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ABSTRACT

Increasing efficiency of mechatronic devices is often achieved through lightweight design
using flexible mechanical structures like beams, strings, plates, and so on. The gain
in flexibility usually requires a more complex modeling procedure often relying on the
theory of nonlinear continuum mechanics. In addition, due to the limited number of
actuators, these flexible structures are highly underactuated, which makes their analysis
and control design challenging. In this thesis, we focus on numerical methods for
efficient simulations and control designs of flexible mechanical systems.

Therefore, we discuss port- and energy-based formulations, which are favorable for
modular and structured modeling of large-scale interconnected and coupled multi-
physics phenomena. The port-Hamiltonian approach emphasizes the interconnection or
energy exchange mechanisms and the interactions of subsystems through their (bound-
ary) ports, i.e., interfaces of dual power variables. Numerical methods that conserve
important geometric properties are well-known in their corresponding engineering disci-
plines, e.g., mixed finite elements for velocity-stress formulations of nonlinear elastody-
namics. For example, we considered geometrically exact strings, and the general setting
of geometrically nonlinear continua from the perspective of boundary control systems,
their structure-preserving discretization in space and time, retaining the underlying
port-Hamiltonian structure.

In addition to numerical advantages, energy-based formulations might lead to in-
tuitive feed-back controller designs. Moreover, structure-preserving higher order time
integration schemes can be used to generate discrete-time control systems covering the
sampling process in a digital control loop. This reduces the increasing mismatch at low
sampling rates between the underlying model and a time-continuous model (neglecting
the sampling process) leading to deteriorating effects in a digital control loop. Since
in a modern control structure, the feed-back controller is usually supported by a feed-
forward part, this thesis also includes an optimal trajectory feed-forward controller for
geometrically exact strings.

All concepts applied in this thesis are application-oriented approaches enabling prac-

ticable implementation using common software packages.
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1 INTRODUCTION

1.1 Motivation and context

The term simulation comes from the Latin word simulatio, which means “deception” or
“hypocrisy”. For example, Cicero used the word to describe Odysseus’ ruse of pretending
to be a madman to avoid having to take part in the Trojan War [144]. Accordingly,
the word had a negative meaning and described something morally reprehensible. The
current use of the word simulation is much more positive and has only developed in the
20th century. Nowadays, the term is associated with Latin words such as simulacrum in
the sense of “imitation” or the verb simulo meaning “to reproduce”. These translations
indicate that a simulation is used to create something based on something that already
exists [143]. However, more often, simulation denotes a method of predicting future
results by approximating real-world systems, processes or events. Accordingly, the core
of a simulation is to provide a model, which reflects the relevant characteristics of an
original system.

Before the computer age, we speak of traditional simulation technologies, which re-
fer to the use of mathematical models and analytical tools to compute the behavior
or evolution of systems [100]. For example, solving Lancester’s ordinary differential
equations represents a military application, where the attrition of combat troops of two
opposing sides is computed [90]. The benefits of traditional simulation methods include
the simplicity of models and efficient analytical calculations. Consequently, traditional
simulation tools are limited to simple systems. To overcome this, modern simulation
technologies go hand in hand with the use of computer models and numerical tools to
analyze complex systems and their interactions [100]. In the following, we focus only
on computer-aided simulations, whose origin can be traced back to World War II. In
the 1940s, during the Manhatten project, Monte-Carlo simulations were carried out for
the development of nuclear weapons [134]. Naturally, the U.S. Department of Defense
recognized the potential of military simulations and established the Defense Modeling
and Simulation Office in 1991 [154]. However, simulations are not only used for military
purposes. Nowadays, simulations are often used as a tool for the development of a wide

variety of products. E.g., market research companies use agent-based simulation soft-
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ware to analyze consumer behavior and to predict market responses [59]. Simulation
models are also increasingly being used in medicine, for example to analyze aneurysms
[58] or stent implantation [47]. In the engineering sector, simulations represent a cost
saving option to verify the function or performance of technical systems. For example,
finite element simulations play a key role in the development of aircraft, automobiles,
buildings, machine tools, etc., where engineers often use the finite element method for
thermal, structural and vibration analyses [98]. Another common engineering tool is a
multi-body simulation, which is heavily applied in the field of robotics [151].

