TEGHNISCHE INSTITUT FUR

UNIVERSITAT MECHANIK UND

WIEN MECHATRONIK

Vienna University of Technology Mechanics & Mechatronics
DISSERTATION

A real-time railway catenary model for
Hardware-in-the-Loop tests

ausgefithrt zum Zwecke der Erlangung des akademischen Grades
eines Doktors der technischen Wissenschaften
unter der Leitung von

Ao.Univ.Prof. Dipl.-Ing. Dr.techn. Martin Kozek

am Institut fiir Mechanik und Mechatronik
Abteilung fiir Regelungstechnik und Prozessautomatisierung

eingereicht an der Technischen Universitat Wien,
Fakultét fiir Maschinenwesen und Betriebswissenschaften

von

Dipl.-Ing. Emir Talic
Lohnergasse 3/2
1120 Wien

Geboren am 01.03.1986
Matr.Nr.: 0625167

Wien, am 28 Juni 2016



Danksagung

Ich moéchte mich bei meiner Familie nach aktueller Grofle sortiert bedanken: Emma,
Baisa, Eva, Enes, Fuad und Kadira. Thr habt mich immer unterstiitzt und bis zum
Schluss an mich geglaubt. Hvala vam puno!

Auflerdem danke ich all meinen Freunden und Kollegen, insbesondere meinen Betreu-
ern Martin Kozek und Alexander Schirrer, welche diese Zeit ebenfalls zu einer ganz
besonderen gemacht haben.



ii

Eidesstattliche Erklarung

Ich erklare eidesstattlich, dass ich die Arbeit selbstédndig angefertigt, keine anderen als
die angegebenen Hilfsmittel benutzt und alle aus ungedruckten Quellen, gedruckter
Literatur oder aus dem Internet im Wortlaut oder im wesentlichen Inhalt iibernomme-
nen Formulierungen und Konzepte geméfl den Richtlinien wissenschaftlicher Arbeiten
zitiert, durch Fufinoten gekennzeichnet bzw. mit genauer Quellenangabe kenntlich ge-
macht habe.

Wien, am 28 Juni 2016 Emir Talic



il

Kurzfassung

Die vorliegende Dissertation stellt die eigenen wissenschaftlichen Beitrage eines Projek-
tes an der Technischen Universitat Wien von November 2012 bis Dezember 2015 dar.
Die enthaltenen Veréffentlichungen sind im Laufe eines Kooperationsprojektes zwischen
dem Institut fiir Mechanik und Mechatronik (Abteilung fiir Regelungstechnik und Pro-
zessautomatisierung) und der Firma SIEMENS (ehemals MELECS) als Industriepart-
ner entstanden. Das Projekt wurde von der Osterreichischen Forschungsférderungsge-
sellschaft (FFG Nr. 836449) gefordert.

Effizientes Testen von Bauteilen und Komponenten mit Hilfe von Hardware-in-Loop
(HiL) Prifstanden ist in vielen industriellen Gebieten, wie etwa in der Automobil-,
Elektronik- und Bahn-Industrie, weit verbreitet. Bei HiL-Prifstdnden interagieren die
zu testenden eingebetteten Priflinge (Unit-Under-Test, UUT) mit einem virtuellen Mo-
dell mechanisch oder elektrisch iiber definierte Ein- und Ausgénge. Das ermdoglicht rea-
litdtsnahe Tests unter Laborbedingungen, erfordert aber echtzeitfahige Modelle. In die-
ser Arbeit wird ein echtzeitfahiges Oberleitungsmodell vorgestellt, welches erfolgreich
an einem innovativen Stromabnehmer-HiL-Priifstand implementiert wurde.

Das echtzeitfihige Oberleitungsmodell wird mittels mathematischer Modellierung her-
geleitet. Da es sich bei einer Oberleitung um ein rdaumlich ausgedehntes, verteilt-para-
metrisches System handelt, wird seine Dynamik mit partiellen Differentialgleichungen
beschrieben. Diese partiellen Differentialgleichungen, die sogenannten Euler-Bernoulli-
Gleichungen, beschreiben die Wellenausbreitung bei der Interaktion mit dem Stromab-
nehmer. Alle relevanten Komponenten einer Oberleitung, das Tragseil, der Fahrtdraht,
die Hénger, welche diese beiden verbinden, und die Masten werden dabei berticksichtigt.
Um die Interaktion der Oberleitung mit dem Stromabnehmer effizient zu simulieren,
wird der Stromabnehmer fixiert und die Oberleitung tiber diesen bewegt. Dadurch muss
nur die Oberleitung im Umfeld des Stromabnehmers berticksichtigt werden.

Bei einer realen Oberleitung breiten sich die Wellen, welche bei der Oberleitungs-Strom-
abnehmer-Interaktion entstehen, nahezu ungehindert in und gegen die Fahrtrichtung
aus. Um dieses Verhalten einer ,unendlich® ausgedehnten Oberleitung zu simulieren,
werden absorbierende Randbedingungen verwendet. Da fiir die Euler-Bernoulli-Glei-
chung in der Literatur keine absorbierenden Randbedingen zur Verfiigung stehen, wird
eine Methode zur Bestimmung von absorbierenden Randbedingungen entwickelt. Die
Methode ist nicht ausschliellich auf die Euler-Bernoulli-Gleichung beschrankt, sondern
eignet sich auch fiir andere Gleichungen, welche Wellenausbreitung beschreiben.
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Um die Euler-Bernoulli-Gleichung korrekt zu parametrieren, wird eine optimierungs-
basierte Identifikationsmethode entwickelt und an einem Seilpriifstand validiert. Die
Methode liefert eine gute Ubereinstimmung zwischen Modell- und Messdaten und ga-
rantiert die numerische Stabilitat des Modells, welche fiir den Einsatz am Hil-Priifstand
unverzichtbar ist.



Abstract

The present PhD Thesis provides my scientific results of a research project at the Vienna
University of Technology since November 2012 until December 2015. The publications
originated in the course of a cooperation project between the Institute of Mechanics and
Mechatronics (Division of Control and Process Automation), and SIEMENS (former
MELECS) as industrial partner. The project has been funded by the Austrian Research
Promotion Agency (FFG No. 836449).

Hardware-in-the-Loop (HiL) test rigs allow for efficient testing of parts and components
and are widely used in automotive, electronics and train industries. The part or compo-
nent, denoted as unit-under-test is embedded into the HiL test rig and interacts with a
virtual model via defined electrical and /or mechanical inputs and outputs. HiL test rigs
enable realistic testing under laboratory conditions, however, the (virtual) model has
to be executed in real-time. This thesis presents a real-time capable railway catenary
model, which has been successfully tested on an innovative HilL pantograph test rig.

The real-time capable catenary model is obtained by mathematical modeling, consider-
ing all relevant catenary parts: the carrier and contact wire, the droppers and the masts.
The catenary is a spatially distributed system and as such its dynamics are described
by coupled partial differential equations (the Euler-Bernoulli beam equations). These
equations model the wave propagation arising from the catenary pantograph interac-
tion. To reduce the computational effort a fixed pantograph interacts with a moving
catenary. This approach has the advantage that only a limited area of the catenary has
to be modeled.

At an actual catenary the waves propagate in an unimpeded manner because of its spa-
tial extension. This "unbounded" domain is modeled for the catenary model by imposing
absorbing boundary conditions. This boundary conditions have not been investigated
for Euler-Bernoulli beam before. Because of that a optimization based methodology
is developed to determine well-performing and stable absorbing boundary conditions.
This methodology is generic and can be used for partial differential equations with wave
propagation effects.

To identify the physical parameters of a Euler-Bernoulli beam, a multi-objective opti-
mization methodology is developed and verified on an wire test rig. Stability is guar-
anteed for the resulting numerical model, which is crucial for Hil applications.
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Chapter 1

Introductory Chapter

1.1 Motivation & Problem Statement

Modern high-speed passenger trains are traveling at speeds of 250kmh~! and beyond.
Their efficiency in connecting large cities led to massive investments especially in Europe
and East Asia. Compared to air transport high-speed trains achieve a share about 80 %
of passengers for travelling times below 2.5 hours. In total 1.6 billion passengers are
traveling by high-speed trains annually [I].

Higher cruising velocities are also leading to higher requirements for trains, train parts
and railway infrastructure as the catenary. To test railway parts such as the current
collector (pantograph) actual test rides are expensive and do not allow short develop-
ment cycles. A cost-effective solution are Hardware-in-the-Loop (HiL) test beds. These
test beds allow to investigate the unit-under-test (UUT), here the pantograph, under
close-to-reality conditions. To perform realistic test runs the catenary dynamics is emu-
lated by the HiL test bed and dynamically interacting with the pantograph. This setup
enables reproducible test runs in a laboratory environment. However, a crucial part for
this approach is the use of a realistic catenary model which is particular challenging
because:

o A catenary is a distributed parameter system and is modeled mathematically by
coupled partial differential equations (PDEs).

o For physical trustworthiness these PDEs have to parametrized correctly.

o Efficient numerical implementation and reduction methods are needed to enable
real-time computation.

The derivation and the implementation of such a real-time capable catenary model is
the topic of this thesis.
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1.2 Goals

The overall goal is the development and the implementation of a real-time capable
catenary model on an actual Hili test bed and was achieved by

1. modeling an actual catenary setup mathematically,
2. parameterizing the catenary model with physical meaningful parameters, and

3. applying reduction methods to enhance the execution time of the model.

Figure 1.1: Principle of catenary emulation on Hardware-in-the-Loop (HilL)
test rig. The robot arm and the linear drive mimic the catenary
dynamics. The pantograph as unit-under-test (UUT) "feels" the
emulated catenary.

The mechanical HiL test bed is displayed in the right part of Fig. [I.I It consists
of a robot arm and a linear drive. The linear drive is used to excite the pantograph
with catenary’s dynamics (symbolically displayed in the left part of Fig. [1.1). The
derivation and emulation of the real-time catenary model, and its interaction with the
pantograph are published in Ref. [2] (Publication CJ). This goal is achieved step-wise by
first modeling the catenary physical setup mathematically (see top left part of Fig. |1.2]).
Its implementation adopted from Ref. [3] and is performed in efficient and flexible way
[4]. The resulting model is not real-time capable, but allows comparison with literature
and standards as the EN50318 [5]. As a second step a suitable identification method
was developed to parametrize the model with realistic parameters (see top right part of
Fig. [1.2)). Therefore, a multi-objective optimization based identification methodology
was developed and validated with simulation and measurement data (see [6] or
tion Al). Finally, the real-time capability is obtained using a different reference system
(pantograph-fixed coordinates) formulation and by applying absorbing layers/boundary
conditions. This special boundary treatment is needed to avoid spurious reflections. A
optimization based determination of absorbing boundary condition is published in Ref.
[7] (Publication B
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1.3 Methodology

The major steps of the methodology: 1) modelling, 2) identification and 3) reduction
as visualized in Fig. will be explained in the following subsections.

1.3.1 Modelling

Modelling a catenary mathematically leads to a distributed parameter system which is
described by PDEs.

An actual catenary set-up is displayed in the upper left part of Fig. [I.2] This figure
shows that the catenary consists of wires, droppers and masts. The upper wire, called
carrier wire, is directly attached to the masts. Whereas the lower wire, called contact
wire, is connected to the carrier wire via droppers. Both wires are modelled as Euler-
Bernoulli beams (EBBs) under axial load, which are considered to be linear, with
constant parameters.

As the droppers support the contact wire only if they are under tension, the structure
of the catenary dynamics varies if a dropper is lifted up by the pantograph. This effect
caused by dropper slackening leads to a variable structure system and its behaviour
is described by additional algebraic constraints. Together with the EBB equations
the resulting system is also denoted as partial differential algebraic equation (PDAE)
[3]. This class of equations needs special treatment when solving. Several numerical
approaches have been published based on spectral [§], finite element [3], 8], finite volume
and finite differences (FD) approximations [3] 4, 0]. A comparison of a spectral Fourier
series and an FD approximation can be found in [4].

Coordinate formulation

In this thesis two different modelling approaches by means of coordinate formulations
will be pursued: a pantograph/train fixed and a catenary-fixed coordinate formulation.
In the catenary-fixed formulation the catenary is fixed in space while the pantograph
is moving along the catenary with the velocity vy (see Fig. . This formation
has the advantage that is a standard/state-of-the-art formulation and several solutions
are available in literature [3, 4, 8, ©]. To simulate long runs a sufficient large number
of catenary spans has to be modeled. Reflections at the boundaries are avoided by
extending the computational domain. Simple clamping boundary conditions can be
used. The elongation of the computational domain can be performed automatically
[4, O, T0] however, the computational effort rises. Consequently, this formulation is
only partly suitable for real-time applications but allows insights into the catenary’s
dynamic behavior and can be used as a reference.

In the pantograph/train-fixed formulation the pantograph is fixed in space while the
catenary is moving with the velocity ve, (see Fig. ; inner/green box). This formula-
tion allows to take advantage of the periodical structure of the catenary. The dropper(s)
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Figure 1.3: Catenary modelling: catenary-fixed (veas = 0,Vgain # 0)
vs. pantograph/train-fixed coordinate (vea; 7# 0, Vgrain = 0) for-

mulation.

and mast(s) are entering and leaving the computational domain periodically. In addi-
tion, only a limited domain around the pantograph must be modeled and simulated.
This ensures fast computation. Additionally, the domain size and simulation duration
can be chosen independently. However, the limited domain size leads to spurious re-
flections if standard (e.g. clamping) boundary conditions are used. To avoid numeric
artifacts (i.e. reflections) special absorbing boundary conditions (ABCs) or absorbing
layers are used. For that reason ABCs for the EBB equation under axial load have been
developed (see [7] or [Publication B).

A derivation of the coordinate transformation of the pantograph in a catenary-fixed
formulation can be found in [I1I]. In the following section, the discretization in space
and time of the EBB equations by means of FD approximation will be explained. This
methodology transforms the PDE into a set of algebraic equations.

Discretization by Finite Differences

The EBB equation used for the catenary modeling is a one-dimensional PDE

0%u ou oM 0%u

pAZG T = —Blom + To o+ f(a,1) (1.1)
and its solution u(x,t) describes the vertical displacement as a function of time ¢ and
space x (see Fig. [1.4). The constant parameters are the bending stiffness F 1, the axial
load T, the mass per unit length pA, the viscous damping d, and the distributed force
f(z,t). An analytic solution of may only be obtained for special cases if possible at
all. For that reason in this thesis FD approximations are used to compute the solution
u(x,t) numerically.
The numerical solution is obtained by:

1. discretizing the spatial and temporal derivatives by (central second order) FDs [12]
on uniform grid meshes t = [0,At,..., NAt], x = [0,Az,..., KAz], N,K € N
and
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Figure 1.4: Euler-Bernoulli beam with clamped boundary conditions: The so-
lution u(x,t) of this distributed parameter system is a function of
space x and time t.

2. rewriting the equation to be explicit in u}™ = u(kAz, (n+ 1)At), k=0,..., K.

The quantities At and Az denote the temporal and spatial mesh size, respectively and
N and K are the number of grid points. Unknown future displacement values are
calculated as

uptt = fuf, up L u ) (1.2)
with

T
n __ n n
u, = [uk_Nw,...,uHNJ

and Ny, N, € N. The pattern of these relations of points in the space-time grid (1.2)) is
called stencil and the corresponding coefficients are denoted as stencil coefficients [7].
An illustration of the geometrical time-space-relation is given in Fig. [I.5]

time index

, unknown
|
n + 1 ....... 7{@)eoocce
eb}
: -
= n SRURE : A ORURE : Nt
: 5 Az | 5
n—N;+2 O O—(D—O ....... (o)
|
< > known
2N, +1
space

Figure 1.5: General symmetric interior stencil structure
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In the actual case of the EBB equation with constant physical parameters the relation
is linear with constant stencil coefficients. A detailed derivation of can be
found in [Publication Al

To obtain realistic results the discretized PDE has to be parametrized with meaningful
physical parameters.

1.3.2 Identification

An MOO based identification is used to identify all parameters (the bending stiffness
EI, the axial load T, the material damping d,,,; and viscous damping d, ) simultaneously
by solving the optimization problem

minJ(p) = min [Jpert(p), Jsan(P)], p € D, J € C, (1.3)
where Jperr and Jgap, are the performance and stability objectives, respectively, D is
the decision space, C' is the criterion space and p = [FI, T, da,d,] is the parameter
vector. A more detailed discussion on MOO is given in following section.

Multi-objective optimization

Typically, MOO problems are formulated when at least two conflicting objective such
as performance and stability are traded against each other. An MOO problem can
also be transformed into a single objective optimization (SOO) by choosing a relative
weighting of the objectives before the optimization run (a-priori formulation of pref-
erences/importance). Varying these relative weights, an approximation of the Pareto
front is obtained. In this thesis the MOO problem solved is directly using an MOO
genetic algorithm [I3]. This method is categorized as a-posteriori formulation of pref-
erences and allows to generate approximations of the Pareto front without choosing a
specific weighting. A detailed review on MOO is given e.g. in [14].

Here, the MOO problem is defined for a single performance objective. For an arbitrary
number of performance objectives the interested reader is referred to [Publication Al
During the optimization run the MOO objective function J(p) : D — C from (1.3
projects the vectors of p from the decision space D to the criterion space C' as displayed
in Fig. [[.6] The stability and performance objective value of every parameter set are
then compared. If a parameter vector p* # p exits that fulfills

1. J(p) < J(p*)

2. Ji(p) < Ji(p*) for at least one objective function

then this vector is called Pareto optimal. All Pareto optimal vectors form the Pareto
front which represents the best possible trade-off solutions.
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Pareto front
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Figure 1.6: Multi-objective optimization: Two objective values are evaluated
and compared for each parameter set. Pareto optimal solution p*
dominates a solution p for at least one objective value, while it
is at least equal for the other objective value. All Pareto optimal
solutions form the Pareto front.

Identifiability

The necessary condition for unique identifiability of a distributed parameter system
such as the EBB equation is outlined in this section. For constant parameters p the
equation (|1.2)) becomes linear. Collecting the displacement values u}! as state vector

U
a linear time-invariant state-space system is obtained
x" = Ax" 4+ Bf"
y"' = Cx".
with parameter-dependent system matrices A = A(p), B = B(p) and C = C(p), the
state vector x, the system output y. By computing the output error of the model

e"(p)=y"(p) - 9", (1.5)

with the actual measurement sequence " of length N;°¢, the Fisher information matrix

can be defined as
N n T
7-y 4P <de (p)) _ (1.6)
n=0 dp dp

In order to obtain a unique solution the Fisher Information Matrix Z has to be non-
singular. Furthermore, by decomposing to Z = 1 1) and v = USV*, more information,
such as parameter sensitivity and non-identifiability of a particular parameter can be
calculated and determined, respectively.

(1.4)

Remark 1 The performance objective can be directly defined using the output error

(1.5) and Definition 2 given in|Publication B. Therefore, it is omitted in this introduc-
tory chapter.
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Stability objective

The stability objective proposed in [Publication Alis defined as the largest magnitude
of the temporal growth factor 7,... Before the objective is explained two definitions
are needed.

Definition 1 The traveling wave solution is defined as
ul = exp(Inw,At) exp(Tkw,Az) = 7"kF (1.7)

where T is the temporal growth factor, w, € C is the temporal frequency, w, € C is the
spatial frequency and I is imaginary unit.

Definition 2 The discrete dispersion relation (DDR)[15] is defined as
f(r(wAt), k(wAz)) =0. (1.8)
and is derived by inserting the traveling wave solution (1.7) into (1.2).

The DDR (1.8)) describes the relation of the temporal and spatial frequencies of a
discretized PDE and allows only specific combinations of (wy, w,).
The computation of the stability objective value is be performed in three steps:

1. Compute the DDR for a parameter set p following Definition [2] and manipulate
(1.8) such that it becomes a polynomial of 7:

> ai(p,w,Az)Tt = 0. (1.9)

)

2. Compute the solution of the polynomial 7(w,Ax) for w,Az € [0, 7] and

3. evaluate the stability objective as

Jstab(P) = Tmax = max 7| ,Vw, Az € [0, 7] . (1.10)

For stable system (|1.4) the condition 7. < 1 is fulfilled.

Remark 2 [t is noted that Thax < 1 can be checked for real or complex valued polynomi-
als efficiently using Jury [16] or Bistritz criterion [17], respectively, without computing

the roots of (L.9)) explicitly.
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MOO identification methodology

The major steps in MOO identification methodology are explained as follows (see Figure
: First, suitable identification data (input excitation f and output measurement y)
have to be recorded or obtained by simulation. Then the numeric model is parametrized
by a (initial) parameter vector p. A simulation with the input excitation is used to gen-
erate the model output y(p). The stability objective is evaluated using the parameter
vector directly and the performance objective comparing y and §(p) in an OE-sense
(see (|1.5))). Based on these objective values the genetic optimization generates a new
parameter vector and repeats the procedure. The Parto optimal parameter vectors are
visualized in the stability-performance-diagram. The optimization is either stopped by
the user or by a pre-defined termination condition.

1.3.3 Reduction

A significant reduction of the system size can be achieved by changing the coordinate
formulation from catenary- to pantograph-fixed coordinates as displayed in Figure
As described in Section this formulation provides the advantage that only small
parts of the catenary have to be simulated. However, so-called absorbing boundary
conditions are needed. These are used to avoid spurious reflections at the boundaries
and have not been developed for the EBB under axial load before. The methodology
is presented in the following section.

Absorbing boundary conditions for the EBB under axial load

The major idea is that a boundary stencil (see Figure with the ABC stencil coef-
ficients iuJT propagates a traveling wave solution in the same way as an interior
stencil (see Figure . If the wave propagation is exactly reproduced by the boundary
stencil, no reflection will occur which leads to an unbounded domain solution. How-
ever, perfectly absorbing ABCs can only be derived in special cases, see e.g. [19] [1§].
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Here, an optimization based determination of the ABC stencil coefficients is used. The
methodology is displayed in Figure [I.§].

