve for the loading point of the composite
girder.

5.2.4 Test Results

Five real-time hybrid tests were performed. The load amplitude was set to be
P =130 N in all of the tests. The excitation frequency, w,, on the other hand,
was changed from test to test, covering a range from 1% to 40% of the first
natural bending frequency, wy, of the composite girder. With the relatively
low excitation frequencies, a more or less static response should be expected
as experienced in the full scale tests. The load, F(t), was mathematically
described by the formula:

F(t) = %P (1 + sin (we . g)) (5.8)

In Figure 5.6 - 5.8 the displacements and the rotation at the shared bound-
ary are shown for the maximum applied excitation frequency of magnitude
w.=2.96 Hz. The solid blue line represents the displacements measured by the
DIC system from the real-time hybrid test, urrgr, the dashed line represents
the numerical reference displacement, u,.,, and the red line the maximum
deviation between the former two evaluated by (5.9). The superscript maz
refers to the absolute maximum value in the full interval.

error = [uRerHT = U] 100% (5.9)
Unyum
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From the Figure 5.6 and Figure 5.7, the translations in the real-time
hybrid test and in the numerical reference are seen to be in the same order of
magnitude, but with an fluctuating error ranging from 0% to approximately
40%. From Figure 5.8 the rotations of the real-time hybrid test are seen to
diverge even more significantly from the numerical reference values. After
the experiments, it was realized that the rotations evaluated in the numerical
model, were erroneously multiplied by a factor m/180, as if converted from
degrees to radians, before imposed onto the physical substructure. In the
following the evaluation of the results are therefore based on the translations.

101 RrHT 150
-—-—-Numerical reference
Ql-——error 140
_ \ / 0 2
g I =g
g (-
N 120 X
= 20}
110
-30+ ‘ b / / 0
0 250 500 750 1000

time [ms]

Figure 5.6: Horizontal deformation, u,, at shared boundary.

For a load amplitude of P = 130 N it would be expected that the numerical
response would be stiffer than the real-time hybrid test, cf. Figure 5.5.
However, as seen in Figure 5.6 and Figure 5.7, the displacement amplitude of
the numerical reference model is larger than the displacements achieved in the
real-time hybrid test. Two things can explain the unexpected stiff response of
the real-time hybrid test. The first reason is the erroneously reduced rotation.
Preventing a rotation of the cross section will inevitably increase the stiffness.
The second reason is, that only a single bending mode could be applied in
the Taylor basis in the numerical model. Representing a shear mode with
a bending mode will introduce discontinuities in the displacements, which
are presumed to increase the stiffness. Based on these considerations, the
order of magnitude of the real-time hybrid test displacements seem to be
reasonable, compared with the numerical reference displacements.

5.2.5 Potential Numerical Improvements

Based on the presented real-time hybrid test results of the composite gider,
it is obvious that a number of changes could improve the test. Consider-
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Figure 5.7 Vertical deformation, u,, at shared boundary.
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Figure 5.8: Rotation, 0, at shared boundary.

ing the numerical aspects, especially two improvements are distinctive; the
approximate numerical reference model and the applied basis.

Starting with the numerical reference model, this was fitted to the dis-
placement at the load point. Looking back, it would have made more sense to
calibrate the numerical reference model with respect to the displacement at
the shared boundary, as this point is used for comparison. A different point
of calibration on the force-displacement curve in Figure 5.5 could also have
been used, e.g. a point close to the applied load amplitude, P = 130 N. How-
ever, regardless of the choice of calibration method applied, discontinuities
in the displacements at the shared boundary would have been introduced,
due to the lack of shear flexibility in Euler-Bernoulli elements. Thus, such a
reference model will only, at its best, be able to serve as an approximation
in the evaluation. If a fully comparable numerical reference model is desired,
a model containing shear flexibility should have been implemented. Due to
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the need of reducing the forces of the numerical substructure by 75% in each
time step, a commercial FEM programme with shear flexible elements could
not be directly used.
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Figure 5.9: (a) LNM 2 based on Euler-Bernoulli elements and (b) the
ANSYS shear mode, LNM 1 and a combination of LNM 1 and 2.

In contrast to the numerical reference model, the use of Euler-Bernoulli
elements to evaluate the response of the numerical substructure, is a valid
approximation. The reason for this is, that shear flexibility is not dominating
in the numerical substructure part. However, the first bending mode and its
associated modal derivative, were insufficient to represent the deformation
of the expected shear mode. However, if the second LNM, plotted in Figure
5.9a, could have been included, a significant improvement of the response
would be expected. This is illustrated in Figure 5.9b where the ANSYS
shear mode, the LNM number 1 and a combination of the LNMs number 1
and 2 are shown for the chosen parameters a = 0.50, § = —1.35 and = 0.55.
The combination of LNM 1 and 2 is seen to fit to the ANSYS shear mode
significantly better in the numerical substructure domain, compared to the
LNM number 1.

However, the best alternative would have been to include shear flexibility
in the applied Bernoulli-Euler element. In this way the influence of the shear
deformation had been included in the first mode. Furthermore, this would
reduce the frequency magnitude, and thus allow for an increase of the time
step magnitude.

In the following different methods to evaluate the basis vectors in hybrid
testing are discussed. Here an alternative way of choosing the basis vectors
is suggested.
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5.3 Evaluation of Basis Vectors

When the basis vectors for numerical substructures in a hybrid test are eval-
uated, the boundary conditions at the shared boundary are off course impor-
tant to consider. However, it is perhaps not straight forward to model these
in a sufficient way, and alternative methods have to be applied.

As was done in the pilot test presented above, a model of the full structure
containing both the numerical and physical substructures, can be applied
in the evaluation of the basis vectors. However, if an inaccurate physical
substructure is adopted in the evaluation, this will lead to deviations in mode
shapes, as previously discussed, cf. Figure 5.9. A natural consequence of this
is that an increase in the amount of basis vectors is required to represent the
response to a sufficient degree of accuracy. Thus, this can potentially be a
very inefficient approach.

0.5
@ [m]

Figure 5.10: LNMs and their associated novel modal derivatives of the free
beam.

Another approach, that was also considered in the pilot test, could be to
consider the numerical substructure as a structural part fully disconnected
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from the physical substructure. In this way the basis vectors can be evalu-
ated, without having to consider the physical substructure.

Considering the composite beam as example, the numerical substructure
would consist of a free beam. In Figure 5.10 the first five LNMs and the asso-
ciated modal derivatives of the LNMs number four and five, of the free beam
are shown. The first three LNMs, ¢, ¢, and ¢5, are rigid body motions,
with the former two given as a mix of rotations and translations, whereas ¢4
is a pure horizontal translation. The linear modes ¢, and ¢;, are bending
modes, and their associated modal derivatives horizontal displacements. The
latter are denoted by the definition in (4.53) on page 58.

The natural frequencies associated with the rigid body motions are zero,
and can cause some problems with the eigenvalue solver. However, this can
be fixed by shifting the eigenvalues. Adding the zero term aM — aM to the
linearized eigenvalue problem in (4.14), this can be formulated on the form
in (5.10) with « denoting a constant free of choice. The eigenvectors remain
the same, whereas a new eigenvalue, );, is introduced. However, knowing \;,
the eigenvalues, w?, can easily be found by use of (5.11).

((K +aM) — /\Z-M> p; =0 (5.10)
A = (wf + a) (5.11)

The frequencies of the LNMs number four and five in Figure 5.10 were
of magnitude wy = 3 - 10® rad/s and ws = 8 - 103 rad/s, respectively. This is
significantly higher than the frequencies associated with the modes applied in
the pilot test. Thus, it would not have been possible to apply the basis vectors
of the free beam in the pilot test, as this would have required significantly
smaller time step magnitudes.

5.4 Concluding Remarks

In the present chapter the application of reduction methods in hybrid test-
ing has been considered. The projected EOM, including the actuators forces,
were considered, and a pilot test was presented. Furthermore, different meth-
ods that can be used to evaluate the basis vector for hybrid testing were
discussed.

The results of the pilot test were influenced by a number of error and
shortcomings in the equipment. Despite of this, the performed real-time hy-
brid test provided a number of important answers. One is, that an improved
RTHT loop is required, if real-time hybrid tests are to be performed. Espe-
cially the computational capacity has to be improved, both to be able to filter
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out the noise, but also in order to improve the size of the numerical models.
But more importantly, the test confirmed the stability of the Taylor basis in
an applied case. Without the stability of the Taylor basis, it would not have
been possible to include the high frequent contraction mode, d¢p,/ds;. In
this perspective, the test has been useful.
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Chapter 6

Future Research Subjects

In the following chapter two potential future research topics are mentioned.
The topics relate to the present work and the numerical substructures in
RTHT.

Linear Dependent Modal Derivatives

One subject that could be of interest to consider, relates to the phenomena of
linear dependent modal derivatives. As was illustrated in chapter 4, the effi-
ciency of the Taylor basis formulation is decreased for an increasing number
of linear dependent modal derivatives. In this regard it could be of interest
to consider if the linear dependent modal derivatives could be included in
a more efficient way, e.g. by moving them to the linear term of the Taylor
basis formulation, without ruining the stability. Alternatively, it could be of
interest to investigate the effects of removing the linear dependent modes.

Choice of Basis Vectors in Hybrid Testing

As discussed in chapter 5 different ways of selecting the basis vectors for the
hybrid tests exist. It is however not obvious to the writer how the choice of
basis vectors will influence on the behavior of the full structural response,
e.g. how the frequencies of the coupled system will be influenced by the
choice of basis vectors. This is considered to be highly relevant to investigate.
Furthermore, it could be of interest to investigate if the physical substructure
influence on the stability of the numerical model in a hybrid test, or if the
stability is only dependent on the frequencies of the selected basis vectors.
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Chapter 7

Conclusion

In the present PhD study mathematical tools and methods have been adopted
and developed, in order to improve the accuracy of kinematic nonlinear nu-
merical substructures, simulated in real time.

Special emphasis has been on projection based reduction methods, which
is a mathematically way to reduce the dimension of large discretized models,
with the purpose of decreasing the computational time, while simultaneously
keeping a high solution accuracy. Three elements that can help to improve
the accuracy of reduction methods in real-time simulation have been pre-
sented. The elements consist of:

An Efficient Global Formulation of the Internal Restoring Forces

The first element consisted in implementing an existing global formulation of
the internal restoring forces. The formulation was organized by introducing
a reduced basis into the discrete equations of motion and manipulate these
into a sum of constant equivalent force vector coefficients times the reduced
co-ordinates. By replacing the standard element-by-element assembling of
the internal restoring forces with the global formulation, it was shown that
the real-time DOF capacity could be increased by 50%, with the given com-
putational resources taken as a reference point. The real-time DOF capacity
increase allows for more elements to be included in the modelling, and thereby
helps to improve the accuracy.

Two System of Equations Governing the Modal Derivatives

The second element consisted in the organization of two different system of
equations governing the so-called modal derivatives. Modal derivatives repre-
sent the second order terms of a displacement field, and these are important
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to include in nonlinear analysis. In kinematic nonlinear systems the second
order terms represent coupling activated deformations. By use of an exam-
ple it was illustrated, that if the coupling activated deformations are omitted
from the basis projection, this can increase the stiffness of the system, and
ruin the accuracy.

The first organized system of equations was based on an existing formula-
tion found by differentiating the linearized eigenvalue problem. However, this
formulation is by nature singular, and can only be solved by use of approxi-
mations. A geometric restriction on the modal derivatives was introduced to
remove the singularity of the system.

The second organized system of equations comprised a novel set of equa-
tions. This was derived by introducing a Taylor series for the displacement
field into the free and undamped kinematic nonlinear equations of motion.

The modal derivatives determined from the two governing system of equa-
tions were compared by using them in the analysis of a nonlinear cable. Iden-
tical results were found independent of the modes applied. However, only the
modal derivatives based on the novel system of equations fulfilled the Taylor
series. Thus, the novel system of equations were concluded to be exact.

An Efficient Basis Formulation Based on a Taylor Series

The third element consisted in the organisation of an efficient basis formula-
tion. By use of the novel modal derivatives, a second order Taylor series of
the displacement field was organized on a basis format with N linear modes
and $(N?4N) associated modal derivatives, containing only the N unknowns
of the linear modes. In this way the modal derivatives were included without
increasing the number of unknowns. The formulation was named a Taylor
basis and it was shown to exhibit high efficiency, accuracy and stability.

It was illustrated, that if more than 40 basis vectors are included in the
basis, and an even time step magnitude is applied, the Taylor basis can be
up to ten times faster than a standard basis formulation. Furthermore, when
using even time step magnitudes, the Taylor basis was shown to be able
to increase the real-time DOF capacity by more than 100%, compared to a
simulation that makes use of the standard element-by-element assembling.

Moreover, the stability of the Taylor basis was shown to be dependent
on the frequencies of the linear normal modes only. The linear frequencies
are, typically, significantly lower than the frequencies of the higher order
terms. Thus, with the Taylor basis significantly larger time steps can be
applied compared to other algorithms. This can increase the real-time DOF
capacity even further. The potential of combining the high efficiency with
the improved stability was illustrated in an example of a simple harmonic
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loaded frame. Here the Taylor basis was able to simulate the response 800

times faster than a full FEM model, and 20 times faster than a standard
basis formulation, with equal precision.
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Errata

Here the known errors in the Appended Papers are listed.

Appended Paper 1

In the introduction is it stated that reference [13] introduces a basis into a
set of linear equations of motion. This should have been a set of material
nonlinear equations of motion.

Equation (14) should be
' =® -V,
with Vj referring to the solution of the linear static static problem:
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Appendix A

Kinematic Nonlinear Beam
Example

A kinematic nonlinear beam rigid supported at the left end and prevented
against horizontal deformations at the right end, is considered, see Figure
Al

\ L

K vV
A

Y

Figure A.1: Kinematic nonlinear beam.

The beam has a density p, a bending stiffness EI, a relative damping
ratio, ¢, and is exposed to an external periodic load, F(t), with a excitation
frequency, we;

F(t) = Fuax - sin(wet) (A.1)

A FEM model is used to analyse its response. The EOM on discretized
form, assuming linear damping, is

Mx + Cx + g(x) = F(¢) (A.2)

where M is the mass matrix, C is the damping matrix, g(x) are the inter-
nal restoring forces and F(¢) is the external load dependent on time, x the

displacement field and d/dt = ().
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Kinematic Nonlinear Beam Example

In table 1.1 are listed the properties of cantilever beam applied, corre-
sponding to the first bending mode with a frequency w; = 1 rad/s. The
beam is modelled with plane Euler-Bernoulli elements. A full description of
the element is presented in Andersen and Poulsen (2015).

In Figure A.2a the transverse deformation, u, at the load point, is plotted.
The central difference method (CDM) and the Newmark implicit scheme,
with assumed average acceleration, are used to evaluate the response. The
linear response is plotted in Figure A.2b, using the CDM.

u [m] u [m]
0251 DM, nel = 5, At=4.10"35 407
02F o CDM, nel = 10, At=10"3s 30— CDM, nel = 5, At=4.10"3s

0.15 - X Newrk, nel = 5, At2<10_25 20l

0.1r
101

0.05r
0

-0.05 -10¢

01t -20 ¢

-0.15 : = . ‘ 30

Figure A.2: Response of (a) kinematic nonlinear beam and (b) linear beam.

Three nonlinear solutions are plotted in Figure A.2a; two with five el-
ements and one with ten elements. Furthermore, different time step mag-
nitudes are applied in the three solutions. As all of the three nonlinear
responses are identical, the solution has converged. Furthermore, by com-
paring the magnitude of the linear and nonlinear responses, the nonlinear
effects are seen to be significant.
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”Reduction Method for Real-Time Sitmulations in Hybrid
Testing”

S. Andersen & P.N. Poulsen

Proceedings of the 9th International Conference on Structural Dynamics EURODYN
2014, Porto, Portugal

109



110 Department of Civil Engineering - Technical University of Denmark



Reduction Method for Real-Time Simulations in Hybrid Testing
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ABSTRACT: Real-time hybrid testing combines testing of physical components with numerical simulations. The concept of the
method requires that the numerical simulations should be executed in real time. However, for large numerical models including
nonlinear behavior a combination of computationally costly assembling of the internal forces element by element at each
equilibrium point and a strict requirement for small time steps to maintain accuracy and stability often prevents real time
execution. Thus, enhanced numerical capacity is required. In the present study a basis reduction method is used to reformulate
kinematic nonlinear equations of motion into a sum of constant matrices each multiplied by a reduced coordinate decreasing the
assembling time. Furthermore the method allows for cutting off some of the higher frequency content not representing real
physics decreasing the stability requirement for the time step. However, it is important that the chosen basis can represent the
nonlinearities of the system. If not locking of the system can be a consequence ruining the accuracy of the results. To
demonstrate the potential of the method in a real time simulation perspective and the importance of choosing a sufficient basis a
composite beam and a cantilever beam including kinematic nonlinearities and exposed to harmonic loadings are analyzed. To
reduce locking modes with higher order terms are included. From the analysis it is concluded that the method exhibits

encouraging potential with respect to real time execution if a sufficient basis is chosen.

KEY WORDS: Kinematic Nonlinearities, Basis reduction, Real-time simulation, Finite Element Analysis.

1 INTRODUCTION

Hybrid testing is a testing method that was developed by
Japanese scientists in the 1960’s, cf. [1]. If conducted in real-
time in order to include dynamic effects the method is often
referred to as real-time hybrid testing (RTHT).

The principle of the method is that the considered structure
is partitioned into two parts; a physical substructure and an
analytical substructure. The physical component is a structural
part that displays complicated or unknown structural behavior
and therefore has to be tested in a physical test setup. The
analytical substructure on the other hand is well understood.
Thus, this part does not have to be tested but can instead be
modeled numerically and solved by a time integration scheme.
As only the component displaying complicated behavior has
to be build and tested physically a full scale test can be
conducted in more modest physical frames which makes it
highly economically profitable.

During the hybrid test an iterative loop is running where the
response of the numerical model found from the time
integration is imposed onto the physical substructure through
servo-hydraulic actuators in a finite number of points. The
force response from the physical component is then measured
by the actuators and sent to the numerical model. Together the
experimental substructure(s), the analytical substructure(s),
the integration algorithm and the servo-hydraulic actuators are
integrated through an IT control system to form the real-time
hybrid simulation system. For further details about the
principle of Hybrid testing see e.g. [2-3].

For RTHT to be successful it is required that servo-
hydraulic actuators are able to impose the displacements
accurately onto the physical substructure in real time, that the
communication between the analytical and physical
substructure has a minimum delay and that the time
integration is robust, accurate and fast to ensure real time
execution.

The requirement that the numerical time integration has to
be executed in real time limits the size of the nonlinear
numerical substructures that can be applied in RTHT. Main
part of the computation time in nonlinear analysis is due to the
internal nodal forces computed element by element followed
by an assembling into the global set of equations before each
time step. When increasing the size of the numerical models
the assembling time is obviously increased as well.
Simultaneously, when increasing the size and complexity of
the models higher frequencies are introduced, which calls for
smaller time steps in the integration schemes in order to
maintain stability and accuracy. Decreasing the time steps
increases the computational time further as the number of
assemblings of the internal nodal forces within a given
simulated time interval are increased. Thus, increasing the
size and complexity of the numerical substructures increases
the computational time, which work against the real time
execution requirement.

Both implicit and explicit algorithms and combinations of
these are considered among researchers in RTHT context, see
e.g. [4-10]. In [10] a selection of implicit and explicit
integration schemes is evaluated in a RTHT setup with
nonlinear substructures. The study concludes that explicit
schemes are preferable. These schemes are simpler and do not
require equilibrium iterations, making them less time
consuming than implicit algorithms. However, the downside
of explicit schemes is that smaller time steps are required to
maintain stability of the system compared to implicit schemes.

The study in [10] also concludes that due to the
performance of the time integration schemes the capacity with
respect to degrees of freedom (dof) in the discretized system
is very modest if real time execution should be performed.
Under the given circumstances around 50 dofs in a nonlinear
context dictates the upper limit. As far as known the
maximum number of dof’s used in a RTHT with a nonlinear
analytical substructure is 134, cf. [11]. Thus, a very interesting



and important issue related to RTHT is how to improve the
computational capacity in order to be able to simulate the
response of large and complex numerical substructures
including nonlinear effects in real time.

One way of decreasing the computational time is by using
reduced order modeling (ROM) reducing the discretized
nonlinear equations of motion by projecting them onto a
subspace represented by a reduced basis. This is a simple way
to reduce the number of dof’s and at the same time to cut off
some of the higher frequency content contained in the model
not representing real physics. The latter allows one to increase
the time steps whereby the assembling frequency of the
internal nodal forces and thereby the computation time are
reduced.

In [12] the concept of ROM is described together with an
overview and evaluation of the most common used bases for
kinematic nonlinear structures considering robustness and
accuracy. From the study it is concluded that linear normal
modes are among the best performing bases under the given
circumstances despite the fact that they neglects the nonlinear
nature of the system.

In [13] is considered a material nonlinear structure. To
model the response a reduced basis consisting of a number of
Ritz vectors encapsulating the material nonlinear response is
used. The Ritz-basis is derived from a combination of linear
normal modes and a number of plastic deformation shapes
found from a static analysis. The basis is introduced into a set
of linear equation of motion whereby the costly assembling
every time step is avoided. This enables the authors to model
the response of a 50-dof nonlinear plastic model with three
elastic and six plastic modes in real time. However, the plastic
modes obtained in this way possessed high frequencies which
had to be decreased artificially by including additional inertia
to be able to perform real-time simulations. Furthermore, the
approach is not very suitable for systems with alternately
increase and decrease in stiffness which is the case for
kinematic nonlinear structures.

When using ROM for nonlinear systems the time
consuming assembling of the nonlinear internal nodal forces
is still required in every time step before projecting them onto
the reduced subspace. As an answer to this problem
researchers in [14] have presented a reduced basis formulation
(RBF) where the discretized equations of motion by a simple
mathematical reformulation can be written as a sum of
stiffness matrix terms that remain constant throughout the
entire analyses each multiplied by a reduced coordinate in the
projected subspace. For a subspace consisting of m modes
1+m+m? constant matrix terms are arranged. This
reformulation enables a much faster assembling of the
nonlinear internal nodal forces compared to the usual
assembling element by element.

To the best of the present authors’ knowledge no study has
been performed illustrating the potential of the method in [14]
in a real-time perspective. Thus, in the present study the RBF
is used to analyze kinematic nonlinear structures in a real-time
perspective to illustrate the applicability in nonlinear real time
analysis. Two examples are considered. The first example
constitutes a composite beam exposed to harmonic loadings.
The beam parameters are based on inspiration from a
composite beam planned to be tested in a RTHT arrangement

at the Technical University of Denmark (DTU) in the spring
2014, making the example relevant in that perspective.

As will be evident to the reader the analysis of the
composite beam is exposed to the phenomena of locking
ruining the results. The locking effect is introduced through
the choice of basis consisting of purely linear modes. To
reduce the effect of this, modes containing higher order terms
can be included. This is illustrated in a second example
considering a simple cantilever beam.

In section 2 the RBF by [14] is presented together with a
reduction of the formulation taking symmetry conditions into
account. In section 3 an approach to include higher order
terms to the linear normal modes are presented. Finally in
section 4 and 5 the examples of the composite and cantilever
beams, respectively, are described, analysed and discussed. In
section 6 the conclusion is given.

2 REDUCED BASIS FORMULATION

In the following section the RBF developed by [14] is used to
reduce a set of discretized kinematic nonlinear equations of
motion. Furthermore an improvement of the formulation
taking into account symmetry conditions is presented.

2.1 Nonlinear modal equations

The starting point of the method is the global set of discretized
nonlinear equations of motion in physical coordinates
containing n dofs written in matrix notation

MV +CV +g(V) = F(t) 1)

where M and C are n x n mass and damping matrices, F(t) an
x 1 external load vector which is a function of time and g(V) a
n x 1 vector containing internal restoring forces. Finally V is a
n x 1 vector representing the nodal displacement in global
format where a dot above the vector denotes a time derivative.
In the given case the discretized system in (1) is based on
continuum mechanics with Green strain characterizing the
state of deformation and with the Second Piola-Kirchoff
stresses as conjugate stress components, cf. Appendix 1.

In the present only the internal restoring forces, g(V), are
assumed to be a nonlinear function of the nodal
displacements. The nonlinear restoring forces consist of a
constant, linear and a quadratic stiffness matrix contribution in
\Y

g(V) = (K + K} (V) + K*(V, V)V &)

where K’ is the constant stiffness matrix known from linear
elastic theory and K' and K? are linear and quadratic
functions of the V, respectively, introduced due to the
kinematic nonlinearities.

The discretized nonlinear equation of motion in physical
coordinates can be projected onto a reduced subspace by
introducing a relation between the physical and reduced
coordinates given as

V:(I)S:iq)isi 3

i=1

where @ is a m X m matrix containing m basis’, ¢;, arranged
as columns and S a m x 1 vector containing the m reduced



coordinates, s;. The number of reduced basis are usually much
smaller than the number of dofs, i.e. m <<n.

Projecting the discretized equations in (1) onto the reduced
subspace represented by (3) yields the general formulation

MS +CS +§(S) = F(t) @
with the introduced vectors and matrices
M=®"M®
C=0'Co (5)
§(S) = @' g(@S)
In [14] the nodal restoring forces in (5) are written as a sum

using the right hand side of (3). This leads to the general
formulation for the reduced internal nodal forces

g(S)=(IZ°+iKilsi +iikﬁsisj)s (6)
i=1

i=l j=1

where all matrices appearing in (6) are constants. In Appendix
2 the formulation of the matrices based on Continuum
mechanics are presented.

As the matrices appearing in (6) are constants these can be
built before initiating the time integration if keeping the same
basis throughout the analysis. This allows for a fast
assembling of the nodal forces in (6) between each time step
compared to the usual costly assembling of the internal nodal
forces performed element by element.