As the above engineering examples show, modern technical products are mostly
mechatronic systems. Mechatronics is a combination of mechanics, electrics and in-
formatics and, in conjunction with sensors and actuators for control, represents a fun-
damental interdisciplinary engineering science [46]. Figure 1.1 provides an overview of
the principle of mechatronic systems. Although this cross-domain combination of dif-
ferent disciplines increases the performance of technical systems, it also requires large
scale, multi-domain simulation models, which are still the subject of active research

[100].

Basic Mechanical Structure

Input Mechatronic Components Output
: (Mechanical, Electronic, ... )
Actor [¢---------1 Processor [<----=-----1 Sensor

Figure 1.1: Principle of a mechatronic system. It has an underlying basic mechanical
structure interconnected with mechanical, electronic, magnetic, thermal,
optical and other functional components. Sensors determine functionally
relevant measured variables and feed them to processors. The processors
generate control input variables for the actuators, thus ensuring the func-
tionality of the system [46] (image mainly reproduced from [46]).

It is to be highlighted that this thesis focuses on the mechanical components of a
technical system and the corresponding control design. Since increasing efficiency of
mechatronic devices is often achieved through a lightweight design, mechanical struc-
tures like beams, strings, plates become more flexible [164]. Accordingly, nonlinear
phenomena occur due to geometrical changes, material behavior or external conditions.
This leads to a more complex modeling procedure often relying on the theory of non-

linear continuum mechanics. Due to the limited number of actuators, the considered
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systems are highly underactuated, which makes their analysis and control design chal-
lenging. In this work, we focus on efficient simulation and control methods to overcome

the challenges associated with this system class.

1.2 Literature review

A brief literature review of the topics considered in this thesis is given here. This
literature review mainly repeats and extends the literature reviews from [A3, A2, A5,

A1, A4]. Throughout the chapters, some articles might be referenced again.

1.2.1 Velocity-stress formulation and its finite element approximation

Models of elastodynamics are extensively used in structural analysis and engineering
design, which has motivated the development of efficient finite element methods for sim-
ulation. Starting in 1941 with the birth of the finite element method, Hrennikoff [74]
published a paper about solving elasticity problems using a mesh of lattice structure
to approximate a computational domain. Two years later, Courant [44] presented a
variational method to solve a seconder-order partial differential equation (PDE) based
on the Rayleigh-Ritz principle applied to sub-domains. Based on these early concepts
several articles of variational formulations and discretization have been published, see
[98] for a precise historical overview. Finally, the phrase finite element method was first
introduced in 1960 by Clough [42]. In the 1960s, Pian [127] used mixed variational for-
mulations, e.g., the Hellinger—Reissner principle [135] with the displacement and stress
field as primary unknowns to invent the assumed stress finite element method. Several
researchers followed Pian’s idea and invented novel mixed finite element formulations,
e.g., [69, 78]. Nonetheless, the construction of mixed finite elements is quite delicate
and can lead to numerical instability [7]. Babuska and Brezzi analyzed this problem
and developed the so-called inf-sup condition, a guide for choosing mixed-finite element
spaces [19, 23, 158]. As can be seen from the above literature, the finite element method
has its origins in elastostatics, and in the 1970s engineers began to use it for elastody-
namic problems as well. Consequently, several time integration methods for structural
mechanics have been developed, e.g., the Hilber-Hughes-Taylor method [71].

In 1992, Makridakis [103] investigated mixed finite elements for the displacement-
stress and welocity-stress formulation of linear elastodynamics. The results are partly
based on corresponding results for the wave equation [60]. The construction and anal-

ysis of variational numerical schemes for time-dependent wave propagation problems
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have been heavily discussed in the literature, see [43, 77] for an overview including
primal-dual and dual-primal velocity-stress formulations for linear elastodynamics as
an example, and stability and energy conservation on the semi- and fully-discrete level.
In [14], a new family of mixed finite elements for linear elastodynamics and mass lump-
ing is given. The velocity-stress formulation is also a common tool for seismological
simulations [54]. Since the inclusion of the symmetry of the stress tensor into a finite
element space is not trivial, Arnold and Lee [8] analyzed mixed finite element methods
for linear elastodynamics with weakly imposed symmetry for the stresses. In addi-
tion, the velocity-stress formulation is frequently used as a basis for other Galerkin
approximations. Another efficient stabilized nodal finite element method based on a
space-time variational statement of the velocity-stress formulation was introduced in
[146]. The virtual finite element approach for a velocity-stress formulation with weakly
imposed symmetry was discussed in [168]. In order to simulate a coupled system of
linear thermoelasticity in a power-preserving way, a mixed finite element method based

on a port-Hamiltonian formulation was used in [24].