In step (i) the EBB (for d, = 0) is discretized leading to the equation (|1.2))
(denoted as "FD scheme for interior domain" in Figure . By inserting the travelling
wave solution into the DDR (|1.8)) is obtained and stored for the evaluation
of the performance objectives. In step (ii) the ABC stencil form is chosen by defining
NABC and N2ABC. Then the optimization is set up by choosing one of the performance
objectives and the stability objective (proposed in the next paragraph). In step (iii)
the MOO is performed and the results are the ABC stencil coefficients ;1. .

w;At

7T,,

W, Ax

-7 —a)x’inAx 0 wx,outAx T

Figure 1.10: DDR for the parameters: EI = 150, T" = 15000 and pA = 1.

In Figure the DDR of an EBB equation with typical parameters of a catenary
contact wire is illustrated. As one can clearly see, the DDR of an EBB is a non-linear
relation of the spatial and temporal frequencies. Because of that, higher frequency
waves are traveling faster than lower frequency ones which is a typical property of the
EBB. This makes the development of ABCs particular challenging compared to the
wave equation (obtained from for E1 = 0) which has a linear DDR.

For the left-sided ABC stencil (see Figure the DDR has two branches. The branch
wiAt(w,Az) with the same sign for w,Ax and w;At represents the outgoing and that
with a different sign the incoming wave partsﬂ

!This corresponds to negative and positive group velocity vgroup, respectively
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Figure 1.11: OE-based performance objective

Stability and Performance objectives

The stability objective is obtained by directly evaluating the eigenvalues of the state
space representation of the FD-discretized EBB equation with ABCs in place. To
render the system stable all eigenvalues must lie be inside the unit circle. Thus, the
eigenvalue with the largest magnitude is crucial for stability and is used as stability
objective value.

The first performance objective is based on the reflection coefficient [19]. Starting
with a pre-computed and stored DDR the reflection coefficient is computed as follows:

1. Transform the discrete dispersion relation (1.8]) into the form
Bk(T,Ii)uZ-H:O, ]{ZZO,...,NABC
where Njpc is the number of boundary points.

2. Evaluate By(T, k) for ki, and Koy and compute the reflection coefficient

Ry = —By(7, Kout) / Bk (T, Kin)

Perfect absorption is given for R, = 0 and any By(T, ki) # 0.

The second performance objective evaluates the traveling wave solution in an out-
put error (OE) sense. The cumulated deviation is used as performance objective value.
Therefor, the traveling wave solution is simulated on a small test domain with ABCs in
place and compared to that of the unbounded domain (directly available from )
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Figure sketches the concept for an EBB explicit interior stencil (green). Each grid
point u¥ is first initialized with (marked by o). For n > 0 the ABC stencil is used
to compute the boundary point solutions (marked by x). For the remaining grid points
(k > 2) the interior stencil is evaluated. Simulating forward in time, some interior grid
points are influenced by the ABC (blue area; marked by A). The deviation of the
solution using ABC from the traveling wave solution (1.7]) in the red area is evaluated
for pre-stored values of the DDR.

Results

The absorbing properties of the ABCs have been tested using the set-up depicted in
Figure for several time instants t = 0 < T} < ... < Ts. On the left side of
the computational domain ABCs are applied, whereas on the right clamping boundary
conditions are used. Clamping boundary conditions are worst possible ABCs and lead
to total reflection. The computational results are shown in Figure [[.12b] As displayed,
the initial wavelet (¢ = 0) first splits up into left- and right-traveling packets (t = 11, Ts).
The higher frequency waves travel faster than the lower frequency waves. This is due
to the non-linear DDR (see Figure . At x = 0 the ABC absorbs the incoming wave
packages nearly perfectly (¢ = T3,T}y). At the clamped end of the EBB (z = 100m) the
wave package is completely reflected and travels back towards the ABC (t = T5, Tg, T~).
At time instant ¢ = Ty the reflected part is absorbed by the ABC and the remaining
reflections from ABC imperfections are very small.

The presented ABC showed very good results for the non-moving EBB equation ("catenary-
fixed formulation’). For the pantograph-fixed formulation the absorbing layer presented
in [20] led to better results. Additionally, they are very robust against droppers entering
and leaving the computational domain. For that reason the best available solution [20]
is used in adopted form for the real-time catenary.
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Figure 1.12: Validation of the absorption properties: (a) ABC test set-up. (b)
Initial excitement leads to two wave packets (right- and left-wards
traveling), which are reflected or absorbed by the clamped BC or
ABC, respectively.
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Real-time catenary model

The real-time catenary model displayed in Figure is obtained by
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Figure 1.13: Real-time catenary model: utilizes pantograph-fixed coordinate
formulation, droppers as linear springs and absorbing layers.

1. using the pantograph-fixed coordinate formulation (see Section and [2, [11]),
2. modeling the droppers as linear springs,

3. employing a Crank-Nicolson-type [21] implicit integration formulation of the drop-
per stiffness terms

4. and applying absorbing layers [20].

By modeling droppers as linear springs, the catenary model becomes linear. This
permits to pre-compute the system matrices A, B and C (see ) and, thus, decreases
computational demand significantly. To retain the system stability especially for high
dropper stiffness coefficients an implicit Crank-Nicolson-type integration is used. This
leads to a linear periodically time-varying system

n __ n+Nper n __ n+Nper
A" = AnNoer  BR — Bt Noer

where N, is the periodicity of the model. The absorbing layers are adopted from [20]
and used instead of the proposed ABCs to avoid shocks imposed by droppers when they
are entering or leaving the computational domain. Furthermore, these layers are easier
to parametrize and better suited for the pantograph-fixed coordinate formulation.

The real-time catenary model is validated by comparing it with a catenary-fixed model.
The results of this comparison is displayed in Figure for the velocity ve,y = 60m/s
and a catenary span length of 60m. The remaining physical and simulation parame-
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ters are summarized in Table [I.1} This Figure shows that the pantograph-fixed model
has an overall very good agreement with the catenary-fixed model. The observed de-
viation from the catenary-fixed formulation arises from a substantially coarser spatial
discretization (see Table . The pantograph-fixed formulation shows the following
advantages:

o 6.25 times less states per span for similar fidelity,

o smaller simulation domain: For this setup a 5s-run of the catenary-fixed formu-
lation requires a simulation area of 15 spans (900 m) to avoid reflections versus 1
span (60m) of the pantograph-fixed formulation.

 aspeed-up factor of > 5500: each second simulated of the pantograph-fixed formu-
lation takes about ~83 ms compared to 460s of the catenary-fixed formulationﬂ.

Taking these facts into account, the proposed coordinate transform and the use of
absorbing layers lead to a very good trade-off between computational effort and accuracy
and is, therefore, well-suited for real-time applications.

wire pA o) ET T
kg/m kg/s/m N m? N
contact 1.35 0 150 20 x 10°
carrier 1.35 0 0 20 x 103
j 1 2 3 4
j-th dropper posi- 5m 21.67m 38.33m 55 m
tion
j-th dropper stiff- 10000N/m 10000N/m 10000N/m 10000 N/m
ness
Fpanto At A.CE
pantograph-fixed 100N 1/170s 1.5m
catenary-fixed 100N 1/68000s 0.24m

Table 1.1: Physical and simulation parameters of the proposed 60 m catenary
span

2 on a standard PC (Intel i7 3.2 GHz)



1.4 SUMMARY OF THE SCIENTIFIC APPROACHES 19

1.4 Summary of the Scientific approaches

In [Publication Al an MOO identification methodology is presented, which allows to
identify the material parameters including damping of an EBB under axial load using
single measurement and a known excitation signal. The MOO approach allows to
trade conflictive objectives such as performance and stability which are specified and
optimized simultaneously. Performance is rated by means of the output-error of an
FD discretized EBB equation. Stability is quantified in terms of the solution’s time
growth factor. The optimization result is a Pareto front approximation where each
solution represents a parameter set. To verify identifiability the regularity of the Fisher
information matrix is checked. The methodology is validated on an actual laboratory
test bed.

[Publication B| presents an optimization methodology for the determination of highly
absorbing and stable ABCs. ABCs are used to obtain the unbounded domain solution
of wave propagation problems described by linear PDEs. These PDEs are discretized
by FDs. The ABCs are designed for the spatial and temporal discretized PDEs. The
accuracy of the ABCs is quantified in an output-error-sense and by computing the
reflection coefficient of the ABCs. Those measures are used as a performance objective
in the optimization problem. Stability was explicitly considered as constraint. This
constraint ensures that all eigenvalues of the fully discrete PDE with ABCs in place are
inside the unit circle. The method’s flexibility is shown for the EBB under axial load
and for the two-dimensional wave equation.

In |Publication Cl|a real-time catenary model is presented, designed for pantograph HiL
testing. This catenary model is obtained by physical modeling, which enables simple
parametrization. A pantograph-fixed coordinate formulation is used. In this coordinate
formulation the pantograph is fixed and interacts with a moving catenary. This reduces
the numerical effort drastically because only a section fore and aft of the pantograph
has to be considered. To avoid unrealistic reflections at the boundaries, absorbing layers
are attached. The catenary model is implemented on a real-time target to emulate the
catenary dynamics on a Hil test rig interacting with an actual pantograph.

1.5 Scientific Contributions of this Thesis

The scientific contributions of this work can be summarized as:

o Development of a flexible MOO based identification methodology which includes

— Suitable performance and stabilizing cost functions and a stability criterion
for the physical parameters

— A necessary identifiability condition
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— Validation by means of simulation and measurement data

e A generic optimization approach for determination of ABCs

— Two performance objectives combined with a stability objective allow the
ABC optimization for a generic wave propagation problem

— The method was validated on an EBB under axial load and on the two-
dimensional wave equation
o A real-time catenary model for pantograph HiL testing
— Is obtained by physical modeling and using pantograph-fixed coordinates
— Allows simple parametrization
— Spurious reflection are eliminated using absorbing layers

— Yields good accuracy-efficiency-trade-off
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objectives such as performance and stability are specifically formulated and optimized
simultaneously. Stability is quantified in terms of the solution's time growth factor.
Physical parameter sets in the resulting Pareto front approximation represent best trade-
offs with respect to the multiple objectives. To compute output error performance
objectives, the EBB equation is discretized via finite differences in space and time and
reformulated to a state space system. Identifiability is verified by checking regularity of
the so-called Fisher information matrix. The identification methodology is capable of
determining material parameters, including damping, as well as the axial load from few,
spatially concentrated measurements. Its features are demonstrated and successfully
validated on specific simulation data and measurement data obtained from a laboratory
testbed.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Many engineering disciplines rely on model-based strategies for system design, simulation, or control. Therefore, models
of optimal quality need to be obtained with limited modeling effort. Generic conflicting objectives for the modeling process
are high model quality for the system quantities in the relevant domain, consistency of properties such as system stability,
low modeling effort, low model complexity, easy parametrization, parameter interpretability, and flexibility with respect to
system parameter changes. The modeling process is particularly challenging for distributed-parameter systems, that is,
systems whose dynamics are governed by partial differential equations (PDEs).

The main contributions of this paper are (i) the development of a multi-objective optimization methodology to identify
physical parameters of an Euler-Bernoulli beam (EBB) model of transverse beam vibrations under constant (but unknown)
axial load and known traversal excitation, (ii) the development of suitable performance and stabilizing cost functions
including a stability criterion for the physical parameters, and (iii) the formulation of a necessary identifiability condition
with respect to the performance objectives. To solve the multi-objective parameter optimization problem, a multi-objective

* Corresponding author.
E-mail addresses: emir.talic@tuwien.ac.at (E. Talic), alexander.schirrer@tuwien.ac.at (A. Schirrer), martin.kozek@tuwien.ac.at (M. Kozek),
stefan.jakubek@tuwien.ac.at (S. Jakubek).

http://dx.doi.org/10.1016/j.jsv.2014.12.012
0022-460X/© 2015 Elsevier Ltd. All rights reserved.
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genetic algorithm is employed. After the optimization the best possible trade-offs of the represent physical parameter sets
are available. The approach aims to keep the necessary measurement effort as small as possible while obtaining high model
quality. It is successfully validated at both specific simulation data and measurement data from a laboratory testbed.

Identification of parameters of beam equations has been investigated in various ways. Given the displacement field of a
vibrating beam, the authors of Ref. [1] study the identification of the forcing location (forcing function) by the experimental,
localized force analysis technique (FAT). Rigid-body parameters (mass, center-of-gravity, inertia tensor) of a softly
suspended flexible structure have been identified based on measured vibration data by a modal analysis approach in Ref.
[2]. Various techniques to identify viscous damping parameters in linear dynamic models and to assess these methods in an
experimental setting in terms of frequency-domain and spatial fit are investigated in Ref. [3]. In Ref. [4], solutions for flexural
vibrations in cylindrical rods, both for slender and thick geometries and also considering axial forces are given numerically
and are verified by experiments. Refs. [5-7] propose identification approaches to determine the axial loads and boundary
condition parameters of Euler-Bernoulli beams from sufficiently many vibration measurements. The required number of
spatially distinct measurement positions depends on the number of unknowns in the boundary conditions. In Ref. [8] the
authors identify the axial force and stiffness of an Euler-Bernoulli beam under compressive axial load from measured
displacement data based on a modal decomposition via a regularized least-squares approach. In Ref. [9] the mechanical
properties of a laminated beam are identified using a Ritz-Galerkin approach and the inverse problem is solved by a multi-
start global search algorithm. In Ref. [10], a modal inverse method is proposed to identify material parameters of sandwich
composite beams considered as Timoshenko beams. The work [11] surveys vibration-based damage identification methods
which comprise a special case of the parameter identification problem in elastic structures. More recently, beam structure
damage identification has been treated for example in Ref. [12] which focuses on the change of wave propagation properties
when damage is present.

In the field of structural model identification and damage detection, multi-objective optimization formulations are used
and solved by evolutionary algorithms like genetic algorithms [13-16]. All of these references use Finite Element models. In
[13] a multi-objective framework is proposed to identify multiple modal properties (modal frequencies and shapes)
simultaneously using the Strength Pareto Evolutionary Algorithm [17]. To quantify and localize the structural damage of
beams, the authors of [14] use the modal flexibility [18] as first objective and the quotient between a mode shape change
and a frequency change (which only depends on the location of the damage [19]) as a second objective, respectively. The
resulting multi-objective optimization problem is solved by the Niched Pareto Genetic Algorithm [20]. A special parameter
selection method based on the parameter sensitivity was introduced in [21] in addition to a Finite Element model updating
both integrated in a multi-objective optimization framework.

In contrast to the aforementioned works, this contribution aims at obtaining all physical problem parameters (stiffness,
damping, axial force, density) of an EBB simultaneously from one or more measurement signals plus the known excitation
signal, the problem geometry, and the boundary conditions. Performance and stability of the resulting system discretization
are explicitly considered in the multi-objective optimization problem formulation.

The multi-objective identification methodology in this paper is developed in Section 2. First, the EBB equation under
axial load with initial and boundary conditions is defined. To perform the multi-objective optimization a simulation model
of the EBB equation is needed. The simulation model should be flexible with respect to sensor and actor configurations and
effective with respect to simple implementation and numerical accuracy in the context of noisy measurement data. An
effective choice for the numerical approximation of the EBB equation is the finite difference (FD) method because its
implementation is simple yet flexible, and the accuracy of the second-order approximations is sufficient when applying FD
to approximate the temporal and spatial partial derivatives, a system of (implicit) algebraic equations is obtained. To
increase flexibility with respect to variations of sensor and actor placement these equations are reformulated into a discrete
state space representation.

High model quality can be obtained by minimizing the model output error (the difference between the time signal of the
model output and the measured output) for an output error configuration. Identifiability of the parameters is verified by
checking regularity of the so-called Fisher information matrix [22,23]. A necessary condition of identifiability is stated. In
the next step, the multi-objective parameter identification problem is defined and performance objectives are formulated to
minimize the model output error. If only performance objectives are utilized, the identified parameter set may lead to
unstable system dynamics even if the model output error is low and the original process is stable. This justifies the
formulation of a stabilizing objective (instead of a stability constraint), illustrating the trade-off between performance and
stability margin. A stability criterion is defined by utilizing a discrete fundamental solution to the unbounded discretized
PDE and by obtaining the so-called dispersion relation [24]. This dispersion relation is a complex polynomial in the temporal
growth factor, and its coefficients are functions of the physical parameters. The roots of this polynomial all have to reside
inside the unit circle to ensure stability. To formulate bounds for the physical parameters that ensure stability, the Bistritz
criterion [25] is used. The stabilizing objective proposed in this paper ensures stability and is also a quantitative measure of
stability of the identified parameter set. The multi-objective optimization problem is solved by means of a multi-objective
genetic algorithm which produces an approximation of the Pareto front. This enables the engineer to select efficient physical
parameter sets without re-optimization and eases understanding of the multi-objective problem.

In Section 3 the developed identification methodology is demonstrated by means of simulation data generated with an
undamped beam model as well as actual measurement data from a laboratory testbed. The simulation data example
demonstrates the pairing of a performance and a stability objective, whereas the measurement data test case considers two
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different performance objectives. In both cases it is possible to fit all relevant physical parameters with one prescribed
displacement or forcing input excitation and one displacement measurement to produce high model fit in validation. The
paper closes with a conclusion in Section 4.

2. Methodology

In this section a methodology for parameter identification of an EBB model will be presented by means of multi-objective
optimization.

First, assumptions for the validity of EBB theory are summarized and the EBB equation is displayed. The EBB equation is
discretized by finite differences (FD) leading to a system of (generally implicit) difference equations. Here, FD are chosen to
discretize EBB because their implementation is simple, flexible, and their accuracy is sufficient. To evaluate if the discretized
system is identifiable with respect to physical parameters, the Fisher information matrix is formulated and checked for
regularity.

Multi-objective optimization is then applied to ensure stability of the discretized system for the identified parameter set
as well as to maximize model output fit.

2.1. The Euler-Bernoulli beam equation under axial load

The EBB equation describes transverse vibrations of beams under a distributed force load, which uses linear isotropic
theory of elasticity and neglects the effects of rotary inertia and shear deformation [26,27]. EBB theory can be used if the
following assumptions are satisfied [28]:

® the cross sections of a beam are rigid in their plane,
® they remain plane after deformation, and
® they remain perpendicular to the deformed axis.

A general form of the linear non-homogeneous Euler-Bernoulli beam equation under axial load with constant coefficients is
given by

u | ou ou otu _odu
/’AF"‘dvﬁ-i-dmat—aX‘tat: _EI(3X_4+ Tﬁ+f(X, t) (1)

with the spatial variable x € [0, L], where L € R, the time variable t € R and the traversal displacement u = u(x, t). The constant
coefficients in Eq. (1) are the mass per length unit pA, viscous damping coefficient d,, material damping coefficient dmat,
bending stiffness EI, tensile force T and external traversal force density f(x, t). Eq. (1) will be solved for the clamped-clamped
testbed setup displayed in Fig. 1 which leads to the boundary conditions:

ux, t)|,_o,=ut)|,_, =0 (2)
ou au
&(X’tnxzoza(x’t)'x:L:O' (3)
A numeric solution for EBB with suitable initial conditions u(x, 0) = ug and (ou/at)(x, 0) = vy is required. This can be achieved
in various ways. Here, a numeric approximation by the finite difference method is chosen to allow flexibility with respect to

boundary conditions, system coupling and spatial parameter dependence. Note that other discretization methods (e.g. Finite
Element and Finite Volume methods) can be directly used. The identification problem is structurally equivalent.

2.2. Approximation by finite differences

Finite differences are a simple and effective method to approximate (partial) derivatives. The FD approximations can
be derived for any derivative and any error truncation order [29,30]. For real-world applications it is important to find
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Fig. 1. Euler-Bernoulli beam with clamped-clamped boundary conditions.
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Fig. 2. Spatially symmetric stencil.

a trade-off between accuracy and insensitivity to numerical errors. Here, the FD approximation for all partial derivatives are
chosen with a truncation error of order two.

A general stencil is displayed in Fig. 2 with the temporal extension N, and the spatial extension 2Ny+ 1. Denoting
u(xy, ty) =uy and assuming an equidistant temporal and spatial grid with t=[0, At,2A¢t,...,NrAt], x=[0,Ax,2Ax, ...,
N;Ax =1] with fixed At,Axe R* and N;,Nt,Ny,N; € N, the partial derivatives in Eq. (1) for the interior of the problem
domain are efficiently approximated by standard central difference coefficients:

2 n n n n—1 n n+1
u ul! —2ul+4u u u _2u'+u
‘Lz(xk, (e S i S 2 R "iz(xk, (A S S i
ox (AX) at (At)
—u(Xk tn)gu}372+4uﬁ71+6u,’;—4uﬁ+]+u;§+2
ox4 (Ax)4
otu a*u
u ?(sttn+l)_w(xkatn—l) 4
X tn) & .
axctor e ) 2At 4)

Inserting these approximations from Eq. (4) into Eq. (1), a system of difference equations is obtained for the interior of the
problem domain (k= Ny, ..., (N, —Ny)):
M = puptu nf (5)

Thereby the force density is denoted by fi = f(x, t;) and the coefficients H; = 1P, Ax, At), n =n(p, Ax, At) for the relative
time level j depend on the parameters p. Note that here Ax, At are chosen a priori so that a stable scheme is obtained for the
expected and initial physical parameter values. Instead, they could also be considered as free decision variables, increasing

the number of identification parameters. The coefficients y; are defined for j= —1,0,1 as
[HiN, Hon, H_1nN,
Bi= Pl po= O P S : . (6)
| 1N, Hon, H_1nN,

Finally, the vectors of the approximated solution values are

[n+1 n n—1
U N, Ug_n, UL N,
1 H : -1 H
Wl = : , ul= : , ultl= : R (7)
n+1 n n-1
Uk N, Uk N, Uk N,

and the vector of physical parameters is given by
P=[PA, dv, dmatyEIa T] (8)

The values at the remaining grid points k=0,...,Ny—1,N,—Ny+1,...,N; are determined using the boundary conditions.
Here, the boundary conditions given in Egs. (2) and (3) are approximated by FD with a truncation error of order one

ux, b, _ =uxnl,_, =ug=uy, =0 9)
ou —ug+uff
0=_ @b, _g~—f —-uj=0 (10)
ou uy, —uy, -
Oza(x,tﬂxdwim AXNL 1—>u,’2,ﬁ1:0. (11)
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Fig. 3. Vector notation for Ny=2.