2.2 Symmetry reduction of quadratic sum

The formulation of the restoring forces in (6) can compacted
even further by taking advantage of the symmetry of the
products of the reduced coordinates

SS. =SS, (7
By introducing the definition
T2 w2 2
Kij = Kij + (1_5ij)Kji ®)

The symmetry condition in (7) allows the quadratic sum in (6)
to be written as

m
i=1

i j=1 i=1\_j=1

m m i
Skise 3 Skiss | @
This reduces the number of sums by the number

m’—m _m?-m

2
m =m" - (10)
reduced 2 2
corresponding to a relative reduction of magnitude
r= mreduced — (m_l) (ll)
m? 2m

In the limit state this approaches a reduction of magnitude

(12)

m—oo

Iimr:l=50%
2

3  MODES INCLUDING HIGHER ORDER EFFECTS

Choosing a reduction basis consisting of linear modes from
the undeformed stage might causes the nonlinear coupling
effects of the structure to be locked as these effects are not
accounted for by the linear normal modes. This will increase
the stiffness of the system and thereby affect the accuracy of
the results. To prevent these locking phenomena modes
containing higher order terms can be included.

Considering a linear normal mode i, ®;, an estimate for a
mode, ®,", representing the higher order terms of the linear
mode can be found by performing a nonlinear static
calculation considering an equivalent formulation of the
eigenvalue problem (EVP). Considering the mass times the
considered linear mode as an external load and replacing the
square of the natural frequency by a scaling factor o a
nonlinear static system of equations can be arranged as

K(®)® = aMD, (13)
By scaling the load factor o such that the solution vector @
deviates slightly from the linear solution a vector estimate for
the higher order terms of @;, can be taken as the difference
between the linear normal mode and the static solution
P =D-D (14)
These modes will be applied in the analysis of the cantilever
beam in section 5. The modes ®," used in this example case
are based on solutions where the maximum deviation in a
discretization point between the linear and nonlinear response,
® and ®@;, was around 1%.

4  ANALYSIS OF COMPOSITE BEAM

In the following section a composite beam is analysed to
illustrate the potential of the RBF described in section 2 in a
real-time perspective. Furthermore the example illustrates the
consequence of locking introduced if the chosen basis cannot
represent the nonlinear coupling effects.

First is presented the description of the composite geometry,
boundary conditions, general stiffness parameters and loading.
Next the numerical modeling of the beam and the analysis
approach is described. In the final section the analysis results
are presented and discussed.

4.1  Geometry and boundary conditions of composite beam

In Figure 1 is sketched the composite beam in the x-z plane.
The beam is of length L and simply supported at the beam
ends with the rotation axis arranged in the bottom of the
composite. The distance L. marks a part of the beam where a
section cut is made to increase the effect of the kinematic
nonlinearities.
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Figure 1. Composite beam in x-z plane.

In Figure 2 the cross section through section A-A marked in
Figure 1 is sketched. From the figure the composite is seen to
be hollow with an exterior height B and a width H. The wall
thicknesses are t; and t, along the height and width
respectively and the curvature along the edges of the profile is
r. The introduced section cut is of width h and is placed in the
flange in a distance t,+r from the outer edge of the web.
Finally point A marks an edge point at the section cut which
will be considered in the analysis.
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Figure 2. Composite cross section at section A-A.

In Table 1 are listed the geometry parameters of the composite
beam.

Table 1. Geometry parameters of composite beam

Parameter Magnitude Unit
L 5 m
L, 1 m
H 0.132 m
B 0.054 m
R 0.006 m
t, & 0.002 m
H 0.004 m
A 680 mm®

4.2  Loading of composite beam

The beam is loaded by a periodic loading
p(t) = F sin(at) + F, sin(apt) (15)

with F; and F, denoting the load amplitudes and ®; and o, the
load frequencies

Table 2. Loading parameters for composite beam

Parameter Magnitude Unit
Fi 2 kN
F, 1.25 kN
on 5.20 Hz
™ 58.20 Hz

As illustrated in Figure 1 the resultant loads are applied a
distance L/3 from the beam edges. They are distributed over a

square area of size (0.4 x H)? at the bottom flange. The load
parameters are presented in Table 2. The load frequencies
span the frequency domain of the ten first modes of the
composite in the undeformed stage.

4.3  Stiffness parameters

The composite beam consists of a synthetic matrix material
reinforced with longitudinal fibers in one direction of the
beam. In Table 3 are listed the stiffness’s parameters used in
the analysis with the subscript referring the global direction
indicated in Figure 1 and Figure 2. The parameters are taken
from [19].

Table 3. Stiffness and material parameters of composite

Parameter Magnitude Unit
Ex 23 GPa
E, E, 8.5 GPa
G 3 GPa
Vyys Vxz 0.230 -
Vyx, Vax 0.085 -
Vyz, Vay 0.230 -
p 1825 kg/m®

Ex Ey, E; denote the orthotropic moduli of elasticity and G
denote the orthotropic shear moduli for shear deformation
assumed equal in all planes, respectively. The term vy, iS a
Poisson ratio characterizing the strain in the y-direction
produced by the stress in the x-direction. Similar
interpretations are given for the remaining Poison ratios listed
in Table 3. Finally p denotes the density of the composite.

In the given case it is assumed that the fibers are aligned
parallel with the length of the beam leading to maximum
stiffness moduli in the x-direction

4.4  Numerical Modeling

The composite beam is modeled in a local MaTLas based finite
element program named BvyGFEM. To model the structure the
10-nodal isoparametric tetrahedral element sketched in Figure
3 is used. The element can describe displacement fields up to
2" order and stress fields up to 1% order correctly. Three
translations describe the deformation in each node. For a more
thorough description of the element, see e.g. [15].

Figure 3. 10-nodal tetrahedral element.

To perform the time integration when using the RBF is used
the central difference method (CDM) which is an explicit 2™
order method, see e.g. [15]. The reason for picking this
integration scheme is that it is simple whereas the
disadvantage is that the time step has to be below a critical
value in order to prevent instability. To check the accuracy of
the RBF solution this is compared to a full solution found with
an implicit Newmark algorithm (NA).



In Table 4 are listed some of the algorithm parameters used
in the analysis with t,; denoting the actual time simulated, At
the time step magnitude with the superscript referring to the
method applied and the algorithm parameters a and {3 applied
in the full implicit analysis. The latter two are set equal to a
magnitude corresponding to unconditionally stability in the
linear analysis case. Finally € is the equilibrium tolerance.

Table 4. Algorithm parameters

Parameter Magnitude Unit
tact 0.25 S
AMNALACPM 107 3107 s
€ 10° -
Y Y -
B Ya -

Two different mesh sizes were used in the analysis. In the
region spanning the section cut of length L (cf. Figure 1) the
mesh density is set to ten times finer than in the remaining
structure in order to model the curvature at the section cut
sufficient. A total of 65523 dofs were contained in the model.

The basis used in the RBF is taken as the lowest 25 linear
normal modes of the composite in the undeformed stage.

4.5  Analysis results and discussion

In Figure 4 is plotted the displacement, u,, in point A (cf.
Figure 2) in the time interval t € [0, 0.04] sec. The blue curve
shows the solution obtained with the implicit NA representing
the full solution. The red curve shows the RBF solution.

From the figure it is observed that the RBF curve starts to
deviate significantly from the full model solution already from
around t = 0.02 seconds. Around this point the RBF curve
reaches a local maximum whereas the NA response keeps
increasing rapidly. The behavior of the two curves indicate
that the RBF solution exhibits a much higher stiffer than the
NA solution. As indicated previously and as will be
demonstrated in the example in the next section the increased
stiffness is introduced through the choice of modes included
in the model. Due to the kinematic nonlinearities coupling of
the transverse and axial deformations take place. If the chosen
modes do not represent these coupling effects sufficiently
locking will appear increasing the stiffness of the system.
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Figure 4. Displacement, u,, at point A in the composite
beam found using a NA and the RBF, respectively.

One way to overcome the locking phenomena is by
increasing the number of modes until a sufficiently number of

modes can represent these nonlinear effects. However, in
order for the RBF to be performed in real time it is necessary
to keep the number of modes as few as possible while still
being able to describe the response as good as possible.

In Table 5 is presented how many modes that can be
contained in the model for different time step magnitudes if
the RBF should be executed in real time. It should be stressed
that the results are based on simulations on a standard PC.

Table 5. Mode limit vs. time step magnitude

Time step [s] No. of modes
10° 35
10 12
10° 1

The table shows a decrease in number of modes as the time
step is decreased, which should be expected. For a time step
of magnitude At = 10®° a model approximated by one mode
only can be executed in real time, whereas by increasing the
time step to At =10 sec enables one to describe the response
with up to 12 modes. Decreasing the time step further to At
=107 sec up to 35 modes can be applied. As the time step is
dictated by the highest frequency of the system through the
stability requirement, the time step that can be applied is
restricted by the nature of the considered system. Thus, the
RBF is most suitable for low frequency ranges as this allows
for larger time steps. From the table it is also evident that 25
modes are way beyond the limit for real time execution for the
given time step applied analyzing the composite beam.
However, the example in the next section indicates that by
using only a few higher order modes the results can be
improved significantly.

5  ANALYSIS OF CANTILEVER BEAM

A cantilever beam exposed to a harmonic loading is analysed
next. The example serves to illustrate that the locking effect of
a nonlinear response can be reduced significantly by
introducing few modes including higher order effects.

5.1  Geometry, loading & stiffness parameters of cantilever

The cantilever is of length L and has a cross section of width
and height w and h, cf. Figure 5.
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Figure 5. Sketch of cantilever exposea to sinusoidal load
(left) and it cross section dimensions (right).

It is exposed to a sinusoidal load with amplitude F and
excitation frequency o.

p(t) = Fsin(w-t) (16)
The cantilever is isotropic and made from steel. The load
amplitude F is chosen such that the response is significantly
nonlinear. The frequency, o, corresponds to 1/25 of the lowest
natural frequency in the undeformed stage.

In Table 6 are presented the beam and load parameters.



Table 6. Cantilever parameters

Parameter Magnitude Unit
E 210 GPa
v 0.3 GPa
h, w 1 m
L 4 m
F 2 GPa
® 2 Hz

5.2 Numerical modeling

The cantilever is modeled with a mesh consisting of four
elements along the height, twelve elements along the length
and one element in the width direction with the tetrahedral
element presented previously.

As for the composite beam the response of the cantilever
beam is analysed numerically using the implicit NA and the
CDM algorithm for the RBF with the algorithm parameters in
Table 4.

In the present analysis the basis chosen for the RBF
analysis consists of a varying number of modes. To reduce the
locking effects linear modes and their corresponding higher
order modes are included as determined by (13)-(14) using a
Newton-Raphson algorithm. In Table 7 are listed three
combinations of modes used.

Table 7. Modes included in RBF solutions

Case Linear modes Higher order
no. modes no.

RBF 1 1-4 -

RBF 2 1 1

RBF 3 1,4 1,4

In the ‘RBF 1’-case the linear modes 1 to 4 are included
without higher order terms. These modes constitute bending
modes in the load direction (mode 1 and 4) whereas mode 2
and 3 constitute a bending mode opposite to the load direction
and a torsional load around the beam axis. In the ‘RBF 2’- and
‘RBF 3’-case only the bending modes in the load plane
together with their higher order modes are considered.

5.3  Analysis of Cantilever

In Figure 6 is plotted the response of the cross-sectional
midpoint node at the loaded beam end. The blue curve
represents NA solution whereas the remaining curves

represent the RBF solutions.
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Figure 6. Deformation of midpoint node at loaded end.

Considering the full response the deformation it is seen to be
dominated by a frequency equal to the excitation frequency
with amplitude around 2 m corresponding to the static
nonlinear response of the beam if exposed to the load
amplitude, F. Local oscillations appear with a frequency
around 50 Hz corresponding to the first linear bending mode
of the beam. This mode is only slightly excited due to the
relatively slower load frequency. The response in the ‘RBF
1’-case identifies a similar locking phenomenon indicated by
the relatively small global amplitude and the increased local
frequency response. By including the higher order modes the
locking effects are seen to be significantly reduced as the
curves ‘RBF 2’ and ‘RBF 3’ attain amplitudes close to the NA
solution. The solutions ‘RBF 2’ and ‘RBF 3’ are not fully
converged, but their results indicate that by adding few
additional modes with higher order terms the response can
improved significantly.

6 CONCLUSION

It has been demonstrated how to reduce a set of kinematic
nonlinear equations of motion applying a reduced basis
formulation (RBF) introduced by [14] making it possible to
perform fast nodal force assembling. The formulation was
improved using a symmetry condition reducing the number of
assembling terms by fifty percent in the limit state. A
composite beam exposed to a periodic loading was used as
example to demonstrate the potential of the RBF. The results
were influenced by locking introduced through the choice of
included linear modes increasing the stiffness of the model.
However, by adding a few higher order modes to the basis it
was shown that the locking could be significantly reduced.
This was illustrated in a simple example considering a
cantilever beam. Furthermore it was concluded that time steps
of magnitude 107, 10™ s and 10 s allow the simulations to
be performed in real time with up to around 35, 12 and 1
mode(s), respectively, on a standard PC. Based on this it is
concluded that the RBF has potential to perform real time
simulations if choosing a sufficient basis and if possible to go
beyond a time step of 10° sec.

7  APPENDICES

In Appendix 1 the Continuum mechanics theory required for a
finite element formulation is presented. In Appendix 2 the
discretized equations of motion are derived based on the
presented Continuum mechanics. Finally in Appendix 3 the
definitions of the constant matrices in the sum-formulation in
(6) are presented.

7.1  Appendix 1 — Generalized Strains and Stresses

In the present Continuum theory required to arrange the finite
element formulations is presented. The Green Strain measure
is chosen to characterize the state of deformation of the
continuum considered with the conjugate stress given as the
Second-Piola Kirchoff stress measure. A detailed description
of the theory can be seen in e.g. [16-17].

The starting point is the general Green strain tensor
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Where 5”- is Kronecker’s delta, F the deformation gradient,
and D the displacement gradient given as

OX.
Fij :a—xgzéij + Dij =[6,+d, 8,+d, 8,+d;] (19)
j
ou.
I:)i' =—%= [d1 dz ds] (20)
! 8x?
o(ou,
5Dij = E?xo ) =[od, od, od,] (21)

J
As stated on the right hand side of (19)-(21) the tensors can be
arranged as column vectors. This formulation is used to
organize the finite element formulation in the following
section.

The seond Piola-Kirchoff stress measure, S, is related to the
Green strain tensor, E, through the constitutive relation
assuming a Saint Venant-Kirchoff material

Sij = Cijkl Ekl (22)
where Cjy, is a fourth-order tensor of elastic moduli which are
constant. It is often computationally convenient to represent
the stress and strain components as a one-dimensional array.
These are therefore organized in Voigt notation. For the given
case considering orthotropic material this is given as, se e.g.
[18]

1
ViaVaaVar T VigVarVae + VigVar + VigVar + VoV —1 : 23
E(vyvy =D -E(vpv,+vy,) -E(vvy,+v,) 0 0 0 (23)
E,(vovu =D  -E,(vyvu+v,) 0 0 0
E,(vyVu =1 0 0 O
G, 0 0
sym G, 0

G

Xy

Introducing the definition in (19)-(20) into the green strain
tensor in (17) this can be written in Voigt notation as

.
E= [En Ezz E33 2Ez3 2E13 2E12]

8/d, d/d,
8d, d)d,
_| %4, W1 d;d, (24)
8ld,+d.d,| 2|2dld,
d/d, +d.d, 2d;d,
8/d, +9.d, 2d;d,
= Ejip + Eponiin

7.2 Appendix 2 — Finite Element Formulation

In the present appendix the formulation of the element local
discretized equations of motion are presented. The element
local variation, u, is interpolated in terms of the end point
nodal degrees of freedom contained in the vector v as

u=Nv (25)

Where N is the displacement interpolation matrix N for an
element with m degrees of freedom. With this the vectors d; in
(18) can be formulated as

di:g_)l:‘;):ai;?szBiv (26)
The corresponding virtual components to (27) is
od; =Bov (27)
Introducing the notations
2ddeJ- = ddeJ. + d?di
=V'B{B,v+V'BiB,v (28)
= VT(BiTBj + B}Bi)v
(1—;@].)(&8]+|31.Bi)=|3ij (29)
The nonlinear vector E,qyin in (24) can be written as
E_-= %[ "By, V'B,, V'By, VB, VB, VB, | v )

= %C(v)v

Where C(v) is a linear function of v. Furthermore by
introducing the general expression for the linear strains known
linear elastic theory

E,, =Bv (31)

lin

With B denoting the strain interpolation matrix. The Green
strain tensor in (24) can then be written in compact form as

E=Bv+ % C(v)v (32)

Due to symmetry of matrices in (33) the virtual Green strains
on Voigt notation can be found as
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=Bov+C(v)ov

Now the internal nodal load vector g(v) can be organized from
the virtual work equation in static context

]
oV, = jvo SE S dV,

=| (Bov+ Csv) D(Bv + %cw av, (64

=ov'g(v)

With D denoting the material stiffness matrix. The matrix
contribution in g(v) are constant terms, terms linear in v and
terms quadratic in v, respectively. These are defined as

k’=[ B'DBdV,

K'(v) = C(v) DB+ % B'DC(v)dv, %

K2(v, V) = % [cwpew)

The nonlinear equations of motion are found by adding inertia
and damping terms

mv +cv +g(Vv) =f(t) (36)
With m being the mass matrix, ¢ the damping matrix and f(t)
the external load vector.

7.3 Appendix 3 — Formulation of modal matrices

In the following the expressions for the modal matrices in (6)
based on the continuum theory presented in Appendix 1 are
identified.

The local element dofs in v and the global dofs V are related
through the element local topology array L

v=LV=Lgs @7

Where the reduced basis formulation in (3) is introduced.
Introducing this relation into the nonlinear part of the nodal
forces in (33) and projecting this onto the reduced basis in (3)
yields the expression

(I)Tgnon (v)= D' (J i(CT (Lo,)DB +%BTDC(L(pi)) s +
ii%CT(L%)DC(L%)sisj)ms

i=1

From where the local element stiffness’s in reduced
coordinates are identified as
Kl = ®'([ C" (Lo)DB +2 B'DC(Lg, )"
Vo (39)
- 1
Kia =@7(]5C (Le)DC(Lg,)@
VO

(38)[15]

The global stiffnesses in reduced coordinates presented in
general form in (6) are found by summing over the total
number of elements (nel)

nel nel

I‘~<|l = Zr(il,el' Kﬁ = zr(ﬁ,el

el=1 el=1

(40)
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SUMMARY

Despite todays computational power, only small nonlinear numerical substructures in finite element analysis
can be simulated in real time. The size restriction of the substructures is primarily due to the time-consuming
evaluation of the internal restoring forces performed element-by-element. In the present is presented a
method to simulate kinematic nonlinear structures more efficiently. It entails applying a reduced basis with
modal derivatives, representing the nonlinearities to reduce the number of degrees of freedom. Previously,
the modal derivatives have been determined from a set of approximate governing equations. In this work,
by introducing a Taylor series into the free undamped kinematic nonlinear equations of motion, is derived
a novel set of equations representing the complete system of equations governing the modal derivatives.
Furthermore is used a reduced basis formulation (RBF) in order to evaluate the internal restoring forces
efficiently as a sum of constant equivalent force vectors multiplied by reduced co-ordinates. By way of
an example it is shown that only the modal derivatives determined from the complete set of equations are
consistent with the Taylor series. Furthermore, the present method allows up to 70 degrees of freedom to run
in real-time on a standard PC. Copyright © 2010 John Wiley & Sons, Ltd.
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KEY WORDS: Kinematic Nonlinearities; Real-time Simulations; Basis Reduction; Modal Derivatives;
Finite Element Analysis

1. INTRODUCTION

Hybrid testing is a testing method developed by Japanese scientists in the 1960s by combining
a physical component with a numerical simulation, see [1]. If conducted in real time in order to
include dynamic effects, the method is often referred to as real-time hybrid testing (RTHT) or real-
time hybrid simulation.

The principle of the method consists of partitioning a test structure into two parts. One is a
physical part of the structure that is considered to be a black box displaying complicated or unknown
structural behavior. This substructure, therefore, has to be tested in a physical test setup. The other
part is well understood, and its structural response can be determined by analytical means. Thus,
this substructure does not have to be tested in a physical test setup, but can instead be modeled
numerically, and its response can be determined by time integration techniques.

During the hybrid test, a high frequent iteration loop exchanges data between the numerical and
physical substructures. The displacement response of the numerical substructure found from time
integration is imposed onto the physical substructure at the common interface of the substructures
through servo-hydraulic actuators at a finite number of points. The force response from the physical
substructure due to the imposed displacements is then measured by the actuators, and sent to the
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numerical model ending the loop. The following loop is then initiated including the measured force
response of the structure in the numerical simulation. Together, the experimental substructure(s), the
numerical substructure(s), the integration algorithm and the servo-hydraulic actuators, are integrated
through an IT control system to form the RTHT system. For further details about the principle of
hybrid testing see for example [2, 3].

One crucial aspect for RTHT to be successful is that the time integration is robust, accurate
and fast in order to ensure real-time execution. However, when nonlinear behavior is included,
the real-time execution requirement significantly limits the size of the numerical substructures. A
large part of the computational time in nonlinear analysis is spent on evaluating the internal nodal
restoring forces element-by-element, followed by assembling the global set of equations before
conducting each time step. By increasing the size of the numerical models, the assembling time is
obviously increased as well. Simultaneously, increasing the model size and complexity introduces
higher frequencies, which calls for smaller time steps in the integration schemes in order to maintain
stability and accuracy. This again increases the computational time as the assembling frequency of
the internal nodal forces is increased.

Researchers in the RTHT context have considered both implicit and explicit algorithms, and
combinations of these, see for example [4—10]. In [10] a number of implicit and explicit integration
schemes are evaluated in a RTHT setup with nonlinear finite element substructures. The study
concludes that explicit schemes are preferable as these do not require equilibrium iterations, making
them less time-consuming than implicit algorithms. However, the downside of explicit schemes
is that smaller time steps are required to maintain stability of the system compared with implicit
schemes. Yet, the capacity with respect to degrees of freedom (dofs) in the study in [10] is very
modest with an upper limit of around 50 dofs. The largest number of dofs applied in a RTHT with a
nonlinear numerical substructure found by the present authors is 134, see [11]. In many cases, this
can be considered as a modest model size.

One way to lessen the computational time of nonlinear systems is to reduce the number of dofs
in the models. This is also referred to as a reduced order model. This can be done by projecting
the discretized nonlinear equations of motion onto a subspace represented by a reduced basis. The
concept is well known from linear theory, and provides a simple way to reduce the number of dofs
and at the same time cuts off some of the higher frequency content in the model not representing
real physics. The first use of the concept to kinematic nonlinear structural systems can be dated back
to the work of Horri [12], and later to that of Nickell [13]. In both cases, eigenvectors constituted
the basis.

Projection-based methods have been applied in a RTHT context. The authors of [14] use a basis
consisting of linear normal modes, and plastic deformation modes found from static considerations,
to reduce a 50 dof material nonlinear numerical substructure and to perform the simulations in real
time. However, the plastic modes possessed high frequencies, which had to be decreased artificially
by including additional inertia in order to be able to perform real-time simulations.

Since the work with projection-based reduction of kinematic nonlinear equations presented in
[12, 13], a variety of different bases have been developed, and applied in the nonlinear context. [15]
presents an overview and evaluation of the most commonly used bases applied for kinematic
nonlinear structures considering robustness and accuracy. Among these are bases consisting of
Ritz vectors [16], and vectors based on the proper orthogonal decomposition method and modal
derivatives, [17] to mention a few.

In the present article, to simulate kinematic nonlinear systems, is applied a set of eigenvector
modes fulfilling the linearized eigenvalue problem and their modal derivatives. So far, the
modal derivatives have been determined as the solution of the linearized eigenvalue problem in
differentiated form introduced by Idelsohn & Cardona, see [17, 18]. However, by default this system
of equations contains a singular matrix, and the modal derivatives cannot be solved directly. The
most common approach to circumvent this problem has been to neglect the inertia of the system,
leading to a sought of static modal derivative, see for example [17, 19-21]. The authors of [22]
suggest a numerical approach by evaluating the modal derivative as the difference between two
tangent modes at two equilibrium stages separated by a small displacement increment. Furthermore,
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[17,22] discuss the possibility of counteracting the singularity by predefining a component in the
modal derivatives to a value free of choice, and determine the remaining components through a
reduced set of equations. The authors of [18] assume a linear expression for the acceleration. They
insert this into the equations of motion, and differentiating these leads to a recurrence relationship
on static form, from which the modal derivatives can be determined. However, all of the mentioned
approaches lead to approximate solutions. In the present work, the singularity problem is solved by
introducing an additional condition using the Lagrange multiplier method. This allows the modal
derivatives to be determined without introducing any approximations.

More importantly it should be stressed that the equations introduced by Idelsohn & Cardona,
see [17,18], are based on a linearized set of equations. This means that the equations can only serve
as a set of approximated governing equations for the modal derivatives. In the following discussion,
the modal derivatives determined from this system of equations are referred to as the approximate
modal derivatives.

In the present work, is derived a set of equations representing the complete system of equations
governing the modal derivatives. This is done by introducing a Taylor series into the free
undamped kinematic nonlinear equations of motion, and putting forward the argument that all the
generated coefficients in the system should be zero. Each coefficient represents a governing set
of equations. The zero order proportional coefficients represent the equations of motion; the first
order proportional coefficients represent the eigenvalue problem; and the second order proportional
coefficients represent the system of equations governing the modal derivatives. In the following
discussion, the modal derivatives determined from these equations are referred to as the complete
modal derivatives’. The complete set of governing equations derived is nonsingular and the modal
derivatives can easily be determined without having to introduce a number of approximations.
Furthermore, in contrast to the former applied approximate modal derivatives, the complete modal
derivatives are consistent with the Taylor series.