1.2.2 Port-Hamiltonian (PH) systems

The PH formulation provides a general framework for modeling, analysis, and control
of complex multi-physical dynamical systems [50]. It originates from the theory of port-
based modeling, a formalism for multi-physical systems pioneered by Paynter [124] in
1961. His framework introducing energy as the link between physical domains offered a
graphical representation, the so called bond graph [61, 140]. In geometric mechanics [9],
the second origin of the PH framework, the Hamiltonian dynamics are represented in
a geometric, coordinate-free way using a symplectic or Poisson structure [142]. Finally,
electrical network synthesis theory and some groundbreaking works [45, 106, 137] made
PH systems an essential topic of systems and control theory.

Since then, the research field of PH systems has grown considerably. E.g., the frame-
work has been used to develop energy-based control design approaches like Interconnec-
tion and Damping Assignment Passivity-Based Control (IDA-PBC) [118] and Control
by Interconnection (CbI) [120]. Furthermore, PH systems motivated several structure-
preserving model order reduction techniques in which a given large-scale PH model
is approximated by a PH state space model of smaller dimension [111]. In addition,
the past two decades brought important progress in the development of the theory for
infinite-dimensional or distributed PH systems. Therefore several PDEs from different

physical domains have been rewritten in PH form, including structural mechanics, see
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e.g. [76, 96, 102, 138] and the review article [133]. The intrinsic geometrical struc-
ture of nonlinear elasticity is discussed in the framework of exterior calculus in [132].
In addition to the theoretical considerations concerning geometrical aspects of PH-
models, the structure-preserving numerical approximation has been a major field of
interest, too. Therefore, the PH community developed and analyzed several discretiza-
tion methods preserving the PH character on the semi-discrete level, see [53, 62, 84,
89, A6]. Cardoso-Ribeiro et al. [38, 39] demonstrated the compatibility of mixed fi-
nite elements with the PH framework, see also [15, 37, 149, 150] and, in particular,
[24, 2628, 163] for applications in linear elastodynamics. Recent contributions to the
modeling and structure-preserving discretization of the nonlinear equations of elasto-
dynamics have been presented in [32, 35, 81]. In order to preserve major characteristics
(e.g. stability, passivity, ...) of finite-dimensional systems on the fully-discrete level,
symplectic integration [85], discrete gradients [52], Petrov-Galerkin [51], and projec-
tion methods [112] have been proposed for the structure-preserving time discretization.
These methods were partially combined with the above control design approaches to

obtain discrete-time controllers, which are the subject of the next section.

1.2.3 Discrete-time energy-based feed-back control

Energy-based methods are a common tool for the feed-back control design of mechanical
systems, see e.g. [117, 119, 139, 156, 167]. Most of these methods including IDA-PBC
and Cbl were initially introduced to continuous-time systems. Therefore, most of the
literature addressing control theory of mechanical systems does not cover the sampling
process [2] in a digital control loop. Nevertheless, nowadays, control laws are mainly
implemented digitally and deteriorating effects of quasi-continuous control laws (direct
implementation) in digital control loops with low sampling rates are well-known [41].
Additionally, large effective stiffness or high dynamic performance also requires high
sampling rates [80], which is associated with the use of expensive sensors. In order to
circumvent this performance degradation or even destabilization, several discrete-time
control methods have been developed [1, 130]. The implementation of a discrete-time
control law is based either on a controller design using discrete-time state space models
[101, 115] or a continuous-time controller designed using well-known continuous-time
control theory methods [73].