Summarizing Egs. (5) and (9)-(11) and denoting u" as in Fig. 3 an implicit system of difference equations in state space is
obtained as

I O u 0 1 u'-1 .
[0 M1:| [U’”]] - |:M—1 Mo} { u" +B@)I, (12)
—_— —
M(p) Xl A(P) Xt
y'=cx" (13)

with the state vector x", the input (force) vector f" = [f(,fG.....fy, I, the system matrix A(p), the input matrix B(p), the
output matrix C and the model output vector y". The model output vector y" = [yg, 77, ..., j/ﬁy]T defines all measurable values

as linear combinations of the state vector X", where N,, denotes the number of outputs. Eq. (12) includes the implicit FD case
with coefficients of the form

B
q
MqZ Mq 5 (14)
B
0 u e M 0 .« - 0
My(p) = o o : (15)

0 - . 0 /'lq,NX /’lq,Nx o - 0

with g={1,0, —1} as well as the explicit FD-case for M =1, where I is the identity matrix. The matrices Bg and Bf]
summarize those rows of l\7lq which result from the left and right boundary conditions, respectively.

Remark 1. For clarity of exposition Egs. (12)-(15) are displayed for time-invariant parameters. In a time-varying setting, the
parameter dependence on absolute time needs to be considered by formulating Eq. (5) separately for each absolute time
index n with absolute-time-dependent coefficients pj. Analogously, smoothly spatially varying parameters can be
considered by FD.

Remark 2. The proposed methodology directly supports other discretization methods like Finite Element or Finite Volume
methods. By substituting u!, ul, u* , and # in Eq. (5) with the corresponding Finite Element and Finite Volume stencil
coefficients, the developments in the following sections can be applied directly.

2.3. Identifiability

A necessary condition for the unique identifiability of parameters of partial differential equations (PDEs) from measured
output signals is that the considered (measured) model outputs are in fact affected by the parameters to be identified. This is
formalized by the Fisher information matrix [31,22]. For the output error configuration [32], consider the following linear
time-invariant parameter-dependent model (corresponding in its form to the explicit FD scheme of the EBB)

X" =A@ +B@)"

v =Cx". (16)
The output error signal is defined as the deviation of the model output signal y"(p) from a measured output signal y",
e =y'(p-y", (17)

where the model output sequence is generated by a known input signal f" for time indices n=0, ..., Nt.
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Definition 1. A necessary condition for a unique solution of the parameter identification problem based on the output error
equation (17) is that the Fisher information matrix of the output error [23],

1 de'p) (de" @) _ 1 L dy"p) (4@

is non-singular [22]. Note that the total differential requires a recursive computation which can be realized in a time-
marching manner similar to the actual solution of the state-space system equation (16).

The eigenvalues of Z = Z(p) are affected especially by (i) the selection and placement of the sensors and actuators, (ii) the
initial data and input sequence, and (iii) the parameter values p. Quantitative measures of identifiability have been
established in the field of the optimal design of experiments. They are scalar functions of Z, notably

® the trace of the inverse of Z (minimization objective for A-optimality),
® the determinant of Z (maximization objective for D-optimality), and
® the smallest eigenvalue of Z (maximization objective for E-optimality).

Optimal design-of-experiment methodologies address the optimal placement of sensors and actors and the optimal shaping
of input/excitation sequences to maximize identifiability. They are not detailed in this work; instead, the interested reader is
referred to [22,31-33].

For a scalar time signal f7, the Fisher information matrix in Eq. (18) can be written as Z = (1 /02)‘I’T‘l‘ with

[’ '@ V@] e
- d * dp 7 dp = USV*. (19)

Thereby, the non-negative diagonal matrix S contains the singular values o; (i=1, ..., Nparam) of ¥ and V* is the conjugate
transpose of V. The left and right singular vectors are the columns of U and V associated to the corresponding singular value,
respectively. The singular values of W are closely related to the eigenvalues of 7 and therefore are directly interpretable as a
quantitative measure for identifiability of the corresponding parameter. The right singular vectors connect the parameters of
p to the measure of ;. A singular value ¢; = 0 indicates a non-influential right-singular vector, which in turn corresponds to
non-identifiable parameter(s) of p.

2.4. Multi-objective data-based parameter identification

Multi-objective optimization (MOO) is used to optimize a problem with conflicting objectives such as performance and
stability. In this chapter a performance objective in terms of an output error minimization objective and a stabilizing objective
in terms of quantifying the exponential decay rate are defined. Then these types of objectives are combined to form a multi-
objective data-based parameter identification problem.

2.4.1. Performance objectives

Output error performance objective functions are defined in the following for a single-input-single-output system
configuration which covers the practically important case of one (known) excitation point force and one displacement
measurement signal. Curly symbols denote spatially concentrated signals in time (forcing input, model outputs and
measurement output signals).

Definition 2. The i-th performance objective J,; is the output error minimization objective

-
pert 113

where the considered measurement sequence of the spatially concentrated signal is denoted Y; and the model output
sequence is denoted Y;,

) (20)

Nr.i
yi=Rvh | (21)
Vi= ey, ]| (22)
=4y
The system excitation is considered as
_[f0 £1 Nri
‘Fl_[fkafk""’ k } Xe = X (23)

at spatial position x,. Both ; and J; are measured/modeled at X=X, and a simple, spatially concentrated time-varying
input signal acting at x =x, is considered. The number of time steps of the i-th sequence is denoted by Nr;.
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Note that the calculation of Eq. (20) requires the solution of Eq. (12) to obtain the model outputs equation (13).
A sufficient condition for the existence of such solution is that M in Eq. (12) be non-singular. Furthermore, the measurement
and input positions x, and x,, in Definition 2 have to be interpolated adequately and with sufficient accuracy if they are not
part of the spatial grid.

2.4.2. Stabilizing objective

In discretized PDEs instability can arise either because of inherent instability of the original PDE, or, if the PDE is stable
per se as in the considered case, instability can appear through discretization. Furthermore, the parameter identification
with short and noisy measurement sequences as well as for low-damped systems may lead to parameters which cause
instability. In these cases a stable parameter set can be enforced by adding a stabilizing objective or a stabilizing constraint.
On the one side using a stabilizing constraint a single objective optimization problem occurs and its solution is a stable
candidate (parameter set). Depending on the single-objective optimization method and the starting point of the
optimization a global minimum of the performance objective can be obtained. On the other side choosing a stabilizing
objective results in a multi-objective optimization problem. Its solution is a set of candidates, where performance and
stability can be traded against each other. Furthermore, the stability objective proposed here allows one to interpret the
value of the stability objective as the reciprocal of the stability margin. The stabilizing objective allows one to decide if an
identified parameter set is stable or not, which is of high value in practice. A necessary stability condition is summarized in
the next theorem.

Theorem 1. Let the discrete fundamental solution
) k
ufp = (e) (24)
be a solution of an unbounded discretized PDE with constant coefficients, with exponential decay rate =  C, the spatial frequency
wy € Ry and the imaginary unit i. This discretization is stable if the corresponding dispersion relation
Ne—2 )
N1 N by AT =0 (25)
i=o0
with coefficients b; e C satisfies
VawyAx € [0, 7]: |[t(wx Ax)| < 1. (26)

Proof. The dispersion relation [24] is a polynomial of order N;—1 with complex coefficients. It is derived by extending
Eq. (5) for a general temporal extension N, (see Fig. 2)

Ne-2
Tu'+1 = 'l;.un—i 27
13! - ;} B (27)
uy*
and inserting Eq. (24) into Eq. (27). This yields
Ne—2 )
<ﬂ.{l<‘7:l -y ﬂ.l;ik‘1.'71> ur=0 (28)
izo
with
K= [N Nt ] (29)
and
K= eia),Ax. (30)

Eq. (28) holds for non-trivial u} only if the discrete dispersion relation

Ne—2
pik 7= > plx 777=0 (31)
~—~— iz N——
ay(wyAx) a_j(wxAx)

is fulfilled. By multiplying Eq. (31) by 7™ -2 and dividing it by a,,.; one can obtain a characteristic equation for 7,
parametrized in wyAx:

Ne=2 g .
Ny —1 —1 —i__
T — — 77 '=0. 32
iZ:O a (32)
=0 —~
bi(wyAx)
It is clear that for stability the solutions 7 of Eq. (32) must satisfy |z| < 1, otherwise exponential growth of the solution in

Eq. (24) in time would occur. ©
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Fig. 4. Approximation of a Pareto front for Npe; = 1.

The coefficients b; of Eqs. (25) and (32) are complex-valued for asymmetric stencils and real-valued for symmetric
stencils. Conditions for b; to satisfy Eq. (26) can be obtained by applying the Bistritz criterion. This criterion indicates that if
the zeros of a complex polynomial with complex coefficients are inside or outside the unit circle [25].

Theorem 2 (Bistritz [25] criterion). Given a polynomial with complex coefficients of order n

Bu(z) =bo+b1z+--+byZ", By(1) e R\{0} (33)

and the polynomials
Tn(z) :Bn(z)+§n(2) (34)

_ Bu(2)—Ba(2)
Tn,1(Z)—2771 (35)
1 = .
Tj2@ =5 [(5+8)T1@-Tj@]. j=n...2 (36)
with
__ Lo

5j—Tj71(0), j=n,...,2 (37)

where (-) denotes complex conjugation. The number of zeros inside and outside the unit circle of By(z) is n—v and v, respectively
with

v=Var{Tn(0),T,_1(0), ..., To(0)}. (38)

Var denotes the number of sign changes in the displayed sequence of real numbers in Eq. (38). A proof is omitted here but given in
[25].

Theorem 2 is feasible if B,(1) € R\{0} and T;_1(0) # 0 are fulfilled. B;(1) = 0 implies that the polynomial has a zero on the
unit circle and because of this violates the stability condition equation (26). B,(1) e R may be obtained by rescaling of B,(z) e.
g. its multiplication by By(1). The second condition T;_1(0)#0 is necessary to perform the division in
Eq. (37) and excludes singular cases. There are two types of singularities: the first type of singular cases leads either to
roots on the unit circle or to reciprocal pair zeros and the second type implies zeros outside the unit circle. However, both
singular cases violate Eq. (26) and will not be investigated further. The interested reader is referred to [25].

In the scope of this work the roots are computed for a finite number of @WxAX € [0y min, 7], @xmin > 0, for the system
equation (13) with N,=1, and symmetric stencils. It can be solved directly and the stability target is fulfilled if
Tmax = Max(|zj|) <1 with j=1,2 and leads to the stability objective

Jstab = Tmax- (39)

Remark 3. The stability criterion presented in this section only provides information on absolute stability. It is possible to
implement relative stability criteria which effectively shape a desired frequency response, however, this approach adds
artificial damping to the system dynamics.

Remark 4. The roots were computed at spatial frequencies @y > wymin > 0 to avoid the rigid body mode (integrator with
Tmax(wx =0)=1).

2.4.3. Multi-objective optimization problem
Using the performance and stability objectives defined by Egs. (20) and (39), respectively, the multi-objective
optimization problem

rr}Dinj(p), peD, JeC (40)
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with
3= 10 1] = Upert 1P - pert e (0S| (41)

is obtained, where Ny represents the number of performance objectives, D is the decision space, C is the
Npert + 1—dimensional criterion space and the objective function value vector J:D—C. A solution p of the MOO problem
equation (40) generally cannot minimize all objective functions simultaneously if the objective functions are conflicting
[34]. Interpreting the objective function value vector J(p) of any solution p in the criterion space, relative solution quality can
be discriminated (see Fig. 4). Those solutions which cannot be improved in any objective without degrading at least one of
the other objectives are called Pareto optimal solutions (see Definition 3).

Definition 3 (Pareto optimal solution, Marler and Arora [35]). A solution p* € D is Pareto optimal iff there does not exist
another point p # p* € D such that J(p) < J(p*), and J;(p) <J;(p*) for at least one objective function.

The set of all Pareto optimal solutions is called the Pareto front which describes the best possible, efficient trade-offs in
the MOO problem. Pareto optimality is understood in a global sense, however, local notions of Pareto optimality can arise if
the MOO problem is constrained [35]. Additionally, depending on the chosen MOO solution method, convergence to local
optima may be an issue.

The existing MOO solution methods can mainly be categorized into methods of a priori and/or a posteriori articulation of
preferences [35]. With a priori articulation, the relative weights (importance) of the objective functions is defined before
running the optimization and the MOO problem is transformed into a single-objective optimization problem. Each iteration
aims to improve the solution such that the weighted, scalar objective value is minimized. By varying the weights, different
Pareto optimal solutions can be obtained. However, the main disadvantages of a priori articulation of preferences is that
each new weighting requires re-optimization, one has to specify the weightings in advance without knowing the implied
objective trade-off, and local convergence could prevent the algorithm from obtaining a Pareto optimal solution [35]. On the
other hand, a posteriori articulation of preferences aims to produce a representation of the Pareto front itself, so that
the final choice of a solution can be made when the efficient tradeoff topology is known. One of the a posteriori methods is the
so-called multi-objective genetic algorithm [36]. The genetic algorithm is an evolutionary algorithm that mimics nature's
evolutionary principles and uses a population of many solutions. These are improved over the iterations (generations).

In this paper the state-of-the-art multi-objective genetic algorithm “NSGA-II” [37] is chosen to solve the MOO problem
equation (40) because it is capable of handling non-smooth objectives and constraints, and it is able to obtain an evenly
spread, sampled approximation of the Pareto front. Furthermore it allows a posteriori articulation of preferences thus
showing the objective trade-offs, and it is (or, can be tuned to be) insensitive to converging to local optima too quickly.

3. Validation

The identification methodology proposed in this paper is validated by an example based on simulation data and an
example based on real-world measurement data. For both validation examples identifiability is fulfilled. This is verified by
formulating the Fisher information matrix equation (18); their eigenvalues are strictly positive.

First the EBB parameter identification from simulated, noisy data of an undamped EBB equation is explained. This
example will show a typical optimization run for railway contact wire parameters. The stability in terms of decay rate and
performance in terms of model output fit will be traded against each other. The result is a evenly spread Pareto front, where
each candidate represents a stable solution.

The second example is parameter identification based on measurement data. An actual, heavy beam is clamped under
pretension. It is dynamically excited and displacement is measured. In consequence of the large damping of the tested beam,
stability of the identification results is not an issue. Instead, two performance objectives are optimized simultaneously.

In both examples the parameter sensitivity will be analyzed.

3.1. Undamped beam

3.1.1. Problem setup

In this validation example, simulation results of an undamped beam model (1) with d, = dmar = 0) will be fed into the
proposed multi-objective methodology to obtain a well-fitting, stable model. The boundary conditions of the initial
simulation are

ux, b, _o=utl,_, =0 (42)
oau oau
&(X,t)}x:[):&(x,t)‘)(:,_:o (43)
with L =7.5 m as the beam length and the initial conditions are chosen as

a
ux b, _, =0, ait’(x,t)\r:ﬁo. (44)
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The chosen initial parameter values p;.i. = [El, T, pA, dmac] = [150, 15 000, 1, 0] are typical railway contact wire parameters.
As input and output indices idx;; = 18 and idx,, = 10 were defined, where the number of grid points is N;=23 and
temporal step size is At =8 x 107 s. Using a band-limited white noise signal (std. deviation ¢ ~ 460 N) force input signal f,
a noise-less displacement output signal y, was generated. To obtain a more realistic output sequence y, a band-limited
white noise signal (std. deviation o ~ 0.01 m) was added to yy,.

3.1.2. Identifiability and parameter sensitivity

The identifiability of this example has been tested by means of regularity of the Fisher information matrix. This condition
is fulfilled. Additionally one can obtain the parameter sensitivity by analyzing the singular values and right singular vectors
(see Eq. (19)) for the parameter vector p = [EI, T, pA, dmat] using the parameter values pj;:

4.164 x 10% 0 0 0
1
5_ 0 4167 x 10 0 . 0 , (45)
0 0 6.254 x 10~ 0
0 0 0 9.196 x 103
—1.000 —2.164x 1073 ~0 ~0
~ ~ -1 _ -1
Ve ~0 0 9.949><'1071 1.011 xl(i] (46)
~0 ~0 1.011 x 10 9.949 x 10
—2164x 1073 1.000 ~0 ~0
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Fig. 5. Identification results with noisy model output data for an undamped pretensioned Euler-Bernoulli beam.
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As one can see all parameters can be identified (singular values o; > 0 for i =1, ..., 4) for this sensor and actuator placement
and the chosen input sequence. The parameter pA has the largest singular value, thus it is the most sensitive parameter and
is coupled with the material damping dna (the second most sensitive parameter). The third and fourth columns of V
indicate that the parameters bending stiffness EI and tensile force density T are coupled, whereby EI is more sensitive than T.

3.1.3. Identification results and optimization setup
The identification results are displayed in Fig. 5. The input signal f and the output signals y and y,, are displayed in Fig. 5
(a) and (b). Fig. 5¢ displays the approximated Pareto front with the modified stability objective

Jstab =A= ln(Tmax)/(At) (47)
on the ordinate, where the continuous-time decay rate A is obtained from the relation
Tmax = et (48)

The objective value A can be directly interpreted as decay rate or eigenvalue of the corresponding continuous time model
and A < 0 denotes a stable system. On the abscissa of Fig. 5¢ one can see the performance objective values. The remaining
parameter sets in Fig. 5¢ are denoted by p,. Additionally, the model output y for three different parameter sets p,, p, and p;
is compared with y,, in Fig. 5d-f, respectively.

Fig. 5d shows the model with the best fit. The model output y in Fig. 5e has a lower performance value but a higher decay
rate and Fig. 5f shows the parameter set with the highest decay rate. As displayed in Fig. 5f this model has a poor
performance compared to Fig. 5d and e.

The parameter values of p;,;;, P;, P, and ps are summarized in Table 1. The lower part of Table 1 shows the parameter
bounds of the NSGA-II genetic algorithm [37]. The lower parameter bounds have been chosen as displayed in Table 1 to
avoid numerical problems (e.g. division by zero). The upper bounds were set because the tensile force T and the mass per
unit length pA are usually well known, whereas the bending stiffness EI and especially the material damping dma: have to be
identified experimentally. Furthermore pA is constrained in a narrow band because it is the most sensitive parameter (see
Section 3.1.2).

For this optimization a population size of 50 has been used and the average time per generation is t ~ 0.2 s on a standard
PC (Intel i7). The displayed parameter sets were obtained after 100 generations.

Multiple runs using randomized initial values have been performed leading to overall good and consistent results even
with noisy output data. The results of the optimization run displayed in Fig. 5 have been chosen to show a typical result with
a evenly spread Pareto front, where all found parameter sets are stable.

This example shows that this multi-objective optimization based parameter identification is able to find stable solutions
with optimal fit under difficult conditions (noisy and short data sequences). Furthermore, it is possible to directly decide if a
solution is stable without requiring expert knowledge on the PDE or the parameter set itself. The performance-stability
trade-off is clearly illustrated.

Table 1

Upper part: Parameter values of the initial and the identified parameters. Lower part: Parameter bounds used in this optimization run.
Parameter set EI (N m?) T (N) pA (kg/m) dimac (N m?s)
Pinit 150 x 10? 1.50 x 10* 1.00 0.00
P 2.88 x 10% 1.24 x 10* 132 847 x10!
P2 2.85 x 10? 1.38 x 10* 7.38 919 x 10!
p3 2.82 x 10% 149 x 10* 125 % 10' 8.40 x 107!
Parameter bounds
Lower bound 10 1.00 x 10* 0.5 0.00
Upper bound oo 2.00 x 10% 1.50 oo

u(z,t)

sensor shaker

*r—>

2 |

Fig. 6. Experimental setup for beam parameter identification.
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3.2. Parameter identification using real measurement data

3.2.1. Problem setup and the testbed

In this validation example the multi-objective optimization will be performed for two performance objectives with two
different sequences of excitation and measurement data. Each performance objective represents the fit for a different
measurement sequence. A stability objective is not considered in this test case because the actual system is significantly
damped and the model equation (13) is always stable for these measurement data.

The data have been measured on a laboratory testbed which was set up as shown in Fig. 6. The beam in this experimental
setup fulfills the assumptions for the EBB theory from Section 2.1, so the model equation (1) can be used [38, Figs. 5.8, 5.9].
The beam has been mounted on a supporting frame. Static sag is not considered and removed in a data preprocessing step.
To dynamically excite the beam, a shaker was positioned in the middle of the beam at x = L/2, where L is the beam length.
Additionally, a sensor was placed at x =x,. Due to the placement of the shaker at the middle, symmetry can be used and
only one-half of the beam needs to be considered (the highlighted part in Fig. 6). Then, the shaker excitation can be modeled
using a dynamic boundary condition (shaker displacement f(t)):

ou
ux, 0l _g=0, —X0|,_o=0 (49)

oau
UX O, =fO, =0l ,=0. (50)

The initial conditions are chosen as
ux,t)|,_,=0 (51)
oau

E(xat)h:():()' (52)

Note that Eq. (51) is zero because the static sag (and gravity force terms) have been removed, thus u models the dynamic
deviation from the static solution. With the boundary and initial condition equations (49)-(52), the EBB equation in Eq. (1)
is well-defined and a state-space system equation (13) can be obtained.

3.2.2. Identifiability and parameter sensitivity

Due to the fact that only the displacement trajectory is available for excitation, it turns out that one parameter needs to
be fixed to maintain identifiability. Then, the eigenvalues of the Fisher information matrix equation (18) for the resulting
parameters have been verified to be strictly positive values, so the necessary identifiability condition in Definition 1 is
fulfilled. Thus the Fisher information matrix is non-singular. The singular value decomposition equation (19) for the
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Fig. 7. Identification results for a pretensioned Euler-Bernoulli beam with measurement data. The best fit for J . ; (top) and the best fit for [, (bottom).
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parameter vector p = [El/pA, T /pA, dmat/pA] (dy is assumed to be zero) yields

[E PR :

S— 0 1.8187 x 1073 0 , (53)
0 0 1.9067 x 107°
~0 9.5871 x 10~ 1 2.8439x 107"
V= ~0 28439 <1071 95871 x 10~ |. (54)

These matrices show that the parameter dma:/pA is most sensitive and the other two are coupled. Note that if parameter
vector p = [pA, EI, T, dma] would have been chosen, the material damping dma: would not have been be identifiable. Thus the
number of parameters is reduced by dividing by pA on both sides of Eq. (1).