When introducing a basis into the nonlinear equations of motion, the projection-based
reformulation technique presented by Nash [23] can be applied to further reduce the computational
time. The concept consists of introducing a reduced basis into the global equations of motion,
and then reformulating the internal nonlinear stiffness as a sum of constant equivalent stiffness
coefficients multiplied by reduced co-ordinates up to a quadratic order. By simple manipulation the
internal restoring forces can be expressed as a sum of constant equivalent force vectors multiplied by
reduced co-ordinates up to a cubic order. With this global formulation, the time consuming assembly
of the internal nodal restoring forces between each time step can be heavily reduced compared with
the usual element-by-element assembling approach.

Because of its computational saving, the reformulation technique introduced by Nash [23] has
been applied by several researchers; see for example [24-27]. However, there are many ways to
determine the coefficients. In [21, 23, 24] the coefficients are identified by directly manipulating
the nonlinear finite element formulation. The coefficients can alternatively be found from static
solutions by indirect identification [26-28], or from experimental data [25].

The authors of [21] use the reformulation technique of [23] to perform real-time simulations
in a graphical context. They record impressive simulation times. However, they do not enter into
discussion or present detailed information on how large models can be simulated in real time with
the given formulation. The present work will investigate this.

In the following section, is presented the derivation of the novel set of equations representing the
complete set of equations governing the modal derivatives. Next, is presented the differentiated
eigenvalue problem with an additional condition introduced through the Lagrange multiplier
method. Then, in section three, is presented the RBF method. Finally, in section four, is given
an example considering a kinematic nonlinear cable exposed to harmonic loading. The example
is used to exemplify and evaluate the real-time potential of the RBF method. Furthermore, the
example demonstrates that only the co-ordinates of the complete modal derivatives are consistent
with the prediction of the Taylor series. It should be stressed that the RBF method is only applicable
for kinematic nonlinear systems, and not material nonlinear systems, since the effects of stiffness
change due to cracking or plasticity are not included.
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2. REDUCED BASIS AND MODAL DERIVATIVES

In the following section, is presented the concept of projecting the nonlinear equations of motion
onto a reduced basis. Next, is derived a complete system of equations governing the modal
derivatives by introducing a Taylor series into the free undamped equations of motion. Finally, is
considered the linearized eigenvalue problem in differentiated form, and its singularity is removed
by introducing an innovative geometric restriction using the Lagrange multiplier method. To
exemplify the method with a practical example a plane beam element based on Euler-Bernoulli
theory is considered.

2.1. The Governing Equations of Motion

The starting point of the method is the governing equations of motion. Considering an Euler-
Bernoulli beam, the governing equations including the axial strain, ¢, and the curvature, x, are
given as in, see for example [29]:

)5 + g (B1)e) =) m
2'LL
o) 5t~ 3 (PAGE) = ato) @

where x is the local beam co-ordinate, w and u are respectively the transverse and the axial
deformation along the un-deformed beam axis, EI(x) is the bending stiffness, EA(x) is the axial
stiffness, p(x) is the density per unit length, t is the time, and p(x) and q(x) are the external load in
the transverse and axial directions of the beam, respectively. Assuming the Lagrange strain measures
to be valid the strains are given as

f@+1 ow ’ 78271” (3)
6781‘ 2\ Oz » T g2

With the strain definitions in (3) the governing equations of motion in (1) and (2) are seen to couple.

2.2. The Kinematic Nonlinear Equations of Motion

By using the principle of virtual work, the governing equations can be organized in discretized
form. Using matrix notation, the global set of discretized kinematic nonlinear equations in physical
co-ordinates containing n dofs can be generalized as:

MV + CV +g(V) = F(t) “)

where V is an nx 1 vector representing the nodal displacement in global format, with the standard
notation () = d()/dt. Furthermore, M and C are nxn mass and damping matrices, F(t) is an nx 1
external load vector which is a function of time, and g(V) is an nx 1 vector containing the internal
nodal restoring forces. Appendix B gives an example on the discretized equations of motion based
on the 2-dimensional Euler-Bernoulli beam element, including viscous damping.

For the present, only the internal restoring forces, g(V), are assumed to be nonlinear functions of
the nodal displacements due to the kinematic nonlinearities. Furthermore, it is assumed that g(V)

contributes a linear, a quadratic and a cubic polynomial in V. The general formula is:

g(V) = (Ko + K1 (V) + K2(V, V)V 5)
where K is a constant stiffness matrix and K;(V) and K5(V,V) are matrices linear and quadratic
in the vector V, respectively. (5) will be used in section 3 in the presentation of the reduced basis

formulation.
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2.3. Projection of Nonlinear Equations of Motion

The number of dofs contained in the discretized equations of motion in (4) can be reduced by
projecting them onto a reduced subspace. This is done by introducing a relationship between the
physical and the reduced co-ordinates, for example of the form

N
Vad®s=) ¢ (6)
i=1
where @ is a nxN matrix containing N base vectors, ¢,, arranged as columns. Furthermore s is
a Nx1 vector containing the N reduced co-ordinates, s;, i € [1,N]. The number of reduced bases
required to obtain a good approximate solution is usually much smaller than the number of dofs,
thatis, N < n. The size of the ratio N/n will however be dependent on the case considered. Typically,
the modes with a shape and frequency similar to the loading should be included to obtain a good
solution. Furthermore the modes representing the nonlinear effects are important. This is discussed
in more detail in the following section.
In the example presented in section 4, the matrix ® contains the eigenvectors fulfilling the
linearized eigenvalue problem in equation (7), and their associated derivatives.

(K1 —w?M)p, =0 (7

In the following the modes constituted by the eigenvectors of equation (7) are referred to as the
linear modes, and their derivatives are referred to as the modal derivatives’.

Projecting the discretized equations in (4) onto the reduced subspace represented by (6), and
multiplying by &7 on the left hand side, yields the general formulation for the projected nonlinear
equations of motion:

ms + & + g(s) = £(¢) 8)
where the following matrix definitions have been introduced

n=®"TM® , ¢=dTC® , g(s)=&Tg(®s) , f(t)=d"F() 9)

2.4. Modal Derivatives

When choosing a reduced basis for the analysis of kinematic nonlinear structures, it is important to
take into consideration the effects from the nonlinear behavior. In the case of the Euler-Bernoulli
beam, it was demonstrated that the nonlinearity introduced a coupling between the transverse and
longitudinal deformations through the axial strain, see equation (3). Modes representing coupling-
activated deformations are, therefore, important. Not including these may lead to locking, and result
in a heavily increased stiffness of the system, affecting the accuracy of the results.

It can be a difficult task to evaluate which modes are required to represent the deformations
activated due to coupling effects. One approach is to include modal derivatives since these represent
the higher order effects of the system. This can be shown by first expanding the displacement field
'V (s) as a Taylor series in the reduced co-ordinates s;

oV 1 L 92V
V(S) =Vy+ Z 35; (Sj — Sjo) + B} Z Z 65]‘&; (Sj — Sjo)(sk - 3k0> + ... (10)

By inserting the basis in (6) into (10), the displacement derivatives can be written in the form:

N
e,
asj =a5; <§; sozsz> = Z Dy, ST (1D
PV 9 Po., | Opi | 0,
0505y, " Osy (831) Z &sjsk 35J + sk (12)

From (11) and (12), the displacement derivatives are seen to include the linear modes and their
modal derivatives up to the second order.
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2.5. Governing Equations Based on Taylor Series

The following presents a novel set of equations representing the complete system of equations
governing the modal derivatives in (11) and (12). Only the main steps are presented here. Readers
who are interested in the full details are referred to Appendix A.

The starting point of the approach is to consider the free undamped kinematic nonlinear equations
of motion:

MV +g(V)=0 (13)

A higher order displacement field is chosen to be introduced into (13). In the given case, the
Taylor series in (10) is taken as the natural choice, including the terms up to second order. The
acceleration is found by differentiating this twice with respect to time:

. N ov 2y
Vis)=Y" 9 HE 1 0Wo [3; (s — sw0) + 2385 + (35 — 5j0)8k] (14)

It is then assumed that the co-ordinates s; are given in the form
55 = Ajewi(sr)t (15)

with A; denoting the amplitude. This is multiplied by the complex exponential function
dependent on the time, t, and the frequency w;(s). As the free and undamped system is considered
the amplitude is assumed to be constant. The frequency will, however, be a function of the
displacement field since kinematic nonlinearities are included. By considering the system of
equations at time t = 0, and by introducing the definition

Sj:Sj(tZO) 5 széj(tZO) s §j:§j(t:0) (16)
the velocity and acceleration can be evaluated from (15) as:

Ow; (k)
ot

5 =idw;(sk)s; , 85 =12 55 — w?(sk)sj 17)

By expanding the frequency w;(sy), raised to the first and second powers respectively, into a
Taylor series, and by introducing (10), (14), (15) and (17) into (13), this can be expressed as a
polynomial in the co-ordinates s; of the form:

N N N
A+) Bjsj+ > Y Cisjsp+..=0 (18)
j=1

j=1k=1

A, B; and Cjy, in (18) are vector coefficients. Since the co-ordinates s; can take on any value,
it can be argued that all of the vector coefficients should be zero in order for the equations
to be satisfied in all cases. Replacing each coefficient with zero, yields a set of governing
equations. The zero order proportional coefficients represent the equations of motion; the first
order proportional coefficients represent the eigenvalue problem and the second order proportional
coefficients represent the equations governing the modal derivatives.

In Appendix A, the second order proportional coefficients are derived using the Euler-Bernoulli
beam element that will be used in the example in section 4. These coefficients lead to a system of
equations governing the first and second order displacement fields 9*V /(9s;0sy) and OV /0s; of
the form:

1 82V0 8K5(5k) 8VO
Kr(V Ejr — (w; M| < =—|CixM + —/—— + 9K
Kr(Vo) + (B = -4 M| 50 — < on 4 ZC8 4 o ()| 5
19)
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where K1 (V) is the tangent stiffness matrix, E;; and C,j, are constants, w; and wy, are the linear
frequencies belonging respectively to the linear modes numbers j and k, 0K g(s;)/0s; is the
differentiated secant stiffness, and 9K 4 (sy) is an additional stiffness contribution.

Since 8%V /(ds;0sy) and OV /ds; both contain unknown modal derivatives of different orders,
as seen in (11)-(12), it is not by default possible to determine the modal derivatives from the system
of equations in (19). However, by inserting (11) and (12), and by considering the special case with
zero initial deformation, the equations in (19) can be simplified to:

0Ks0(0)
8Sk

1/0 9 Buw;
Kro(0) — (w; + Wk)QM:| 5 (“0’“0 n %0> - {2 30 (w0 — wio)M — ¢ (20)

0s; 0sy, 0sy,
As seen from (20), the modal derivatives only appear as a sum on the left hand side. These are
easily determined by inverting the matrix [Kro(0) — (w; + wy)*MI, consisting of the difference
between the tangent stiffness and the mass matrix multiplied by the squared sum of the linear natural
frequencies. The right hand side consists of the mass matrix multiplied by the difference between
two times the linear frequencies of modes j and k, and multiplied by the natural frequency of mode
j differentiated with respect to the co-ordinate s;. The differentiated secant stiffness is subtracted
from this, before multiplying by the j-th linear mode.

2.6. Determination of Differentiated Frequency

The differentiated natural frequency on the right hand side of (20) is an unknown quantity. The
symmetry of the governing equations can be used to determine this. It is obvious that the left hand
side of (20) is symmetric with respect to the subindeces j and k. In order for the equations to be
consistent, this requires the right hand side also to be symmetric with respect to these indeces. It is
therefore valid that:

0K
aSj

&ujo

8sk

2 (wWro — wjo)M — Pro (21)

(wjo — wro)M — aKSO} jo = {2&%0

aSk 8sj

Multiplying (21) through by cpJTO and introducing the orthogonality relationship known from linear
theory:

‘PjToMSOko =0 (22)

which is valid when w; # wy,, and the following relation is found:

ow i0 1 (9](150‘ aKso
9 9Wi o _ 7 _ o7 23
0sy, (wjo = wko) mj( 0sy, ®j 0s; LPk) (23)
where
0ksoj 0K,
mj = ‘PjToM‘Pjo ) (‘3skj = ‘PJTO 8skj Pjo (24)

Inserting (23) into (21) one arrives at the formula

1/ 0¢p Oy 0 1 (0kso; 0K s 6K50(0)
Kro(0) — (w, oM = PPro | TR0 | L i _ T M - 20
70(0) — (wjo + wko) ] 2< ds; + Dsp, m; \ Osy, i ds; Pr dsi. | ¥

(25)

The system of equations (25) represents the final expression for the equations governing the modal
derivatives.

2.7. The Differentiated Eigenvalue Problem

The complete modal derivatives determined from (25) are compared with the approximate modal
derivatives. The latter are determined from the linearized eigenvalue problem in differentiated form
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introduced by Idelsohn & Cardona, see [17, 18]. The starting point is the linearized eigenvalue
problem

(Kr(V) —wiM) ¢, =0 (26)

If the modal derivative of mode ¢, with respect to the reduced co-ordinate s; is required the
eigenvalue problem in (26) is differentiated with respect to s;. This leads to the system of first
order differential equations:

Op; Ow? OKr (V)
W2 i (R BTV
(K7 (V) — w;M) 7, (asj M 95, P, (27)

The desired modal derivative is seen to appear on the left hand side, multiplied by the matrix
appearing in the eigenvalue problem in (26). The right hand side of (27) consists of a matrix, which
is the difference between the product of the squared natural frequency and the mass matrix, and the
tangent stiffness in differentiated form. This matrix is multiplied by the linear mode.

As the matrix on the left hand side of (27) appears in the eigenvalue problem the system of
equations is by default singular. Thus, it is not possible to invert the matrix and determine the higher
order mode from this system of equations. However, by introducing a geometric restriction on the
modal derivatives it is possible to eliminate the singularity.

2.8. Geometric Restriction on Modal Derivatives

The full solution to the modal derivative in (27) is given as a sum of the homogeneous solution and

its particular solution
(98]' 88]' Hom asj Part

As the homogeneous system of equations (27) corresponds to the eigenvalue problem in (26), the
homogeneous solution must be of the form

{8“’1' } _ Bp: 29)
asj Hom

where [ is a scalar free of choice.

A restriction could be to anticipate that the homogenous and the particular solutions might be
orthogonal, that is, their scalar product is zero. An argument in support of this is that, if the particular
solution includes information already present in the homogenous solution, this information would
be redundant, and vice versa. Thus, a geometric restriction can be expressed as:

T
8Sj Hom 6Sj Part

Assuming the particular mode to have a frequency different from the homogenous mode, the mass
and stiffness orthogonality conditions also apply

0y, Oy,

T i T i

p; K (V){ } :cpiM{ } =0 (31)
! asj Part asj Part

Considering the system of equations in (27) to be derived from a minimization condition with
the modal derivative as the variable parameter, the Lagrange multiplier method can be applied to
introduce a geometric condition, see for example [30]. Introducing the condition presented in (30),
together with (29) into (27), leads to the following system of equations:

(KT(V);w,»QM) soz] {{Z‘fj}\}lsm} — {(ngM— Taﬂf)) %} (32)

®; 0

K3
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with A being the Lagrange multiplier, which is an additional unknown introduced. In the present
case, this is a scalar. This matrix system is nonsingular.

It should be stressed that, due to the introduction of the geometric condition into (30), the modal
derivative in (32) only represents the particular solution. To obtain the full modal derivative, this can
be added to the homogenous solution in (29).

2.9. The Differentiated Natural Frequency

An expression is determined for the differentiated natural frequency in (32). For this it is assumed
that the eigenvalues w? have geometric multiplicity of one. For a further generalisation to the cases
with geometric and algebraic multiplicity higher than one, the reader is referred to [22]. Thus, in the
present case the matrix (K — w?M) is assumed to be singular with a rank of N-1. This implies that
the right hand side of (27) has to fulfill one condition in order for a solution d¢,/0s; to exist. This
condition is found by multiplying equation (27) by 7', and inserting (28) and (29). This yields:

D, Ouw? K (V)
T W2 ) J —ol [ v - 222 )
ol (Kr(V) — w?M) <6<p, + { 55, }Pm) % ( 75, M 95, ) (33)

Inserting the eigenvalue problem (26) and the orthogonality conditions (31) into (33), the left
hand side becomes zero, and an expression for the natural frequency in differentiated form can then
be found as:

8w2 1 ak'Ti
L= 34
65]' i aSj ( )
where the following definitions have been introduced
Okr; OKr(V
m; = @] My, ri _ prrlV) (35)

88]‘ ‘ 88]' Pi

Inserting (34) into (32), the system of equations governing the partial modal derivatives is written

as
2 ¢, —10kring _ OKr(V)
(KT(V; M) cﬂ {{ 881)\}Parf} _ {(m Bk, M0 ( )Lpi} 6

Several significant differences can be observed when (36) is compared with (25). First of all, it
is the tangent stiffness that appears on the right hand side of the approximate equations in (36),
whereas the secant stiffness appears in the complete set of equations (25). Furthermore, on the left
hand side of (36), only a single mode appears, whereas in (25) the modal derivatives appear as a
sum of modes, and the corresponding linear natural frequencies appear as a squared sum.

3. THE REDUCED BASIS FORMULATION

The following section presents the concept behind inserting a reduced basis into the internal
restoring forces, and manipulating these into a cubic polynomial in the reduced co-ordinates. The
concept is based on the works of Nash, Shi & Mei and Slaats et al. [22—24] and the formulation is
referred to as the reduced basis formulation (RBF).

3.1. The Equivalent Force Vector Coefficients

The internal restoring forces present in the projected equations of motion in (8) are expressed as a
cubic polynomial in the reduced co-ordinates. Complying with equation (5), the projected internal
restoring forces contain the three projected stiffness matrices presented in (37):

N N N

Ko =Ko , K (®)® =) Kyis; , PKy(®s,®s)®=> > Kyjjsis; (37)
i=1 i=1 j=1
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As shown, the matrices K;(V) and K2(V, V) on projected form can be expressed as a sum of
coefficients multiplied by the scalars s;. The matrices Ky, K;; and K, .i; denote the equivalent
stiffness matrix coefficients and are constant. With the above introduced definitions, the internal
restoring forces after projection are given by the expression:

g( <K0+ZK1 zSz+ZZK2 13313_;) (38)

=1 j=1

In order to express g(s) as a sum of equivalent force vectors is introduced the following vector s
al T
=Y ikse ik =[Ok, Gok, o Onk] (39)

k=1

with §;; denoting the Kronecker delta. This allows the internal restoring forces to be written in cubic
form with respect to the reduced co-ordinates:

N N N

qu iSi +qu2 ZjSlS] ZZZ q43,ijkSiS;Sk (40)

=1 j=1 i=1 j=1 k=1
with the constant equivalent force vector coefficients defined by:
a1,; = Koi;, az,i; = Ko 4ij, as,ijr = Koijik (41)

Equation (40) is referred to as the RBF. It is very convenient since it allows all the equivalent
force vector coefficients to be arranged before starting the time integration. Thus, the usual time-
consuming evaluation of the internal restoring force contribution performed element-by-element for
every time step is replaced by a simple summation where only the reduced co-ordinates vary. As will
be illustrated in the example in section 4 the equation (40) makes it possible to perform real-time
simulations on a standard personal computer (PC).

An important aspect regarding the evaluation of the internal restoring forces in real-time is that the
matrices qi;, 92,;; and qs ;;x do not exceed the memory capacity. However, for the size of systems
considered in the given article, this is not seen to be an issue. For the largest model presented in
section 4.8 that contains 78 modes, these matrices only use approximately 50 MB in total.

3.2. Reduction of Quadratic and Cubic Summations

The number of summation terms in (40) can be reduced further by taking advantage of the symmetry
of the products between the reduced co-ordinates. The symmetry implies that:

S$iSj; = 5585 (42)

5i8jSk = 8iSKSj = 5;5iSk = 5jSkS; = Sk5;5; = SkS;S; 43)

and allows for the quadratic and cubic summations in (40) to be written as the expressions on the
right hand sides of (44) and (45):

N N N i
DD @ijsisi =YY @588 (44)

=1 j—=1 =1 j—=1
N N N N i

~
E E g as,ijkSiSjSk = E E E Q3,5 5iSj Sk (45)
i=1 j=1 k=1 i=1 j=1 k=1

The interior summation indeces on the right hand side now run from 1 to the value of the exterior
neighbor index. The outermost index still runs from 1 to N. The equivalent force vector coefficients
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on the right hand sides of (44) and (45) are defined by:
A3,ij = Q2,55 + (1 — 055)Q2,ji (46)
Q306 = D3.ijk + (A35ki+A3 ki5) (1L — 0ij05%) + (A3,ik5 + A3,kji + 43.5ik) (1 — 045) (1 — djx) (47)

Introducing (44) and (45) into the projected restoring forces in (40), these are reduced to

qu 151+qu2 17318]+Zzzq3 ”kS S5Sk (48)

=1 j=1 i=1 j=1 k=1

The number of terms, T, in the first, second and third order summation expressions, respectively,
in (48) are given by the formula:

N 4
N =111 (49)

i=0

where x denotes the order of the summation expression. Thus, the total number of summations in
(48) equates to:

11 1
Ty =Y T(N)= SN+ N2 ¢ 6N3 (50)

The number of terms in (50) should be compared with the N+N2+N? terms present in (40). Thus,
when the product symmetry is utilized, there is a drastic reduction in the number of terms as N
increases.

4. ILLUSTRATIVE EXAMPLE - SIMPLE SUPPORTED CABLE

This section considers the example of a simple supported cable modeled with plane beam elements,
with two nodes exposed to a transverse harmonic line load. The purpose of the example is to
compare the solutions obtained using the complete modal derivatives and the approximate modal
derivatives. Furthermore, it is used to consider the real-time simulation potential of the RBF
presented in section 3.

Firstly, is presented the beam element formulation. From this is established an example based
on the equivalent force vectors in (41), and the differentiated secant stiffness and tangent stiffness
present in (27) and (36), respectively. This is followed by a description of the cable example under
consideration, including geometries, stiffness parameters, and loading. Next is considered a short
description of the model parameters, covering mesh and integration scheme details. Finally, is
presented an analysis of the results and a discussion focusing on the accuracy and the computational
time.

4.1. Finite Element Formulation for Plane Beam Element

The plane beam element shown in Figure 1 is used to model a simple supported cable. The element

1 02
Tm f\?
lx Tvly Vay T 2x
\ly\ l /‘l/

Figure 1. Plane beam element.
has two nodes, each with two translational dofs, v;, and v;,, and one rotational dof, 0;,i ¢ {1,2}. It
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spans the domain (2.; of length /. Shape functions of second order are used to describe the bending
deformation and shape functions of the first order are used to describe the axial deformation.

The generalized stresses consist of the normal force, N, and the moment, M. The work conjugate
strains are the axial strain, ¢, and the curvature, k. To include kinematic nonlinear effects, is used
the Lagrange strain measure introduced in equation (3). The stresses and strains are collected in the
vectors o and €, using the notation ()’ = 9()/dx:

-3} i)

Through the concept of virtual work, the element local equations of motion can now be derived.
However, details of this are not presented here, but can be found in Appendix B. The introduced
strain and stress definitions lead to the element local’s internal restoring forces, of the form

8el(Vel) = /Q

where B and B, are strain interpolation matrices, D is a material stiffness matrix, v is the dof
vector, and G is a symmetric matrix representing a mixed product of the element displacement field
in differentiated form. The matrices B and B, stem from the linear strain measures ©’ and w” in
(51), and G from the nonlinear term £ (w’)2.

To transform the element contribution into global form, is introduced a transformation matrix,
ﬂel, that relates the element local dof vector v.; and the global dof vector V:

FA
<BTDB P4 (BTG 2avB, + vaTG)> vad  (52)

el el

Vel = f‘elv = Vel (53)

The global internal restoring forces are found by introducing (53) into the internal restoring forces
in (52), and summing over the total number of elements (nel):

nel
- EA - _ EA - - _
g(V)=> L] / (BTDB + 5 (BIVT'G +2GVB,) + 2GVVTG> LoV dQy
el=1 Qet el
(54)
By identifying the following matrices from (54):
nel ~ _
Ko=)» L] / (BTDB) , Lo d€; (55)
el=1 Qe
nel EA
Ky (V) =Y L / — (BI'V'G +2GVB.) Ly Q. (56)
el=1 Q2 2 ‘
nel EA
Ky(V,V) =) L], /Q - (GVV'G), L d2e (57)
el=1 el

it is recognized that (54) is of the form presented in (5).

4.2. Equivalent Force Vectors

The equivalent force vectors defined in (41) can now be identified for the considered plane beam
element. This is done in two steps. Firstly, the stiffness matrices in (55) to (57) are transformed
into the reduced co-ordinate system defined in (6), as was done in (37). Then the projected stiffness
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matrix coefficients are multiplied by i, and the equivalent force vectors are identified as:

nel

ai=@" Y [ 14 (BTDB), L d0.®i (58)
el=1"7 et
nel

oy = @7 > LT / ( (BT TL, G+2GL¢ZB)> Lo dQ®i; (59)
el=1 el
nel A

asijn = @7 > LY / ( GLe "L G> L dQ®ix (60)
el=1 el

When evaluating the internal restoring forces in (48) in the MATLAB simulations, is applied the
following matrix format:

g(s) = Qis + Qas, + Qss. (61)

with the matrix definitions:
Q= [(11,1 di2 - 511,1\7] (62)
Q2 = [‘i;,u 61;,21 (~l§,22 613,31 (l;,NN] (63)
Qs = [q§,111 3211 93201 93202 D311 - 61§,NNN] (64)

and the vector definitions

Sq = [5151 S$981 8989 S381 ... SNSN]T (65)
Se = [slslsl §951S1 S28981 S9S52S2  S358181 ... stNsN]T (66)

Evaluation of the internal restoring forces in (61) involves O(N4) operations. Furthermore the
generation of the vectors s, and s, involve O(N?) and O(N?®) operations, respectively.