In [114], discrete-time feed-back linearizing control laws for robotic manipulators
based on the discretization of the action integral are proposed. Discrete-time control

algorithms for a thin piezoelectric structure are presented in [21]. Bloch et al. [18§]
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presented a discrete-time Controlled Lagrangian approach using a midpoint approxi-
mation of the Lagrangian. The design of nonlinear control under explicit consideration
of the sampling process is described in [109] based on series expansions. In [95], sepa-
rable Hamiltonian systems are controlled by a discrete-time IDA-PBC approach based
on the explicit Euler integration scheme. Discrete gradients have also been used for
generating discrete-time controllers, see [64], and in particular, Aoues et al. [6] apply-
ing a midpoint discrete gradient to IDA-PBC of linear mechanical systems. In [86], a
systematic procedure for discrete-time eigenvalue assignment based on the symplectic
integration is given. Structure-preserving discretization methods, like variational or
symplectic integration, have also been used for optimal control approaches, see [116,
125].

1.2.4 Feed-forward control of complex mechanical systems

So far, we only considered feed-back controllers, whose design might be burdensome
for large-scale complex systems, e.g., finite element models. Therefore, a two degree of
freedom control structure containing a feed-forward and a feed-back part represents a
common strategy to handle such systems, see Figure 1.2 and [110, 162] for recent exam-
ples. While an advanced feed-forward part is responsible for highly accurate tracking

of a given reference trajectory, a simple feed-back controller reacts to unexpected dis-

turbances.
Output Control
Reference Feed-Forward e tnput System Qutput
Controller Y y
Observer-Based
Feed-Back
State Controller
Reference

Figure 1.2: Block diagram of a two degree of freedom control structure. In case of a
large-scale system or missing sensors an observer-based feed-back controller
might be required.

Starting in 1995, Fliess et al. [55] coined the concept of flatness, leading to a new
milestone for the feed-forward control design of nonlinear systems. Flat systems offer the
possibility of a purely algebraic inversion-based control design [67, 136]. The concept of

differential flatness has been extended for infinite-dimensional systems including several
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mechanical structures, see [126], and in particular, [83] for a feed-forward control design
for a nonlinear string based on the theory of flatness and the method of characteristics.
However, the feed-forward control design of non-flat systems is much more difficult
and one has to distinguish between minimum and non-minimum phase systems [79].
Due to the internal dynamics of non-minimum phase systems, their inversion usually
involves solving a two-point boundary value problem. A stable inversion of nonlinear
non-minimum phase systems generating a bounded solution for the system state and the
control input is presented in [40], where a desired output trajectory with pre- and post-
actuation phases is required. In 2002, Taylor and Li [157] introduced finite difference
methods for the stable inversion of nonlinear systems. Graichen et al. [66] modified the
boundary value problem, i.e., the output trajectory, to obtain a stable inversion without
pre- and post-actuation phases. So far, we only mentioned inversion-based feed-forward
control approaches. Alternatively, one can also design an optimal trajectory tracking
controller, see [131] for a survey on numerical methods for optimal control.

In 2004, Blajer and Kotodziejezyk [17] introduced the servo-constraint framework
forming a set of differential algebraic equations for under-actuated mechanical systems.
Their work had a huge influence on the multibody system dynamics community and mo-
tivated several research articles [49] focusing either on flat, minimum or non-minimum
phase systems. E.g., Otto and Seifried [121] designed a real-time trajectory controller
for a flat crane system using the servo-constraint framework. In addition, they dis-
cussed the challenges of servo-constraints for systems with a high differential index
[122]. Briils et al. [36] extended the approach of Chen and Paden [40] to the servo-
constraint framework. Driicker and Seifried [48] approximated the original boundary
value problem to simplify the control design for non-minimum phase systems. Bastos et
al. [12] combined optimal control and servo-constraints for solving the inverse dynam-
ics. Additionally, in [13], the authors demonstrated that their optimization problem
converges to the original two-point boundary value problem of Briils et al. [36] as the
pre- and post-actuation phases go to infinity. An analysis of different cost functionals is
given in [4]. Strohle and Betsch [155] solved the inverse dynamics of geometrically exact
strings using servo-constraints and a space-time finite element discretization. Further
flatness-based control design approaches for strings based on infinite-dimensional or

lumped mass systems are given in [83, 113, 155].
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1.3 Contributions

In this thesis, we want to extend on the above literature from a control engineering per-

spective to handle the complex system class of nonlinear elastodynamics. In addition,

it is desired to make the systems of nonlinear elastodynamics more suitable for control

engineers and close the gap between numerical mechanics and automatic control. This

is achieved by analyzing different formulations and compatible discretization methods.