3.2.3. Identification results

Fig. 7a and b shows the comparison between the measured y and simulated model y outputs. Note that the identified
data can be divided into two sequences. The chosen parameter sets are the best fit for the first sequence and the best for the
second sequence, respectively. All other found parameter sets are a trade-off between these solutions. In the lower upper
part of Fig. 7 the first sequence with a frequency at f; ~ 1.5 Hz is fitted better than the second sequence at f, ~ 7.8 Hz. The
lower part of Fig. 7 shows a good fit for f,.

The displayed parameter sets were obtained after 200 generations, with a average time per generation t~ 1.1 s and a
population size of 50.

The main advantage in using multiple performance objectives is that the model can be tuned for certain frequency
ranges or signal forms a posteriori (i.e., without re-optimization).

4. Conclusions

A multi-objective parameter identification methodology of the bending dynamics for axially loaded Euler-Bernoulli
beams is proposed. The identification problem is viewed from a multi-objective perspective which helps to understand the
involved trade-off relations of the objectives.

Output error performance objectives as well as a stabilizing objective are proposed and developed, and criteria for
unique identifiability (based on the Fisher information matrix) and for stability of the discretized solution are developed.
Typically, few, simple measurements are sufficient to successfully identify the physical parameters.

A multi-objective genetic algorithm is utilized to solve the identification problem. It yields an approximation of the
Pareto front of solutions.

Two specific test cases demonstrate the utility of the proposed multi-objective approach and the types of proposed
objective functions: first, the stabilizing objective is seen to effectively produce stable solutions if only short, noisy data
sequences produced by an undamped system are available. Also, a clear trade-off between performance and stability
(margin) becomes evident. Second, measurement data of a real beam testbed are utilized to identify the beam model's
parameters with low- and high-frequency performance objectives, clearly illustrating the performance trade-off.
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Many wave propagation problems (in acoustics or in railway catenary or cable car
dynamics, for example) can be solved with high efficiency if the computational domain
can be truncated to a small region of interest with appropriate absorbing boundary
conditions. In this paper, highly absorbing and stable boundary conditions for linear
partial differential equations discretized by finite difference schemes are directly designed
using a flexible, optimization-based formulation. The proposed optimization approach to
the computation of the absorbing boundary conditions is capable of optimizing the
accuracy (the absorbing quality of the boundary condition) while guaranteeing stability of
the discretized partial differential equations with the absorbing boundary conditions in
place. Penalty functions are proposed that explicitly quantify errors introduced by the
boundary condition on the solution of the bounded domain compared to the solution of
the unbounded domain problem. Together with the stability condition the described
approach can be applied on various types of linear partial differential equations and is
thus applicable for generic wave propagation problems. Its flexibility and efficiency is
demonstrated for two engineering problems: The Euler-Bernoulli beam under axial load,
which can be used to model cables as well as catenary flexural dynamics, and a two-
dimensional wave as commonly encountered in acoustics. The accuracy of the absorbing
boundary conditions obtained by the proposed concept is compared to analytical
absorbing boundary conditions.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Many physical applications that show wave propagation phenomena, such as pressure waves in fluids, acoustic problems,
or vibrations in strings and beams, are modeled by partial differential equations (PDEs) on bounded domains (clamped
beam, sound waves in a chamber) or unbounded domains (long cables or catenaries, free sound wave propagation). To
approximate the analytical solution the PDE is often discretized over a limited computational domain although the original
problem may be defined on a much larger space. In order to obtain a well-posed problem suitable boundary conditions
(BCs) and initial conditions (ICs) are needed. Choosing simple homogeneous BCs (Dirichlet/Neumann BCs respectively
clamped BCs) is unsuitable in this setting because they fully reflect outgoing waves back into the domain. To avoid such
spurious reflections into the domain of interest, the computational domain would have to be vastly expanded which
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drastically increases computational effort. Special so-called absorbing boundary conditions (ABCs) [1] have been proposed
which ideally absorb outwards-traveling waves without reflections or the need to expand the computational domain.
However, the analytic formulation of ABCs is not straightforward at all and heavily depends on the underlying PDE.

The finite difference (FD) method is one widely used technique to approximate the solution of the continuous PDE
problem [2]. Its simple and flexible formulation relies on approximating the occurring partial derivatives by, for example,
central differences, yielding an algebraic set of equations whose solution approximates the PDE's solution.

In this paper, an optimization-based method to obtain the unknown coefficients of a general explicit linear stencil for an
ABC in the fully time/space-discretized FD problem is proposed. The method is illustrated by two examples — the Euler—
Bernoulli beam (EBB) equation under axial load as well as the two-dimensional scalar wave equation.

ABCs for the wave equation have been investigated over the last decades. Well-known ABC formulations were developed
by Engquist and Majda [3] and by Bayliss and Turkel [4]. The first approach is based on a factorization of the wave equation
and leads to a non-local ABC, which must be transformed to a local ABC using pseudo-differential calculus in combination
with truncated Taylor series, and the latter is based on a far-field asymptotic solution of the wave equation [5]. In Ref. [6]
ABCs are developed for the FD approximation of a two-dimensional wave equation using the discrete dispersion relation.
The same author developed radiation BCs for elastic and dispersive waves in the Refs. [7] and [8], respectively. Improve-
ments led to local high-order ABCs [9], which have been applied on different types of wave equations, such as the time-
dependent [10] and dispersive [11] cases. A review on high-order ABCs can be found in Givoli [12]. A different approach is
the formulation of absorbing layers that expand the computational domain by an area with dissipating properties. These so-
called sponge layers increase the damping in the absorbing layer to attenuate incident waves and can also be combined with
ABCs [13]. In Ref. [14] sponge layers were used for the aeroacoustic time-reversal method to localize sound sources. A more
advanced approach is the Perfectly Matched Layer (PML) [15] which uses a complex change of coordinates [16] to achieve
high absorption performance, however at the cost of a considerable number of additional equations and variables to be
solved in a time-marching scheme. The authors of Ref. [17] adopted the PML from Ref. [15] for the transition line method.
The close relation of ABCs and PMLs is discussed in Ref. [9], and a combination of ABCs and PMLs has recently been pre-
sented in Hagstrom [18]. A historical overview on ABCs and PMLs is given in Berenger [19].

Developments related to ABCs for the EBB have been made in the field of boundary control of PDEs [20,21]. However, in
Ref. [20] no axial load was considered when ABCs for the EBB were derived. The authors of Ref. [22] have successfully
applied boundary control on an axially moving EBB under axial load, but their goal was to suppress vibrations by max-
imizing damping and energy absorption. In the present paper, ABCs for the FD-discretized EBB equation will be generated
(in contrast to Ref. [20] an axial load is considered here). The goal of the optimized ABCs is to approximate the unbounded
domain solution (not absorb energy as fast as possible as done in Lee [22]).

initialization
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discretization .
* domain

precompute
dispersion
relation

dispersion
relation
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! e choose ABC stencil form
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Fig. 1. Block diagram of the proposed method to obtain optimized ABC stencil coefficients.
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The main contributions of this work are (a) a generic optimization approach to the determination of the ABC; (b) two
accuracy objectives as well as one stability condition to allow the optimization to be carried out for generic wave propa-
gation problems; and (c) the demonstration of the proposed method for two common engineering problems: the EBB
equation under axial load, which to the best authors' knowledge has not yet been investigated in terms of ABCs in this
configuration, and the two-dimensional scalar wave equation.

In contrast to the approaches available in literature, where the ABCs are typically developed for a specific PDE (and often
in the continuous domain), here a generic method is proposed to directly obtain discrete ABC realizations for given dis-
cretization schemes of PDEs. This is done intentionally to avoid additional errors produced by discretizing a continuous ABC.
Also, the method is generic in the sense that any large-scale reference system's solution could be utilized to fit the truncated
system's response to. However, we make some basic assumptions in order to exploit problem structure and improve the
method's efficiency. These assumptions are the PDE is linear with constant coefficients, has no (or, sufficiently low)
damping, has a harmonic traveling wave solution [23,24], and its so-called discrete dispersion relation [6] can be derived (see
Section 2.4).

The proposed optimization approach (main contribution (a)) consists of three major steps ((i), (ii) and (iii)) as illustrated
in Fig. 1.

In step (i) the investigated PDE is approximated by standard central differences [25] using evenly spaced grids in space
and time directions to obtain a set of algebraic equations. We denote the range of grid points that can be approximated by
central differences as interior domain and the remaining grid points as boundary points. Each algebraic equation describes a
relation between the unknown future (one-step-ahead) values and the known values of the solution. The pattern of these
relations of points in the space-time grid is called stencil and the corresponding coefficients are called stencil coefficients. To
perform numerically stable simulations the constant distances between two grid points in time and space directions — the
so-called step sizes — have to be chosen appropriately. This choice of the space and the time step size is common to all FD
problems and is, for example, guided by the von Neumann stability analysis or the Courant-Friedrich-Lewy's condition [2].
At this point, the dispersion relation can be precomputed and stored.

In step (ii) first the form of the ABC stencil for the boundary points has to be chosen. This choice is problem-dependent
and may require a priori knowledge of the physical conditions under which the problem needs to be solved. Various stencil
forms can be tested and optimized to obtain the best performing out of a limited number of candidates. For each time and
space step size couple {At, Ax} the ABC stencil has to be recomputed (or stored in advance) before running a simulation.
Then an accuracy objective and a stability condition are selected and configured.

In step (iii) the optimization problem with the stencil coefficients as decision variables is formulated. One way is to set-up
a single-objective optimization where just the accuracy of the ABCs is improved and stability is enforced through imposing a
constraint. Standard single-objective optimization methods [26] such as pattern search [27] can then be utilized. The other
possibility is to consider a multi-objective optimization (MOO) problem and to treat accuracy and stability as conflicting
objectives. The MOO problem can, for example, be solved by population-based algorithms such as multi-objective genetic
algorithms [28,29]. It is noted that population-based methods offer a set of solutions after the optimization which shows
efficient trade-offs (of accuracy vs. stability). Either way, each solution defines a set of ABC stencil coefficients which directly
constitute an ABC realization.

Two accuracy objectives and a stability condition are proposed (main contribution (b)). The first accuracy objective, here
denoted as reflection error, expresses the magnitude of the reflection coefficient (RC) [30], which is ideally zero for all
frequencies fulfilling the discrete dispersion relation of the interior domain stencil. The second proposed accuracy objective
quantifies the amount of reflections of the harmonic wave solution of the FD scheme by the ABCs in an output-error sense
[31].

In Refs. [32-34] FD-ABCs were used to stabilize simulations of wave propagation phenomena on unbounded domains
over long time durations. To verify stability, eigenvalue analyses have been carried out in these references. However, the
authors observed that optimizing ABCs using direct optimization (with accuracy objectives only) may lead to ABCs stencils
that destabilize the system. Similar observations - concerning long-duration instabilities — have been made by Rabinovich in
Ref. [35] in the field of elastodynamics for analytically derived ABCs. These instabilities have been delayed by introducing
numerical damping in the same paper and eliminated by using special operators in Ref. [36]. In this paper, we adopt the
eigenvalue analysis of the Refs. [32-34] for a fully discretized PDE. On that basis a stability objective evaluates the locations
of the eigenvalues of a sufficiently large test system in state-space representation with the ABCs in place. In order to obtain
an asymptotically stable FD scheme, all eigenvalues of the corresponding system matrix must lie inside the unit circle (see
e.g. Ref. [37]).

The outline of this paper is: First, the basic effect of ABCs compared to standard Dirichlet and Neumann BCs is shown for
the EBB under axial load by simulation. The influence of the two proposed accuracy objectives on the actual absorption
properties is discussed, the choice of a stability objective vs. constraint is discussed, and the influence of frequency-
weighting of the accuracy objective on the obtained ABC behavior is illustrated. Furthermore eigenvalue and sensitivity
analyses will be performed for the one-dimensional case. The second example highlights the proposed method on the two-
dimensional wave equation where the ABC stencil coefficients are optimized for certain angles of incidence and frequencies.
The method is compared with the well-known Engquist-Majda-ABCs from Ref. [3].
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2. Finite difference approximation of PDEs

The proposed method for obtaining the ABCs as an output of an optimization problem is directly applicable to PDEs being
linear with constant coefficients, having no damping terms and for which harmonic traveling wave solutions exist (see
Section 2.4). Additionally, some basic analytical treatment of the underlying PDE is performed. The necessary steps will be
illustrated for the case of the EBB in this section, but are easily applicable to other PDEs modeling wave propagation
phenomena. Furthermore, it is assumed that the update equation for the future time step can be written in an explicit form.

2.1. EBB under axial load

The PDE describing the dynamic behavior of a homogeneous EBB under axial load without damping is given by [38]

o’u otu  _dfu
o= ~Hoat Tom

u=uxt), xe[0,L[]c R, teR™ U {0}, (1)

where the constant coefficients are the axial load T, the mass per unit length pA, and the bending stiffness EI. The spatial
variable is x, time is denoted by t, and the beam length is L. u(x, t) denotes the vertical displacement of the beam.

2.2. Approximation of the interior domain

To numerically solve a PDE with the FD method the partial derivatives have to be approximated. To do so, the solution
domain is divided into a uniform grid in space and time: x x t =[0, Ax, ..., NyAx] x [0, At, ..., NAt]. Consequently, the variable
u(x, t) is only defined at each grid point (u(xy, t,) = u}). The partial derivatives in (1) can then, for example, be approximated
by finite differences [25]:

u ul! o —2ul4+ul

a7("10 tn) “W, (2a)

62u un—lizun+un+1

ﬁ(xka tn) %$7 (2b)
347“()(’ tn)%u£72*4u£71+6“£*4u2+1+u;<1+2 (20)
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Using central differences leads to symmetric stencil coefficients and it is assumed that the update equation producing the
solution at each grid point for the next time step can explicitly be written as

NNT_1 (NINT_1),2
=y > dup, (3)
=0 j= (NN -1)/2
which is the case for central differences if no mixed derivatives appear in the PDE. Thereby, a} are the stencil coefficients (see
Fig. 2) and NINT, NINT are the numbers of time steps and spatial values needed to obtain the next solution value, respectively.
In case of the EBB PDE (1), discretized with central differences (2), NN =2 and NINT = 5 hold. The coefficients g; of (3) for the

TIME
1
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Fig. 2. Generic form of an explicit boundary condition stencil for k=0 (left) and an explicit interior stencil (right).
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EBB PDE (1) are:
0 ElA? o AP(4EI+TAx?)
ai,=— s, O = >
* pA Ax4 + pA AX
o —6EIAt?2 -2 TAX?At? 42 pA AX*
ag = ,
pA Ax4

ag=-1, d'\,=d ,=0. (4)

An example of such interior stencil structure is shown on the right side in Fig. 2.

2.3. Bounds for the time step size At

The FD scheme obtained above is conditionally stable [25]. For given physical parameters and spatial step size Ax, the
time step size needs to fulfill At < Atnmax to result in a stable scheme where numeric errors are not amplified over time. In
case of a linear PDE with constant coefficients defined on an unbounded domain, the von Neumann stability analysis [25]
can be applied to obtain this maximal time step size Atmax. For the EBB PDE (1) discretized by central differences (2), the
following bound is obtained:

Atmax = (5)

Remark 1. It is noted that Atmax denotes a stability bound for the explicit FD time-marching scheme for the unbounded
domain. Thus, the spatial and temporal step sizes are chosen a priori and are kept fixed during the optimization. To verify
stability of the system with ABCs in place an eigenvalue analysis is performed (see Section 3.3). Moreover, Eq. (5) matches
exactly the Courant-Friedrich-Lewy's condition (see Ref. [39]) for EI=0.

2.4. Dispersion relation

For a PDE with traveling-wave-solutions the so-called dispersion relation on an unbounded domain can be derived if a
harmonic wave of the form [23]

U(X, t) — eI(wXX+zu[t) (6)

is a solution of the homogeneous PDE, where I is the imaginary unit and wy, o € R. It is noted that this corresponds to an
oscillatory traveling wave solution of an undamped problem. The dispersion relation describes the connection between the
spatial frequency or wave number wy e R (or the wave vector k= [wy, wy,...]T in the higher-dimensional case) and the
temporal frequency o € R. The general form of this relation is

flor, wx)=0. (7)

Likewise, using the discrete counterpart of (6),
ut = (eImXAx)k(eIm[At)n g )

the so-called discrete dispersion relation [6] can be derived by substituting (8) into an FD-discretized PDE.

To shorten notation, the dependency of x and 7 on wy and wy, respectively, will not be explicitly written in the remainder
of the paper. Also it is noted that because of the linearity of the PDEs under investigation, the sum of harmonic waves is
again a solution, hence the full solution can be written as a superposition of (infinitely) many harmonic wave solutions.
Here, evanescent modes are not considered relevant in the formulation of ABC accuracy (as also argued in[11]).

For the EBB the discrete dispersion relation is obtained by combining (3), (4) and (8) and leads after simplifications to:

o (oA T A 5w AX\ | ELA 4 (o.AX
sin ( 5 >_Mm sin 5 +/ﬁm sin 5 ) 9)

2.5. Boundary conditions

In order to obtain a well-posed PDE problem, suitable initial conditions (ICs) and BCs are needed. These ICs and BCs have
to be discretized as well if the solution is approximated using discrete numerical methods such as FD.

Fig. 2 shows a possible computation grid where an interior stencil is shown on the right side. This stencil cannot be used
to compute the solution values at the boundary because it would rely on undefined grid points outside the computational
domain. The number of boundary grid points Napc to compute depends on the spatial width of the interior stencil. For the
explicit computation of the boundary grid points a generic explicit ABC stencil (on the left of Fig. 2) is introduced (here,
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shown for the left boundary formulation throughout):

n—1i
1 Mt T u0.
uptl = Z Wi : , k=0,..,Npgc—1, (10)
i=0 Uaie

where uf e RN denotes the vector of stencil coefficients for the (n—1)th time instant needed for the computation of the
kth spatial grid point's value. N’;\BC is the number of time instants that are needed for the ABC stencil computation and Nagc
is the number of boundary grid points. ABC stencils on the right boundary are defined analogously by spatially mirroring the
entries of ul.

ki

3. Methodology
3.1. Basic considerations

Unlike the common approaches in the literature, where the ABCs are derived by physical considerations, in this work the
determination of the stencil coefficients of the ABCs is formulated as an optimization problem. Therefore, two different
accuracy objectives and one stability condition are introduced. Only taking accuracy objectives into account may lead to
well-performing ABCs that, however, possibly introduce unstable dynamics. In these cases a stable parameter set can be
enforced by adding a stabilizing objective or a stabilizing constraint. On the one side, using a stabilizing constraint a single
objective optimization problem occurs and its solution is a stable candidate (ABC stencil). Depending on the single-objective
optimization method and the starting point of the optimization a global minimum of the accuracy objective can be obtained.
On the other side, formulating a stabilizing objective instead results in a MOO problem. Its solution is a set of candidates,
where accuracy and stability can be traded against each other.Additionally, a number of different stencil forms can be tested
and the trade-off between complexity, accuracy, and stability margin becomes clearly visible.

Moreover, the accuracy objectives can include weighting functions, introducing additional design degrees of freedom and
thus the possibility to optimize the ABCs for specific application needs. Examples are the frequency of waves or the angle of
incidence of waves reaching the boundary for the two-dimensional wave equation.

The proposed objective functions will be shown and derived for the one-dimensional case to simplify notation. However,
their generalization to the higher-dimensional case is straightforward and will be sketched in Section 4.2.1.

3.2. Accuracy objectives

Two accuracy objectives are proposed that are based on the error made at the boundary with respect to the outgoing
harmonic wave solutions, and thus they quantify the difference between the bounded and unbounded domain solutions.