4.3. Differentiated Secant Stiffness Matrix

Equations (25) and (36) require the secant and tangent stiffness matrices, differentiated with respect
to the reduced co-ordinate, s;. From (54), the global secant stiffness can be identified as:

nel

=y 1} / <BTDB+ B4 (BIV'G +2GVB, +GVVTG)) Lo dQq  (67)

el=1 el
and the tangent stiffness is given by, see Appendix B equation (124):

nel
Kr(V)=> / L] (BTDB+
el=1 Q
~ . -~ - 1~ - -
EA (BZVTG +GVB,.+GVV'G +B.VG + 2VTGVG>> L. dQ.  (68)
el

According to (6), V is a function of s;. Thus, when differentiating (67) with respect to s;, only
the vectors, V, are considered to be variables. Therefore, the secant stiffness in (67) in differentiated
form becomes:

nel
ZL / EA BZW G+2G8—VB +G aVVT+VaV G| L. dQqy
2 0s; 0s; 0s; 0s; .l

(69)

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng (2010)
Prepared using nmeauth.cls DOI: 10.1002/nme



14 S. ANDERSEN AND P. N. POULSEN

and the tangent stiffness in (68) when differentiated becomes

ne ~ T ~ ~ ~ T
K (s) l ~T/ L OV Y OV ey OV
=L EA|BIZ= B = >
55, elz::l a B, G+Gasj +G asjv +Vasj G+

B.VervieNa)| 1,40, (70)
8Sj 6547‘ .

where the symmetry of G has been utilized.

4.4. Cable Geometry and Loading

Next, is considered a simple supported cable of length [ exposed to a transverse uniform load p(t)
along half of its length, see Figure 2.

POy v vy v v v y
P D, EA, EL p AN

K I YV
A A A

L L
2 2

Figure 2. Simple supported cable.

The cable has a diameter, D, Young’s modulus, E, cross-sectional area, A, second moment of
area, I, and a density, p. The load, p(t), consists of two harmonic load contributions in phase with
the first and second natural bending frequencies w; and ws, respectively. The formula for p(t) is:

p(t) = Fisin(wit) + Fasin(wat) 71)

where F; and F5 denote the load amplitudes. Table I presents the applied cable and load parameters.
To enhance the kinematic nonlinearities, the bending stiffness is set to be very small compared
with the axial stiffness.

4.5. Time integration

To perform the analysis of the cable, is used the implicit Newmark integration method and the
explicit central difference method (CDM). The algorithms are implemented into a local MATLAB-
based finite element method (FEM) program. In this regard, it should be stressed that the code
cannot be considered fully optimized. Therefore, it is expected that, if the code is optimized and
implemented in a faster programming language, the simulation times of both the full and reduced
FEM models presented in the following can be further decreased.

To ensure the algorithms are implemented correctly in MATLAB, an ABAQUS model is made for
comparison. In this context, in order to interpolate both the transverse and longitudinal displacement
fields, is used a three-dimensional element, denoted by B31, with two nodes and linear shape
functions.

To perform real-time simulations the RBF is integrated into the CDM scheme. The reason for
using an explicit scheme to perform the real-time simulations is based on the recommendation
from [10], as was also discussed in the introduction.

In Table II is presented the algorithm parameters used. At refers to the time step magnitude and is
listed as an interval covering all the conducted simulations presented in the following. The weighting
parameters required when applying the Newmark time integration method are denoted v and 3. The
values chosen correspond to the average acceleration case in linear problems, with unconditional
stability with respect to time-step magnitude, see for example [31]. The nel used to model the cable
is also given as an interval of 20 to 30 elements. The solution converged for 20 elements in the
MATLAB code. However, the nel had to be increased in the real-time analysis in order to increase
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the number of modes, and to find the real-time limit with respect to the number of modes. With four
boundary restrictions and three dofs at each node the number of modes are increased from 59 to 8§89
going from 20 to 30 elements.

According to [2,3,32,33], in the RTHT context, the range for the time step magnitude, At, is often
between 10~2 and 103 seconds. Thus, the given time step interval applied should be representative
of the RTHT context. It should however be stressed that the required time step magnitude will be
dependent on the structure considered.

4.6. Implementation Check and Case Validation

The implementation of the different algorithms is checked to start with. Furthermore it is
investigated whether the cable example displays sufficient nonlinear behavior to be considered as a
relevant case study for kinematic nonlinearities.

In Figure 3 are plotted the linear and nonlinear transverse deformation of the cable midpoint, v,,,
considering a 10-second interval, using respectively the linear Newmark (LN), nonlinear Newmark
(NN), linear CDM (LC) and nonlinear CDM (NC) schemes. Furthermore are plotted a linear
ABAQUS (LA) and nonlinear ABAQUS (NA) solution.

Vi [m]
0.15
&
2%

0.1F !
$

,@'Q\Q ;

0.05 g % ¢

00sf o LC o00? &
o LA & ¢"
o1F Elé Qe d
*x NA
-0.15 ‘ : : : it [s]
0 2 4 6 8 10

Figure 3. Transverse deformation of beam midpoint from linear Newmark (LN), linear CDM (LC), linear
ABAQUS (LA), nonlinear Newmark (NN), nonlinear CDM (NC) and nonlinear ABAQUS (NA) solutions
for a time step magnitude At=10"% sec..

The responses represent the full solution in the converged state with respect to both time step
magnitude (At =10"* s), iteration residual and the number of elements. To converge, the MATLAB
models required 20 elements, and the ABAQUS models required 30. This is assumed to be due to
different element formulations.

From the graph it can be seen that all of the linear solutions are identical. The same is true for all
of the nonlinear solutions. This confirms the implementation to be correct. In the nonlinear case, the
amplitude is seen to be more or less bounded; whereas, in the linear case the amplitude continues to
increase during the entire time interval considered. The significantly different behavior in the linear
and the nonlinear cases verifies that the structure is a relevant case study for kinematic nonlinearities.
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4.7. ROM-Based Beam Response

In the following, the solutions obtained using the complete modal derivatives and the approximate
modal derivatives are considered and compared. Figure 4 shows the nonlinear case using the RBF
with a different number of linear modes and their modal derivatives determined from equation (25).
Figure 4(a) shows the full 10-seconds time interval, and Figure 4(b) shows a close-up of the section
of the graph marked by the box in Figure 4(a).

5.6 5.8

54
(b)
Figure 4. Transverse deformation of beam midpoint with nonlinear CDM (NC) and nonlinear CDM

integration schemes with modal derivatives (CRD) and without (CR) considering (a) the full 10 seconds
interval and (b) a close up.

The CR2-curve represents the response obtained using only the first and second linear bending
modes. The CRD2-curve and CRD3-curve represent the responses including respectively the first
two and first three linear bending modes and their associated modal derivatives. The definition of
the associated modal derivatives are those comprising all the possible combinations of d¢, /0s; for
i,j € [1,N] with N being the number of linear modes applied.

From the plots shown in Figure 4, it can be observed that the CR2-curve is significantly different
from the others. The amplitude is within the same range as the other solutions, but the response
frequency and shape are different. The response is greatly improved by adding the associated modal
derivatives. This can be observed by considering the CRD2-curve, which is almost identical to that
of Newmark solution, except for small deviations close to the local maxima and local minima, as
seen in Figure 4(b). By including the third linear mode and the associated modal derivatives, the
response (CRD3) becomes almost fully identical to the NC solution.

The CRD3 response was executed with a time step of magnitude At =3-10"% s, so as to
maintain precision and stability. This is three times the time step applied for the full NC solution
response plotted in Figure 3. Increasing the time step is possible because some of the high frequency
content is filtered out when projecting the equations of motion onto the reduced basis applied.
Furthermore, the simulation time spent on the CRD3 curve was 0.8 s. This is more than 100 times
faster than the NC simulation which lasted for 129 s.

In the given case, the approximate modal derivatives are identical with the complete modal
derivatives with respect to shape, but have a different amplitude. Thus, with the approximate modal
derivatives applied to generate the solution curves in Figure 4, is found identical deformation
responses. However, for more complex structures, it is expected that the shape will also differ
between the complete modal derivatives and the approximate modal derivatives, leading to different
responses. In the given case it is also found that only the complete modal derivatives fulfill the
relationship between the co-ordinates of the linear modes and the modal derivatives predicted by
the Taylor series in equation (10).
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When three linear modes and their modal derivatives were applied to obtain the CRD3 curve, the
following approximation was used

S1
52
53
_ ey 9py | Oy Oy | Opg Opy | Opg Opg | ) 54
V= [901 P2 P3 Bs, (852 + 75 dss T Ds1 Dss 1 Dss ds3 S5 (72)
56
S7
58

with a matrix containing the three linear modes in the first three places and the modal derivatives in
the final places. These were multiplied by a vector containing eight independent co-ordinates, s;, i €
[1,8].

It should be stressed that the modal derivative J¢p,/0s2 was left out of the basis when using both
(25) and (36) to determine the modal derivatives. The reason for this is that a Gauss elimination on
the matrix in (72), including ¢, /s, in both cases, revealed the following linear relationship:

% _ 3 (a‘Pl 89%) 1 Iy (73)

852 T g 383 881 1 881

Thus, in order to avoid singularities, the mode Oy, /sy is not included in (72). By inserting
the relationship in (73) into the Taylor series in (10) for sio = 0, and by comparing this with the
expression in (72), predicts the following relationships between the co-ordinates of the linear modes
and the modal derivatives:

54= 57 — is% , S5 =81S2 , Sg=S1S3— gsg , 87 =583 , Sg=53 (74)

The s4 relationship in (74) is plotted in Figure 5(a) for the case where the modal derivatives are
determined from the complete system of equations in (25). From the graph it is obvious that the two
curves are identical. The same relationship is plotted in Figure 5(b), but based on the solution with
the approximate modal derivatives. It can be seen from the graph that the relationship is not fulfilled
in the given case. The shapes of the two curves are almost identical, but a factor of two separates
them.
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0ERP 74 @ ‘:" = a7 4 L a?f
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01t !
Jo ? i o) S
M o}
0.2 o o qi (0]
o) & q
03Ff &
® @
@ o)
041 q b
3
— 84 l
051
¢} 82 — l82 1) t [S]
1, 472 ‘ ‘ |
-0.6
0 2 4 6 8 10
(a) (b)

Figure 5. Plot of the co-ordinates s4 and §2 — %s% based on (a) the complete modal derivatives and (b) the
approximate modal derivatives.

The same pattern shown in Figure 5 is seen when the remaining relationships in (74) are plotted.
It can be concluded from these observations that the governing system of equations in (25) are seen
to fulfill the Taylor series, whereas the equations in (36) do not.
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4.8. Real-time Analysis Using The RBF

Next, is considered the real-time potential of the RBF with the internal restoring forces of the form
presented in equation (48). The simulations are executed on a PC with an Intel Core 17 3036QM
processer with 4 cores, 2.4 GHz and 8 GB RAM.

The real-time potential is considered as the maximum number of modes that can be included
in the RBF if the simulations should run in real time. The analysis is performed by considering
the harmonic loaded cable for different time-step magnitudes. In this regard it should be stressed
that the response errors have not been considered. Therefore, the results based on models applying
fewer elements and higher time steps than those shown in Figure 4, may include deviations in their
responses.

Three curves are plotted in Figure 6, representing the time spent on simulating the tg;,, = 10
second cable response time as a function of the sum of linear modes and modal derivatives, Np. The
time-step magnitudes considered are At = 1072 s, At = 1072 s and At = 10~* s, respectively.

t [s]

14 r

At=10"s  Ar=10"2s

12

00—~ ————————— == tsim

e e o w Nl

0 10 20 30 40 50 60 70 80
Figure 6. Computational time spent on simulating ts;,,, =10 seconds as function of the total number of
modes, N, using the RBF for the step magnitudes At = 107%s, At=10"3sand At =10"2s.

The horizontal dashed line represents the time of the simulation. Result points below this line
represent the simulations that can run in real time, whereas the result points above the line are those
that exceed the real-time limit.

From the plots it can be seen that the computational time is a nonlinear function of the total
number of modes, N, in the basis. This is as expected since the evaluation of the restoring forces in
equation (61) and the organization of the reduced coordinates in equation (65) and (66) are nonlinear
functions of the number of modes. However, from the curve representing the smallest time-step, it
is evident that the curves start out following the graph of an approximate linear function of Ny,
and then follow the graph of a more nonlinear function from around Nt ~ 3, and values beyond.
This could be explained by the fact that the remaining operations in the time integration algorithm
dominate for small values of Np. Furthermore, as expected, the smaller the time-step is, the fewer
modes can be included before the real-time limit is exceeded. For the smallest time-step magnitude,
At=10"*s, around 20 modes can be contained in the model when run in real time. Using a time-step
magnitude of At=1072 s, the number of modes is increased to about 76. When simulating the latter
curve the mass of the structure was increased in order to decrease the frequencies. Otherwise, the
simulations became unstable.

Again, it should be stressed that the simulations are executed on a standard PC. Furthermore, the
in-house MATLAB code is probably not optimized. Thus, it should be expected that the number of
dofs could be increased when implementing the method on faster devices, and optimizing the code.
Thus, with this in mind, it can be concluded that the method exhibits high real-time potential within
kinematic nonlinear structures.
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5. CONCLUSION

A method to reduce the computational time of kinematic nonlinear equations has been presented.
The first step of the method consists of introducing a reduced basis, including the modal derivatives,
into the nonlinear equations of motion, and thereby reduces the number of dofs. As an alternative
to determining a set of approximate modal derivatives by solving the usual applied singular and
linearized eigenvalue problem in differentiated form, a complete system of equations were derived.
These were found by inserting a Taylor series for the displacement field into the free undamped
kinematic nonlinear equations of motion, and arguing that all coefficients should be zero to fulfill
the system of equations.

The second step in the method was to reduce the computational time further by applying a reduced
basis formulation. Using this, the global restoring forces were expressed as a sum of constant
equivalent force vectors multiplied by reduced co-ordinates up to a cubic order. This allowed for
a fast assembling of the internal forces between each time-step compared with the usual element-
by-element assembling approach.

A example with a simple supported cable exposed to harmonic loading modeled by beam
elements was used to compare the complete modal derivatives with the approximate modal
derivatives. Furthermore, the real-time potential of the method was demonstrated. From the
example, it was concluded that using different modal derivatives produced identical solutions.
However, only the modes determined from the complete system of equations fulfilled the
relationship between the co-ordinates of the linear modes and modal derivatives predicted by the
Taylor series. Furthermore it was found that, for a kinematic nonlinear system, a model with up to
around seventy dofs can run in real time on a standard PC for a time step magnitude of At = 1072
seconds.

A. DERIVATION OF GOVERNING EQUATIONS FOR THE MODAL DERIVATIVES

The system of equations governing the modal derivatives are derived. The free undamped kinematic
nonlinear equations of motion are considered:

MV 4 g(V)=0 (75)

with the internal restoring forces g (V') as defined in (52).
Then is introduced a Taylor series up to second order to express the displacement field, V (s), as
a function of the reduced co-ordinates collected in the vector s:

8V0 8 VO
V0+Z asj J ZZ asjask $j0) (8K — sko) + ... (76)

j=1 jlkl

where the subindex 0 indicates the value at the initial stage, and represents the notation
Vo =V(sg) )

The differentiated displacement fields of first and second order in equation (76) contain both
linear modes and modal derivatives up to the second order. This is realized by inserting the reduced
basis introduced in (6).

N
Sl )

0’V 0 8 0y,
_ 9 Z . (79)
0sj0s,  Osy (98] (9sj sk 85, 0sy,
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From equation (76) the acceleration is found by differentiating twice with respect to time

. 8V0 1 67 Vo . .
Ve j=1 Z Z 2 9s;0s1, 8sk = sh0) + 2+ (55 = sj0)5] (80)

It is then assumed that the solution to the reduced co-ordinates is given in the form:
55 = Ajewi(sr)t (81)

with A; denoting the amplitude, and w;(s;) denoting the associated frequency. When the free and
undamped system of equations is considered, the amplitude is assumed to be constant. As kinematic
nonlinearities are included, the stiffness, and thus also the natural frequency, will be dependent on
the displacements, sg.

Based on equation (81), the velocity and acceleration can be expressed as:

8 .
$; =i <wt + wj($k)> 5 (82)
L 0%wi(sh Ow; 0 2
e P e e (83

Introducing the notation
Sj:Sj(tZO) 5 S]:SJ(tZO) y SJZSJ(tZO) (84)

and considering the system of equations at time ¢ = 0, the equations (82) to (83) can be simplified
to:

éj :iOJj(Sk)Sj (85)
O
§; =i2 “g(:‘“)sj — w2 (s1)s; (86)
with the time derivative of the natural frequency given by:
3% sk Ow;(sk)
S 87
Z T 87)

In order to evaluate the expressions for $; and 5; in (85) and (86), is introduced a Taylor series
for the natural frequency and the squared natural frequency:

N
Ow Dwjo
sk) =wjo + » > % (51— s10) Z Z 83;(‘;3 s1—510)(Sp — Spo) + ... (88)
=1 -
62 2

N 2
Ow
w?(Sk) :wfo + Z 5 0(3[ — S10) ZZ 8sl85 s1—510)(8p — Spo) + .. (89)
1=1

Using equation (88), the time derivative of the natural frequency in equation (91) can be written on
the form:

aw] ZA St ... (90)

where A, are constants of the form:
N N
ow i0 8200 i0 ow i0 ow 0
A =iy . -> 3 + = —" |snot
r [ 0s, wro —~ 08,05, wro 0s,. 0s, 0

N N N N
82(4)]'0 awro 1 820.)7«0 8(*]]0 1 aijO 82wr0
Z — (asr&en 0s * 2 8s,0s;, s, Fn0510 = 5 Z Z Z D5, 0s,. 0505, 5n05105m0

€29
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With the above introduced parameters and definitions, the acceleration can now be written in the
form:

N
.§j :[Bj — UJ?‘O}SJ‘ + Z CjTSTSj + ... (92)

with the constants B; and C;,- defined as:

Ow? N 82 O N 52, 2
;= 70 _— i = — 70
B; g { D5, g 88;6 spg] s, Cj (QAT 05, > E asl Slo 93)

=1
The velocity product consists of second-order terms and above, and its formula is:
558k :iij(sz)wk(sz)sjsk = [Djr — wjowko)s;Sk + -.. (94)

with D, defined as:

N N
awko (’)wjo 1 82wk0 1 8 wjo 8Wj0 8wk()
D. — PR _ " . - J
ik Z{“’JO s, 0D ; 2 05,055 70 T 205,05, 0 T s, sy )0

N N
22
N N N 9

g=1m=1n=1

1 8(.0]0 8 Wko 8wk0 8 wjo
2\ O0sp, 0540sm 0sp 05405, 5405mo =

The equations (92) and (94) are then inserted into (80), leading to the acceleration formula:

N N
. OV 1 0%V, 2
V=..+ E E |:8SJC + = 2 (9 8Sk (Ejk — (o.)j() + wko) SjSk + ... (96)

with the introduced constants:

N
Ej, =2Cj15:0 + Bj + By +2Dj, , S0 = Z 5r0 CH)
r=1

Only the second order terms in equation (96) are considered since these are the terms required for
arranging the equations governing the modal derivatives up to the second order.

Next, is evaluated the internal restoring forces g(V) when inserting the Taylor series for the
displacement field in (76) into the expression (54).

To evaluate of g(V) it can be split into three parts to start with. These are the linear part,
KV, the quadratic part, K;(V)V, and the cubic part, Ko(V, V)V, in accordance with the general
definition given in equation (5). When considering the second order proportional terms, the linear
part becomes:

nel N N nel
. . 1 92
TRT TRT 0
K,V = Z/ L”BTDBL dQ.,V = .. +ZZ{Z/Q LB DBLde] imsjsk—k
el=1 j=1k=1 Lel=1 el
(98)
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The quadratic part is:

nel
EA
K, (V)V = / L” (BIV'L'GL + 2GLVB L) dQuV
el=1

N N nel
EAsr (opryrirgil Vo | proViirgidVo,
+ZZ[Z/ L (QB VILTGL= +B LTGLZ2

i=1 k=1 Ler=1 20s;0s, ° Osi ds;
3 -1 0°Vy Vo, -9V 1 92V,
2GLV(B.L= 2GL—B.L 29GL-——2B.LVy | dQu|sjsk + ...
’ 2 ds;0si, + Osy, s + 2 05,051 0 ; 1|88k +

99)

The cubic term is expressed in the form

nel
EA-r - S
K(V,V)V=> /Q — L" (GLVV'LGL) ; dQaV
el=1">%l

nel

2
> / EALTG<2LV0VTLGL 1 97Vo +L VOaVO LGL8V0+

il e 2 0s;0sy, Osy, 0s;
COVy ge =OVy -1 PVy g -
2L—V;LGL L= V, LGLV, dQer | s, 100
95, VO 7, + RN 0)  H sk + (100)

Adding together (98) to (100), and collecting the terms proportional to %‘SIJO and % 60

respectively, the internal restoring forces can be written in the form

Bl

nel T
> / —LT <BT OV ; LLG + 2GL€I?9LB + GL. Vy 88\;0 LG+
k

, Osk,
j=1 k=1 el=1
QGLIWOVTL G>i dQ> 8V0+
a el Sj

nel

< > / L] (BTDBIZ +EA (BZ VILTG + GLV(B, + GLV,VIL'G + B.LV,G+
el=1

1 0°V

SF v a e CUE (101)

1 - - -
—VILTGLV,G |L| dQy
2 0

el

In equation (101), the term proportional to %VO can be identified as the secant stiffness

differentiated with respect to sk, as defined in equation (69), plus an additional contribution. The
term proportional to ; 6‘2 Xsok can be identified as the tangent stiffness matrix in equation (124).
J

Furthermore, by introducing the stiffness definition:

nel

8KA = Z / GLelaa OVgL GLel dQel (102)
el=1

the expression in (101) simplifies to

N N
0K dVy 1 9>V

=... K K
&Y " j=1 ; [( Osi e A> Js; i TQaSJa

58k + ... (103)

Now, by inserting the expressions in equations (103) and (96) into equation (75) and setting the
terms proportional to the second order product s;s;, equal to zero, leads to the following system of
equations:
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. A\l Vo _ [
[KT() + <Ejk (UJJ +wk) )M} 285j35k = CJkM-f—

K
0K o LK, dVy
Sk 0s;

(104)

B. FORMULATION OF 2D BEAM ELEMENT

A plane beam of length 1 spanning the domain €.;, as shown in Figure 7, is considered. The element
has one rotational and two translational dofs at each of its two nodes at the beam ends. It is exposed
to concentrated forces in the nodes and a line loads, p, along the element. The local element dofs

o, 0, e N e L

e ) M1~ Mz
u T’Uly U2yT 2 ! TFly F2yT 2
\ly\ l /‘l/
@) (b)

Figure 7. 2D Beam element illustrating (a) the degrees of freedoms and (b) the loading.

are collected in the vector, v, and the loading components in the vectors, f and p:

v=[vre, iy 01, vag, sy, 65]" (105)
f=[Fi, Fy, M, Fn, Ry, M| (106)
p=[p p)]" (107)

The displacement field over the element is interpolated as

_|u) _|N: O 0 Ny O 0 Ny
T o R A I S Lo )

where u is the horizontal deformation, w is the transverse deformations, and N is the displacement
interpolation matrix containing six shape functions N;, i € [1,6]. N can be divided into two
matrices, N,, and N, relating to the horizontal and transverse deformations, respectively. The
shape functions applied for the horizontal deformation are linear, see for example Cook [34]

N1:1—S 5 N4:8 (109)
and the transverse shape functions of the second order are:
Ny=1-35>42s% |, N3y=1I(s—2s>4+5%) , Ns=3s>-25 |, Ng=I(—5>+5) (110)

The governing equations of motion on discretized form are found from the concept of virtual
work, see for example Cook [34]. Considering the element of length 1 with the possibility of being
exposed to line load and concentrated forces, the virtual work is given by

/ (5u” pii + su”du + 6e"0) Qe = [6u”t] + / su”p dQe (111)
Qe Qer

with p defining the density of the material per unit length, d being a material damping parameter
analogous to viscosity and e being a vector containing the work conjugate strain fields. The domain
of the element is denoted by €2;.