In summary, the contributions of this thesis are as follows:

o We discuss and develop efficient energy-based formulations of nonlinear elasto-
dynamical systems. Our non-canonical formulation for the general equations of
geometrically nonlinear elastodynamics can be easily adapted to structures such as
beams and strings. Moreover, we use structure-preserving discretization methods
to retain the structure or underlying PH character of the systems on the semi-
discrete level. These semi-discrete models therefore contain properties that might

facilitate a subsequent controller design.

Furthermore, we study time-integration methods that preserve momentum and
energy balance on the fully-discrete level. These integration methods align with
our symplectic discrete-time feed-back control design approach to capture the
sampling process in a digital control loop. The resulting controller preserves the
structure of its continuous counterpart and is compatible with lower sampling
rates than a quasi-continuous (direct) controller implementation. In this thesis,

we apply the approach to a robot with flexible joints and discuss its practical use.

Additionally, we combine well-known optimal control theory with standard finite
element software to obtain an optimal feed-forward tracking controller for geomet-
rically exact strings. The approach is based on a space-time finite element method
and can be applied to large scale structural mechanical (non-minimum phase) sys-
tems. Moreover, we do not require the explicit analysis of a semi-discrete system

and its internal dynamics.

Finally, it should be mentioned that the methods in this thesis represent application-
oriented approaches that enable practical implementation with common software
tools, e.g., FEniCS [91, 99] and FEniCSx [3, 11, 147, 148].
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1.4 Outline

The remainder of this thesis is organized as follows: In Chapter 2, we recall some ba-
sic concepts of modeling and simulation of mechanical systems. Chapter 3 represents
the methodological chapter, where we recapitulate relevant methods building the foun-
dation of our main results in Chapter 4. More precisely, Section 3.1 recalls the PH
formulation and its benefits from an engineering perspective. Section 3.2 focuses on the
simulation aspect, where we illustrate the spatial Galerkin approximation, temporal
discretization schemes, and their structure-preserving properties. In Section 3.3, we
mention control strategies that fit to the considered system class. Chapter 4 summa-
rizes our main achievements and scientific results. In Chapter 5, we discuss our main
results with respect to the current literature and conclude with a brief outlook on future

research objectives.






2 PRELIMINARIES

In this chapter, we recall the theoretical background for our work. If the reader is
already familiar with the theoretical fundamentals of modeling and simulation of me-

chanical systems, the chapter can be skipped.

2.1 Modeling of mechanical systems

In order to analyze, simulate, optimize or control a mechanical system an accurate

mathematical model is mandatory.

2.1.1 Multibody system dynamics

The dynamics of a simple!, finite-dimensional mechanical system [72] can be described

by a second-order differential equation?,

M(q(t))4(t) + Clq(t), 4(£))4(t) + 0,V (q(t)) = u(t). (2.1)

As usual, ¢ € R" denotes the vector of generalized coordinates, ¢ € R™ the (angular)
velocities, M : R® — R™*" the symmetric, positive definite mass matrix, C' : R™ x
R™ — R™ " the Coriolis matrix®, and v € R"™ non-conservative forces or torques. The

equations of motion (2.1) result from the Euler-Lagrange equations with the Lagrangian,

L4.4) = 30" M(a)i ~ V(@) 22

where the first term represents the kinetic (co:-)energy 7' : R” x R" — R, expressed by
the generalized velocities ¢ € R™, and the second one V' : R®™ — R the potential energy.

IThe total energy is split in a kinetic and potential part.
2The operator O,b = % represents the partial derivative with respect to a, where we consider the
numerator layout.

3The Coriolis matrix and the mass matrix are related via the property that M —2C is skew-symmetric.
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The Lagrangian and equivalent Hamiltonian formulation are coupled via the Legendre

transform H (p, q) + L(q,q) = p' ¢ with the Hamiltonian or total energy,

1

H(p.q) = §pTM_1(C])P +V(q). (2.3)

The vector p := M(q)¢ € R™ represents the generalized momenta. Consequently, we

can derive the standard canonical Hamiltonian form,

] 0 I||0,H 0
! = g R e (2.4)
D -1 0| |0,H 1
where the energy balance,
H=0,H" u, (2.5)
——

q'T

follows immediately. The pairs of variables on the right side of (2.5) form the power
transferred to the system. In other words, the pairs of power variables can be seen as
ports to the system and its environment. A detailed discussion on the concept of ports

is given in Section 3.1.