3.2.1. Accuracy objective — reflection coefficient (RC)
The reflection coefficient (RC) was introduced in Ref. [6] to describe the reflection properties of ABCs. The derivation of
the RC will be outlined here and extended for arbitrary boundary points ul’:”, with k=0, ...,Nagc — 1. The basic idea is to

w, At

w,Ax
=T —WyinAx 0 Wy outAx T

Fig. 3. The discrete dispersion relation for EBB equation for positive w;At with EI=150 N m2, T=15,000 N/m, pA=1kg/m, At=9.9 x 10~ s and
Ax=0.05m.
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consider boundary conditions of the following form:
Bi(m,ui*t! =0, k=0,...,Napc—1 (11)
Bi(z,x) is obtained by inserting (8) into (10) and expressing the boundary point of interest. This leads to

T—(n+1)K—k

NP -1 -+ —k+1

Bumo=1— > ol . . (12)
n=0 :

=+ 1) —k+NPC -1
To study the reflection properties, one considers the linear combination
up = Cian(nTn +C0utkgur‘r” (13)

where «k = exp(lwyinAx) and kK = exp(lwyoutAX) are chosen to correspond with the incoming and outgoing wave com-
ponents (understood as having positive and negative group velocities, respectively [6]) with amplitudes ¢, and cou. The
spatial frequencies wy i, and wyx oyt are obtained from the discrete dispersion relation (7). The discrete dispersion relation for
the EBB (9) is displayed in Fig. 3. The w;At(wyAx)—branch with different signs of w;At and wyAx represents the incoming and
the branch with the same sign the outgoing wave components, with positive and negative group velocities, respectively. The
group velocity is defined as

Jw
ngup = _Tw;' (14)
Finally, one obtains the RC by inserting (12) into (13) which leads to
CinBi(7, kin) + Cout Bk (7, kout) = 0 (15)
or
_ 7BI<(Ta Kout)
Cll’l - B’((T, Kin) COth' (16)

Ry A,y AX)

with the RC Ry. It is evident that the RC is a function of x and 7 and is evaluated for certain pairs of (w;At, wxAx), which are
related by the discrete dispersion relation. The goal for the optimization is to minimize |Ry|. Consequently, the first proposed
accuracy criterion aggregates (16) over all relevant frequencies wy € [0,7/Ax] (up to the Nyquist frequency) with a user-
defined frequency weighting w(wy) > 0:

Nagc —1

rr/AX
]perf,RC = Z /O W(WX)|RI((5UX)| dwy. (17)
k=0

In the particular cases of the EBB and the two-dimensional wave equation the dispersion relation is symmetric with respect
to the w;—axis (see Fig. 3) and wx = — wyjin = wxout- Thus, the integral in (17) needs only be evaluated in the given interval.

time step n o«  areainfluenced by ABC

7
NOE /ffs\ A—A A A A A A)

0 o o o o o o 0o 0 O

7N[ABC + ] . . . . . . . . . . k
0 1 2 3 4 5 6 7 8 N?E

O Plane Wave Solution x ABC Solution  Alnfluenced by ABC

Fig. 4. Influence of an ABC stencil for the EBB into the interior domain.
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3.2.2. Accuracy objective — output-error (OE)

The second proposed accuracy objective is based on simulating a harmonic wave solution on a (small) test domain with
ABCs in place for several time steps and comparing a selected region of the solution to that of the unbounded domain which
is directly available from (8). While the RC accuracy objective (16) minimizes the reflection of the boundary points for the
frequency pairs (o, wx) of the discrete dispersion relation (7), the OE accuracy objective minimizes the harmonic wave
solution error in an output-error sense [31]. The concept behind the OE accuracy objective is sketched in Fig. 4 for the
example of an EBB explicit interior stencil. Each grid point u}} at the time instantsn=0, —1, ..., —N’;‘BC+1 is initialized with
the harmonic wave solution (8). These grid points are marked by circles (°). The boundary grid points (see Fig. 4, k=0,1)
where the solution is computed using the ABC stencils are indicated by crosses ( x ). Grid points that are influenced by
boundary point values are marked by triangles (a) in Fig. 4. The idea is to minimize the difference of the solution marked
with A or a restricted area (e.g. « with k=2 in Fig. 4) and the harmonic wave solution (8) on the unbounded domain. The
output error of one harmonic wave solution is thus expressed as

O OF
N~ Ny

cor= > 3

n=2k=2

X 2
up —x7"|

(18)

and the solutions uj} are obtained from numeric solution of the test system. It is noted that the solution is let to evolve over
N?E time steps (in contrast to the 1-step evaluation of the RC accuracy objective (17)). The proposed OE objective again is
obtained by aggregating the error function (18) over frequency:

7/ AX
]perf.OE = A W(wx)eor(wx) dwx. (19)

3.3. Stability condition

Eq. (5) stated the von Neumann (Fourier) stability criterion for the EBB as an upper bound on the step size At to
guarantee a stable FD scheme on an unbounded domain. Specific BCs can, however, still introduce instability. Therefore, a
dedicated stability condition is introduced.

Thisstability condition evaluates the eigenvalues of the state-space system associated to an FD-approximated test system
with applied ABCs. Every solution value at the time instant n is collected into

u' = {ug, TL “R&—lr' (20)

Since there are two time steps involved in (4) for the EBB and possibly more for the ABC stencil (10), the state vector has to
contain earlier values as well, depending on the highest number N;? of time steps appearing in the update equations:

vﬂ:l:(un)T’ (un—l)T’ . (un—N:‘erZ)T}T‘ (21)

This augmented state vector then consists of (N;” — 1)N, elements and the update equation can be written in the following
form:

vl = AV", (22)

with the discrete-time system matrix A e RV - DNox(® = DNo incorporating the discretized PDE (3), as well as the update

equation (10) for the boundary grid points and the past time steps u?~1, ..., u"~N"+2,

The solution eigendynamics on each grid point is entirely described by A and linear system theory can readily be applied
to study stability. In fact, a discrete-time system of the form (22) is asymptotically stable if and only if all eigenvalues of the
state matrix A lie within the unit circle, i.e. have magnitude smaller than one [37], leading to the stability constraint

P(A) = max|4(A)] <1, (23)

which can also be addressed in the optimization in the form of a stability objective:
Jstab = p(B). (24)

It is noted that the value J,, < 1 corresponds to a positive stability margin and quantifies the global exponential decay rate.
The accuracy/stability margin trade-off is made visible by taking on the MOO formulation. Furthermore, this condition
evaluates asymptotic stability for a concrete implementation. However, it is assumed that the stability properties of the
boundary region affect small and large systems in the same way which has been empirically observed by the authors.

For the undamped wave and EBB PDEs, central differences with applied Dirichlet/Neumann BCs lead to a unimodal
system (all eigenvalues have magnitude one), independent of the number of interior grid points.

Remark 2. The ABC stencils may also be formulated implicitly, leading additionally to stencil coefficients 4] on the left
hand side of Eq. (10). Consequently this leads to an implicit state space representation Mv"*! = Av" (compare Eq. (22)).
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3.4. Single-objective optimization

By choosing one of the accuracy objectives (17) or (19) together with the stability constraint (24), a suitable optimization
problem for the determination of well-performing and stable ABCs can be stated. Mathematically, a parameter vector
p={m}. k=0, ,Nagc—1,i=0,...,N* 1, consisting of the N, = Nagc x N2 x N2B stencil coefficients in the ! vectors
of (10) is sought that minimizes a cost function J = Jpe(P):

mpin Jp)
subjectto p(A) <1 (25)

where pe R¥ and J e R. In this work a pattern-search algorithm [27] was utilized for solving the optimization problem.
Pattern-search belongs to the class of gradient-free optimization methods but only one solution candidate is considered.
This solution is iteratively improved by evaluating the objective function in its neighborhood at points having a fixed
distance to the current solution, called mesh size. If a better point is found, it is denoted as the new solution and the mesh
size is doubled (exploration). If, after evaluating the neighborhood, the current point is still optimal, the mesh size is
reduced (intensification). This process is repeated until the mesh size reaches a lower tolerance value.

3.5. Multi-objective optimization (MOO)

By incorporating the stability objective (24) into the optimization problem and treating it equally to the accuracy
objective MOO results. Stencil coefficients are sought that minimize a vector-valued cost function J = [Jper(P), Jsap(@]" in the
Pareto sense [40]:

mpin](p), peRY, JeR2 (26)

Typically, the two objectives are conflicting. Each solution candidate that cannot be further improved in one objective
without deteriorating the other objective is called Pareto optimal [28]. The result of the MOO problem solved by population-
based approaches is an approximation of the Pareto-optimal solution set (called Pareto front). In this work the MOO pro-
blem (26) is solved by a multi-objective genetic algorithm (NSGA-II [29]). Genetic algorithms belong to the class of evo-
lutionary algorithms and are inspired by nature's evolution process. They use a set of solution candidates, called population,
and improve it iteratively. Each iteration, called generation, is evolved by the operations selection, recombination, and
mutation. Initial solutions can be obtained by single-objective optimization, via randomization, or by using already
known ABCs.

4. Numerical results

Using an EBB test system, a simulation run illustrates the wave absorption with an ABC in place. The two accuracy
objectives will be compared and their properties discussed. Furthermore, the frequency-weighting of the accuracy objec-
tives and its influence on the time-domain results will be illustrated. For the two-dimensional wave equation first the ABC
optimization method is adopted to the two-dimensional case and the optimized ABCs are compared with the second-order
Engquist-Majda ABCs.

4.1. ABCs for the Euler-Bernoulli Beam (EBB) equation under axial load

The EBB model plays an important role in modeling bending beam dynamics. Its applications are found, for example, in
cable car and railway catenary dynamics. Furthermore, the EBB equation is particularly challenging because physical dis-
persion is significant.

4.1.1. EBB parameters and system setup
For the following studies the coefficients of the EBB equation (1) were chosen corresponding to typical high-speed
railway catenary contact wire parameters [41]:

T=15x10*N, pA=1kg/m, El=150Nm?

and the beam length is chosen with L = 100 m. The simulation setup is structured as follows: ABC stencils are placed at the
left boundary (x=0 m) and a clamping BC was chosen for the right boundary (x=L). The homogeneous clamping BC is here
defined as

au
u(L,t)=0, &(L, =0, (27)

and can be realized by using FDs as
neo =10 0 0 0], 15 =[00 0 O] (28)
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Because of the fourth derivative in the EBB PDE (1) which is discretized by (2), two boundary grid points on each side arise,
and so two ABC stencils need to be optimized. The stencil size parameters of the ABCs are chosen as N4 =4 and Nf*¢ =1
(see Fig. 2). Furthermore, the spatial step size of the computational grid was chosen with Ax=0.05m, and
At = Atmax = 9.9 x 107> s was determined from (5). The simulation runs are started with the ICs

sin2<n<x_x°—1>> 4 n<l
u(x,0) = d 2 ) (29a)
0 elsewhere,

%(x, 0)=0, (29b)

with x. =25 m and d = 0.5 m. The IC is displayed in Fig. 5 as the topmost curve.

Remark 3. Setting At = At;;qx may cause numerical problems as floating point computations made by computers during the
simulations can introduce small errors possibly leading to At > Atpax.

4.1.2. MOO parameters and objectives

Throughout this example the MOO problem (26) is utilized for obtaining the ABC stencil coefficients. If not stated
otherwise, the MOO parameters and objectives are configured as follows:

u(x, 1)

Beam Position x in m

Fig. 5. Displacements u(x, t) of the pretensioned EBB for selected simulation times. x =0 m: ABC applied, x = 100 m: clamping BC applied

(a)
ABC clamped BC
EBB ! .
T 7
| Ve
-— %/
—x /
I
(b) Dirichlet BC

Dirichlet BC

Fig. 6. Elongated reference domains (light gray) and ABC-bounded computational domains (dark gray) for the two examples: (a) EBB under axial load,
(b) two-dimensional wave equation.
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o The MOO problem is solved by a multi-objective genetic algorithm with a population size of 100 individuals. Thus, the
solution represents that of a single objective (best accuracy) optimization problem with a stability constraint (24),
however, the MOO treatment allows direct insight into the accuracy/stability-margin trade-off.

® Only the best performing stable solution of the optimized, final solution set is considered.

® The RC (17) and OE (19) accuracy objectives are evaluated at a frequency grid wy € [0,7/10Ax, 27/10AX, ..., 7/ AX].

® The stability objective (24) is calculated using a small test system (A € R'°%10 of the system (22)).

® The OE accuracy objective (19) is evaluated using N =5 and NOF = 15 (see Fig. 4).

® Frequency weighting is only considered in Section 4.1.6, in all other sections it is set to w(wy) = 1.

4.1.3. Quantification of the absorption properties and long-term stability
The absorption properties of the ABCs are quantified by means of the time-dependent approximated error [35]

_ [[a(t) —uer()lljoy

e(t) I

and the approximated global relative space-time error

(30)

(31)
[1ef ll0,07.00.Ts]

Therefore a reference solution u.s - based on the same interior discretization - is computed using a one-sided elongated
simulation setup (see Fig. 6a). The elongated setup —mL <x <L has clamped boundary condition on both sides. Its elon-
gation factor m e N\{0} is chosen such that no reflection of the left boundary enter the truncated simulation domain
(0 < x < L) during the simulation time Tg;y,. The errors (30) and (31) are calculated using the L,-norm || - ||, evaluated on the
manifold M.

0.16 0.1
R 0 0
=
-0. —0.1
0 16—5() 0 50 100 0 =50 0 50 100
0.16 0.1
20 0
=
-0.1 -0.1
0 60 50 100 0 50 100
(c) (d)
0.06 0.06
20 0
&y
0005 0 50 100 %55 0 50 100
0.06 0.06
0 0
=
-0.06 -0.
0 0 50 100 0 060 50 100
Beam Position in m Beam Position in m

Fig. 7. Comparison of the reference solution u¢(x, t) (top) and solution with applied ABCs u(x, t) (bottom) at: (a) t =0.05 s, (b) t =0.25 s, (c) t =0.75 s and
(d)t=1.25s.
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In comparison to the one-dimensional time-dependent error in Ref. [35], here the error (30) is normalized by L instead of
/L. This choice renders e(t) dimensionless.

To verify that the proposed ABCs are stable, long-term simulations will be performed and quantified by the total energy
remaining in the system. The total energy remaining in the system is defined as the sum of kinetic energy E,;, and potential
energy Epo: (see in Ref. [23])

L
Etot(t) = Exin(t) + Epot(t) = /) (Skin(x9 )+ epot (X, t)) dx, (32a)
—_—
etor(X.0)

with the total energy per unit length eqt(x, t) and its kinetic and potential contributions

1 o ) 2
exin(X, t)zj/’A< “(0’? )) ,
2 5 5
. t):%{T@ug" t)> +E’<d gj; ﬁ) } (32b)

Erot(t) is computed by approximating the derivatives by central differences and the integration by the trapezoidal rule.

4.14. Demonstration of wave absorption
The wave absorption properties of an optimized ABC are demonstrated. The ABC stencil coefficients

oMy = [2.3401 x 1071 9.9202 x 107" —2.3323 x10~! —1.6615 x 10-3}, (33a)

= [643487 x 1072 2.5289 x 107! 93493 x 10~ ! —2.5498 x 10*1}, (33b)

are applied on the left boundary (x = 0 m) and were obtained by solving the MOO (26) using the RC accuracy objective (17)
and the stability objective (24). The stability margin for the ABC stencil (33) is 1—Jq., ~ 9.6769 x 10~> and the accuracy
objective value is Jpyerrre ~ 8.6661 x 10~2. The clamped BC (28) is applied on the right boundary (x = 100 m).

Fig. 5 visualizes the displacement of the EBB at selected time instances Ty < T, < --- < Tg, where the topmost curve
depicts the IC (29a).

Time T, shows that the initial wavelet has split into two wave packets, traveling leftward and rightward. Additionally, the
physical dispersion of the EBB which separates low- and high-frequency content due to differing propagation speeds is
clearly visible. Here, high frequency components travel faster than low frequency components. At times T, T3 and T4 the
wave packet running leftward towards the ABC at x=0m is absorbed while the right wave packet (running towards
x =100 m) disperses further (seen at times T, T3) and at time T it starts to be totally reflected by the clamping BC (28). At
times Ts, ..., Tg the total reflection at the right boundary and the subsequent absorption on the left is shown.

A more detailed view is given in Fig. 7, where the solution u(x, t) with ABCs applied and the reference solution u¢(x, t)
are shown for selected time instances. Each plot therein consists of the reference solution (top) and the truncated ABC-
bounded solution (bottom). It is noted that u.s(x,t) has been calculated on a significantly elongated domain
—1000 m < x <100 m, but only —50 m <x < 100 m are shown for clarity. As one can see in Fig. 7, the IC (29a) has a rich

:
I
10 :
1
1
|
I
= |
I |
107 :
|
I
|
1
:
I
—6 |
10 0 1 2 3

time in s

Fig. 8. Time-dependent error e(t) of the EBB ABC. The dashed line marks the time when the IC has entirely left the truncated domain (t =1.55s).
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frequency content. However, the agreement of the reference solution and the truncated solution is very good. The time-
dependent error e(t) is given in Fig. 8 and quantifies the degree of absorption. It is initially zero until the leftwards traveling
wave packet reaches the boundary at x=0 m (t =~ 0.05 s). Then, the value of e(t) stays approximately constant as long as
significant signal content remains in the truncated domain (0 m < x < 50 m). For t > 1.5 s the displacement of the reference
solution is equal to zero inside the truncated domain (dashed line in Fig. 8) and the error e(t) decreases again over time.

One important aspect of ABC quality is long-term stability. Ref. [35] reports on the asset of long-term stability. To verify
that no such behavior occurs a simulation run of 200 s (two orders of magnitude longer than the time the IC needs to leave
the truncated domain in this example) was performed and the total energy Eo(t) (32a) was calculated. The result is dis-
played in Fig. 9, demonstrating that the total energy E,: decays and the ABC-bounded system remains stable. Additionally,
an eigenvalue analysis for a particular test system is given by the stability condition (Section 3.3) and in the included ABC
sensitivity analysis in Section 4.1.7. As all considered, nominal stencils fulfill the stability condition, they yield stable system
behavior and are long-term stable.

This simulation example demonstrates that the proposed methodology is capable of producing well-performing and
stable ABCs for the EBB. A comparison of the absorption quality RC (17) and the OE (19) performance objective for the
optimization of ABCs will be given in the following section.

4.1.5. Comparison of the accuracy objectives

In this section the absorption properties of ABCs resulting from the optimization with respect to the RC accuracy
objective (17) and the OE accuracy objective (19) will be compared by means of global relative space-time error (31).
Because of the random nature of the genetic algorithm, each run of the MOO leads to a different solution set. To obtain a

10°

10—100 - .

]0—200

Eii(¢) in J (log)

10—300
0 50 100 150 200

time in s
Fig. 9. Long-term energy decay of the optimized ABC for the EBB.

10°

« i

107!

RC OE
Accuracy Objectives

Fig. 10. Box plot comparison for ABCs optimized by the RC (17) (left) and OE (19) (right) accuracy objectives.
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statistically relevant statement, 200 optimization runs are carried out. The best stable ABC of each run is applied to the EBB
system.

The result is illustrated in Fig. 10 by means of box plots. The horizontal bold line at the top of the plot shows the global
relative space-time error for the IC (29a) with clamping BCs at both boundaries ((27) at x=0 and x=L). These box plots
show that utilizing the RC accuracy objective (17) during optimization yields on average better accuracy than using the OE
accuracy objective (19) for Tspq = 1.5 s. The global relative space-time error E of the best optimized ABC is 1.72 percent for
the RC-optimized and 2.87 percent for the OE-optimized ABCs (relative to the clamped-clamped setup). The average time of
solving the MOO problem was slightly larger in the OE case (180.56 s vs. 153.31 s) on a modern office PC (Intel i7).

4.1.6. Frequency weighting

Frequency weighting of the OE accuracy objective (19) and its effect on the optimized ABCs are illustrated. For that
purpose, the MOO problem (26) is solved twice using the stability objective (24) and the frequency-weighted OE accuracy
objective (19) with the weightings

Tr
1 wx=0,...,——
777 10AX
Whigh(@x) = 8 - (34a)
5000 (nxzm,“.,?x
and
5000, wy=0,..,~2%
10Ax
Wiow(@x) = 8z ju (34b)
T o= oA ax

for high and low frequency weighting, respectively.

----1IC high — low

108 S
P . 4 \\,' v '\‘/
- o (S S
=3
2 4
L 10
a
%)
A
10(]
-4
10 b 2n 3r 61 8r X
10Ax T0Ax T0Ax T0Ax TOAx Ax

w, in rad/m

Fig. 11. Power spectral density of ewr (32a) for the IC and residual signal after absorption through the high- and low-frequency-weighted ABCs,
respectively.

10° T T T

107!

| | |
01% 1% 5% 10% 01% 1% 5% 10%
a

Fig. 12. Evaluation of ABC stencils with (a) Jyerr = 8.6661 x 1072 and Jqp, = 9.9990 x 10~ (black), b) Jperr = 1.1528 x 10" and 1, = 5.3909 x 1072
(blue). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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The results are displayed in Fig. 11 in terms of the power spectral density (PSD) of the total energy per unit length eot(X, t)
(32a) of the EBB (obtained by Welch's method [42]). The PSD of the IC eyot(x, 0) and eot(x, T) for the solution of the high- and
low-frequency-weighted ABC cases (‘high’ and ‘low’) are shown.

As expected, the frequency weighting (34) used in the optimization influences the absorption properties of the ABCs such that
the residual frequency content has smaller magnitudes at the low and high frequencies for the weightings wy, and Wyigh,
respectively.

4.1.7. Sensitivity analysis of the ABC stencil

The sensitivity analysis of the ABC stencil (33) will be performed by considering stability (eigenvalue analysis) and
accuracy (approximated global relative space-time error (31) and the setup from Section 4.1.1). For that each stencil value is
relatively and randomly varied by « = + 0.1 percent, a = + 1 percent, a = + 5 percent and a = + 10 percent, where « is the
perturbation level. Additionally, a second ABC stencil

olb = [2.3417 x 1071 9.6807 x 10~ —1.8969 x 10~! —5.1449 x 10—3], (35a)
o= [6.3472 x 1072 2.6482 x 107! 9.0721 x 10~ ! —2.5508 x 10*1], (35b)
a =0.001 a=0.01
1r P 1+ T =
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Fig. 13. Eigenvalue distribution of a small (Ny=20) test setup. The eigenvalues of the nominal stencil (°) and the perturbed stencils ( x ).
Table 1
Number of unstable ABCs for different perturbation levels a.
a +0.1% +1% + 5% 4+ 10%
ABC (33) 24 35 28 29
ABC (35) 0 0 12 19
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Fig. 14. (a) Dispersion relation of the continuous PDE, using interior stencil (blue solid) and using the ABC stencils (red dashed dotted at x=0 and green
dashed at x = Ax). (b) Dispersion error in logarithmic scale. (For interpretation of the references to color in this figure caption, the reader is referred to the
web version of this paper.)

with the stability margin 1—J,;, ~ 5.3909 x 10~2 and accuracy objective value iS Jpertre ~ 1.1528 x 10! is considered. This
stencil has a larger stability margin and reflection coefficient and is thus excepted to be more robust concerning stability, but
less accurate.

Starting with the accuracy for each perturbation level Npep, = 50 perturbations were applied to the nominal stencils
(33) and (35). Taking only stable perturbed stencils into account, the errors are displayed by means of box plots in Fig. 12.
The results are displayed the in (a) and (b) for the ABCs stencils (33) and (35), respectively. The bold dashed horizontal lines
in both figures mark the errors of the nominal ABC stencils. As expected, the stencil (33) is more accurate and perturbations
lead to an increase of the error. The perturbation of stencil (35) leads for small perturbations ( + 0.1 percent) to no sig-
nificant change in accuracy. Increasing the perturbation level the median of the error increases, but some stable stencils
outperform the nominal stencil (35).