The generalized stresses consist of the normal force, N, and the moment, M. The work conjugate
stresses are the axial strain, , and the curvature, . To include kinematic nonlinear effects, is used
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the Lagrange strain measure for plane beams. The work conjugate strains and stresses are collected

in the vectors o and €:
N € '+ 2(w')?
o—:{M}, e:{ﬁ}:{ 135 ) (112)

where ()) = 9()/0x. The material is assumed to be hyper-elastic, that is, a linear relationship
between the stresses and strains, leading to the constitutive relationship:

(113)

EFA 0
oc=De , D:[O EI]

By interpolating the displacement, velocity and acceleration fields as a set of interpolation functions
that are functions of space multiplied by an element of a local dof vector that is a function of both
time and space, this gives:

u=Nv , @i=Nv , a=Nv (114)

The variation of u is evaluated using principles from the Calculus of Variations:
ou = Noiv (115)

Introducing equation (114) into (112), the generalized form can be written as:

1 1
€el = Beyve + ieVzZGelVela e = {0} (116)
From (116), the variational strains are found to be:
656[ = Belavel + eVZ} Gel(svel (] 17)
where B,; and G; are defined as:
N, B T
B [Nt = o] Ga=mTN (118)

Inserting equations (113) to (118) into equation (111), the element local mass and damping matrices,
mg; and c; and the loading vector, r.;, can be identified as:

l l l
mel:p/ NN dzy cel:d/ NTN dz.; rel:[NTf]6+/ NTpdQ  (119)
0 0 0
and the internal nodal restoring forces g.;(x.;) as

8el(Vel) = /Q

B.1. The Tangent Stiffness Matrix

<BTDB + ETA (BIv'G +2GvB. + vaTG)> v dQy (120)

el

The element tangent stiffness matrix is defined as the stiffness relating the change in deformation,
dv, to the change in the loading, dr, in a static context:

krdv = dr (121)

To determine kt is considered the differential form of the static internal work in (111):

d ( / sela dQel> = / dseT o + 6eTdo d, (122)
Qel £2el
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Considering the matrices D, G and B, and the variation Jv as constants with respect to
differentiation, leads to the following relationship

d(0e) = doe = edv' Gév , do =Dde , de =Bdv +ev! Gdv (123)

Inserting equations (113), (117) and (123) into equation (122), the element local tangent stiffness
matrix can be identified as:

kT,el = /
Q

B.2. Global Equations of Motion

1
B'DB + EA (BZ vI'G + GvB. + Gvv' G + B.vG + 2vTGvG> dQe (124)

el

The element local work contributions are transformed into global co-ordinates by relating the
element dofs in the global co-ordinate system, v?,, to the element dofs in the local co-ordinate
system, v;. This is achieved through a transformation matrix T;:

Vel = Telvgl (125)

Furthermore, is introduced a topology array, L., relating the local elements dofs, v/, to the
global element dof of vector V:

vy =LgV (126)

Introducing the relationships of equations (125) and (126) into equation (111), and summing over
the nel, the global set of virtual work can be found using equation (4) with the mass and damping
matrices, M and C, given by:

nel nel
M=) LiT{muTaLy . C=) L{T{cqTaLe (127)
el=1 el=1

and internal restoring forces, and external forces given by:

nel nel
g(V)=> (LITIk(vea)TaLa) V , F(t) =Y LiTlry (128)
el=1 el=1
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Table I. Cable and load parameters.

Parameter  Unit Formula Magnitude

1 m - 20

E GPa - 210

D m - 50-10~3
A m? 7(D/2)? 2:1073
I m* 2 3.07-10°7

Fy N/m - 1

FQ N/m - 3

w1 radls (%) \/EI/(pA) 1.60
wo radls — (25)° /ET/(pA) 6.40

p kg/m® - 7800

Table II. Algorithm Parameters.

Parameter Unit Magnitude
T

T ?
B - 1
At s 1072-10-°
nel - 20-30
Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng (2010)
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Nonlinear Real-time Simulations Using a Taylor Basis
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SUMMARY

Real-time simulations are used to a significant extent in many engineering fields. However, if nonlinearities
are included, the real-time requirement significantly limits the size and complexity of numerical models. The
main reason for this limitation is the costly evaluation of the internal restoring forces in each time increment.
In the present work, an efficient basis reduction method is applied for kinematic nonlinear structures that
enables the size of the basis to be increased without increasing the number of unknown variables. Therefore,
larger numerical models can be run in real time. The basis is organized from a Taylor series that predicts a
linear relation between the co-ordinates of the linear modes and the modal derivatives. Thus, a full solution
is known by solely determining the co-ordinates of the linear modes, which significantly minimizes the
computational costs. An example illustrates that computational time can be decreased by one order of
magnitude using a Taylor basis compared with former applied basis reduction methods. Copyright © 2010
John Wiley & Sons, Ltd.

Received ...

KEY WORDS: Kinematic Nonlinearities; Basis Reduction; Taylor Series; Real-time Simulations; Finite
Element Analysis; Modal Derivatives

1. INTRODUCTION

Along with rapidly increasing computational speed over the last decades the use of real-time
simulations in the industry and research community within engineering fields is increasing. Real
time means that the simulation time spent producing the model’s output is shorter than or equal to the
simulated time. Real-time simulations are applied in engineering fields, such as aircraft design and
simulation, motor drive controller design, space robot integration, computer graphics and structural
testing to mention some applications, cf. [1-3].

The motivation for the present work relates specifically to the engineering field of hybrid testing
in which physical and numerical substructures are combined in structural testing. This proces is also
referred to as online-testing, hardware in the loop and pseudo-dynamic testing. If the behavior of the
physical substructure is rate dependent, then the structural test and the numerical simulations must
to be performed in real-time. The testing is then referred to as real-time hybrid testing or real-time
hybrid simulation (RTHS).

The concept of hybrid testing was introduced by Japanese scientists at the end of the 1960s as
an alternative to using shaking tables for the seismic analysis of structures, cf. [4]. Typically, the
physical substructure represents a part of the structure to be tested that is too complex to be modeled
numerically. Thus, this part is considered a black box and must be included physically in the test

*Correspondence to: Department of Civil Engineering, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark.
E-mail: seba@byg.dtu.dk
TPhD Student

f Associate Professor
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setup, whereas the remaining part of the structure is modeled numerically. This substructural testing
concept is very appealing for a number of reasons. One benefit is the cost and space reduction
achieved because only part of the structure must be build. Furthermore, issues such as scaling
problems experienced in shaking tables, are avoided.

During the test the substructures are coupled through actuators installed at the physical
substructure at the common substructure interface(s). The actuators impose a kinematic response of
the numerical simulations onto physical substructure and measure its force response. The response
forces are then included in the following numerical time-step integration. This iterative interchange
of data proceeds throughout the test. For a more in-depth description of the principles behind Hybrid
testing see e.g. [5,6].

Since its introduction the field of hybrid testing has experienced significant development. In [7, 8]
part of the development during the first couple of decades is summarized. In this period only the
pseudo-dynamic (slow rate) testing was considered among researchers. In 1992 Nakashima et al.
conducted the first real-time hybrid test with a viscous damper coupled to a single degree of freedom
(SDOF) substructure, cf. [9]. Further real-time experiments followed during the 1990s through
the the work of Horiuchi et al., Darby et al. and Nakashima and Masaoka, cf. [10-12]. In [12]
nonlinearities were successfully included in the numerical substructure. A superstructure of a base-
isolated building was modeled as a five DOF numerical model with bilinear constitutive material
behavior.

Nonlinear DOF capacity has significantly increased since the work in [12]; however, in many
cases it is still considered as modest. In 2001 [13] simulated a material nonlinear system with
50 DOFs, in 2009 [14] simulated a material nonlinear structure with 134 DOFs, in 2012 [3]
simulated a material nonlinear system with 405 DOFs and in 2013 [15] included a kinematic and
material nonlinear substructure with 514 DOFs. The modest DOF capacity can be viewed as a
consequence of the fact that significant research effort in hybrid testing has concentrated on control
and communication, whereas the numerical field has received less attention. One of the major factors
limiting the nonlinear real-time models is the time-consuming evaluation of the internal restoring
forces performed element by element at each time step. Most of the focus in the numerical field
has been on time integration. For RTHS to be successfull the applied time integration schemes
have to be robust, accurate and fast. Both implicit and explicit schemes have been used including
various integration strategies. [16] introduced an approach using an implicit scheme with a fixed
number of iterations to apply the initial stiffness in the iterations. [17] suggested a procedure
that combines explicit and implicit integration and [18] introduced a noniterative implicit time
integration scheme by combining the operator-splitting method with the alpha modified Newmark
scheme. [14, 19,20] proposed unconditional stable explicit algorithms. In [21] implicit and explicit
schemes are discussed and compared in real-time through consideration of factors such as accuracy,
stability and computational costs. Explicit schemes were concluded as being generally preferable.

Reduction methods also found some interest in research. In [2, 13,22, 23] the concept of modal
transformation is used to reduce the size of the numerical DOFs. In [22] the concept was used to
reduce a linear system. In [13] a basis consisting of linear modes and Ritz vectors was applied
to represent material nonlinear behavior. In [2,23] a basis consisting of linear modes and modal
derivatives representing kinematic nonlinearities is applied. Furthermore, the basis projection was
combined with a mathematical reformulation of the internal restoring forces initially introduced
by Nash [24]. The formulation enabled the internal restoring forces to be organized in a global
form. In this manner, element by element assembling was avoided and the computational time was
significantly decreased. The difference between the work in [2] and [23] is the use of different
modal derivatives. In [2] the modal derivatives are determined from a set of equations introduced by
Idelsohn and Cardona in [25,26] whereas a novel set of governing equations are derived and used
in [23]. In [23] the different modal derivatives are compared. Only with the modal derivatives based
on the novel set of governing equations are the co-ordinates of the modal derivatives shown as given
as a quadratic product of the linear mode co-ordinates, as predicted by the Taylor series.

The aim of the present work is to utilize the findings made in [23] and to introduce an efficient
basis method that improves on the computational simulation time of kinematic nonlinear systems.

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng (2010)
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For this aim, the relation between the co-ordinates of the linear modes and the modal derivatives is
utilized to include the modal derivatives in a basis without introducing further unknowns. This basis
formulation introduces a significant reduction in computational time. In [27] a similar approach
was adopted for the special case that considers Von Kérmdn plates. In this case, the membrane
displacements are assumed to be given as the sum of the displacement fields proportional to a
quadratic product of the out-of-plane deformation co-ordinates. The higher order displacement
fields are calculated from a number of nonlinear static deformation cases using finite difference
approximations.

The approach introduced in the present work differs from the approach in [27] by being simpler
and more general. By using the modal derivatives to represent the higher order displacement fields,
these fields can be evaluated using a single computation from their governing equations instead
of having to evaluate them from multiple static deformation cases. Furthermore, when applying
modal derivatives a general procedure for organizing the equations of motion is available that is
independent of the element type considered, such as for example beams, plates or solids.

The following section presents a general form for the kinematic nonlinear equations of motion
and how these are organized when projected onto a reduced basis. Next, the Taylor basis including
the modal derivatives is presented and introduced into the kinematic nonlinear equations of motion
(EOM). In relation to these EOM, a co-ordinate transformation of the equations of motion,
an approximation for the velocity required in explicit time integration and the novel equations
governing the modal derivatives are presented. Next, the internal restoring forces are organized in
a global form using the Taylor basis. Finally, a simple frame example using plane Euler-Bernoulli
beam elements is considered to illustrate the precision of the basis and the computational time
savings compared with former basis formulations applied in [2,23].

2. KINEMATIC NONLINEAR EQUATIONS OF MOTION

In the following section, the concept of projecting nonlinear EOM onto a reduced basis, is presented.
The derivations are given in reference to the Euler-Bernoulli beam element for which kinematic
nonlinear effects are included through a nonlinear axial strain measure that depends on the transverse
deformations. The effect of the nonlinear strain measure on the deformations is discussed.

2.1. Governing Equations of Motion

The Euler-Bernoulli beam is considered a reference point. The governing equations including the
axial strain, €, and the curvature, «, are given as in for example [28]

v 0?
)5 + g0 (B =) n
2u
o) 5t~ 3 (PAGE) = ato) @

where x represents the local beam co-ordinate, w and u are the transverse and the axial deformations
along the un-deformed beam axis, EI(x) is the bending stiffness, EA(x) is the axial stiffness, p(x) is
the density per length unit, t is time and p(x) and q(x) represent the external load in the transverse
and axial directions of the beam, respectively. To include nonlinear kinematics the Lagrange strain
measures are introduced

SCUINS  GCIT S )
T ox 2\ 0z ’ T 9z

The transverse and axial deformations are observed to couple through the nonlinear axial strain
measure in (3).
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Using the Calculus of Variations, equations (1)-(2) can be written in discretized form with n DOFs
as

MV + CV +g(V) = F(t) 4)
where V is a nx1 global displacement vector with () = d()/dt, M and C are nxn mass and
damping matrices, F(t) is the time-dependent external load vector of dimensions nx 1 and g(V) is
anx1 vector representing the internal nodal restoring forces.
Kinematic nonlinearities cause the vector g(V) to be a nonlinear function of the nodal
displacements. This vector consist of a linear, quadratic and cubic contribution in V

g(V) = (Ko + K1(V) + Kz2(V,V))V 5

where Ky, K1(V) and K»(V,V) are all stiffness matrices that are independent, linearly dependent
and quadratically dependent, respectively, on the vector V.

2.2. Projection of Nonlinear Equations of Motion

The EOM in (4) can be projected onto a reduced basis to lower the amount of DOFs in the numerical
substructure. Typically, a linear basis is applied in which the relation between the physical and
reduced co-ordinates is formulated as

N
V(s;) = Ps = Z‘Pisi (6)
i=1

® is the basis matrix of dimension nxN where N is the number of basis vectors, ,, i € [1;N],
which are independent of time. Each vector has an associated reduced co-ordinate, s;, which depends
on time. The reduced co-ordinates are collected in the vector s of dimension Nx 1. The discretized
equations in (4) are projected onto the linear basis in (6)

ms + & + g(s) = £(¢) (7
where the projected matrices and vectors are defined as
m=&®"M® , ¢c=87C® , g(s)=dTg(®s) , f(t)=d F(t) (®)

When using the linear basis in (6) for the projection in (7), this is referred to as the linear basis
projection in the following. A natural choice for the basis vectors applied in (6) are the eigenvectors
fulfilling the linearized eigenvalue problem with the tangent stiffness matrix, K7, and the i natural
frequency, w;:

(Kr —w;M) ¢, =0 &)

The eigenvectors, ¢,, are referred to as the linear mode-shape vectors in the following section.

Solely including the N modes, ¢,, which contribute significantly to the displacement field V,
makes it generally possible to achieve an accurate solution with a substantially reduced number
of DOFs, that is, N < n. For linear systems, these N modes are typically modes with frequencies
in the domain of the excitation frequencies and with a relatively high modal load |@? F(t)|. The
same modes are significant to the response of kinematic nonlinear systems. However, in nonlinear
structures, representing the coupling activated deformations, is also important.

To illustrate the nonlinear effects, a cantilever beam exposed to a transverse deformation, Aw, at
the beam end, is sketched; see Figure 1. By assuming that no axial forces are present along the local
beam axis, the axial strains are zero throughout the beam.

ou 1 [ow\’
523:17—’—2(8:5) =0 (10)
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For the axial strain to be zero, the derivative of the horizontal displacement, u, must be nonzero.
An expression for u along the beam is found from (10) by integrating over the beam length:

1 [ (ow)’
u(x):—2/0 <8x> dx (11)

Thus, the kinematic nonlinearities are viewed as introducing a negative axial deformation, in other
words, a beam contraction in the case of transverse deformation.

77/

Figure 1. Kinematic Nonlinear Cantilever Beam.

That the basis vectors evaluated from (9) represent these coupling activated deformations, is
very important. Otherwise, the system may experience so-called membrane locking, in which the
stiffness of the system is increased; see [29]. The possible consequences of locking are poorly
predicted displacements or an unstable system.

However, the basis vectors representing the nonlinear effects are not necessarily easy to pick
out, particularly not for complex systems. When evaluating the basis vectors from the linearized
equations (9), these vectors are typically divided in transverse and axial displacement fields. Thus,
if these modes are used to represent the nonlinear coupling effects, a minimum of two modes are
required, as sketched in Figure 1.

One way to identify the required basis vectors is to utilize the information contained in a Taylor
series of V. The Taylor series reveals the basis vectors required to represent the coupling effects
through its higher order terms and suggests a basis including higher order effects without including
further unknowns into the system. This concept is discussed in the following section.

3. MODAL DERIVATIVES AND THE TAYLOR BASIS

In this section, a basis including kinematic nonlinear higher order effects is presented without
introducing further unknowns. Furthermore, in order to perform an explicit time integration, a
transformation of the equations into linear co-ordinates and an approximate evaluation of the
velocity are introduced.

3.1. Modal Derivatives and the Taylor Relation

A basis including the higher order displacement effects of kinematic nonlinear structures is
identified. For this bases, a second-order Taylor series of the displacement field V (s;) is evaluated
with point of origin in s;

N
V(s;) = +28Vszo ;=S —&-lz )(s — 50)(Sk — Sko) (12)
Si zO 88] _70 2 < £ 88] aSk 70 k kO
j=1k=
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6 S. ANDERSEN AND P. N. POULSEN

By inserting the linear basis in (6) into, respectively, the zero-order, first-order and second-order
displacement fields in (12), these fields can be written as

V(sio) Z Piosio (13)

oV( 810 0¥
- E o | = E W, . 14
0s; < oo 0) — s 0¥ 850 (1

0°V(si) 0 <aV(5i0)> :iaz%s‘ dero  OPj0
B

0505, " Osk 0s; 5§58k 0 0s; 05y

(15)

Equation (13) is a constant term representing the initial deformation of the system. The first-order
term in (14) is viewed as consisting of a linear mode-shape vector and a sum of the first-order modal
derivatives. By inserting this term into (12) with zero initial deformations, s; = 0, the well-known
linear basis formulation in (6) appears. The second-order contribution in (15) consists of the first-
and second-order basis vector derivatives. These vectors are required to represent the nonlinear
effects up to the second order.

In the work by [2,23,26] the terms in (14) and (15) were included in a linear basis to analyze
kinematic nonlinear structures. Because a linear basis was used, the terms had independent modal
co-ordinates, sg, associated with them. However, as the Taylor formulation in (12) suggests,
including the higher-order terms in (15) can be done more efficiently. The Taylor series predicts
that the co-ordinates of the second order displacement field are given as a quadratic product of the
co-ordinates associated with the first-order displacement field (14). Thus, the higher order effects
represented by (15) can be included without introducing further unknowns into the system.

In the following section, a basis based on the second-order Taylor series in (12) is set up and is
referred to as the Taylor basis. When using the Taylor basis, significant computational time is saved
with the same precision as the response achieved by including the higher-order effects directly in a
linear basis, as was done by [2,23,26].

3.2. Second-Order Taylor Basis

A basis utilizing the relation between the co-ordinates of the linear terms and the higher order terms
predicted by the Taylor series in (12) is arranged. The basis is taken as the Taylor series including
the terms up to the second order with an initial zero deformation state, in other words, for sxo = 0.
Inserting (13)-(15) into (12) a second-order basis with respect to the reduced co-ordinates, si, can
be written in the form

Z @8+ = Z Z (89@ {;’:J> 8:8; (16)

lel

The basis contains N linear mode-shape vectors, ¢;, and N2 first order mode-shape vectors,
Op,./0s;. The vectors are weighted by N modal co-ordinates s, on linear and quadratic forms.
Utilizing the symmetry of the products s;s; = s;s; the amount of quadratic summation terms in
(16) is reduced and the basis takes the form

Y+ X3 (G

=1 j=1

0P,
6U)SJ> S5iSj (17)

where 6;; is Kronecker’s delta. In the quadratic summation the inner index j is observed to run
from 1 to i instead of to N, which was the case in (16). This phenomenon leaves the formulation
with N linear summations plus %(N + N?) quadratic summations from the higher-order terms.

As is subsequently demonstrated, the first-order mode-shape vectors, J¢;/0s;, are not
determined as separate vectors. Instead, they are evaluated as the sum in which they appear in
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(16). Therefore, each sum of the first-order mode-shape vectors is accounted for in the following
section as only a single basis vector. Thus, %(N + N?) first-order modes are present in (16) when
the symmetry terms of the quadratic sum are considered. The formulation in (17) is organized in
matrix form as

V) =Vr=®rsy , ®r=[®,, &y] , sy = {Si[} (18)
where the Taylor basis matrix, ®, is of dimension n x (3N + 1N?). This matrix consists of the

matrices ®; and ® containing N linear modes and %(N + N?) modal derivatives, respectively.
The submatrices ®;, and ® j; are organized as

DL =[p1, P2 - PN (19)

Opy  Opy  Opy Opy Opy  Opy Ops  Opy 8%]

by =
H 881 ’ 881 (982 ’ 382 ’ 881 833 ’ 882 683 ’ aSN

(20)
The vector st in (18) consists of the vectors s and sy, which contain the co-ordinates related to the

modes in @, and ® g, that is

ST:[Sl, S9, .. sN] 21

S = [s151, s251, s282, 351, 5382, .. SnSN] (22)
Projecting the EOM in (4) onto the basis in (18) gives the following formulation
mér + &7 + g(sr) = £(1) (23)

with the introduced matrix definitions

m = (&7)" M@ (24)
¢=(®7)" C®r (25)
g(st) = (®r)" g(®rsr) (26)
f(t) = (@) F(t) 27)

Furthermore the velocity and acceleration vectors s and S in (23) are given in the form

$1 §1
So So
SN SN
ST o S _ 3181 + 8131 éT _ S _ :9.181 + 23131 + 81§1 (28)

SH 5281 + 5251 ’ Sy §981 + 28981 + 8251

5282 4 5259 8952 + 25982 + 5259

5351 + 8351 8351 + 28381 + 8351

SNSN + SNSN SNSN + 25NSN + SNSN

From the introduced definitions in (21), (22) and (28) all unknowns (s;, $;, §;) appear multiple times.
Therefore, the system of equations in (23) must be transformed from the (sp, Sp, S7) co-ordinate
system to the (s, s, §) co-ordinate system before it is solved. This transformation can be performed
using straightforward mathematical approaches presented in the following section.

3.3. Transformation of Equations of Motion
When transforming the projected system of equations in (23) onto the (s, s, §) co-ordinate system,
these equations are initially written in a variational form by multiplying them with the virtual

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng (2010)
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8 S. ANDERSEN AND P. N. POULSEN

component vector sy
(6sr)” (msT tésr + g(sr) — f) =0 (29)
The vector dsr is arranged by taking the variation of the vector s introduced in (18)
ost = [551, 082, ... O0sn, 208181, 08281 + 89087, 208982, ... 255N5N]T 30)

Next, a set of relations between the vectors (s, S, §, ds) and (st, $7, Sp, ds) are arranged. As
shown in detail in Appendix A, such relations can be written in the form

st = Q(s)s 31
dst = U(s)ds (32)
$7 = U(s)s (33)
§r = U(s)§ + 2P(3)3 (34)

where Q(s), U(s) and P(s) are all matrices of dimension (2N+iN?)xN. As indicated, these
matrices are functions of the vectors s and §, which entails that they must be evaluated in every
time step during the simulations. To minimize the computational time spent on their evaluation,
they are manipulated and written in the form

N
Q(s) =) Awsp+H (35)
k=1
N
P(3)=> Ay (36)
k=1
N
U(s) =) Bisp +H (37)
k=1

where H, A}, and By, are all constant matrices of dimension ($N+1N?) x N. Inserting the relations
in (31)-(34) into (29) yields the expression

(U(s)ds)” (rh(U(s)é +2P(8)$)+eU(s)s + g (s7) — f’(t)) =0 (38)
The terms proportional to the vectors s, s and § are then collected
osT (U(s)TmU(s)s +U(s)” <2mP(S)+éU(s)) s+ U(s)Tg(sr) — U(s)Tf(t)> =0 (39

Introducing the definitions

m(s) =U(s)"mU(s) (40)
c(s,s) =U(s)T <2mP(s) + éU(s)> (41)
g(s) =U(s)" & (s7) (42)
f(s,t) =U(s)TE(t) (43)

enables the governing EOM projected onto the Taylor basis to be written in the (s, S, §) co-ordinates
as

m(s)§ + ¢(s, 8)s+g(s) = f(s,t) (44)
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As is illustrated in section 5, a considerable amount of computational time can be saved by
solving the system of equations in (44) instead of a system projected onto a linear basis containing
N+%N +N2 modes with equally many unknowns.

Importantly, note that after the transformation, the mass and damping matrices in (44) now depend
on s and s. If using an explicit integration scheme, such as the central difference method (CDM) the
velocity vector is not available at the present time, t;. Therefore, the vector $; must be approximated,
which is described in the following section with the CDM as a reference.

3.4. Evaluation of Velocity using the CDM
An approximation for the velocity vector s; is arranged. For this approximation, a second-order
Taylor series of the displacement vector s is considered, with time, t;, taken as the point of reference
1
s(t) = s; +8;i(t —t;) + 5éi(t —t;)? (45)

The vectors $;, §; are unknowns and should be determined. As sketched in Figure 2, both the
displacement s;_; and the velocity $;_; in the time state t;_; =t; — At are assumed to be known.
By using the Taylor series in (45) to evaluate the displacement and velocity at the time state t;_

As [m]

t [s]
ti—1 t; >
Figure 2. Time response.
two equations including the unknowns $; and §; can be arranged as
s(ti_1) =s; + 8i(—At) + %si(—Atﬁ == (46)
S(ti—1) =S; + 8;(—At) =8;_1 (47)

Isolating §; in (47) and inserting it into (46) enables the desired velocity at time t; to be found as a
function of known displacements and velocities

2
At
However, evaluating the velocity solely on the basis of displacements is desired. Using the CDM as
an explicit integration scheme, the displacement vectors are related to the velocity by

(si —Si—1) —Si—1 (48)

S

1
$ . — g 4
Si—1 2At<sl S; 2) ( 9)
Inserting (49) into (48) gives an approximation for the velocity vector at the time state t; in the form
1 /3 1
5. = — [ 25, — 2s. Zs.
S; AL (2SZ Si—1 + 251 2> (50)

As is observed from (50) the velocity is now purely based on the displacements at times t;, t;_; and
t;—o. The velocity approximation is applied in the examples presented in section 5.
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10 S. ANDERSEN AND P. N. POULSEN

3.5. Governing Equations of Modal Derivatives

The following section presents the main steps in the derivation of the complete system of equations
governing the modal derivatives, as introduced in [23]. The free undamped kinematic nonlinear
equations of motion are considered

MV +g(V)=0 (51)

The Taylor series in (12) including up to second-order terms, are then introduced into (51) under the
assumption that the co-ordinates s; are in the complex form

s = Ajei(si)t (52)

where A; is the amplitude, w;(s;) is the frequency, and t is the time. The amplitude is assumed to
be constant given a free and undamped system. However, the kinematic nonlinearities of the system
cause the natural frequency, w;(s;), to depend on the displacement field represented by the reduced
co-ordinates, s;. Expanding the natural frequency as a Taylor series with respect to the reduced
co-ordinates s; evaluated at time t = O s enables the equations in (51) to be written as a vector
polynomial of the form

N N N
A+) Bjs;+ 3> Y Cisjsp+...=0 (53)
Jj=1

j=1 k=1

where A, B; and C, are constant vector coefficients that include the initial displacement field s;o in
their formulation. The reduced co-ordinates, s;o, are introduced through the Taylor series of w; (s;).
Then, arguably, each vector coefficient should be zero for (53) to be fulfilled for any value of s;. For
each vector coefficient set equal to zero, a system of governing equations is given. The zero-order
proportional coefficient A represents the force equilibrium equations, the first-order proportional
coefficients B; represent the eigenvalue problem and the second-order proportional coefficients
C,y, represent the system of equations governing the modal derivatives.