2.1.2 Elastodynamics

This section recalls the basic equations of nonlinear continuum mechanics. The inter-
ested reader is referred to [5, 22, 56] for more information. Since we focus on structural
mechanical systems, we only recall major equations in material coordinates. Conse-
quently, all fields depend on the spatial coordinate X and time ¢, which we mostly omit
for brevity. The coordinate X denotes each material point of a reference configuration
QCRY, d=1,2,3, 0(X,t): Q x RZ% — R? the motion of a continuum, and ¢ = ¢ — X
the displacement field, see also Figure 2.1. The linear momentum balance of the system
is given by

p(X)p(X,t) = Div(F(X,t)- S(X,t)) + b(X,t) in Q, (2.6)

where p € R denotes the material density, and F' = Grad(p) : R — R the deforma-
tion gradient?. Furthermore, the vector b € R? represents the volume forces, which
might result from a potential (e.g., gravity) or other exogenous loads. The conservation

of mass follows by the fact that p = 0. Since we consider a Boltzmann continuum?®, the

4The operator Div(a) = dxa : I represents the divergence and Grad(a) = dxa the gradient of a
tensor a with respect to the material coordinates.
SInfinitesimal volume elements do not contain rotational inertia.



2.1 Modeling of mechanical systems 13

angular momentum balance is automatically fulfilled due to the symmetry of the second
Piola-Kirchhoff stress tensor, S = S". In case of hyperelastic (completely reversible)

materials, S € R%*? is characterized by

S = 9 W (E), (2.7)

where W : ngxnf‘f — R represents the strain energy density function. C' = F' - F is
the right Cauchy-Green deformation tensor and E € Rg;nff the nonlinear Green strain

tensor,

E:;@—U. (2.8)

In order to close the system description, we consider an appropriate decomposition of
the boundary into a Dirichlet and Neumann part, 02 = 9Q2p U9€)y, which leads to the

mixed boundary conditions (BCs),

¢ =@p ondp, (2.9)
F.S-N=7x ondQy, (2.10)

where N denotes the outer oriented normal vector on 02, and ¢p, 7y the given bound-

ary data.
X, 2
(X, t)
am)///h\\
N
| PN
Q Q,
X1, 1

Figure 2.1: The motion ¢ maps the material (undeformed) configuration (Q C R?) to
the spatial (deformed) one (€, C R?).

Introducing the momentum density p := pp, the Hamiltonian can be expressed as

H(p,p) Z/Q”H(%p) dX:/Q(;p‘lp-erW(Fw)) dX, (2.11)
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where F, is computed by means of ¢. Accordingly, the variational derivatives of H

yield the expressions

d,H = 0,H — Div(0pH), (2.12a)
5,H = O,H, (2.12b)

and we can formulate the canonical Hamiltonian representation,

=L el "

which reveals the analogy to (2.4).
By means of further assumptions on the above equations of nonlinear elastodynamics,

special system classes, such as shells, beams, and strings can be derived.

FExample 2.1. In case of small displacements ¢, one can use the well-known equations

of linear elastodynamics [65],

p(X)§(X,t) =Div(o(X,t)) + b(X,t) in €, (2.14)

6

where o € ngﬁg denotes the Cauchy stresses. These are related to the strains®,

¢ = sym(Grad(q)) € R%x¢ (2.15)

sym?

by the linear material law,

o=C:e¢, (2.16)

where C represents the fourth-order tensor of Hooke’s law elastic coefficients. The

system dynamics are completed by the BCs,

q=gqp ondlp, (2.17)
o-N =17y ondQy. (2.18)

Among many other things, the above model can be used for active vibration control to

suppress unwanted oscillations [163].