For the sensitivity analysis of the stability the eigenvalue distribution for the same Npertur, = 50 stencils of the ABC stencil
(33) is considered (see Fig. 13). In this figure the nominal eigenvalues are marked by circles (©) and those of the perturbed
ABC stencil eigenvalue are marked by crosses ( x ). The number of perturbed unstable ABCs is quantified in Table 1 for both
ABC stencils. Summarizing the result, one can see that the increase of the perturbation level « leads to a stronger deviation
of the eigenvalues and also to more eigenvalues outside the unit circle (see Fig. 13). However, because of the larger stability
margin the ABC stencil (35) is more robust and all ABCs are stable for = + 0.1 percent and = + 1 percent. Then the
number of unstable ABCs increases. In contrast, the number of unstable ABCs for (33) is typically above 50 percent.

The eigenvalue distribution of the ABC stencil (35) is omitted here, because it yields qualitatively similar results. The
major differences have been summarized in Table 1.

4.1.8. Comparison of the continuous and discrete dispersion relation

In comparison to literature (e.g. Refs. [34,33,43]), where the dispersion relation (DR) is considered for a specific stencil
(space and time discretization separately), here the DR of the entire PDE is considered as used in Ref. [6]. The dispersion
relation of the continuous EBB (1) is calculated as

/)A(u? = mﬁEI +m§ T. (36)

The considered DRs are displayed in Fig. 14(a). One can clearly see that for the interior and ABCs at x=0 stencils are in good
agreement with the continuous DR up to wxAx~ z/2. For high frequencies all discrete DRs diverge similarly from the
continuous DR. To compare the ABC and interior stencils quantitatively for a chosen error level Epsp typically the quantity
Points-per-Wavelength (PPW) is used (see Refs. [43,44]). Here, a reasonable choice is Episp = 5 percent (the bold horizontal
line in Fig. 14(b)) leading to 4.13, 3.74 and 4.61 PPWs for the interior, the ABC at x=0 and the ABC at x = Ax, respectively. In
Refs. [43] and [44], 7 and between 3.36 and 4.22 PPWs were achieved for high-order stencils approximating the first
derivative 9/ox using Episp = 0.3 percent with NINT =7 and Episp = 0.5 percent with NINT =9...13, respectively.
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4.2. ABCs for the two-dimensional wave equation

The scalar two-dimensional wave equation is given by [38]

Pu (azu azu)’

a2 67

with the vertical displacement u(x, y, t), the wave propagation speed c and two spatial variables x and y. Here it is assumed
that the PDE models small-amplitude waves in a membrane, and for the following numerical results the physical parameters
were arbitrarily chosen as

p=1kg/m?>, f=100N/m, c=,/f/p=10m/s, (38)

where c is the wave propagation speed, f is the tensile line load (force per unit length) applied at the boundary of the
membrane and p is the area density of the membrane material.

4.2.1. Implementation for the two-dimensional wave equation

Some modifications to the methods described in Sections 2 and 3 have to be made to investigate higher-dimensional
problems. They will be sketched for the case of the two-dimensional wave equation (37).

The FD approximation of partial derivatives with respect to y is obtained analogously to (2) for an evenly spaced grid
y=[0,Ay,...,NyAy] with Ay e R* and Ny e N. The generic stencil (3) now contains an additional sum in the y-direction

NNT_ 1 (NNT_1y2 (NYT—1)/2

n+1 _ i n—i
U= > > > GjpUktjm+p> (39)
=0 j= —NN"-1)/2p=-(N)T-1)/2

and the boundary stencils are modified analogously. Using central differences on the two-dimensional wave equation (37)
leads to N =N}'™ =3 and Nj" = 2. The harmonic wave solution is extended in the y-direction:

u, = (elwaX)k(eIwyAy)m (elert)” = kgmen, (40)

Consequently, a second spatial wave number, wy, arises and the dispersion relation now connects wy, wy, and ;. Additionally,
the angle ¢ = f(wx, wy) describes the traveling direction of the wave and the dispersion relation can be parametrized in ¢ and
Wt.

The necessary adoptions to the objective functions will be demonstrated on the OE accuracy objective (19) and thest-
ability objective (24). The output-error (18) for the two-dimensional wave equation is

OE OE OF
N, t NX Ny

2
eoE(p )= Y > Y |uf,—xf¢m (41)
n=2k=1m=1
and the objective function is obtained by aggregating this error function over the parameters ¢ and w;:
n/2  pr/AX
Jpert.oe = /0 /0 W(w¢, p)eog(wr, @) doy dg. (42)

To evaluate thestability objective (24) the state-space representation of a test system needs to be constructed. The Ny x Ny,
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Fig. 15. (a) Problem setup for the two-dimensional wave example. ABCs are applied at x=0m and x=15m. At y=0m and y = 35 m Dirichlet BCs are
applied. (b) Problem setup as contour plot.
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solution values at each relevant time instant have to be organized as a stacked augmented state vector ve RV, with
N = (N{? — 1)NxNy, leading to a system matrix A € RV*N.

4.2.2. Available absorbing boundary conditions

The optimized ABC stencils will be compared to already available ABCs from the literature. In 1977, Engquist and Majda [3]
developed a method for obtaining absorbing boundary conditions of arbitrary order for the wave equation. However, the original
Engquist-Majda boundary conditions are of practical use only in low-order because of their rapid increase in algebraic complexity
for high-order formulations [11]. Here, the second-order Engquist-Majda (EM2) boundary conditions are applied:

‘u *u 1d%u
ot o2 T2a2 =% (43)

[

yl/ o

Fig. 16. Sketch of the (5,3,2) ABC stencil structure.
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Fig. 17. Log-scaled output error eog(¢, o;) (41) as a function of the angle of incidence ¢ and the frequency wAt for the second-order Engquist-Majda ABC
(left) and an optimized (3,3,2) ABC stencil (right). The optimization grid used for obtaining the latter is marked by o.
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Fig. 18. Long-term energy decay of the optimized ABCs with high-frequency waves (oAt = 0.325) for the two-dimensional wave equation.
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Fig. 19. Total error e(t) for different ABCs with low-frequency waves (w;At = 0.035), arriving with an angle of incidence of p=45°.
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Fig. 20. Total error e(t) for different ABCs with mid-frequency waves (w;At = 0.15), arriving with an angle of incidence of ¢=5°.
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Fig. 21. Total error e(t) for different ABCs with high-frequency waves (w;At = 0.325), arriving with an angle of incidence of ¢=10°.

where x and y denote the directions in normal and tangential direction on the boundary, respectively. In this work, all derivatives in
(43) were discretized using second-order-accurate finite difference schemes.
Another important ABC for wave problems is the Higdon ABC [30]:

L fou(xy,t) | . ou.y,t)
H( ot O >:0’

(44)

j=1
with constants ; and ] denoting the order of the ABC. Higdon proved that every ABC that is based on a symmetric rational
approximation of the dispersion relation (for outgoing waves) is either equivalent to (44) or not optimal [30]. Moreover, for
J=2 and certain values of C;, the Higdon ABC corresponds to the EM2 ABC (43). Theoretically, the same problems with higher
derivatives as for the Engquist-Majda ABCs arises when implementing (44). However, several different methods exist for
efficiently applying the Higdon ABCs; see [12] for a corresponding review.

4.2.3. Problem setup

Fig. 15(a) exemplarily shows the simulation setup with a very-low-frequency wave packet that is started with an initial
velocity of ¢ in the direction associated with angle ¢. In Fig. 15(b) the simulation setup is displayed as a contour plot
(compare Appendix B). The initial condition for all simulation runs was chosen as

ug,m —Re (eImXAxkeImyAym) e 0.4(kAx — xc)? e 0.015(mAy —y.)? , (45)
with appropriately selected centers X. and y.. The domain size was chosen as Iy =15 m, I, = 35 m, and the ABCs are applied

at x=0m and x=15m while the remaining two boundaries are fixed (Dirichlet BCs). The step sizes were chosen as
Ax=Ay=0.05m and At =0.001 s.
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4.2.4. Optimization setup

Throughout the following examples the OE accuracy objective (42) is utilized to quantify the absorption properties. The
stability condition (24) has been evaluated for a test system of size Ny = Ny, = 7, which leads to a system matrix A ¢ R9>9%,
see (22). However, by eliminating zero-states that result from Dirichlet BCs the system matrix is reduced to A e R50%60,

Especially for larger ABC stencil sizes (due to the large number of decision variables), it was observed that convergence of
the MOO genetic algorithm to the actual Pareto front may be difficult to achieve. Throughout this example, only single-
objective optimization problems were formulated and solved by a pattern-search method [27], where the accuracy objective
was multiplied with a large penalty term when the stability objective (24) indicated instability, which corresponds to using
a stability constraint (24).

4.2.5. Investigated stencil configurations

The structure of the studied ABC realizations is denoted here by the triplet (N3, N)®¢, Nf*€), where N2 and N)®C are
the spatial widths in normal and tangential direction, respectively (for the ABC along the x =0 m edge), and N{\B is the
number of time instants that are needed for the computation of the next boundary grid point. Fig. 16 shows the structure of
a (5,3,2) stencil where the grid points marked by dots (e) are needed for the computation of the future boundary grid point
marked by a cross ( x ).

The following ABCs are further investigated: an EM2 ABC [3] and proposed ABCs of structures (3,3,2), (5,3,2), and (5,3,2)y,
where the latter is only optimized for low frequencies. Their numerical values are summarized in Appendix A.

For discretizing the EM2 ABC second-order accuracy approximations were used, yielding a (4,3,2) stencil. The (3,3,2) ABC is
optimized over a grid ¢ x w;At =[0°,10°,67.5°] x [0 rad, 0.125 rad, 0.35 rad] with a focus on higher frequencies. The (5,3,2) ABC is
optimized to obtain an overall well-performing ABC, independent of the angle ¢ and frequency w; of the incoming wave.

4.2.6. ABC comparison by output-error accuracy

The ABC with the structure (3,3,2) is compared to the second-order Engquist-Majda (EM2) ABC [3]. In Fig. 17, the values
of the output error function (41) are plotted for a fine grid over ¢ and w:At. Dark regions indicate a large error, whereas the
bright regions correspond to small errors. As can be seen in Fig. 17, the EM2 ABC performs very well in the low-frequency
range, while the error made at high-frequency waves arriving in normal direction is very large. However, the EM2 needs a
larger stencil (4,3,2) than the optimized (3,3,2) ABC. The optimized (3,3,2) ABC already leads to good overall performance in
this configuration. It is noted that for plotting the minimum of the output error function was clipped to 5 x 10~* to obtain a
better scaling in the very-low-frequency range.

4.2.7. True error comparison and long-term stability
In the following, all ABC stencils introduced in Section 4.2.5 are compared. For the quantification of the absorption
properties the time-dependent error in analogy to (30) is defined for the two-dimensional case

la(t) — Weer(O)lljo.1, 10,4
VA
where A=Il, is the computational area and u.s is the reference solution computed on a much larger domain

(—40 m < x < +40 m), see Fig. 6(b). The verification of the long-term stability is carried out by evaluating the total energy
remaining inside the computational domain x € [0, L], y €[0,1,] [23]:

e(t)=

(46)

Etot(t) = Exin(t) + Epot (D), (47a)

keorly zou\ 2
En0=5 [ [ (%) dvax (47b)

Epot(t):jjr /0 ' /0 ’ {(‘;%)Z(‘;—;)z} dy dx. (47¢)

Long-term simulations of the test system with the obtained ABCs in place showed that they indeed did not render the finite-
difference scheme unstable (see Fig. 18).

The results by means of time-dependent error e(t) are plotted in the Figs. 19-21 for different angles and frequencies of
the initial waves. Similar to the EBB example the time-dependent error e(t) stays zero until the wave packets reach the
boundary and stays then approximately constant. The time-domain plots are displayed in Figs. B1-B3.

These results confirm that the accuracy of the optimized ABCs compares favorably over a wide frequency range with the
EM2 ABC, whose stencil is essentially of the same size as those used for the optimized ABCs. Additionally, the flexibility and
tunability of the optimization-based approach provides significant design advantages in practice.
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5. Conclusion and discussion

A generic method to produce well-performing and stable absorbing boundary conditions (ABCs) for finite-difference
approximations of partial differential equations with wave propagation effects has been proposed. The ABC stencil coeffi-
cients are utilized as decision variables in an optimization problem in which both absorption accuracy and stability are
considered. This approach requires only modest analytical treatment of the underlying partial differential equations and
provides great flexibility to tune specific properties of the resulting ABCs.

The versatility of the proposed method is demonstrated at two applications — the Euler-Bernoulli bending beam under
axial load (for which no ABCs are yet known) and the two-dimensional wave equation. The proposed accuracy objectives are
compared and discussed for the Euler-Bernoulli beam example, well-performing ABCs are obtained, and the effect of a
frequency-weighted accuracy formulation is investigated. The ABC optimization method is also applied for the well-known
two-dimensional scalar wave problem, and it produces highly absorbing BCs, equivalent in accuracy to those derived by
Engquist and Majda [3] analytically. Moreover, the behavior of the optimized ABCs can be directly tuned with respect to
frequency and angle-of-incidence which provides a large degree of flexibility.

The numeric approach to obtain high-accuracy ABCs is a powerful complementary approach to the analytic derivation of
ABCs. The optimization method can simply be transferred to different types of problems and it is straightforward to tune the
ABC's frequency or directional behavior. As a result, well-performing ABCs could become available for a wide class of
distributed-parameter problems addressed by the finite-difference method.

In future research work, the presented method to obtain ABCs will be tested on complex boundary geometries (e.g.
corners) and on other types of equations (such as the wave equation in moving coordinates). The method could also be
extended to linearized Euler equation which is governed by a set of three coupled PDEs leading to three coupled dispersion
relations. This requires a careful investigation of this PDE and its dispersion relation, to verify if all necessary assumptions
for the proposed method are fulfilled.
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Appendix A. ABC stencil values two-dimensional wave equation

The ABC stencil coefficient values , ,uf are defined in analogy to the one-dimensional stencil (see Section 2). Numbers
are given with power-10 exponential notation e.g. 1.2 x 10~ ' =1.2e—1.
For the (3,3,2) stencil one obtains

o = [1.80717 x 107" 1.09193¢--00 1.82365 x 10"
MY = - itY = [—1,81047 x 1071 —6.89779 x 1072 3.37948 x 10*1}
xof] = ~6.99544 x 1077 ~432682x 10°" —1.72127 x 10" ']
M = ] = [3.60531 x 107" ~6.56820 x 10> —1.49357 x 10~ ']

with x=0, ...,2. The (5,3,2) and (5,3,2), are defined as
xofo = [1.70526 x107% 1.71110e+00 7.25865 x 107> 3.20594 x 10~" 2.62183 x 10*3]
DO = 1o = [—8.52673 x 107% —3.38745x 10~* —1.69488 x 107> —3.23486 x 10~* 1.64642 x 10*3}
xoll = [—3.38745 x107% —7.39300 x 10™" —3.38745 x 10™* —3.47995 x 10" 1.79749 x 10*3]
CDH = i = [&78247 x 1072 —3.38745 x 10~* —1.69373 x 10~* —3.38745 x 10~* —1.69373 x 10*4}

and
oMb = {1.74426 x 1072 1.71133e+00 7.00779 x 107> 3.18287 x 10~ ' —1.68786 x 10*3]
w0 = o = [—7.35061 x 1072 5.12695 x 107> —1.71350 x 1073 5.12695 x 10> 2.56348 x 10*5]
xof] = [5.12695 x107° 739105 x 10~ 5.12695 x 107> —3.47800 x 10~ 1.07361 x 10*3}
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w1 = _ni] = |8.41440 x 1072 5.12695 x 107> 2.56348 x 10~ 5.12695 x 107> 2.56348 x 10*5]
with x=0, ..., 4, respectively.

Appendix B. Time domain solutions of the two-dimensional wave equation

The following Figs. B1-B3 show the time domain results for the (5,3,2), (5,3,2), (3,3,2) stencils for low, mid and high
frequency ICs, respectively. The ABC results (middle columns) are compared with the reference solution (left columns) and
EM2 result (right columns) at different time instances.

Fig. B1 shows that both ABCs perform well for low frequencies. The third row of this figure shows that there are small
differences in the middle (5 <x < 10,10 <y < 20) and the upper-right (10 <x < 15,20 <y < 30) part of the computational
domain. The mid frequency solution in Fig. B2 shows again nearly perfect results at t =0.75 s for the ABCs. At t =1 s the
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Fig. B1. Time domain solution for the low frequency IC and the (5,3,2), stencil: reference solution (left), ABC solution (mid) and EM2 (right).
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Fig. B2. Time domain solution for the mid frequency IC and the (5,3,2) stencil: reference solution (left), ABC solution (mid) and EM2 (right).

(5,3,2)-stencil reflects more than in the low frequency case, because the ABC is not optimized for mid frequencies. In this
case the (5,3,2) and EM2 solution perform equally well. In Fig. B3 one can clearly see that the (3,3,2)-stencil absorbs the
greater part of incoming waves and achieves a better result than EM2.
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Fig. B3. Time domain solution for the high frequency IC and the (3,3,2) stencil: reference solution (left), ABC solution (mid) and EM2 (right).

Appendix C. Supplementary data

Supplementary data associated with this paper can be found in the online version at http://dx.doi.org/10.1016/j.jsv.2015.

12.006.
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Abstract

Pantograph current collectors, especially for high-speed trains, need to ensure safe contact with the catenary under
stringent requirements on the dynamic contact force. A novel, high-dynamic pantograph test rig with accurate virtual
catenary emulation is presented that allows for efficient, realistic, and reproducible testing. The complex dynamics
of the pantograph/catenary interaction is modeled by a real-time-capable distributed-parameter description in moving
coordinates. The proposed test rig controller incorporates model-predictive impedance control to match the desired
catenary dynamics. Additionally, it keeps the exchange of the conserved quantities energy and momentum between
the real pantograph and the virtual catenary consistent to increase physical trustworthiness of the results, even in
high-dynamic test scenarios. The proposed methods are experimentally validated on the full-scale pantograph test rig.

Keywords: hardware-in-the-loop, impedance control, conserved-quantities, catenary modeling, pantograph testing

1. Introduction

In recent years, railway current collectors (panto-
graphs) have become a limiting factor when pushing the
velocity limits of high-speed trains. They need to en-
sure a steady contact with the catenary’s contact wire to
maintain the train’s energy supply. Loss of contact must
be avoided to prevent arcing (and thus heavy wear). As
aresult, modern pantographs have to fulfill high require-
ments: small contact force variations, highly reliable
operation, and long life cycles. The main problem in the
development process of high-performance, high-speed
pantographs is the complexity of the interaction dynam-
ics with the catenary. Therefore, physical trustworthi-
ness of simulations is limited, requiring laborious actual
track tests. One way to reduce the need for measure-
ment runs that also allows for reproducible testing is to
deploy the pantograph on a test bed and examine its be-
havior in advance. This concept is called hardware-in-
the-loop (HiL) testing whereby the real, full-size pan-
tograph is the unit under test (UUT) that is being put
into interaction with a virtual catenary model.The goal
thereby is to emulate a real-world train ride already in

*Corresponding author. Tel.: +43 158801 325521
Email address: alexander.schirrer@tuwien.ac.at
(A. Schirrer)

Preprint submitted to Elsevier

the laboratory by applying realistic, dynamically gener-
ated load patterns that emerge from the coupled interac-
tion of the virtual catenary and the UUT.

Simplified pantograph HiL testing can be realized by
exciting the pantograph with a predefined motion trajec-
tory, such as the static pre-sag of the catenary’s contact
wire [1]. However, the pantograph/catenary interaction
is crucial to obtain realistic test results. To consider the
catenary’s dynamic response, it has to be either modeled
in a simplified way by oscillators (ordinary differential
equations, ODESs) or by high-fidelity models (based on
partial differential equations, PDEs) [2, 3].

Controlling the test rig so that it dynamically re-
sponds to the UUT in the same way as the catenary
model is accomplished by impedance control [4, 5],
where a dynamic behavior rather than a predefined ref-
erence trajectory is tracked. Nowadays, impedance con-
trol is not only applied in robotics for handling tasks but
also used, for example, in engine testbed control [6] or
battery emulation [7]. The closely related field of bilat-
eral teleoperation is reviewed in Refs. [8, 9].

Accurate, realistic emulation of the panto-
graph/catenary interaction needs a real-time-capable
model in sufficient details, and so high-fidelity PDE
modeling is imperative for accurate dynamics, espe-
cially at high speeds. A typical catenary configuration
consists of a carrier and a contact wire which are

September 16, 2016
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coupled via so-called droppers. The carrier wire is
additionally attached to inertia-fixed masts. Each wire
can be modeled as an Euler-Bernoulli beam under
axial tension, and due to the droppers the resulting
equations that need to be solved are two coupled PDEs
with constraints [10]. Both wires are weakly damped,
and typically a large computational domain is needed
in order to capture wave propagation phenomena
correctly without distortion by spurious reflections at
the boundaries.

Since the early 2000s HiL pantograph testing has
been described, e.g. in Ref. [3]. There, the pantograph
has been excited with two hydraulic actuators from the
top and the bottom to additionally take the train’s ver-
tical displacement into account. The tests have been
performed using a passive pantograph at simulated ve-
locities of up to 180 km/h. Facchinetti and various co-
authors have published a series of papers showing the
progress and newest results of their pantograph test rig
from 2004 to 2013 ([2, 11-14]). The improvements
were made in terms of the catenary model’s complexity
(separate carrier and contact wires, as well as dropper
slackening [12]), a novel shifting procedure in Ref. [14],
a lateral actuator to incorporate stagger [14], and finally
an actively controlled pantograph pan head [13]. In each
of the aforementioned contributions a modal approach
was used to model the catenary’s dynamics. In Ref. [15]
an HiL test rig is proposed using two actuators for the
vertical and one actuator for the horizontal contact wire
displacement. The catenary dynamics is modeled in a
simplified way (physical mass-spring-damper system at
the contact point and pre-recorded displacement trajec-
tories). A commercial pantograph HiL test rig can be
found in Ref. [16], where the pantograph is contacted
with a spinning disc actuator enabling wear, arcing and
temperature tests of the contact strips. Therein the cate-
nary is modeled as a time-varying stiffness, similar as in
Ref. [15].