Inserting the Euler-Bernoulli beam element formulation as presented in section 5.2 into (53)
enables an expression for Cj;, that governs modal derivatives to be revealed. The equations are
considered with an initial zero deformation, s;p = 0, because this case is the only one in which an
explicit solution for the first-order modal derivatives can be determined. The system of equations
found by setting Cj;, equal to zero is

890ko+880j0 _ 23%'0
8sj &sk 8sk

0K s
88k

Kro — (wjo + wko)QM] % < (wjo — wro)M — pjo (54
where K is the tangent stiffness, M is the mass matrix, K g is the secant stiffness and w;o and wio
are the linear natural frequencies of modes j and k. The subindex 0 indicates the initial deformation
state evaluation.

On the left-hand side of (54) the sum of two modal derivatives with switched indices appears.
These figures are multiplied by the tangent stiffness subtracted by the product of the mass matrix
times the squared sum of the natural frequencies. On the right-hand side is the linear mode ¢,
multiplied by a matrix that includes the mass matrix, the zero- and first-order derivatives of the
natural frequencies, and the secant stiffness in differentiated form. The first-order derivative of
the natural frequency is an unknown quantity that can be determined using the symmetry of the
governing equations. As is observed, the left-hand side is symmetric with respect to the subindexes
j and k. To ensure consistency, the right-hand side must also be symmetric with respect to the
indexes. As shown in [23] the symmetry can be used to determine the following relation.

Owio 1 (0kso; Oksoik
25590 (40 — wpo) = — [ oo ZESOTK 55
8Sk ( 50 k:O) ; 8Sk 88]‘ ( )
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with the included definitions

ok oK 0kso; oK
_ T S0 _ T S0j S0jk _ T S0
(R e I v (LN o S LB o SR R

(56)

Inserting the relation in (55) into (54) enables the sum of the first-order modal derivatives to be
directly determined by inverting the matrix on the left hand side.

3.6. Linear Dependent Basis Vectors

In given cases, some of the modal derivatives in (20) appear to be linearly dependent on each other.
In those cases the Taylor basis @7 in (18) becomes singular. In conventional basis formulations,
the linear dependent vectors are taken out of the basis to remove the singularity. However, in the
given case the singularity is automatically removed when transforming the system of equations into
the linear co-ordinate system (s, S, §), cf. (44). It is, therefore, not necessary to remove the linear
dependent basis vectors. In order to fulfill the Taylor series in (17) it is also required to include the
terms.

In the case where linear dependent vectors are present, the Taylor basis is formulated as a matrix
product of the form

&, =&, T (57)

where @7 is a matrix containing all basis vectors but the P linear dependent modal derivatives in
®. T is a matrix containing the coefficients in the linear combinations. The matrices &+ and
T are of dimension n x (3N + fN? - P) and (3N + iN? — P) x (3N + $N?) respectively.
Utilizing the formulation in (57) the relation in (18) is transformed into the S co-ordinates

V(s) = ®rér , 87 =Tsr (58)

As a direct consequence of the relation in (58) the transformation matrices in (35)-(37) are replaced
by the matrices in (59).

Q(s) =TQ(s) , U(s)=TU(s) , P(3)=TP(3) (59)

In the examples presented in section 5, used to illustrate the method, linear dependencies exist. In
these cases it is important to stress, that the linear dependent modes are not included in the counting
of DOFs.

4. REDUCED BASIS FORMULATION

In the following section the so-called reduced basis formulation (RBF) based on the work by Nash,
Shi and Mei and Slaats et al. [24, 30, 31] is presented. The principle of the RBF is to manipulate
the internal restoring forces into a global vector polynomial. Significant computational costs can be
saved by evaluating the internal restoring forces on this form compared with the usual element by
element evaluation.

Initially, the formulation is presented when a linear basis is applied. Next, the formulation based
on a Taylor basis is considered. The two formulations are used for a comparison in section 5
analyzing a simple frame structure exposed to dynamic loading in a real-time context.

4.1. RBF with a Linear Basis

The internal restoring forces in (5) are projected onto the basis in (6) which consists of purely linear
modes. Doing so enables the projected stiffness matrices to be written in the form

PTK® =K, , ®K,(®s)® ZKUSZ , BTK,(Ps, Bs)P X:Z:K2 585 (60)

=1 j=1
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12 S. ANDERSEN AND P. N. POULSEN

where the matrices KO, KM and KQ,i]‘ are constant stiffness coefficients of dimension N xN. The
latter two are defined as

Ki;=3"Ki(p)® , Kojj =2 Ka(p,;,0,)® (61)

With the formulation in (60) the projected internal restoring forces take the form

g(s) = @' g(®s <Ko+ZKusl+ZZKMslsJ> (62)

1=1 j=1

By introducing the relation for s in (63) with ¢;; to denote the Kronecker delta

T

N
ZkSk ;o k= [0k Oak, o Ok (63)
k=1

the projected restoring forces in (62) can be expanded to a cubic vector polynomial

N N N

qu iS4 +qu2 17515] ZZZ q3,ijkSiS;j Sk (64)

=1 j=1 i=1 j=1 k=1
The q vectors in (64) are constant equivalent force vector coefficients of dimension Nx 1 defined as
a1,; = Koi;, a2, = Ki4ij, as,ijr = Ko ijik (65)

The co-ordinate products s;s; and s;s;s;, in (64) remain unchanged when switching the indexes i, j
and k. Utilizing this product symmetry enables the number of summations in (64) to be reduced by
formulating the vector polynomial as

Zm IS S)IL NS 5) 3p SRS (66)
=1 j=1 i=1 j=1 k=1
with the introduced equivalent force vectors
Q5 = Qz,ij + (1 — 0ij)q2,ji (67)
A3,ijx = A3,ijk + (93,jki+A3,ki5) (1 — 05;0;6) — (As,ik; + A3,kji + A3,jik)€ijk (68)

where €, is a permutation symbol fulfilling the conditions

Eijk = 1 Zf (iaja k) = (17273) \ (233a1) \ (3>172) (69)
Eijk = -1 ’Lf (iajv k) = (372a 1) \% (25173) \ (173a2) (70)
€ijk = 0 ifi=j5 VvV i=k VvV j=k an

Application of the cubic vector polynomial (66) in equation (7), is referred to as the linear
reduced basis formulation (LRBF). Because the equivalent force vectors are constant, they can
be organized before the simulation. Only the reduced co-ordinates vary during the simulations.
Evaluating the internal restoring forces using (66) is significantly faster than the usual element by
element evaluation.

The amount of vector-scalar products contained in each summation term in (66) is given by the
formula

N4
(N =177 (72)

=0
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where x refers to the summation order, which is 3 for the formulation in equation (66). For N modes,
the equivalent force vectors in equation (66) are of dimension Nx 1 and the amount of operations,
when evaluating g(s), accumulates to

Orrsr(N) = N x Z Ty(N N2 + N3+ 6N4 (73)

The amount of operations is viewed as a fourth-order polynomial in the number of modes, N.
Because the evaluation of g(s) dominates for an increasing number of modes, the computational
time is expected to be proportional to N*.

4.2. RBF with a Second-Order Taylor basis

Taylor basis is considered next. The procedure is the same as in the LRBF case but with a different
result given the quadratic co-ordinate products introduced with the modal derivatives. The projected
internal restoring forces in (26) can be written as a fourth order matrix polynomial

N N N
( (K()+ZK1 zsz+ZZK2 ijSiSj +ZZZKJ Z]kslsjsk+

=1 j=1 i=1 j=1 k=1
N N N .
ZZZZK4,ijklsisjsksl>ST (74)

The matrices Ko, K1, Ka.ij, K35 and K, ;;,; are all constant and of dimension (3N + 1N?%) x
(3N + LN?). Given the definition Op;; = (8"" + 6%) the matrices are defined as

Ko =(®7) 'K ®7 (75)
K =(®7)"Ki(p,)®r (76)
Ky =(®1)" (K1 (99;;) + Ka(wi,9,)) 1 (77)
Ky ik =(®1)" (Ka (05, 00,1) + Ko (99,1, ¢,)) B1 (78)
Kyiji =(®7)" (K2(890ij7 ) + Ko (a‘Pklva‘Pi]‘))q)T (79)

The expression in (74) is converted into a vector polynomial by introducing the co-ordinate vector
st of the form

G B e S w

=1 n=1

where 0, and 0, are zero vectors of dimension 1 5(N+N 2) x 1 and N x 1, respectively. Moreover the
vectors i, and i,,,, are given in the form

122[511' 521’ 5[\]1' Og]T (81)
:[017; 51i5j1 521'5]'1 521'5]'2 531'5]'1 53i5j2 53i5j3 54i5j1 5Ni6jN]T (82)

By introducing the formulation in (80) into (74), the following six types of constant equivalent force
vectors can be organized as

a1 = Koi; (83)

as,i5 = Ki 4i; + Koi; (84)

s,k = Kok + Kiiij (85)

Quijr = Kazijris + Ko ijig (86)

s ikim = Kaijriim + Kaijriim 87

Q6.ijktmn = Kaijkiimn (88)
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Utilizing the symmetry of the co-ordinate products in (74) enables the restoring forces to be written
in on the reduced polynomial vector form

qu iSi + ZZqQ ijSiS; + Zzzqii ijkSiSiSkt

=1 j=1 i=1 j=1 k=1
7 7 7 k k l
* *
Z Z Z Z Q4,ik15i55 kS + Z Z z Z Z a5,i5kimSiSiSkSISm~+
i=1 j=1 k=1 =1 i=1 j=1 k=1 {=1 m=1

N 3 7 k l m
Z Z Z Z Z Z qg,ijklmnsisjskslsmsn (89)

i=1 j=1 k=1 1l=1 m=1n=1

with ()* denoting the assemblage of the equivalent force vectors adjusted to the symmetry
organization. In the following section, the formulation in (89) is referred to as the Taylor reduced
basis formulation (TRBF). The TRBF can also be written in the more compact matrix format

g(sp) = Qs (90)
with the matrix definitions
A _ [ax Ak Ak Ak Ak Ak Ak Ak Ak
Q= [qu di2 - 9Ny 9211 Y2921 Y222 - Q2NN 93111 - q6,NNNNNN]
R T
S = [81 S9 .. SN 8181 S951 59859 ... SNSN S18151 SNSNSNSNSNSN}

The formulation in (90) is used in the numerical simulations presented in the following section.
The vector § must be organized in every integration step, whereas Q is constant.

When evaluating the internal restoring forces in the TRBF, the number of operations is taken as
the number of operations in (89) plus those from the transformation in (42). For N linear modes and
1 (N +N 2) modal derivatives, the equivalent force vectors are of dimension (2N + 1N?) x 1 and
the number of operations is evaluated from the polynomial

1
Otrer(N) = <3N+ N2> ZT )+ N x <§N+N2>

2 2
227 553 3829 7 119 1

===_N? —N® 4 == — N7 —IN8 1
40 120 +1440 8 +720 +60 +1440 b

The number of operations in (91) is significantly higher than in (73) for N modes. However, (91)
also includes additional (N + N?) modal derivatives.

In the case where P linear dependent modes appear, the equivalent force vectors will be reduced to
be of dimension (3N + 2 N? — P) x 1. This will reduce the amount of operations in (89) as well.
Furthermore, by replacing the transformation matrix U in (42) by U in (59), a further reduction
is introduced, because the dimensions of the latter transformation matrix are smaller. The effect is
illustrated with an example in section 5.

4.3. Computational Savings

An estimate is made for the relative computational savings achieved if using the TRBF instead of the
LRBF. The estimate is taken as the ratio of the number of operations included in the formulations of
the internal restoring forces in (89) and (66), respectively. A main portion of the the time integration
is spent on the internal restoring forces, which should provide a good estimate.

When considering the ratio between the products in (91) and (73) an equal number of modes
should be included. Therefore, %(N + N?) additional modes should be introduced in (73) to account
for the modal derivatives implicitly contained in (91). Thus, the ratio between the number of
products in (91) and (73) for an infinite number of modes converges toward the value

Orrer(N) 1

lim —— % — — Ny=N+5(N+N? 92
N—o0 OLRBF(NS) 15 ’ ( ) ( )
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the number of operations is viewed as being reduced to approximately 1/15 using a Taylor basis
instead of a linear basis formulation in the limit state. However, because the generation of the
transformation matrices in (35)-(37) and the co-ordinate vector § in (90) are not included in the
relative estimate in (92), the ratio represents a lower bound value for the relative computational time.
Furthermore, an important point to stress is that the estimate in (92) is based on the assumptions
that no linear dependent modes are present.

5. ILLUSTRATIVE EXAMPLE - SIMPLE FRAME

In the following section the computational time, stability, and precision of the TRBF and the LRBF
are considered. For this purpose a simple example with a kinematic nonlinear frame modelled using
two-dimensional Euler-Bernoulli beam elements is studied. The simulations are executed on an in-
house MATLAB code on a standard PC with an Intel Core I7 3036QM processor with four cores, 2.4
GHz and 8 GB RAM. The code cannot be considered optimized and faster devices further increase
the real-time capacity than that which is presented in the following section. However, the result are
good indicators of the real-time potential of the formulations applied.

First, cable geometry, loading and other factors are presented. Then, the element formulation and
an example of the various equivalent force vectors in the TRBF and LRBF are given. Finally, the
simulation results are presented with a focus on precision, stability, and simulation times.

5.1. Frame Geometry and Loading

Figure 3 indicates that a frame of two equally long elements of length [ are connected vertically
to each other. The horizontal element is referred to as the frame beam and the vertical element
as the frame column. Both elements have solid circular cross-sections with diameter D, Young’s
modulus E, cross sectional area A, second moment of area I and density per length p. The frame is
simple supported. To enhance the kinematic nonlinear effects, the frame corner is restricted against
the horizontal displacements. Furthermore, the beam is loaded by a harmonic line load, p(t), with
amplitude, A, of the form

p(t) = A - sin(wt) (93)
In Table I the applied load and frame parameters are presented.

e LTI

EL EA, p

EL EA, p

4
, v S

N, 4
N A

Figure 3. Simple frame.

5.2. Plane Beam Finite Element Formulation
The plane beam element illustrated in Figure 4 is used to model the simple frame. This element is

identical to the one used in [23], which presents the full details of the element formulation. In the
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present study, only a brief descriptign is provided. The element has two nodes with three DOFs at

1 2
— —
Vig V2g
’Uly ’Ugy
N l Vv
K /1

Figure 4. Plane beam element.

each node consisting of the translational DOFs v;, and v;, and the rotational DOFs 6;, i € [1;2].
The element spans the domain €); and is of length [.;. To describe the transverse and axial beam
deformations, denoted w and u, are used second-order and first-order shape functions, respectively.

The kinematic nonlinear EOM in (4) are organized through the concept of virtual work, such as
in [32]

/ (6u” pit + su”du + 6e” o) dS = [su”f]; + / su”p Q. (94)
Qs‘l Qel

0() represents the virtual components, p represents the material density per length unit, d is a material
damping parameter analogous to viscosity, € represents the work conjugate strain fields, and o
represents the generalized stresses. Furthermore the external forces are collected in vectors with f
representing the concentrated forces at the nodes and p representing the transverse and horizontal
line loads along the beam element.

The generalized stresses and work conjugate strains consist of the normal force N, the moment
M, the axial strain ¢, and the curvature . Using the previously introduced Lagrange strain measures

for plane beams
5 u + L(w)?
= {K} - { 2 95)
with ()’ = 9()/0x, the element local internal restoring forces can be derived as

EA
gel(vel) = / (BTDB + —
Slﬂl

where D is a material stiffness matrix and v is the element local DOF vector. Furthermore, B, B.,
and G are strain interpolation matrices originating from the strain measures u’, w”, and %(w’ )2,
respectively. Furthermore, the matrix G is symmetric.

The global internal restoring forces are found by introducing the transformation matrix L., that
relates the local DOF vector v.; with the global DOF vector V.

Vel = f‘elV = vel CH)

(BIv'G +2GvB, + Gvv G)) Ve de (96)

el

Inserting (97) into (96) and adding all local element contributions together the internal restoring
forces on the global form, with nel denoting the number of elements, are given as
nel EA EA
=y 1} / (BTDB + = (BIVIG+2GVB,) + = G\?\?TG) Ve dQe (98)
el=1 el

The formulation in (98) is in the same form as in (5) with the following matrix definitions

nel

=y L} / (B"DB) , L d€.; (99)
el=1 Qer
nel
=y 1} / (BIV'G +2GVB,) , L dQ (100)
el=1
nel
=y 17 / 2 (GVVTG), Ly dQu (101)
el=1
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From (99)-(101) the equivalent force vectors are organized.

5.3. Taylor Equivalent Force Vectors

On the basis of the introduced stiffness matrices in (99)-(101) the equivalent force vectors defined
in (83)-(88) are identified. Using the definitions

®ro=La®r ., @0 =Lae, (102)

the equivalent force vectors are identified as

nel

Qi = Z '1>T ol / (BTDB§T> i; dQe (103)
el=1 el el
nel EA R )

Q2,ij = Tel/ ( (Blo TG+ 2Gp;B.) ®1i; + BTDB‘I)Tiij> Qe (104)
el=1 el
nel FA

élS,ijk = Z T,el / < (BT TG + QGQDZ ) ¢T1]k+

el=1

(BL0op!.G +2Gogp,;B. + Gp,p; G) im) dQe (105)
el

nel

. EA
A4,ijkl = Z Tel/ ( ("pzagojk + aQOJkQOZ )GQT”"‘

el=1
(BI0¢],G +2Gog,;;B. + Gg,) G) i)Tikl) dQe; (106)
el
nel ~
s.ijkim = Y P / ((afpija;o{l + 0@y 0@];) GBriy+
el=1
(Sbia‘abka‘f‘a@ijbiT)G‘i’Tilm) dQg (107)
el
nel
o ijkimn = Y ®r. / ( (0@,;0%k + 001,001 G<I>T) i A1 (108)
el=1 Qey el

The equivalent force vectors in (103)-(108) are evaluated and then organized into symmetry force
vectors q* as introduced in equation (89). The present authors use a simple algorithm for this
purpose.

The equivalent force vectors defined in (65) for the LRBF are given as the terms in (103)-(105)
with @7 replaced by @, and d¢,; and i;; set to zero.

5.4. Secant stiffness of Differentiated Form

To determine the modal derivatives from the equations in (54), the secant stiffness matrix, is required
and differentiated with respect to the reduced co-ordinate s;. The secant stiffness is given as the sum
of the stiffness matrices in (99)-(101)

nel

vi-y i [

EA - 8 . 5
(BTDB + =5 (BIV'G +2GVB, + GVVTG)> L. dQ.
el=1 Qe

el
Differentiating this equation with respect to s; results in the formulation

nel v
=> L] / EQA<BT‘9V G+2G6VBE+G<2VVT+V8V >G> Lo dQe
el

€0
s 0s; s s
=1 J J fi
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with the displacement vector of the differentiated form given as

V(s Op; 8g0»
8sk 8sk (Z PS5+ = ZZ( Pi 6sj> sisj>

=1 j=1

,0%i | Oy Po , ey \ o
_(Pk—’_z( 0sy, + 1> sity ZZ <3s]83k 05,05} %i8] (109)

11]1

From the content of (109), the differentiated secant stiffness is viewed as implicitly dependent on
the modal derivatives in the case that a nonzero displacement field is introduced, that is, s; # 0. In
contrast, if s; = 0, the secant stiffness is only a function of the linear modes, ;.

5.5. Case Validation of the Simple Frame

Whether the simple frame presented in section 5.1 displays sufficiently nonlinear behavior to be
considered a relevant case study for testing, the precision and computational speed of the TRBF
was determined. For this determination the linear and nonlinear responses of the simple frame are
compared. The beam element used for this purpose was tested and validated against a commercial
finite element program in [23].

Figure 5 plots the linear and nonlinear responses to the transverse center deformation in the
frame beam. The responses are based on a finite element model using 20 elements to model
both the frame beam and the column. Time integration is conducted using the implicit Newmark
scheme and the explicit CDM scheme. Both time integration schemes are implemented in linear and
nonlinear versions. The four responses represent the linear Newmark response (LN), the nonlinear
Newmark response (NN), the linear CDM response (LC), and the nonlinear CDM response (NC).
All simulations are performed with a time step At =4.5-107% s, and a ten-second period is
considered. Furthermore, the integration parameters used in the Newmark scheme correspond to

the average acceleration case.

Vi [cm]
101
4 LC 1
N < & h
o NC R
%« ll ) I
5t NN LR AR
4 4‘? P9
AN o ay Ly T
1 A A " ||| 'l Il
4 ||| '41,"'
| 1« Tt |
04 ! 1N Vo I g
490 ! ! I
, i ' o l|'
I ﬁ:‘l l\#ld‘]: 1:#
SR 14 %" NS I
51 ! I R
& 1 I|¢ <ﬂ|| [
< » L L
4
< I
-10 | | | \t[s]
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Figure 5. Transverse deformation of the frame beam midpoint using linear Newmark (LN), linear CDM
(LC), nonlinear Newmark (NN) and nonlinear CDM (NC) integration schemes.

From the plot in Figure 5, the linear responses are observed to be identical, as are the nonlinear
responses. Furthermore, the hnear and nonlinear responses are viewed as significantly different. In
the linear case, the amplitude appears to grow unbounded, whereas the amplitude is bounded in the
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nonlinear case and reaches its maximum after approximately five seconds. The smaller amplitude
in the nonlinear response compared with the linear response indicates an increasing stiffness
attributable to the frame deformation. The stiffness increase also increases the frequency which
causes the maxima and minima of the nonlinear response to be “ahead of” the linear maxima and

minima. Altogether, the nonlinear behavior of the system is significant and the frame is considered
a relevant case study.

5.6. Precision and Stability of Reduced Basis Formulations

In the following section, the LRBF and TRBF, as presented in section 4, are used to analyze the
simple frame with a focus on precision and stability. For this purpose, implementing the reduced
basis formulations in the CDM integration scheme, is selected. The argument for selecting an
explicit scheme is that it is simple to implement and equilibrium iterations are avoided.

When executing the simulations using the TRBE, always including all of the modal derivatives
associated with the N included linear modes, is selected. Associated modal derivatives means all of
the terms (O, /0s; + (1 — 0;;)0p;/0s;) fori, j e [1;N] A1 > j. Therefore, in the event that N linear
modes are included in the basis, then adding one additional linear mode increases the number of
modes by the number N+2 .

First, the precision of the TRBF and the LRBF is evaluated by considering the transverse
deformation of the frame beam midpoint. For this purpose, the FEM model introduced in the
previous section is used.

In Figure 6, three responses are plotted on the basis on the TRBF containing one, three, and six
linear modes. The numbers at the end of the figure legends refer to the number of linear modes
included. The LRBF responses are found to be identical with the TRBF responses. Therefore, only
a single LRBF response including six linear modes and the associated modal derivatives is included

in the figure. To check the precision of the reduced basis formulations the NC solution presented in
Figure 5, is also plotted.

Vm [Cm] Vi [Cm]
----TRBF1 0.77

|
1

----TRBF1 !

I
1
I
1

0.6

051

0.4r

0.3

0.2

9.4 9.5

(b)

Figure 6. Transverse deformation of beam midpoint considering (a) a 10 second interval and (b) a close up.

The TRBF1 curve is observed to diverge significantly from the remaining responses as time
elapses because it does not contain a sufficient number of modes to represent the nonlinear solution.
However, the TRBF curves are observed to rapidly converge towards the NC solution as the number
of modes increase. A close-up of Figure 6b shows that the TRBF is more or less identical with the
NC solution for three or more linear modes. Thus, the conclusion is made that the TRBF and LRBF
exhibit equal precision and that they work as intended.

The simulation times of the TRBF6, the LRBF6, and NC responses were 0.7 s, 13.4 s, and 559.5
s, respectively. Thus, in the given case, the TRBF is approximately 20 times faster than the LRBF
and approximately 800 times faster than the NC algorithm. The simulations were executed with
the time step magnitudes Attrgr =1072 s, At;rpr = 107% s and Atyc = 4.5 - 1077 s. Increasing
the time step magnitudes for the NC algorithm and the LRBF algorithm, resulted in instability.
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However, the time step of the TRBF could be further increased up to a magnitude of At=28-1073
s, before instability occurred. However, the further increase in time step magnitude resulted in
response deviations. From this observation it appears that the TRBF exhibits significantly higher
stability than the other algorithms. The immediate explanation for this view is that the TRBF is
transformed into the linear co-ordinate system of equations in (44). This system of equations only
represent the frequencies of the linear modes, which are usually lower than the frequencies of the
modal derivatives.

A more in-depth analysis of the stability of the TRBF and the LRBF are presented in Figure 7,
which indicates the maximum allowed time step magnitudes, Attrgr and At rgp, before instability
occurs as a function of the frequencies, wr, and wy, given in the unit Hz. The former frequency refers
to the highest frequency associated with the linear modes of the system, and wy refers to the highest
frequency associated with the modal derivatives in the system. These frequencies can be evaluated
directly using the applied FEM program or by Rayleigh’s quotient as

TK . OpT Koo, -
w? = w . wh = M (110)
»; My, a‘PijMa‘sz

For simplicity, only a single linear mode and its associated modal derivative are included in the
analysis.

Two analytical stability limits, At and Aty, are also plotted in Figure 7. These limits are taken as
the stability requirement for the CDM method in the linear case, see e.g. [33], with the frequencies
in (110) inserted with the unit Hz

1 1
Atp, = — , Atg=— (111)
TWL, TWH

To investigate the stability of the algorithms for a wide range of frequencies, the mass was scaled

during the analysis. Furthermore a time interval of 100 s was used for each frequency “state”
considered.

At [s] At [ms]

0.8 5r

—— AtTRrpF w —— At_RrBF

0.6 ' T At

047

0.2

0 5 10 15 0 0.5 1 15 2 25
wr [Hz] wy [kHz]
Figure 7. Stability Curves for the TRBF (left) and the LRBF (right).

From the left plot in Figure 7 the time step applied in the TRBF, Atrgpp, is viewed as having the
same order of magnitude as the analytical time step, Aty . In particular for frequencies wy, > 2.5 Hz
the At¢rrpr curve and the Aty curve are very close, with the former curve deviating by a maximum
of 10 percent. For wy, < 2.5 Hz, the deviation between the curves is slightly more significant, with
a maximum relative deviation of 30 percent for w;, =0.72 Hz, corresponding to the third mark from
the left. The time step of the LRBF, Atrrgr, shown on the right plot in Figure 7, is viewed as
in the same order of magnitude as the analytical time step Atp on basis of the frequency of the
modal derivatives. The relative deviation between the curves is in the 8-10 percent interval for the
frequency domain considered.
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The observations indicate that the stability of the TRBF is independent of the included modal
derivative. Furthermore, an approximate magnitude for the ratio between the time step magnitudes
is given as the ratio between the two analytical stability limits

Atrpr  AlL _ wig
Atiggr Aty wyp,

(112)

As indicated by the magnitudes of the frequencies in Figure 7, that wy > wy, is not unlikely.
Thus, potentially the time steps applied in the TRBF can be significantly increased compared with
when using, for instance, the LRBF or the NC algorithm. In the given case the frequency of the sixth
linear mode was wg = 10.76 Hz, which corresponds to at time step stability limit of magnitude

1 -3

The time step magnitude in (113) is close to the above reported stability limit for the TRBF.

5.7. Real-time Simulations

Next, a more in-depth analysis of the simulation times using the TRBF and LRBF are considered
for a varying number of modes. In this context, stressing that the response precision is not in focus,
is important. The analysis is intended to provide a general idea of the real-time capacity of the
presented methods. Furthermore, for simplicity, ignoring the apparent higher stability properties of
the TRBF compared with the LRBF, with respect to time step magnitudes, is chosen. Thus, the
comparison of the methods is based on equal time step magnitudes.

Two cases are considered in the analysis. In the first case the present frame structure including
linear dependent modes is considered. During the analysis it was found that for seven or more
linear modes, some of the modal derivatives became linear dependent. In the second case an
idealised frame without linear dependent modes are considered. It was possible to 'remove’ the
linear dependencies by adjusting a tolerance applied in the simulations. The point of considering
a case without linear dependent modes, is to have an idea of the full potential of the TRBF. It is
expected, that for larger structures with increased complexity, a higher number of modes can be
included, before linear dependencies are introduced. This is supported by the fact, that in [23] the
first linear dependent mode was already introduced for three linear modes, considering a simple
horizontal cable. It is therefore valid to consider the real-time potential of the TRBF method when
no linear dependencies exist.

Figure 8a plots the time spent on simulating the ten-second long response of the considered
frame as a function of the sum of linear modes and modal derivatives, Ng = %N + %N 2. The
horizontal dashed line represents the simulation time. Result points below this line represent real-
time simulations, whereas the result points above the line exceed the real-time execution. All
simulations are executed with a time step magnitude of At=10"3 s, because it is a commonly applied
time step magnitude in hybrid testing, such as in [5,6,34,35]. However, that the time step depends on
the structure considered, should be stressed. To keep simulations stable with the given time step, the
density of the frame was continuously increased when increasing the modes to lower the frequencies
of the system.

Three curves are shown in Figure 8a; one referring to simulations with the LRBF, t|gpp, and
two representing the simulation times, when using the TRBF, referred to as t},55 and trrer,
respectively. The tjzgr curve represents the simple frame including the linear dependent modes,
whereas the trrpp curve represents the case without linear dependent modes. The marks a, b and ¢
in Figure 8a represent the equivalent points of the two curves, i.e. the points with the same number
of modes. However, in the tyzpp curve, the linear dependent modes are not included in the counting,
and the curve is therefore shifted towards the left compared to the trrpr curve. Furthermore, as
discussed in the end of section 4.2, the computational time, when using the TRBF, is smaller when
linear dependencies are included. For seven linear modes, two linear dependent modal derivatives
exist. This is increased to twenty-eight linear dependent modes for twelve linear modes (point a).
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Figure 8. Simulation time using Taylor formulation, ttrgr, and symmetry formulation, t; ggg, as a function
of the sum of the number of linear modes and modal derivatives, Ng.

Thus, a rapid increase in the number of linear dependent modes exist. This must be due to the simple
structural system considered.

The simulation times from Figure 8a are viewed as a nonlinear function of the number of modes.
This observation is expected because the number of operations involved in the evaluation of the
internal restoring forces in (66) and (89) is a nonlinear function of the number of modes. The t; rpr
curve exceeds the real-time limit that goes from 44 to 45 modes, the tizgr curve exceeds the real-
time limit that goes from 59 to 62 modes, and the ttrpr curve exceeds the real-time limit that goes
from 65 to 77 modes. The 44 and 59 modes as real-time capacities correspond to a relative modal
increase of 34 percent when using the TRBF compared with the LRBF. Considering the 44 and 65
modes as the real-time capacities, correspond to a relative modal increase of 45 percent.

The simulation times presented in Figure 8a indicate that the horizontal distance between curves,
tLrer and trrpr, keeps increasing when going beyond the real-time limit, t,,. Thus, in a sense an
unresolved time reduction potential is present. Therefore, implementing the algorithms on faster
devices makes it possible to include further modes in real-time simulations and to increasingly
utilize the time reduction potential of the Taylor basis. The gradient of the t} 5 » curve, on the other
hand, is seen to increase faster than the other curves. This is because the number of linear dependent
modes increases.

Figure 8b plots the relative simulation time, r;, and the lower bound estimate for the relative time,
1;, which was introduced previously. These variables are defined as

_ trBr(NVS) _ Orrer(NNs)

. o~ Omer(Vs) 114
"7 tirer(N,) : Orrgr(Ns) (114

To begin to understand the full time reduction potential, the relative simulation times in (114) can
be considered. The plot in Figure 8b indicates that the r; curve initially increases up to nine modes
and reaches a maximum value of approximately 170 percent. In other words at this point, the LRBF
is much faster than the TRBF. Then, a rapid decrease occurs for an increasing number of modes and
continues until reaching a local minima of 7 percent (=~ 1/15) at 54 modes. At this point, the r; curve
is also viewed as intersecting with the r; curve. Beyond this point, the r; curve fluctuates slightly;
but is observed as remaining in the domain of one order of magnitude, which is slightly higher than
the lower bound estimate, r;.

The initial increase in the r; curve can be partly explained by the transformations required in the
TRBEF. The involved transformation operations are relatively significant for a small number of modes
and, therefore, significantly increase the ratio. For an increasing number of modes, the evaluation
of the internal restoring forces becomes dominant given its nonlinear formulation. This dominance
is indicated by the fact that the r; curve starts to rapidly approach the r; curve beyond nine modes.
The irregular behavior beyond this point is attributed to the fluctuating computational performance.
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6. CONCLUSION

In the present work the real-time potential of using a Taylor basis on kinematic nonlinear systems
was investigated. The advantage of using a Taylor basis is that additional modes can be included
as modal derivatives with the corresponding reduced co-ordinates given as a product of the linear
mode co-ordinates. This relation can be utilized to project a discretized system onto a Taylor basis
representing N linear modes and §(N+N?) modal derivatives containing only N unknowns. The
Taylor basis formulation has been implemented and tested against a former arranged linear basis
method applicable for real-time simulations. The tests showed that the Taylor basis improves the
efficiency of the simulations significantly. In a real-time analysis of a nonlinear frame, the number
of modes in the Taylor basis could be increased by more than thirty percent, compared with the usual
linear basis, with a time step of magnitude At = 10~2 s on a standard PC. Furthermore, the Taylor
basis exhibits much higher stability than the linear basis method. A simple analysis indicated that
an approximate magnitude for the ratio between the time steps applied when using a Taylor basis
and a linear basis method, is given as the ratio between the frequencies of the modal derivatives
and the linear modes included in the model. Because the frequencies of the modal derivatives
are typically significant higher than the linear mode frequencies, this difference potentially allows
for a significantly higher time step to be applied with a Taylor basis. By utilizing this stability
improvement in the analysis of the nonlinear frame, the computational time was shown to be reduced
by one order of magnitude if the Taylor basis was used instead of the linear basis formulation.

A. TRANSFORMATION OF THE TAYLOR-BASED EQUATIONS OF MOTION

In the following appendix it is illustrated how the EOM projected onto the Taylor basis is
transformed from the (s7, $p, S7) co-ordinates to the (s, $, §) co-ordinates. The starting point is
the system of equations in (23)

mér + &7 + g(sr) = £(1) (115)

For the purpose, two matrices are introduced

01:951 614052 01053 ... 010N
I 02,0 02,0 02;0; e. 0905
Onibj1 Onidja Onidjz ... OniOjN

with I being a unit matrix of dimension NxN, 0 a zero matrix of dimension %(N+N2) xNand E;; a
NxN matrix of the Kronecker’s delta products. Furthermore, the vectors

014951
024051

0 02i0;2
€ = {dz}’ dij = 9301 117)
Y 03i0;2

ONiOjN

are introduced, with d;; being a vector of dimension %(N+N2)>< 1, 0 a zero vector of dimension
Nx1 and e;; a vector of dimension (3N + %NQ) x1. The vector s is also introduced in a sum
format written in the following manner

N
S = thsk, hg = [61k 621@ 5Nk} (118)
k=1
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Given these defined vectors and matrices, the relation between st and s is written as

N 7
ST = (H + Z ZeijSTEij> S

i=1 j=1
=(H+W(s))s
=Q(s)s (119)
with the introduced definitions
ZZ% Ei; , Q(s)=H+ W(s) (120)
=1 j=1

Furthermore, the relation between S and s is

$p = (H + Z Ze” (Eij + Eﬂ))

=1 j=1
=(H+R(s))s
=U(s)$ (121)
where
N i
U(s) =H+R(s) , =3 eis" (B +Ej) (122)
=1 j=1

The s vector is related to the (s, S, §) coordinates through the relation

N i
Sr=U(s)8+2) > es Eys

i=1 j—1
—U(s)§ + 2P ()8 (123)
where
N 7
8) =D eis"Ey; (124)
i=1 j=1

Finally the variation dsp can be related using the expression
dsp = U(s)ds (125)

Introducing the sum formulation in (118) into the definitions for the matrices W (s), R(s) and
P(s) enables them to be written in a more compact form as

N N N
= Ask, R(s)=) Bisi, P(3) =) Ays (126)
k=1 k=1 k=1
with the constant matrices
N 1 N i

A, = Z Z eijthij, B, = Z Z eijhg(Eij + Eﬂ) (127)

i=1 j=1 i=1 j=1
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Abstract

This paper represents a single component multi-rate real-time hybrid simulation (mrRTHS) strategy for experimental
assessment of a cantilever Glass Fiber Reinforced Polymer (GFRP) beam loaded at the tip by a sinusoidal point load.
This emulated structure is implemented as a simplified wind turbine blade in terms of geometry, scale and load — here
with special attention paid to the root and max-chord section. For that reason the experimental substructure
comprises the clamped end of the GFRP beam while the free end makes up the numerical substructure. The
partitioning between the numerical and experimental substructure — referred to here as the shared boundary -
includes a discrete point with 3 degrees-of-freedom (dof). The numerical substructure generates a displacement signal
through a Taylor basis with a coarse time step of At =20 msec to optimize computational resources. Using the current
and three previous displacement data points, a finer control signal is generated with a time step of Ot = 2 msec to
ensure accurate actuator control in the transfer system. The hybrid simulation communication loop is operated
through a Laboratory Engineering Workshop (LabVIEW) real-time target which combines an onboard reconfigurable
field-programmable gate array (FPGA) and real-time single-core processor within the same chassis. A DIC and inertia
compensator is implemented to account for the compliance and dynamics imposed by the load train in the transfer
system. The structural response is investigated by mrRTHS for an execution frequency in the range: 0.074Hz — 2.96Hz
for the sinusoidal point load. The system performance is evaluated against a numerical model of the emulated
structure — referred to here as the reference. For the translational dofs at the shared boundary a root-mean-square
(RMS) error of 19.37% to 21.59% in the x-direction and 15.01% to 16.23% in the y-direction is identified between the
mrRTHS and reference. The rotation at the shared boundary exhibits an RMS error of 56.84% to 67.99%. This is a
significant RMS error which is induced in the mrRTHS given that the commanded rotation defined by the numerical
substructure was erroneously reduced by a factor of 1/180. However the overall system performance proved
successful which is an important milestone in the effort of performing a successful single component mrRTHS on a
wind turbine blade.

1. Introduction

Hybrid simulation is a substructuring technique where a structure of interest is emulated by combining the
advantages of numerical modelling with those of experimental testing [1], [2]. The coupling governed through the
interface between the numerical and experimental substructure — referred to here as the shared boundary —is
achieved by maintaining the compatibility and equilibrium at the interface. During the test, a predefined external load
is applied the numerical substructure and the corresponding response computed. Through a communication loop, the
displacement at the shared boundary is acquired and applied to the experimental substructure through a servo-
hydraulic transfer system. The forces required to deform the experimental substructure — referred to here as the
reaction force — are fed back to the numerical substructure to reveal the response of the emulated structure. The
experimental and numerical substructure, communication loop and servo-hydraulic transfer system combine to form
the hybrid simulation.



The research within hybrid simulation has primary been focusing on testing of seismic protection of building
structures on a real-time and extended time-scale [3], [4], [5], [6]. Here the shared boundary between the numerical
and experimental substructure typically consist of a discrete point with a few degree-of-freedom (dof) referred to
here as multi-component hybrid simulation. For this application, the load bearing structure has been simulated in a
numerical model while e.g. damping fixtures has been tested experimentally including: elastomer [7], stud types [8],
[9] and magneto-rheological [10], [11], [12]. However multi-component hybrid simulation is becoming a mature and
reliable technology, which opens the opportunity to spread the hybrid simulation technique within other application
areas [13].

Wind turbines are progressively used as a substitute to fossil fuels and the demand for larger and more energy
producing turbines are needed. Thus demands for optimization yields test methods able to accurately determine the
wind turbine blade response to major static and dynamic forces acting on the blade during service. The ambition to
improve the structural and operational performance within the industry of wind turbines [14] has resulted in
extensive research within large-scale and high performance composite structures. In these efforts, testing has primary
been focusing on two scales: full scale and coupon material testing [15]. However to address shortcomings in full scale
and material testing, the hybrid simulation concept is implemented as a substructural technique for large scale
composite structures — referred to here as single component hybrid simulation.

Single component hybrid simulation is a substructuring technique, capable of evaluating the global response of the
emulated structure when exposed to local effects and advanced load configurations. However the single component
hybrid simulation technique highly complicates the numerical and experimental substructure due to the complex
geometry and material characterization [16]. Furthermore, the transferring of response at the shared boundary is
continues along the edge instead of e.g. a clearly defined hinge as mentioned above. The operation of the shared
boundary justifies the need for advanced measuring techniques to ensure a high degree of accuracy in the
displacement imposed on the shared boundary of the experimental substructure [17], [18]. Previous research has
been done within the field of single component hybrid simulation on a composite structure with the shared boundary
covering; a single discrete point with multiple and single axis control. However both publications only cover the quasi-
static regime which is inadequate given the significance of strain rate and inertia effects on composite structures [19].

To include the dynamic effects on both the numerical and experimental substructure, Real Time Hybrid Simulation
(RTHS) is implemented. RTHS includes critical time constraints throughout the entire system to ensure accuracy and
stability of the experiment [20]. Given the increased complexity of the numerical substructure within single
component hybrid simulation, this time constraints can be difficult to meet with the available on-board computational
resources due to the implementation of e.g. non-linear effects along with numerous degrees of freedom. For that
reason, the numerical substructure may require an extended integration time to be solved in real-time. However
another principle aspect in the RTHS lies in the shared boundary, which needs to follow a continuous time history of
displacement, velocity or acceleration [21]. Given that the output from the numerical substructure is discrete, fine
time steps is required to ensure accurate actuator control. To optimize the available computational resources and
enhance flexibility to the RTHS architecture, the numerical substructure and shared boundary is executed at different
rates — referred to here as multi-rate real-time hybrid simulation (mrRTHS) [22].

The scope of this paper is to perform an experimental assessment of a cantilever thin-walled GFRP beam with a
rectangular cross sectional geometry using single component mrRTHS. The cantilever beam is loaded at the tip by a
sinusoidal point load representing a simplified wind turbine blade in terms of geometry, scale and loads. With the root
and max-chord section as the area of special interest of the wind turbine blade [23] the clamped end of the GFRP
beam is chosen as the experimental substructure while the free end makes up the numerical substructure. The
partitioning between the numerical and experimental substructure is described by a discrete point with 3 dofs. The
mrRTHS communication loop is operated through a Laboratory Virtual Engineering Workshop (LabVIEW) real-time
target capable of providing deterministic and real-time performance for data acquisition and control systems. Digital



Image Correlation (DIC) is implemented as a method of adjusting the dynamically imposed displacement at the shared
boundary, to fit the command signal received by the numerical model. Furthermore an inertia compensator is
implemented to erase the dynamic effects implemented by the mass of the load train [24]. Compensation of
communication delay and dynamics of the transfer system are conducted through a suitable compensator to ensure
accuracy and stability in the communication loop. A so-called Taylor basis is applied in the numerical simulation of the
mrRTHS, as this provides a computational efficient way of including the nonlinearities in the model, cf. [25], [26]. For
verification of the single-component mrRTHS technique a numerical and experimental representation of the emulated
structure is conducted — referred to here as the reference. Here a sinusoidal point load is applied the emulated
structure and the global response monitored in multiple measurement points to compare with the global response of
the mrRTHS.

2. Hybrid simulation setup
2.1. Emulated structure and partitioning

A cantilever beam is implemented as the emulated structure with the overall dimensions, external load and boundary
conditions represented in figure 1. This configuration is studied to reduce the complexity and cost in verifying the
mrRTHS communication loop for a wind turbine blade application in terms of geometry, scale and loads.
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Figure 1: emulated structure representing the overall dimensions, external load and boundary conditions

The emulated structure is a 1650mm long thin-walled Glass Fiber Reinforced Polymer (GFRP) beam produced by fiber
pultrusion. The in-plane stiffness properties of the GFRP beam are assumed identical to the properties identified in
[16] given that the specimen used in both studies are from the same batch. The in-plane material properties are
presented in table 1, determined in accordance with D3039/D3030M — 08 [27] and D5579/D5379M — 12 [28]. The 1-
direction corresponds to the x-direction while the 2-direction corresponds to the z-direction for the
compression/tension flanges and y-direction for the shear flanges in figure 2.

Table 1: In-plane stiffness properties and density for the GFRP composite
E;[GPa] E,[GPa] 1y,[] 1/,1[] Gi[GPa] Gy [GPa] Dens [kg/m’]
28.36 9.96 0.23 0.08 3.41 3.06 1825

The emulated structure is partitioned in a numerical and experimental substructure named: part A and part B
respectively. In the experimental substructure a 590mm long and 40mm wide slit are initiated in both shear webs of
the closed rectangular profile to weaken the shear stiffness — yielding a geometrical non-linear response. The shared
boundary between the two substructures is defined by a discrete point with three dof including: translation in the x-
and y-direction along with rotation around the z-axis — referred to here as dy, d, and ¢ respectively. The
corresponding reaction force is defined by three dof including: normal and shear force along with a moment —
referred to here as N, V and M respectively cf. figure 2.
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Figure 2: emulated structure and shared boundary between the numerical substructure (part A) and experimental substructure (part B)
2.2. Experimental test setup

The experimental test setup is handled in a reconfigurable stiff frame structure — capable of handle both the
experimental substructure and reference structure. The clamped boundary of the GFRP beam is achieved through a
rectangular steel profile which encloses the clamped end of the GFRP beam. Installation plates are fitted in between
the GFRP beam and rectangular steel profile to ensure a tight fit and to avoid critical stress concentrations around the
support. A stiff friction connection between the rectangular steel profile and GFRP beam is established through
eighteen bolts. A more detailed description/representation of the design and dimensions of the clamped support are
given in [16].

Experimental substructure (part: B)

The experimental substructure of the mrRTHS consist of a 1200mm long cantilever beam which is loaded in three dof
by three actuators named: A, B and C cf. figure 3. Actuator A is a MTS model: 244.12 with a static and dynamic stroke
of 182.9mm and 152mm respectively and force capacity of +25kN. The actuator is operated by a 2 stage servo valve
model: MTS 252.23G-01 with a capacity of 191/min. The displacement of the actuator is measured by a Linear Variable
Differential Transducer (LVDT) and the force obtained by an MTS load cell model: 661.19E-04 with a capacity of
+25kN. Actuator B and Cis a MTS model: 242.01 with a static and dynamic stroke of 114.3 and 101.6mm respectively
and force capacity of +5kN. The actuators are operated by a 2-stage servo valve model: MTS 252.21G-01 with a
capacity of 4l/min. All three actuators are operating at 3000psi pressure delivered by a hydraulic power unit (HPU).
The PID controller is a MTS model: TestStar Il with a three channel configuration — controlled and monitored through
the real-time target. The standard deviation of the repeatability offered by the transfer system is given in table 2. The
repeatability is identified from a sample of 40000 measurements, acquired under constant conditions with a sampling
frequency of 0.5 kHz.

Table 2: standard deviation (std.) of the repeatability offered by the transfer system

actuator label act. A act.B act.C
std. displacemet [mm] | 0.0103 0.0016 0.0017
std. force [N] 1.66 1.12 3.67

The response of the shared boundary is monitored through real time tracking of the three measurement points (MP’s)
applied on the shared boundary, see figure 3. This is achieved through a 3D DIC system of the type: ARAMIS 12M by
Gesellschaft fur Optische Messtechnik mbH (GOM). Through 24mm Titanar lenses a measurement volume of
200x150mm is achieved and calibrated using a 175x140mm calibration panel. The real-time tracking of the MP’s are
acquired, processed and transferred through an Ethernet port using the software: PONTUS live vs. 8. The in-plane and
out-of-plane standard deviation of the repeatability offered by the DIC system is given by the average of MP-1, MP-2
and MP-3: dx = 0.419um, dx = 4.157um and dz = 0.777um. The repeatability is identified from a sample of 10000
measurements, acquired under constant condition with a sampling frequency of 90 Hz. The MP’s are illuminated with
an even and high intensity to lower the shutter time as much as possible.
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Figure 3: experimental substructure including: load train, support, specimen and MP’s

A load introduction zone of 108mm is implemented between the shared boundary and the load introduction rig to
erase any influence on the in-plane displacement field initiated by the rectangular steel profile. A numerical analysis
of the setup verified that the influence was negligible for a load introduction zone longer than 100mm.

Experimental reference structure

A reference structure configuration is studied to reduce the complexity in verifying the mrRTHS communication loop
capabilities and operation of the shared boundary. The experimental reference structure consist of a 1800mm long
cantilever beam which is loaded in a single dof by actuator A cf. figure 4. The response of the loading point (MP - 4) is
monitored through the LVDT and load cell on the actuator with the specifications further described in the previews
section. The shared boundary is monitored through the 3D DIC system with the camera type, setup and performance

as described in the previews section.
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Figure 4: experimental reference structure including: load train, support, specimen and measurement points



The first and second natural frequency of the reference structure was experimentally identified to f; = 7.40Hz and f, =
47.3Hz through a vibration test further described in [24]. To access the first modal shape of the reference structure a
modal analysis is performed through ANSYS 15.0 using isoparametric quadrilateral 8 node shell elements of the type:
shell281. The model consists of 12841 elements and orthotropic material properties with the following extension to
table 1: E, = E3, all G-moduli are taken as the average of G;, and G,; i.e. (G1,=G,3=G13=3.235) and all poisons ratio are
taken as the average of 171, and 17,4 i.e. (I/1, — 723=1713=0.15). The corresponding modal shape is presented in figure 5

with and eigenfrequency of f; = 8.90Hz.

0.1
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Figure 5: 1st modal shape of the cantilever beam generated by ANSYS

The increase of the Eigen frequency identified by the ANSYS model is caused by the clamped support which is
modelled as infinitely stiff i.e. no rotation at the clamped end of the beam is allowed. This is not the case for the
experimental reference structure where some rotation will occur in the clamped support [16].

2.3. Numerical test setup

In the following is given a description of the numerical aspects of the hybrid simulation. First, the numerical
substructure (part: A) is described. This part is used in the hybrid simulation. Next a finite element method (FEM)
model of the full structure, used to verify the hybrid simulation, is described - referred to as the numerical reference
structure.