However, the described test rigs face actuation limits
in large-displacement tests, e.g. when emulating tunnel
entries, and the measured contact force is directly fed
into the virtual simulation environment (VSE; here the
virtual catenary dynamics) and the reaction (the contact
wire’s displacement at the pantograph position) is uti-
lized as a tracking reference. Classical tracking con-
trol with its intrinsic phase lag fails to provide state-of-
the-art control performance as achieved by, for example,
predictive control approaches.

Furthermore, ubiquitous test rig imperfections and
limitations are not adequately addressed by classical
control designs in terms of physical trustworthiness. It
was shown in Ref. [17] that the consideration of energy

and momentum balances on an HiL test rig can elimi-
nate systematic errors in test results.

The quality of impedance control is always deter-
mined by the quality of the underlying model, and the
catenary models used so far are either highly simpli-
fied, or require large computational domains or artificial
damping to avoid spurious unphysical boundary effects.

The main contributions of this paper solve these is-
sues as follows:

a) an HiL actuation concept consisting of a high-
dynamic linear drive and a six-degree-of-freedom
industry robot that allows for high-dynamic ma-
neuvers in a large operating area;

b) a novel impedance control strategy incorporating
energy and momentum conservation, solved by a
model predictive control approach to consider con-
straints and predict the complex catenary dynam-
ics;

c) an efficient real-time-capable Eulerian approach
[18] (a fixed pantograph interacts with a moving
catenary) to solve the distributed-parameter cate-
nary dynamics combined with special absorbing
boundary layers.

In contrast to the control approaches of existing pan-
tograph HiL test rig designs, impedance control in this
work is realized via model predictive control (MPC).
The basis of the controller is a model of the underlying
plant (the test rig actuator) and the VSE (the catenary
dynamics), and the future behavior of both is predicted
in each time step, where the upcoming control moves
are the decision variables in an optimization problem.
This allows to incorporate constraints into the control
problem and leads to superior control performance by
eliminating the phase lag that emerges in classical state
feedback laws. For efficiently solving this optimization
problem in real time, the size of the underlying models
of the MPC is limited. Hence, the proposed catenary
model is formulated in a novel efficient form where a
special case of controlled boundaries is used. The com-
putational domains of the contact and carrier wires are
extended by small controlled boundary layers that ab-
sorb all outgoing waves [19]. The periodic excitation
emerging from the train ride in combination with the
catenary is modeled as a time-varying periodic system.

The importance of obeying physical conservation
laws in an impedance-controlled test rig was already
shown in Ref. [17] at a combustion engine test rig.
There, the fuel consumption on the real track and in the
virtual representation were not consistent because small
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energy errors emerging from limited control bandwidth
accumulated. It was shown that these errors could be
eliminated by considering conserved quantities by con-
trol.

One major challenge in HiL. applications is to estab-
lish a robustly stable, yet highly transparent coupling of
VSE and UUT. These objectives are conflicting [9], and
in Ref. [20] it is shown that causality conflicts result in
instability. For haptic interfaces, passivity-based tech-
niques [21, 22] have been proposed to ensure stability
of VSE/ UUT coupling. Ref. [23] proposes to combine
active and passive actuators with a hybrid control algo-
rithm to improve the stable attainable impedance range.

In power-electronic HiL testing the coupling between
the VSE and the UUT was already under investigation in
recent papers, but not in terms of conserved quantities’
consistency. In Ref. [24] different possible interfacing
concepts are discussed and it is also stated that the con-
servation of energy has to be enforced, although this
topic is not pursued further there. In Ref. [25] a circuit
for electronic power-HiL simulations is described that
relies on perfectly controlled voltage or current sources.

In contrast, the method proposed here guarantees the
conservation of energy by introducing a correction term
(interpreted as a virtual force) acting on the VSE. This
allows the formulation of both energy and momentum
conservation laws directly as control goals.

The outline of this paper is as follows: In Section 2
the test rig system setup, the VSE and their intercon-
nection are outlined. All relevant signals, the con-
served quantities, as well as the general control goals
are specified. Section 3 lays the theoretical foundation
for impedance control and presents the control in form
of a model predictive controller. As VSE model an ef-
ficient railway catenary model structure is described in
Section 4. Finally, Section 5 demonstrates the function-
ality of the proposed control concept with experimental
results, followed by conclusions.

2. Problem Description

2.1. High-Dynamic Pantograph Test Rig

The novel high-speed pantograph test rig considered
in this work is displayed in Fig. 1. It consists of a linear
drive that is attached to a robot arm. A full-size pan-
tograph current collector represents the UUT. This test
rig setup allows for large-scale maneuvers such as to
emulate tunnel entries and exits (via the robot’s motion)
as well as vertical displacements in a broad frequency
range (achieved via the linear drive) as needed for high-
fidelity catenary emulation. In this work, only the linear
drive is considered as actuator.

contact force
measurement

Figure 1: Testbed setup and the UUT (property of Siemens AG Aus-
tria, MO MLT BG PN)

The available measurements are the position of the
linear drive as well as the contact force at the slider’s
end position where contact with the pantograph is made.

A mathematical description of the test rig dynamics
can be obtained by physical modeling approaches where
the relevant dynamics are described by the equations
of motion. The parameters are either taken from data
sheets or obtained by parameter identification based on
measurement data. Another possibility is to describe
the input/output behavior of the system solely based on
measurement data without any structural assumptions
(black-box model). In the following, the test rig dy-
namics are assumed to be described by a linear time-
invariant (LTI) discrete-time state-space system:

Xi(k + 1) = AeXi (k) + Bty (k)

Xy (k)
(k)

ey

Ytr(k) = [ ] = CtrXtr(k) ’

with x; and X, being the position and velocity of the
test rig at the pantograph’s contact point, respectively,
and u, (k) as input signal to the system. The sampling
time is denoted by 7. Furthermore, A, By and Cy
are the appropriate dynamic, input, and output matrices,
respectively.

Remark 1. Here, the assumption of LTI system dynam-
ics is justified because all nonlinear effects (fricion, cog-
ging force) are already compensated in the underlying
test rig control system.

2.2. Virtual Simulation Environment

The virtual simulation environment (VSE), in this
case a dynamic catenary model, is assumed to be avail-
able as a linear-time-varying (LTV) discrete-time state-
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virtual simulation

environment
controller
e
T
Xyses Xvse [u"’ FCO'] =
Xyse h(xyse, X, Fir)
Goals
Xir—Xvse — 0
xtr_xvse -0
Fye = A
p—0
Fiu + Feor AE =0
\§

.. position of VSE\‘
at UUT contact
point

Xy ...position of test rig

at UUT contact

test rig " X

Ugr

point
F, ...measured contact
force
F. ...correction force
Fyse ...VSE input force

Xir — Xyse. - - POSition error
Xir — Xyse. - - velocity error
Ap ...momentum error
| AE ...energy error )
\ gy J

Figure 2: HiL testing control concept: The proposed controller realizes an accurate coupling of the pantograph (unit under test, right) and the
virtual catenary (VSE, left) via the test rig. The controller minimizes the position, velocity, momentum, and energy errors by using both the test rig
control input u and the virtual correction force Feor, based on model predictions of the test rig and the VSE models.

space model with sampling time T realizing the cate-
nary equations of motion as outlined in Section 4:

Xvse(k + 1) = AVSC(k)XVSC(k) + Bvse(k)Fvse(k) B

Xyse(K)
Xyse(K)

The signals xyse(k) and Xy (k) denote the position and
velocity of the catenary at the pantograph’s contact
point at time t = kT, and F, is the force input signal
into the VSE at the pantograph contact position. The
time-varying system matrices are the dynamic matrix
Ayse(k), the input matrix By (k) and the output matrix
Cyse(k).

(@)

Yvse(k) = [ :| = Cyse(k)Xyse (k) .

2.3. Realization of Accurate Coupling between UUT
and VSE

To perform accurate HiL testing, a physically correct
coupling between the UUT and the VSE has to be ac-
complished by control as seen in Fig. 2.

In each sampling interval, the contact force between
test rig and pantograph is measured, modified if neces-
sary, and fed into the VSE model as force input. The
VSE is set in motion by the forcing, and its response (in
terms of catenary vertical displacement x,s and velocity
Xyse at the contact point) serve as reference trajectories
to be tracked by the test rig’s physical contact point (x,
Xr).

This way, the VSE dynamics can be realistically em-
ulated for the UUT.

2.4. Control Tasks
The first task of the controller is to track the position
Xyse and velocity xye signals of the VSE on the test rig

in the UUT/test rig contact point, so that the position
and velocity errors are ideally zero:

epos(k) = xlr(k) - xvse(k) 5

3
evel(k) = Xy (k) — Zyse(K) . ©)

However, both quantities are different from zero be-
cause of test rig limitations, measurement noise and un-
modeled system dynamics. This leads to discrepancies
in the energy extracted from the UUT and injected into
the VSE (also observed in [17]).

To counteract this effect the controller is allowed to
modify the measured contact force Fy; by adding a cor-
rection force F,,:

Fvse(k) = Ftr(k) + Fcor(k) . (4)

Using F, the controller has the authority to achieve its
second task: energy and momentum conservation. En-
ergy conservation is achieved by keeping the difference
in energy extracted from the UUT and the energy in-
jected into the VSE small,

AE(k) = E(k) = Evse(k) , &)

where E.(k) denotes the discretized, cumulated energy
exchanged at the contact point between UUT and test
rig, and E (k) is the energy introduced into the VSE:

k
Eu(k) = ) ToFu(ilj),
=0

(6)

k
Evsel) = Y T (Fu(j) + Feor() fuse()) -
j=0
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VSE

IIC-MPC

catenary model

test rig model real test rig

Ui || test rig
L plant [[ xi
control

Figure 3: Block diagram of the integrated impedance control (IIC)
MPC concept. The MPC controls both the test rig as well as the VSE,
thereby optimizing for tracking, momentum, and energy control goals
simultaneously.

Thereby, the discrete-time approximations of the
energy and momentum integral quantities are used
throughout. As can be seen from Egs. (5) and (6), the
energy balance is affected by the choice of F.;. More-
over, a momentum error now emerges due to the differ-
ent values of Fy and Fyge:

k k
Ap(k) = Z T Fy(k) - Z Ts| Fu(k) + Feor(k)

=0 Fuse(h)

=0
k

= TFeulk). @
j=0

As a consequence, both momentum and energy conser-
vation have to be considered by control.

Summarizing the controls tasks described in this sec-
tion, the controller has to minimize the position/velocity
errors Eq. (3) while keeping the errors in energy AE
Eq. (5) and momentum Ap Eq. (7) sufficiently small,
as indicated in Fig. 2. This is achieved using both F
and uy, as control variables and results in a multivariable
control law.

3. Control Methodology

3.1. Proposed Integrated Impedance Control Structure

The proposed controller structure is illustrated in
Fig. 3. In this variant of an integrated impedance control
(IIC) architecture [26], the MPC is based on models of
both, the test rig dynamics Eq. (1) and the VSE dynam-
ics Eq. (2). Additionally, the controller is given access
to two control signals: the test rig control input u(k)
and the virtual correction force F o (k).

In contrast to a classical cascaded impedance control
scheme (in which the controller only tracks the response
of the VSE by controlling the test rig), the IIC concept
allows predictive lag-free tracking, and the controller’s
access to the VSE excitation via F.(k) adds the possi-
bility to control tracking, momentum error, and energy
error simultaneously.

A linear time-varying MPC problem is formulated
to achieve tracking and momentum error control. This
control problem is then augmented by a constraint for-
mulation that results in a reduction of the energy error.

3.2. Linear time-varying MPC formulation for tracking
and momentum conservation
The combined prediction model composed of the
LTI test rig dynamics Eq. (1), the LTV VSE dynam-
ics Eq. (2), and including the momentum error Eq. (7)
reads:

x(k + 1) = A(k)x(k) + B(k)u(k) + E(k)z(k),

epos(k)
y(k) = C(hx(k) = | eva(k) | ,
Ap(k)
X (k)
X(K) = [xose(B) |, u(k) = [;‘“(i‘,z)],z(k) = Fuh)
Ap(k) cor
®)
with
Ay 0 0 B, 0
AR)=10 Aye(k) 0|, Bk)=[0 Bye(k)],
0 0 1 0 T
0
B0 =B, C=|i T ).
0
©
The disturbance z(k) acting via E is the contact force

Fy(k).
The vector of future control moves is defined as:
U=[u"k) u'k+1) 'k + N~ D] (10)

with the control horizon N.. This vector is then used
in a quadratic cost function to penalize the upcoming
control moves and control errors,

J(U,x,k) = (11

Np N.-1
= Z X" (k + HQx(k + i) + Z u'(k + D)Ru(k + i)
i=1 i=0
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where N, and N, are the prediction and control hori-
zons, respectively. The weighting matrices Q and R
(both symmetric and positive-definite) are used to pe-
nalize the control errors and the input amplitudes, re-
spectively.

To obtain the sequence of optimal future control
moves Eq. (10), the optimization problem

U =arg rrgn J(U, x(k), k) (12)

is solved in each sampling interval. For the un-
constrained optimization problem Eq. (12) a closed-
form analytic solution can be obtained by solving
6%J(U, X(k)’k)lu* = 0 for U*. However, the resulting
control moves may not be applicable because of test
rig limitations. Linear inequality constraints are incor-
porated, yielding the constrained convex quadratic pro-
gramming problem

U* = arg ngn J(U, x(k), k)

subjectto  MyU < v, and (13)
M, X < vy,

where My(k) and My(k) are constraint coefficient ma-
trices that together with the right-hand-side vectors vy,
and yy allow to formulate linear input, state, and output
inequality constraints with

X = [x"() xT(k+1) X"k + N, - 1)]T (14)
denoting the stacked vector of predicted states. These
states can be calculated by knowledge of the current
state vector x(k), the prediction model Egs. (8)—(9), and
U from Eq. (10). Since it is in general not possible to
obtain a closed-form solution to problems of the form
Eq. (13), iterative solvers have to be used, see Ref. [27]
for a comprehensive review.

3.3. Energy conservation via constraints

Unlike the momentum error (that can be directly con-
sidered in a linear MPC problem), the energy error
Eq. (5) depends nonlinearly on the correction force Fy.
The incorporation of energy conservation Eq. (5) di-
rectly in the MPC optimization problem (13) would lead
to a quadratic optimization problem with nonlinear con-
straints. This would increase the computational demand
significantly and thus render this option unsuitable for
real-time MPC with high sampling rates. Instead, suit-
able constraints on the correction force are formulated
that lead to a reduction of the energy error Eq. (5):

[AE(k)| < |AE(k —1)|. (15)

The main result allowing energy conservation in the
closed loop is formulated in the following.

Assumption 1. The closed-loop system realized by
Egs. (12) and (9) is internally asymptotically stable.

Theorem 1. Consider the MPC problem defined in
Egqs. (12) and (9) for which Assumption I holds. Then
there exist bounds F (k), F} (k) for the virtual cor-
rection force, Fy (k) < Feor(k) < FZ,.(k), so that the
discrete-time energy error AE(k) = Ey (k) — Eyse(k) = 0
as k — oo.

Proof of Theorem 1. By considering Eq. (6) the only
unknown is F . (k). All other values can either be mea-
sured or constructed. For example, the VSE contact
point velocity xys (k) is expressed as:

xvse(k) :ngéxvse(k) =
CYtA e (k = DXyge(k — D+
Cz:éBvse(k - 1)(Ftr(k - 1) + Fcor(k - 1)) .
(16)

Now a constant 0 < @ < 1 is introduced denoting the
decay rate of the energy error. For the case AE(k—1) > 0
the following inequality should be met:

0<AE(k) <aAE(k-1). an
Starting from Eq. (17) and using Eq. (6) the bounds

Foor(k) < Feor(k) < Feop (k) (18)
can be derived such that Eq. (17) holds. For xys (k) > 0

this leads to the following expressions for the lower and
upper bounds on the correction force Fq(k):

1 -a)AE(k -1 Ve (K
Fado = =g e o (2G5 1),
AE(k -1 X (k
Pt = 52D (25 -1

19

The bounds resulting from the cases Xy(k) < O or
AE(k — 1) < 0 are derived analogously, and utilizing
a correction force in the corresponding range leads to a
reduction in energy error. O

Corollary 1. The virtual force F.u.(k) can be used by
the proposed MPC via suitable constraints to guarantee
long-term energy conservation AE — 0 at the UUT/VSE
interface.
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The magnitude of the correction force necessary to
decrease the energy AE(k) may grow to arbitrarily large
values as |tys(k)] — 0, as can readily be seen by in-
specting Eq. (19). A natural extension of Theorem 1
is to introduce a threshold velocity % > 0 and im-
pose the bounds Eq. (18) on the correction force only if
[Xyse ()| > xt,*;re The threshold has to be chosen small
enough so that it is sufficiently often exceeded in order

to guarantee energy error reduction.

Theorem 2. Given an MPC problem Egs. (12) and (9)
with closed-loop stable test rig and VSE dynamics by
Assumption 1, that is excited by an arbitrary force input
F(k) with limy_, Fy(k) = ¢, ¢ € R that leads to a
system response such that |xys.(k)| < x‘vhsre Yk (i.e. the

energy conserving bounds are never activated), then the
resulting energy error Eq. (6) stays bounded.

Proof of Theorem 2. With the system at rest at k = 0:
x(0) = 0 and assuming a step force input Fi.(k) = po(k)
such that |xye (k)| < x‘vhsre Vk holds from the optimization
problem Eq. (12) together with the state-space system
Eq. (9) and the step input size ¢, the system response
can be computed by usage of a linear state-feedback law
with a gain matrix Ky,,.(k) (unconstrained MPC prob-

lem equivalent to a state-feedback law, see [28])
x(k + 1) = (A(k) = BUOKmpe(K)) x(K) + E(k)g. (20)

The state trajectory defined by Eq. (20) is linearly scaled
by the step height ¢ and therefore the system can be ex-
pressed as a discrete-time transfer function G(z), respec-
tively a convolution summation including its weighting
sequence g(k) = Z HG(z)}:

k k
x(k) = > Feli)gk - )= > ggk-j. @)

=0 =0

From asymptotic stability of the system (including the
summation of F. in the last state) the vector-norm of
the weighting sequence approaches zero:

Jlim {lg(k)ll = 0. (22)

The correction force F., is then just dependent on ¢
and can be expressed utilizing the derived weighting se-
quence g(k):

Feorlk +1) = [07 1] Kppe()x(k) (23)

k
=07 1] Kupeh) D gk = e (24)

=0
= kmpc(k)‘p . (25)

IN(mpc(k) is used to obtain the value of the correction
force at time instant k + 1 and because of the asymptotic
closed-loop stability following limits with exponential
decay hold:

lim, [Rue 0] = 0. 2
;}E& Jyse(k) =0, (27)
]}LI{.lo éyei(k) = 0, (28)
kh_)ril0 Feor(k) =0. 29)

The energy error Eq. (5) then is:

k
AE(k) = Z [Fu(Déver () = Feor(Divse] Ts - (30)
=0

< C(p) < o0, (€2))]

where C(yp) is a constant only depending on ¢ and not
on k. The inequalities are valid because all summation
terms in Eq. (30) are dependent on ¢ and are exponen-
tially decaying and thus their sum is bounded. O

Corollary 2. For any sufficiently small and norm-
bounded persistent excitation Fy(k), the velocity of the
VSE never exceeds the threshold (|xys. (k)| < x{,h:e Vk). In
this case the proposed energy error reduction constraint
is never imposed. However, from a convolution summa-
tion based on the elementary test case in Theorem 2 it

follows that the energy error is Lipschitz-bounded.

3.4. Robustification Heuristics

In HiL experiments on the pantograph test rig it
was observed that ensuring energy conservation through
bounds obtained by Egs. (18) and (19) occasionally led
to high-frequency oscillations. It was found that the
F .o values needed for energy error reduction can show
strong oscillations which induce such high-frequency
oscillations in the VSE and subsequently in the test rig.

One way to address these issues is to impose rate con-
straints on F.,;. However, simply imposing constraints
on rate and absolute values on F,, together with bounds
obtained from energy conservation Eq. (18) may render
the optimization problem Eq. (13) infeasible. There-
fore, a heuristic relaxation technique is devised to en-
sure feasibility and consequently to robustify HiL test-
ing by suppressing unwanted high-frequency oscilla-
tions. The necessary concept is defined as constraint
hierarchy:
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Definition 1. A constraint hierarchy C(A, B) is defined

as
C(ﬂ,g):{fﬂnﬂ ifﬂmB;&.{(/)}
xeA:d({x},B) =d(A,B) otherwise
(32)

where A,B C R are nonempty sets, {0} denotes the
empty set, and the minimum set distance d is defined
as
d(A,B)=min|x-y|, xe A, ye B. (33)
X,y

It is noted that for interval constraints represented by
A, B, the set C corresponds to that region satisfying
both constraints if possible; otherwise preference is
given to fulfill constraint A, and C(A, B) is that sub-
set of A having minimal distance to B.

Proposition 1. A specific implementation of the con-
straint hierarchy in Definition 1 is proposed, so that
high-frequency oscillations are significantly reduced
and energy error reduction is still achieved. The user-
defined intervals of the correction force Foo(k) and its
rate are denoted by Feorusr = [Fcnf)ir‘}usr, F¥ | and

cor,usr
— min max .
AF corusr = [Aer’usr, AFGus | respectively.  The

bounds obtained by Egs. (18) and (19) in order to de-

crease the energy error are denoted by the set FJHM! =

[F cork), F, C*O,(k)]. To guarantee feasibility of the con-
straints, the following constraint hierarchy on F o (k) is
proposed:

A. Cl = C((}'cor,usr, ﬁglr—lMl)
B. CZ = C(Fcor(k - 1) + A‘}-cor,usr» CI)

where the set C, defines the admissible interval of
Feor(k).