The time integration is performed with the Central Difference Method (CDM), which is an explicit method, see e.g.
[29]. This is chosen as it is simple to implement and does not require equilibrium iterations. The FEM model of the
structure is modeled by two nodal plane Euler-Bernoulli beam elements with two translational dofs, vi, and v;,, and
one rotational dof, 6, in each node, see Fig 1. A detailed description of the element is presented in [25].
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Figure 6: Plane Euler-Bernoulli Beam Element
Numerical substructure (part: A)

As described previously, the emulated structure consists of a numerical and experimental substructure. By
distinguishing between the two substructures, the equations of motion (EOM) can be written as eq. (1).



M3 +C,x+Q,+R=F (1)

The matrices M and C represent the mass and damping matrices and the vectors Q and F the internal restoring forces
and the external loading, respectively with the index n referring to the numerical substructure. Furthermore, Ris a
vector representing the inertia, damping and restoring forces of the experimental substructure, obtained by the
actuators.

To be able to execute the simulations in real time the EOM are projected onto a reduced basis. The basis applied in
the given case is a so called Taylor basis, which combines a set of linear modes and their associated modal derivatives.
The modal derivatives represent the higher order effects of the deformations introduced by the linear modes. These
are important to include in nonlinear systems if effects such as membrane locking should be avoided. The Taylor basis
is described in full detail in [25], [26]. In the given case the linear modes are determined from the linearized
eigenvalue problem presented in eq. (2).

(K7 — w!M)@; = 0 (2)

Here K; is the tangent stiffness matrix, ¢; is the i'th linear modal vector and w; its associated frequency. The modal

L L . . . a .
derivative of mode number i with respect to the reduced co-ordinates, s;, is written as, g‘p.‘, and can be determined
J

from eq. (3), see [25];
—(w: Nepp) 2 (29 L 0% — | L o7 (K5, — OKs _9Ks| .
(KT (wl + OJ]) M) 2 (aSj + 05,:) - [m] (pJ (ask (pJ 051' (Pk>M ask] (pJ (3)
Here K, is the secant stiffness and m; is the modal mass associated with mode j. It should be stressed that the modes
determined from eq. (2) and (3) are based on the full structure which includes the full FE - model including both the
physical and numerical substructure. The consequences and assumptions made when including the physical

substructure in the modes is discussed in detail in chapter 5. The basis vectors are organized in the matrix ¢.
Projecting eq. 3 on the basis, the equations take the form presented in eq. 4.

¢" (M, P35+ C 5+ Q, +R) = @'F (4)

As shown in [25] and [26] the co-ordinates of the modal derivatives are given as a product of the linear mode co-
ordinates. Thus, the number of unknowns corresponds to the number of linear modes only. Therefore, before solving
the EOM in eq. (4) these are transformed into a linear set of equations - for details see [26].

Numerical damping of the magnitude 20% is included to damp out the high frequent response related to the included
modes. This is done in order to stabilize the hybrid simulation. The damping is included in the linear mode through the
principle of ‘Superposition of Modal Damping Matrices’, see e.g. [30]. As the linear modes and the modal derivatives
are coupled, damping of the linear modes will have a damping effect on the modal derivatives as well.

A suitable time step increment is required to ensure precision and stability of the numerical substructure. An
increasing system frequency comes with a reduced time step which requires additional onboard computational
resources. In the given case the real-time target requires a time step magnitudes to be At < 1072s to fulfill the real
time criteria. To meet this criteria only the first linear mode and its associated modal derivative can be included in the
basis. Further modes would introduce higher frequencies and make the system turn unstable for a time step At >
1072s. The first linear mode and associated derivative is presented in Figure 7.



A B

0.1 0.1 ‘ ‘ ‘
,shared boundary
0 0 5
— 01 ] 01 ]
= shared boundary =
G 0.2 ] G .02 ]
IS e 7
] (0]
(8] o
8 -0.3f 1 < -0.3 b
o o
£ @
© 04 1 © 04 1
-0.5 1 -0.5 1
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
length [mm] length [mm]

Figure 7: modal shape of the cantilever beam generated by plane Euler-Bernoulli elements: A) 1st linear mode and B) its associated derivative

The dashed line indicates the initial position of the beam, and the solid line the deformation. The linear mode is seen
to be a bending mode and the modal derivative is a horizontal contraction. The horizontal deformation is kinematic
nonlinear effect introduced when the beam is exposed to bending.

The linear bending mode in Figure 7 is significantly different from the first mode of the numerical reference structure
presented in Figure 5. Thus, by only being able to include a single mode, displacement discontinuities at the shared
boundary are expected.

Numerical reference structure

A full numerical model is organized in order to verify the output from the mrRTHS. The Euler-Bernoulli element,
however, does not include the effect of shear flexibility. To account for this effect in the best way, the experimental
substructure is modeled with a linear beam element in the numerical reference structure where the second moment
of area | is scaled such that the deformations of the full FEM model attains the value (P,u) presented in Figure 12ain
the quasi-static regime. The reference point chosen is (P,u) = (50 N, 10 mm), representing the linear regime of the
experimental reference structure.

3. Overall testing strategy and equipment
3.1. Hardware

The overall hardware setup of the mrRTHS system is separated into four components including: 1) real-time target, 2)
monitoring PC, 3) DIC system and 4) transfer system. A representation of the overall hardware setup and
communication flow is illustrated in figure 8.
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Figure 8: representation of the overall hardware setup

Here the real-time target consists of a CompactRIO 9074 (cRIO —9074) [31] which is integrated to provide reliable,
deterministic and real-time control and monitoring capabilities. The cRIO - 9074 system combines an onboard
reconfigurable field-programmable gate array (FPGA) and 400MHz real-time single-core processor — referred to here
as the Digital Signal Processor (DSP) — within the same chassis. An analogue interface between the DIC system,
transfer system and cRIO — 9074 is handled through a digital to analogue (N19263) [32] and analogue to digital
(N19205) [33] /O module. The cRIO — 9074 and /0 module combine to form the real-time target.

The monitoring PC continuously transmits the predefined external load and user defined inputs, while receiving
feedback data from the real-time target through Ethernet port 1. This configuration provides ample onboard memory
and a graphical user interface (GUI) for the operator.

Through Ethernet port 2 in the real-time target the DIC system is connected. Here the in-plane displacement of the
MP’s on the shared boundary (see figure 3 and 4) are tracked in real-time and transferred to the real-time target
through the TCP/IP interface. The communication delay - being the time from a displacement of the shared boundary
occurs to the measurement is available to the real-time target - is quantified through an analogue trigger signal.

The transfer system consists of a load train driven by 3 servo hydraulic actuators named: A, B and C along with a PID
controller cf. figure 3 and 8. The PID controller is operated and monitored by the real-time target through an analogue
signal to ensure a reliable and real-time performance interface.

3.2. Communication loop and testing procedure

The main architecture of the mrRTHS communication loop is separated into three parallel processes named: 1) Main-
loop, b) Outer-loop and c) transfer system. The outline of the dataflow in the mrRTHS communication loop is
separated in 12 units labeled from (1) to (12) cf. figure 9.
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Figure 9: Schematic block diagram representing the overall architecture for the mrRTHS communication loop

The main-loop is operated in the time domain t through the DSP on the real-time target with a coarse time step of
50Hz (i.e. At =0.020 sec) to save computational resources. Here the numerical substructure computes the next
displacement signal dnum(t) = [dx(t), dy(t), ©(t)] in (1) based on the external load P, and last available reaction force
Feec(t-At) = [N(t-At),V(t-At),M(t-At)]. For stability reasons (1) is executed with a numerical time step of 0.010 sec
(100Hz) by using the same reaction force F..(t-At) twice for each main-loop iteration — see subchapter 2.3. The
reaction forces from actuator A, B and C are transformed to section forces Fe.(t-At) through a trigonometric relation
in (12), assuming rigid body motion [16]. To handle the effect of the compliance in the load train a DIC compensator is
implemented in (2). A schematic of the switching logic between the DIC compensator (2) and DIC — system are
outlined in figure 10. Here the latest available in-plane displacement dyp(t-tgeiay) = [dX(t-tgeiay), dY(t-teeiay)] for each of
the three measurement points on the shared boundary is transferred to the real-time target upon request. The real-
time tracking rate achieved by the DIC system is 90Hz (dt = 0.011sec) with a time delay of tge,, = 160ms. The in-plane
deformations dyp(t-tgeiay) are transformed to a 3 dof displacement on a discrete point with the format dsec(t-tgeiay) =
[dx(t), dy(t), ©(t)] by deriving the dx and dy translation as the average of the three measurement points while the
rotation around the z-axis is determine by the angle between MP-1 and MP-3 [24]. Knowing the target displacement
of the shared boundary dym(t-tgelay), actual measured displacement dsec(t-tgelay) and previews error depo,(t-AT) the
current error can be derived as deror(t) = (dnym(t-taelay) - sec(t-taelay)) + derror(t-AT). Tuning of the DIC compensation is
conducted with the gain Kg.i, meaning that the current compensated displacement signal is given by dpc(t) = Kgain °
derror(t) + dnum(t). The compensated displacement dpc(t) = [dx(t), dy(t), ©(t)] is converted to an equivalent
displacement for each of the three actuators d,(t) = [da(t),ds(t),dc(t)] through a trigonometric algorithm following the
assumption of rigid body motion [16]. Through the current and previews data points provided for each of the three
actuators by (3) the displacement signal is resampled through extrapolation dey,(t+i) in (4) with the time increment 6t
for i< [0;At]. Furthermore the predicted system response after the communication delay is identified as the
displacement signal and included in the de,,(t+i) by superposition. The extrapolator and delay compensator in (4) are
both handled by a 3" order polynomial fitting algorithm, further described in subchapter 4.2.
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Figure 10: Schematic of the DIC compensator and DIC system switching logic and main calculations

The outer — loop is operated through the FPGA with an execution rate of 500Hz (i.e. 0t = 0.002 sec) to generate a
smooth command signal for the experimental substructure. Here the dynamics of the entire transfer system is
handled through a direct inverted first order compensator in (5) for each of the three actuators. Further details of the
compensator are given in subchapter 4.1. From the data points provided by (5) an equivalent analogue signal Vo(t) is
generated in (6) to operate the transfer system. The corresponding reaction force V,(t) are acquired from the
transfer system and converted to a digital signal F.(t) by (10). In order to compensate for the inertia effects induced
by the load train — which acts as a lumped mass applied on the tip of an cantilever beam — an inertia force
compensator is implemented in (11) [24]. Through the vertical displacement dy(t) of d,.n(t) an equivalent acceleration
is derived. Knowing the mass of the load train and current acceleration the equivalent load can be derived from
newton’s second law. This force is subtracted from the current vertical load V from F,..(t-At) by obtaining the reaction

force from the specimen.

The communication interface between the main- and outer-loop which is running with a sampling frequency ratio of
(At/0t =10) —referred to here as an execution rate of 1:10 - is handled through a producer/consumer configuration
further specified in [34].

The transfer system is operated against the real-time analogue command signal V.,m(t) received from (6) with an
execution frequency of 3 KHz. Through the PID controller in (7), an electrical current Ion(t) is generated and passed to
the servo hydraulic actuators in (8) causing the actuators to move d,.(t). The corresponding reaction forces induced
on the load cells V,(t) is obtained from the experimental substructure in (9).

4. System characterization
4.1. Transfer system dynamics

The dynamics of the transfer system represents a significant source of delay/lags in the mrRTHS communication loop —
thus compensation is crucial to ensure accuracy and stability of the RTHS [35]. To handle the dynamics of each of the



three actuators included in the transfer system over the frequency and amplitude range of interest a direct inverted
first order feed forward (FF) compensator is implemented. The discrete first order direct inverted compensator Ki(z) is
presented in the z-domain by eq. (5).

K;(z) = @ for i=actuator A, actuator B, actuator C (5)

Here o is calibrated for each of the three actuators so that the measured and desired displacement correlate. This
calibration process is conducted through an open loop chirped sinusoidal signal with a linearly increasing frequency
ranging from 0 to 3 Hz for the duration of 40 seconds and constant peak-to-peak amplitude of 19.81mm, -1.46mm and
0.92mm for actuator A, B and C respectively. The amplitude is identified on the basis of the displacement of the
shared boundary identified for the reference structure (see table 3). The time domain comparison of the actuator
performance is represented in figure 11.
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Figure 11: Time domain comparison of actuator performance with a single-order FF controller: a) act. A, b) act. B and c¢) act. C

Here a sound correlation between the desired and measured displacement of the actuator is identified, indicating that
the single-order FF compensator is adequate for the given application.

4.2. Communication delay and extrapolation

Both the communication delay and extrapolation is handled through a forward prediction scheme of the type: third
order polynomial fitting algorithm developed by [36]. Several of other prediction schemes have been investigated for
the use in mrRTHS [22] — however the third order polynomial fit algorithm was identified as the best solution in terms
of tracking performance and the required computational resources needed to operate the algorithm [34]. Through the



use of the current and three previews data points provided by the numerical substructure with the time step At, the

control signal is extrapolated with a predefined time step of Ot in eq. (6).
dexp = Zﬁvzo aidi (6)

Here dey, are the control signal with the time step At, d; the current and three previous data points provided by the
numerical substructure and a; the polynomial coefficients generated through the Lagrange formula. For a fully
independent relation between the main loop time step At and outer loop time step Ot, the polynomial coefficients a;
are given by eq. (7) — (10) cf. [36].
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The tracking performance of the polynomial fitting extrapolator is investigated in [34] through a chirped sinusoidal
open loop signal for an execution rate of 1:10. Here an error between the desired and extrapolated signal were
identified to 0.10% for a frequency up to 3Hz. Given that the identified error is independent of the signal amplitude an
error of 0.10% will be expected for all three actuators.

5. Test results and discussion

5.1. Response of the reference structure

The reference structure represented in figure 1 is tested in two configurations including an experimental and
numerical representation. Initially the correlation of the global response between the numerical and experimental
reference structure are investigated in the quasi-static regime cf. figure 12a. Here the force-displacement response of
MP-4 for both reference structures is linear up to approximately 100N. Beyond this point the stiffness of the
experimental reference structure decreases significantly with a local maximum of around P = 230 N. The response of
the numerical reference structure seems to make a slight increase in the stiffness for a load P > 100N. It is expected
that the behavior of the numerical reference structure exhibits a higher stiffness than the experimental reference
structure given that the former does not include shear flexibility - as discussed previously. However, the softening
behavior of the experimental reference structure cannot be attributed to the shear flexibility. The significant stiffness
reduction is an effect originating from geometric nonlinearities where the flange at the shear slits is exposed to a local
instability. This was furthermore visually verified during the quasi-static test presented in figure 12a.

To compare the global response of the experimental and numerical reference structure in the real-time regime the
GFRP beam is loaded by a sinusoidal deformation P, with a peak-to-peak amplitude of 25mm and excitation
frequency including: f; = 0.074Hz, f,= 0.74Hz, f;= 1.48Hz, f,= 2.22Hz and f5 = 2.96Hz - equivalent to 1%, 10%, 20% 30%
and 40% of the first natural frequency. From figure 12b the peak-to-peak reaction force decreases as a function of an
increasing excitation frequency. This is explained by fact that more inertia is introduced into the system when the
excitation frequency is increased. Furthermore, the experimental reference substructure seems to be more affected
by the inertia effects than the numerical reference structure. This is most likely caused by the weight of the steel and
rubber plate located between the load cell and GFRP beam — see figure 4. The peak to peak reaction force of the



numerical reference structure is shifted and located slightly higher than in the experimental reference. This is in
accordance with the force-displacement curve in Figure 12a, where a 25 mm displacement is seen to be outside the
linear domain, indicating that the stiffness of the numerical reference is higher than the experimental reference.
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Figure 12: response of MP-4 in the reference structure: a) quasi-static response and b) peak-to-peak reaction force amplitude for a constant
deformation of 25mm of MP-4

The displacement obtained at the shared boundary is represented in table 3 for a 25mm vertical displacement at MP-
4. Here a large deviation between the numerical and experimental reference structure are present. The experimental
reference is seen to experience the largest translations, whereas the largest rotation is found in the numerical
reference. The significant deviations can be explained by the difference in the deformation shapes of the two
reference structures — see figure 5 and 7. The deformation of the numerical reference is a pure bending deformation,
as indicated in Figure 7a with a steady increase in both translations and rotation. The experimental reference
structure, on the other hand, will experience a local deformation around the slits with large translations and rotations

cf. figure 5. The rotation at the shared boundary required to reach 25 mm at MP-4, is therefore smaller than in the
numerical reference.

Table 3: displacement of the shared boundary with a 25mm vertical displacement of MP-4
dx[mm] dy[mm] ¢ [rad]
experimental reference | -0.563 -18.68  5.894e-3
numerical reference -0.053 -8.10 18.91e-3
error [%)] 90.58 56.64 220.8

Thus, by calibrating the numerical reference structure from the displacement at MP-4 as described in subchapter 2.3,

discontinuities of the response at the shared boundary is inevitable introduced due to the lack of shear flexibility in
the implemented element formulation.

5.2. Single component mrRTHS

The global response of the cantilever GFRP beam is evaluated in the real-time regime through a single component
mrRTHS. Here the GFRP beam is loaded by a sinusoidal deformation P, with a peak-to-peak load of 130N with an
excitation frequency including: f, = 0.074Hz, f,= 0.74Hz, f;= 1.48Hz, f,= 2.22Hz and f5 = 2.96Hz - equivalent to 1%, 10%,
20% 30% and 40% of the first natural frequency. The mrRTHS is evaluated using a normalized error between the
mrRTHS and numerical reference structure represented in eq. (11)

__ |mrRTHS(t)-REF(t)|

ET'T'OT(t) = m -100 (11)



Due to global instability issues triggered by measurement noise and undesirable signal chattering induced by the

extrapolator [22], [34] — a 75% reduction of the reaction force is introduced in the mrRTHS communication loop. An
alternative approach would be to filter the generated displacement signal and/or the corresponding reaction force;
however that was not possible due to the limited available computational resources offered by the real-time target.
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Figure 15: z-rotation (¢) of the shared boundary for mrRTHS and reference including: a) f; = 0.074Hz and b) f5 = 2.96Hz

In Figure 13 through 15 the in-plane displacement of the shared boundary for the two excitation frequencies f; =
0.074 Hz and f5;=2.96 Hz are represented. The key results for the remaining frequencies (f; to f;) are given in table 4.
From the translations of the shared boundary in figure 13 and 14, the deformations in the mrRTHS are smaller than
the numerical reference structure. Furthermore the reference responses are seen to be in phase for f;. However in the
fs case the numerical reference response is seen to be irregular. At the minima the numerical reference response is
seen to be ahead of the mrRTHS response. However, this difference vanishes more or less between the local minima
and maxima, as the reference response decreases its deformation speed. This is a dynamic effect, due to an increased
influence of the bending mode. The bending mode has a natural frequency of 9 Hz for the numerical reference



structure. Thus, by increasing the excitation frequency from f; to fs- more energy in introduced into the mode. By
increasing the damping of the system the effect was removed, confirming the consideration. For the remaining
excitation frequencies represented in table 4 the peak error is increasing as a function of the frequency. However the
root-mean-square (RMS) error is approximately constant supporting the fact that the irregularity seen at minima is
very local along the time scale and does not influence the remaining wave shape. The difficulties in mimicking the
dynamic effects through the mrRTHS method is most likely related to experimental errors including: transfer system
dynamics, communication delay, sensor miscalibration, measurement noise and random truncations in the analogue-
to-digital (AD) conversion of the communication interface between the real-time target and PID controller, etc.
However the overall peak-to-peak displacement amplitude obtained for an increasing excitation frequency is
increasing due to the dynamics in the system cf. table 4. The same effect is observed for the experimental and
numerical reference structure cf. figure 12b.

Table 4: peak-to-peak displacement and error obtained through single component mrRTHS

direction excitation frequency [Hz]
0.074 0.74 1.48 2.22 2.96

peak-to-peak disp. ampl. [mm] | 0.3906 | 0.4540 | 0.5123 | 0.5428 0.5394

x-direction peak error [%] 30.03 30.26 46.98 56.75 58.05
RMS error [%] 21.59 19.86 19.37 20.34 21.54

peak-to-peak disp. ampl. [mm] | 22.13 23.86 25.34 26.09 26.96

y-direction peak error [%] 21.86 25.14 33.48 37.09 37.25
RMS error [%] 16.23 15.32 15.01 15.06 15.64

peak-to-peak rot. ampl. [rad] | 8.44e-4 | 9.09e-4 | 9.79e-4 | 10.25e-4 | 10.29e-4

z-rotation peak error [%] 98.51 98.46 98.40 98.78 98.81
RMS error [%] 67.89 67.99 67.24 62.40 56.84

Considering the rotations of the shared boundary for the mrRTHS and reference structure in Figure 15, an evident
difference appears. The rotation of the mrRTHS is seen to be significant smaller than the rotation in the reference
structure. The reason for this is that the rotation introduced into the transfer system was erroneously reduced by a
factor /180, as if converted from degrees to radians. However, as the output from the numerical substructure is in
radians, this reduction is meaningless. The rotations in the mrRTHS are therefore approximately zero compared to the
rotations in the reference structure at the shared boundary. Due to the introduced rotation errors, a discussion of the
results, are based primarily on the translation plots in Figure 13 and 14.

From the translational response in figure 13 and 14, a higher stiffness of the mrRTHS is unexpected — considering the
results presented in figure 12 and table 3. However, two obvious reasons for the higher stiffness in the mrRTHS are
given as the lack of rotations at the shared boundary and the applied modal basis. By restricting the rotation to be
more or less zero when translations are imposed onto the shared boundary, a stiffer response is expected, compared
to the case were the shared boundary were assigned a rotation which is a factor 180/ i higher. Furthermore as only
the first bending mode and its associated derivative are included in the applied basis, the local deformation in the
region of the slits cannot be properly represented. Thus, by imposing the displacements of a pure bending mode onto
the physical substructure, a further stiffness increase is expected.

The tracking performance between the mrRTHS (desired) and DIC (achieved) displacement of the shared boundary
when using the DIC compensator is evaluated in table 5. Furthermore the correlation between the command signal
(mrRTHS) and measured signal (DIC) are presented | figure 6 for an execution frequency of 0.074Hz.
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Figure 16: tracking performance of the shared boundary for mrRTHS including: a) x-direction, b) y-direction and c) z-rotation

Here a sound correlation between the desired and achieved displacement is achieved for an execution frequency of
0.074Hz. However for an increasing execution frequency the error is increasing as well due to the compliance of the
test rig. This is expected due to the time delay of 160ms which is equivalent to 47.3% of a single period for an
excitation frequency of 2.96 [24].

Table 5: error between the desired and achieved displacement of the shared boundary
excitation frequency [Hz]
direction 0.074 | 0.74 | 1.48 2.22 2.96
x-direction | peak error [%] | 31.68 | 95.54 | 129.72 | 116.08 | 101.68
RMS error [%] | 9.19 | 30.85 | 40.45 26.94 22.14
y-direction | peak error [%] | 2.31 | 9.97 | 16.81 | 32.15 | 31.56
RMS error [%] | 0.51 2.62 5.73 10.90 15.57
z-rotation | peakerror [%] | 39.74 | 38.54 | 57.38 | 68.22 | 68.85
RMS error [%] | 6.75 | 17.65 | 22.02 20.54 22.32

The missing ability to reach the target displacement due to compliance in the load train entails a reduced reaction
force at the shared boundary — implying a reduced stiffness of the emulated structure.

6. Conclusion

A single component mrRTHS configuration was executed on a cantilever thin-walled GFRP beam with a rectangular
cross sectional geometry loaded on the tip by a sinusoidal point load. This test configuration was chosen as a
simplified substitute for a wind turbine blade in terms of geometry, scale and loads. Despite some inconsistencies



between the mrRTHS and reference the system proved successful which was an important milestone in the effort of
conducting a successful single component mrRTHS on a wind turbine blade.

The mrRTHS was demonstrated on a single component structure and the performance evaluated against the
corresponding reference. For the in-plane translational displacement in the shared boundary an RMS error of 19.37%
t0 21.59% and 15.01% to 16.23% were identified in the x- and y-direction respectively. For an increasing execution
frequency of the external load a growing peak error between the mrRTHS and reference were identified. However,
given that these peak errors were local along the time scale - this effect was not conclusive when measured as an RMS
error. Furthermore, for an external load with constant amplitude the translational displacement were found to
increase due to the inertia induced in the system. This effect was furthermore identified in the reference test
presented in figure 12b. For the rotation around the z-axis a RMS errors of 56.84% to 67.99% was registered between
the mrRTHS and refence. This very high error was due to the rotation received by the numerical substructure being
erroneously reduced by a factor of i/180.

The error between the mrRTHS and corresponding reference in the in-plane translational displacement of the shared
boundary was mainly triggered by the inconsistencies between the modal shape of the reference (see figure 5) and
numerical substructure (see figure 7a). Furthermore having the rotation of the shared boundary being reduced by a
factor of /180 generated an increase of the stiffness in the mrRTHS representation outlined in figure 13 and 14.
Other contributions to the identified error cover sensor miscalibration, transfer system dynamics, etc.

Due to instability issues in the mrRTHS communication loop the restoring force obtained by the experimental
substructure was reduced to 15%. This instability was mainly triggered by undesirable signal chattering generated by
the extrapolator. However other contributions to the instability were identified including the actuator dynamic and
DIC compensator along with measurement noise and random truncations in the analogue-to-digital (AD) conversion.
This instability could have been solved by e.g. filtering the command signal generated by the extrapolator — however
due to the limited available computational resources offered by the real time target, this filter were not included in
the mrRTHS communication loop.
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Hybrid testing is a cost efficient experimental method that can be used to test
dynamically loaded structures. The method combines numerical simulation with
experimental testing. However, due 1o a rapid increase in the computational time,
only simple numerical models can be included in hybrid testing today. In the
present thesis a number of mathematical methods that can help to increase the
size and complexity of the numerical models are presented. One of the most
significant elements presented are the so called modal derivatives, which are
shown to reduce the computational time significantly.
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