By implementing the constraint hierarchy concept in
Proposition 1, the MPC optimization problem is guaran-
teed to be feasible and it is assured that no strong, high-
frequency excitation input into the VSE is being gener-
ated. The rate constraints on F, are always obeyed.
If feasible, also the absolute value constraints on Fq,
are obeyed. Finally, if also the energy error reduction
constraints retain feasibility, then those are also obeyed.
This technique may deteriorate energy error minimiza-
tion performance, but it retains stability and robustness
in the application.

4. VSE Model: A Railway Catenary System

For the proposed HiLL pantograph test rig a dynamic
catenary model of the catenary vertical dynamics is used

mast
carrier wire
—>
dropper
- contact wire pantograph —» > |

Figure 4: Typical catenary setup

as VSE model. A typical catenary-pantograph setup is
displayed in Fig. 4. Each catenary span is comprised
of a carrier wire attached to two masts. Additionally, a
contact wire is connected to the carrier wire via several
droppers to minimize the static pre-sag. Typically, the
wires are modeled as Euler-Bernoulli beams (EBBs) un-
der axial tension in resting coordinates. The pantograph
contact is then modeled as a force input signal mov-
ing along the catenary and acting on the contact wire
[10]. This approach has the disadvantage that model
size and thus simulation duration have to be chosen a-
priori, which is not suitable for HiLL applications. In
Ref. [14] a shifting-scheme of the virtual catenary rep-
resentation to realize a pantograph HiL test rig has been
developed. Thereby the catenary model is periodically
re-initialized. However, this approach suffers from sev-
eral disadvantages:

e model size, since for correct computation at least
three spans were needed,

e increased implementation effort to avoid periodic
shocks due to the shifting procedure.

In this paper the catenary is described in pantograph-
fixed coordinates (“Eulerian description”) and the un-
derlying PDEs are discretized by finite differences as
proposed in Ref. [18]. Additionally, controlled absorb-
ing boundary layers as developed in Ref. [19] were
added to both ends of the computational domain to
absorb outgoing waves (see Fig. 5). The catenary is
assumed periodic in the mast distance (span length),
hence a periodic time-varying model structure is ob-
tained where the masts and droppers travel through the
domain described in pantograph-fixed coordinates.

In this work, dropper slackening is disregarded, so
the catenary model becomes linear. This reduces the
computational demands and allows to pre-compute the
prediction matrices of the MPC. Additionally, in con-
trast to Refs. [10, 18] static effects (static solution, pre-
sag) are omitted within the catenary model, but instead
treated separately as time-varying signal offsets. The
resulting system structure is a linear periodically time-
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Figure 5: Railway catenary system description where one span is
modeled and extended by absorbing layers. In the pantograph-fixed
coordinates, the masts and droppers move through the computational
domain.

varying (LPTV) system which will be derived in the fol-
lowing sections.

4.1. Equations of Motion

The catenary’s dynamics is described by a sys-
tem of coupled axially loaded EBBs in moving (i.e.,
pantograph-fixed) coordinates:

. . 2
pAcowco +:Bccho = _EICOW(,;/()N + (Teo _PAcoV )Wé’o

oo F BeoWWoy = 2pAcovWio + [ Lo 1) + Fronact(Grs D)
(34)

pAcawca +ﬁcawca = _EIcaWca + (Tca - pAcaVZ)W:;/a

cee +BcaVWéa - ZpAcaVWéa - fdr(& 1,
(35)

Z€[0,L+2Ly] ,t € R*.

Thereby, the fields w(Z, t) denote the vertical displace-
ments as deviations from the stationary deformation of
the catenary obtained without pantograph contact. They
are functions of time ¢ and the moving spatial coordi-
nate £ = ¢ + vt, with the resting spatial coordinate ¢
and the velocity of the pantograph v. The constant pa-
rameters are the mass per unit length pA, viscous damp-
ing coefficient 8, bending stiffness E/, axial load 7', and
span length Lgy,,. The length of the domain interior is
L, the length of the computational domain is L+2Lps
(see Fig. 5). Additionally, the abbreviations w = %
and w' = ‘;—2 have been used. The subscripts co and ca
denote the parameters and displacements of the contact
and carrier wires, respectively. The distributed contact
force between the catenary and pantograph is defined in
moving coordinates as

Feontact @, 1) = Fuse(0)0e(Zr) (36)

where 65(&:) is a finite support membership function
(see Ref. [10]) at the pantograph position r (fixed in

the moving spatial coordinate). The coupling by means
of droppers — here modelled as springs with stiffness
karj» J = 1,..., Ny (see Fig. 5) — is described by the
force distribution

fa&.0) = 37)
Nar
K, (Wealar, j(0), 1) = Weo(Lar, j (1), 1)) 6 ar /(1))
j=1

dr, )
starting position of the j-th dropper. Thus the droppers

periodically leave and enter the computational domain
(Zar,j € [0, L+2Lys]). The equations Eqs. (34)~(37) re-
sult in a linear periodically time-varying (LPTV) system
with Fs(f) being the only exogenous input.

The dynamics of a catenary in a fixed coordinate sys-
tem can be described by Eqs. (34) and (35) when v is set
to O m/s and considering that the dropper and mast posi-
tions are now time-invariant, whereas the contact force
position {r(f) = {ro+Vvt now varies as the train is moving
under a fixed catenary system:

where Cqr, i= 20”. —vt is the current position and Zgr - the

. . 17’ 17
pAcowco +ﬁcowco = _EICOWCO + Tcowco

st fdr(g’ t) + fcontact({F(’), t) > (38)
pAcaWca +Bcawca = —Elcana” + Tcana

= Ja(dD). (39)

4.2. Discretization by Finite Differences

To obtain a real-time catenary model as VSE model,
the system Eqgs. (34)-(37) is first discretized using
second-order central differences (see e.g. Ref. [29])
on an equidistant mesh in time and space with suitable
mesh sizes Ar and AZ, respectively. These step sizes
are typically chosen according to requirements on accu-
racy, stability, real-time-capability, and memory limits.
Thereby, the clamped boundary conditions

Wea(X = 0,1) = Wea(x = L+ 2Lgps, 1) = 0
Weo(x = 0,1) = Weo(x = L+ 2Lgps, 1) = 0
wia(x =0,8) = wi(x = L+ 2Ly, ) = 0
wio(x=0,1) =w, (x = L+ 2Ly, 1) =0

are assumed (for the deviations from the static solution).

Then, the absorbing layers are implemented accord-
ing to the method described in [19], where a state feed-
back control law is used to calculate forces acting on
each node in the boundary layers so that they mimic the
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fined as pantograph- 120N 1/170s  1.54m  1/850s
fixed
! atenary- 120N 1/68000s 0.24 -
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T
wiln) = [wi(0.nAD wi(AL.nAD. ... wiLnAD)]
with [ = {co,ca}. The matrices A,{(n) and Ay(n) are
time-varying due the dropper movement and a Crank-
Nicolson-type [30] implicit formulation of the dropper
stiffness terms was utilized to improve stability if high-
stiffness droppers were modeled. Aggregating the states
as
T
Xuse(n) = [WI(n) W' = 1)

and solving Eq. (40) explicitly for xys(n + 1), one ob-
tains the discrete-time LPTV system

Xyse( + 1) = Avse(M)Xyse(n) + Byse () Fyse(n)
Yvse() = CygeXyse(n) .

(41)

The system dynamics in Eq. (41) is sampled with sam-
pling time At. However, to allow for faster computation
several time steps can be aggregated with the input held
constant. If so, an integer down-sampling factor m, is
defined with T = m Az, m; € IN and the time steps are
chosen so that, additionally, the system is periodic in an
integer number of samples N, in either time base:

Ly,
Nperar = Ldtn € IN and
42)
Nooar L (
Nper,TS = ::l L= —VS;_,a: eIN.

To express Eq. (2) in the down-sampled time base T,
Eq. (41) is applied m times to express Xys(n + my) =
Xyse(k + 1) with k = mn (see Ref. [31] for the time-
invariant down-sampling; the time-varying case is no-
tably more tedious notationally and omitted here). The
input force is kept constant over the down-sampling du-
ration Fye(n) = Fye(n+1),i=1...m - 1.

Remark 2. It is noted that the matrices A, (n), Ao(n)
and A_i(n) are sparse matrices, whereas the resulting
matrix Ayse(n) is densely populated.

10

Table 1: Parameters of both catenary models.

In the following section, the down-sampled version
of model Eq. (41) will be compared to a catenary-fixed
reference formulation to show that the described reduc-
tions (absorbing layers and down-sampling) are indeed
suitable to model the main catenary dynamics in a fre-
quency range up to 20 Hz.

4.3. Real-Time Catenary Model Parameters and Basic
Validation

To demonstrate the test rig control concept, in this

work a simplified real-time pantograph-fixed catenary
model is utilized that is briefly validated against a
catenary-fixed reference simulation from Ref. [32]. The
reference model framework fulfills the requirements of
the simulation validation part of EN50318 [33]. It uti-
lizes a much smaller sampling time and element dis-
cretization and the parameter values and catenary setup
are summarized in Table 1. As a simplified choice,
based on EN50318 [33] both wires’ parameters were
chosen identical. However, the catenary setup can eas-
ily be generalized to arbitrary catenary parameters but
then requires additional tuning of the absorbing layers’
parameters specifically for each wire.
The sampling time of the LPTV catenary model is cho-
sen according to the available computational power and
memory resources of the deployed real-time computer,
see Section 5. The total length of the computational
domain was set to the length of one span L + 2L, =
Lgan = 60m. The length of each absorbing layer was
chosen to L,,s = 4.62m.

!"The validation in this standard consists of two parts: first by
means of a reference simulation and second by means of measure-
ment data. The first part of the EN50318 could be met, the second part
could not be performed due the lack of suitable measurement data.
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For validation of the reduced LPTV model against the
high-fidelity reference simulation a pantograph based
on the model used in [33] with a reduced contact stift-
ness and a static uplift force of 120N is moving with
a speed of 60m/s. Fig. 6 shows the displacement of
the contact wire at the pantograph’s position of both
models in the time domain and the resulting contact
force in the frequency domain. It can be seen that the
pantograph-fixed model shows less compliance at the
span frequency of 1Hz, but the relative shape is pre-
served well. Also, the low-frequency content of the
contact force is reproduced well, and higher frequency
contents are attenuated compared to the reference solu-
tion. Especially when compensating the gain error by
correcting the static displacement by a constant factor
the position trajectories are in overall good agreement
(fit of 88.7 %, respectively 75.5 % in the uncompensated
case, both calculated in a normalized mean square error
computation).

4.4. Discussion of the LPTV catenary model

In principle, the reduced real-time catenary model’s
parameter can be arbitrarily chosen as long as the de-
sired model quality is attained. This is valid over a
wide range of possible wire parameters and pantograph
speeds. In this work the choices on the sampling time At
(and especially its down-sampled version T) and the to-
tal length L+2L,s were made in close coordination with
system limitations of the real-time computer, see Sec. 5.
The length L, of the absorbing layer should generally
be chosen only as large as necessary to sufficiently at-
tenuate the reflections of outgoing wave packets back
into the domain.

The observed deviation from the catenary-fixed for-
mulation (visualized in Fig. 6) arises mainly from a
substantially coarser spatial discretization (see bottom
of Table 1) as well as the small computational area
where the absorbing layers even attenuate physical rel-
evant contributions of the pantograph-catenary interac-
tion. Further comparative simulation studies revealed
that increasing the length L enhances model quality sig-
nificantly. Here, the small lengths of L and L., were
necessary to meet memory requirements of the real-time
hardware. For the same reason the down-sampling to
the slower Ts-time-base was introduced, drastically re-
ducing the amount of matrices needed to describe the
catenary dynamics in Eq. (2).

A significant simplification decision is to disregard
dropper slackening, yielding a linear model and, in
turn, allowing to employ the subsampling procedure
as outlined in Sec. 4.2. Under such aggregation over
time (producing densely populated system matrices in

11

Eq. (41)), an online re-computation is currently not fea-
sible in real time (which would allow to consider drop-
per slackening). Disregarding dropper slackening is
also assumed to be the main reason of the relatively
small asymmetry of the trajectory of the contact wire’s
displacement at the pantograph position, even for higher
tested speeds.

One alternative approach to consider dropper slack-
ening during computation is utilized in a finite-element
catenary code reviewed in Ref. [34]: there the slack-
ening is considered by right-hand-side correction forces
determined iteratively in each time step. Yet another ap-
proach is to directly perform online adaptations of the
sparse stiffness matrices in each time step, which is cur-
rently under investigation by this work’s authors.

Having mentioned the considered model’s limita-
tions, in turn, the moving-coordinate (pantograph-fixed)
formulation shows the following significant advantages
over a classical formulation:

e 6.25 times fewer states per span for similar fidelity,

o strongly shortened computational domain: For this
setup a 5s-run of the catenary-fixed formulation
requires a simulation area of 15 spans (900 m)
to avoid reflections versus 1 span (60m) of the
pantograph-fixed formulation.

e each second simulated takes about 460 s (catenary-
fixed) compared to ~ 83 ms of the pantograph-fixed
formulation?.

Taking these facts into account, the proposed coordinate
transform and the use of absorbing layers (see Fig. 5)
lead to a good trade-off between computational effort
and accuracy and is thus well-suited for real-time appli-
cations. Especially the linear time-varying structure of
the real-time model allows to directly employ a high-
fidelity catenary model in an MPC algorithm. This al-
lows to use, for example, a nonlinear finite-elements-
based high-fidelity catenary model as an on-line ref-
erence from whose states the MPC’s linear catenary
model (as shown here) is initialized in each time in-
stance.

5. Experimental Results

In this Section the methods presented so far will be
demonstrated on a real-world pantograph test rig. An

2on a standard PC (Intel i7 3.2 GHz)
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Figure 6: Validation of the catenary model: a) displacement over time (left) and b) the frequency domain representation of the contact force (right)

obtained by a Fast Fourier Transform (FFT).

extended IIC-MPC as described in Section 3 is imple-
mented with energy and momentum conservation capa-
bilities. The VSE is a high-order, linear, periodically
time-varying state-space model of a catenary that repre-
sents a train ride at v = 60 m/s.

5.1. Implementation Details

The test rig depicted in Fig. 1 consists of an indus-
trial robot with an attached linear drive. In this work,
only the latter was actuated because the regular operat-
ing conditions (no tunnel entries) can already be cap-
tured in its operating range. A classic LQR control law
with a sampling rate of 5000 Hz is used as the inner
test rig control loop, where the motor current was the
control variable. The LTI state-space system of the test
rig Eq. (1) as used for the model predictive impedance
control is thus already a controlled subsystem. The sam-
pling rate of the LQR controlled system was chosen as
fast as possible to allow for best possible tracking con-
trol and disturbance rejection. The linear drive positions
as well as the contact force are available as measure-
ments. The MPC as well as the test rig control are
implemented on a dSPACE DS1006 real-time platform
with a 2.8 GHz quad-core processor. Table 2 summa-
rizes MPC implementation details, whereby the weight-
ing matrix Q is calculated as

Q=C"QcC. (43)
Low control weights are put on the velocity error when
designing the MPC, so controlling the position and mo-
mentum errors are the main control goals. Furthermore,
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wthr

l-a Xyse NP’ Ne
6x107° 0.01m/s 25
Q R T,
1 0 0
0 10* o0 [(1) 5%] 1/170s
0 0 10

Table 2: MPC parameters

1 — a (the energy error decay factor, see Eq. (17)) is ar-
bitrarily chosen as (1 — @)/Ts = 0.001 corresponding to
a time constant of 7 = 1000s. Its value is chosen so as
not to significantly affect the VSE dynamics at relevant
frequencies. Additionally, a velocity threshold is cho-
sen which deactivates constraints F.(k), Fg,.(k) on the
correction force For(k) for |y (k)| < x‘vhsre as described
by Theorem 2.

5.2. HiL Results

To demonstrate energy and momentum correcting
properties of the MPC an HiL test run is started with
deactivated energy conservation in the controller (no
bounds on F (k) are imposed, but high input weighting
on For(k), so that almost exclusively the test rig input
uy(k) is utilized for classical impedance tracking).

Due to the neglected dynamics of the pantograph as
the UUT, the limited test rig bandwidth as well as im-
perfections such as noise or uncertainties, a small ve-
locity error emerges and thus an energy error AE(k)
accumulates. Then, the MPC correction force con-
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Figure 7: Results of a typical HiL test run demonstrating functional catenary impedance tracking, as well as energy and momentum conservation
between the UUT and the VSE. Subplot a) shows the position trajectories over a large time span with varying pantograph uplift force, demonstrating
the method’s robustness. Subplot b) shows a zoomed view of the trajectories and c) the corresponding position error in percent. Subplot d) shows
the contact, respectively the correction force and e) shows that the momentum error stays bounded while the energy error between the UUT and

the VSE is decreasing.

straints are globally activated, except for small veloci-
ties: |Xyse(k)| < x‘vhfe (see Theorem 2). The results from
this time instant on are displayed in Fig. 7. The first row
of Fig. 7 shows the impedance tracking behavior. The
main task of impedance control, namely tracking the
VSE’s dynamic behavior by the test rig is excellently
achieved: high position tracking performance with no
phase-lag even under high dynamic movements can be
observed in Fig. 7b, which shows a detailed view of the
position trajectories of the test rig respectively the VSE
from Fig. 7a. Fig. 7c depicts the corresponding normal-
ized tracking error.

To demonstrate the method’s robustness in terms of
altered UUT dynamics, the pantograph’s contact force
is varied in the range of 130 N to 220 N by changing the
pantograph’s bellow pressure, as visualized in Fig. 7d.
There it is also demonstrated that only modest control
action on F, is applied at the catenary. Additionally,
the momentum error shown in Fig. 7e introduced by the
artificial correction force stays bounded (its integral was
not part of the control goal and thus a nonzero steady-
state error remains). The energy error Eq. (5) is visual-
ized in Fig. 7f, and for the first 600 s it is continuously
decreasing. In contrast to Theorem 1, however, the en-
ergy error is not strictly monotonically decreasing be-
cause of the threshold on the VSE’s velocity, as well as
the constraint hierarchy described in Section 3.4. The
energy error decays faster than the chosen time constant
of 7 =1000 s, which has been defined as an upper bound
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in Eq. (17). For times ¢ > 600, a residual energy error
remains and no further reduction is possible by the pro-
posed test rig controller with the current settings. Not-
ing that in Eq. (19) the magnitude of the correction force
is scaled by the magnitude of the energy error, the au-
thors attribute the nonzero energy error to the fact that
the energy error reduction (via F) is outweighed by
the energy errors generated by model errors and imper-
fections. To investigate this phenomenon further, the
MPC constraint hierarchy is considered. To do so, the
energy error is split into two parts:

AE(®K) = AEon(k) + AEopr(k) (44)
where at each sampling interval only one of these el-
ements contributes (is non-zero). The term AEgn(k)
sums up all changes in the energy error when bounds
obtained via Eq. (19) were active on F.(k), i.e. energy
error minimization was active. In contrary, if the thresh-
old velocity was not exceeded (|Xys.(k)| < x‘vk;re) or the
constraint hierarchy prevented the use of energy con-
serving constraints on F.(k), the change in the energy
error was summed up in AEgggr(k). These accumulated
energy error contributions AEon(k) and AEgpp(k) are
defined as

AEon(k) = )" eon(k) and AEore(k) = ) eorr(k),
k k

(45)
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with
AE(K) - AE(k — 1) Ed- (19) acti-
con(h) = vated (46)
else
and
AE(k) — AE(k — 1) Eq. (19) deacti-
corr(k) = vated
else.
47)
Fig. 8 shows the computed accumulated errors

AEopr(k) and AEgn(k) with dashed lines. Furthermore
AE(k) and a zoomed segment of AE(k) where sequences
with activated (black) and deactivated (gray) constraints
are shown.

These results show, based on the accumulated error,
that the energy error is increasing when the constraints
are deactivated and is decreasing when the constraints
are activated.

The proposed heuristics enables a robust implementa-
tion of high-dynamic test rig control that keeps momen-
tum and energy errors small despite model imperfec-
tions and disturbances, while at the same time achieving
excellent impedance tracking performance.

Remark 3. As a final remark, considering the energy
error in the control concept is seen to strongly improve
the stability of the coupled system. Coupling the system
to a moderately stiff environment (here, by simulating a
contacted linear pantograph dynamics) and with typi-
cal model errors present, simulation studies show that
considering the energy conservation allows safe opera-
tion at significantly higher model errors. In turn, if en-
ergy errors were ignored by the controller, destabiliza-
tion at high frequencies quickly emerged. This typical
result demonstrates the robustifying effect of consider-
ing and controlling energy errors in the impedance con-
troller. It is finally noted that the stabilizing passivity-
based schemes in haptic interaction control (such as the
energy-bounding algorithm [21]) are closely related to
the concept of energy conservation via control.

6. Conclusions

To obtain physically trustworthy results from an HiLL
test run, the UUT/VSE coupling has to be tracked ac-
curately, and moreover the physical conservation laws
(energy and momentum) have to be made consistent at
the UUT/VSE interface. A model-predictive impedance
control concept has been proposed that realizes these
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control tasks for high-dynamic railway catenary emu-
lation in a pantograph current collector test rig. The
distributed-parameter virtual catenary dynamics is real-
ized by a high-order time-varying state space descrip-
tion based on a finite difference approximation of the
model equations and integrated into the MPC. Specif-
ically, a novel moving-coordinate (pantograph-fixed)
Eulerian catenary description combined with absorbing
boundaries of the computational domain yield a real-
time-capable model with high fidelity.

In order to balance and control momentum and en-
ergy errors at the interface simultaneously, the MPC
controls both the test rig input as well as the VSE ex-
citation force. Its predictive structure allows to attain
lag-free tracking and thus to realize a high-quality inter-
face, which additionally is consistent in the long run in
terms of conserved quantities.

Experimental results on the full-scale test rig in
contact with a real pantograph validate the proposed
method and show the high tracking performance and the
conservation properties of the control concept. This al-
lows highly realistic HiL testing of pantographs in vir-
tual test rides on high-speed tracks. Ongoing research
work aims at realizing alternative, finite-element-based
realtime catenary models to significantly alleviate cur-
rent computational and memory requirements and fur-
ther improve HiL testing fidelity.
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