FExample 2.2. Let us briefly introduce another example, the geometrically exact strings
[94, 105, 155, 165], whose simulation and control have been discussed in [A8, A7, A2,

A5]. In summary, we consider the one-dimensional reference configuration 2 = [0, L] C

bsym(a) = $(a+a’) : R™*? — RIX? denotes the symmetrization operator.

sym
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R? of length L. The arc length coordinate s = X; C R describes the position of each

particle in the reference configuration. The momentum balance is given by
A(s)p()¢(s,8) = Dyn(s, 1) + b(s, 1) in 2, (2.19)

where the position vector o(s,t) : Q x RZ% — RY describes the actual configuration
(or motion) of the string, see also Figure 2.2. As usual, p € R represents the density,
A € R the cross-sectional area, b € R? the body forces per unit length, and n € R? the

contact force given by the relationship,

n=N%% (2.20)
The tension N € R is determined by the constitutive equation,
N =08,W(v), (2.21)

where W : R — R denotes the strain energy density and v = ||0sp|| : R? — R the
stretch. Let us apply the BCs,

n(0,t) = —7 (1), (2.22)
n(L,t) =0, (2.23)

where 7 denotes the control input or actuating force vector. A control problem could
now consist of finding 7y, such that the end of the string y(t) = (L, t) follows a desired
trajectory yq(t).

2.2 Numerical aspects of simulation

The general numerical analysis cycle of a simulation includes several steps [161]: The
first step is the preprocessing, which includes modeling, data collection, specification of
constraints, and so on. The second step solution processing focuses on the computa-
tional effort. In numerical mechanics, this might include a spatial discretization with
finite elements and a subsequent time integration, which are the topics of this section.

Postprocessing represents the step of analysis and visualization of the computed results.
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L valt)

Figure 2.2: Illustration of a geometrically exact string, its reference configuration and
the corresponding control problem: The end of the string is supposed to
follow y4 with 7 as control input.

2.2.1 Recall on finite elements

Let us start with the spatial discretization, which is mandatory to obtain a finite-
dimensional (semi-discrete) system from a set of PDEs and BCs. In structural mechan-
ics, many researchers including the PH community have mainly focused on Galerkin
approximations with finite elements [170]. Let us briefly mention some key advantages
of Galerkin approximations with finite elements: The process is compatible with com-
plex geometries and can easily be extended to higher order methods. Moreover, the
method offers a systematic approach and a wide range of implementation tools. In

order to repeat the systematic finite element approach, we use the following example.

Example 2.3. Assume q € 2 = {q € (Q;RY) : ¢ = qp on OQp} being a solution of
(2.14)-(2.18) with b = 0, then the weak formulation”

(w, pg)a + (e(w), C: e(g))a — (w, Tv)aay =0, (2.24)

holds for all test functions® w € # = {w € ' (Q;R?) : w = 00n dQp}, and all ¢ > 0.
This weak form is obtained by testing (2.14), applying integration by parts (IbP), and
inserting the given Neumann (natural) BCs. As long as we allow an infinite number

of test functions, the weak form is equivalent to the strong form (2.14). Since we can

"For ease of notation, we introduce

<a,b)M:/ a®bdX
M

for the integration of inner products of scalar and tensor valued functions over some domain M.
8" denotes the Sobolev space of weakly differentiable functions and .#? the space of square-
integrable functions.
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not handle an infinite number of infinite-dimensional functions, we restrict the spaces

of trial and test function to a finite-dimensional basis, i.e.

259, = (g € AURY : gu = qp on 90, ¢ (X.1) = $(X)q© (1) in TV (e},
W S Wy, = {w, € A QR - wy, =0 on 00p, w(X) =p(X)w® in T,V ()},

with the nodal displacements q'® and weighting values w(®) for each element (e) of the

computational mesh 7;,. Now find g, € 2}, such that

(why pln)a + (€(wr), C : e(gn))a — (wn, Tn)oay =0 Vw, € #h. (2.25)

Accordingly, we obtain the mass M, stiffness K¢, and input matrix B(®) of each

element,
N

3 [wT (MO 4+ KOq© — BO)] = 0 (2.26)

e=1

which can be assembled to

w' (Mg + Kq — Bty) = 0. (2.27)
Because w is arbitrary, we obtain the system of ordinary differential equations,

Mq(t) + Kq(t) = By (t). (2.28)

We now illustrate the process of direct assignment of inhomogeneous Dirichlet BCs
to the corresponding boundary degrees of freedom. Therefore, we split the vector of

degrees of freedom q' = [q, q})] and generate the reduced system® of the form
M. ¢, + K,q, = Bty — Mpdp — Kpap. (2.29)

For more information on the assignment of Dirichlet boundary conditions in finite ele-

ment models, the reader is referred to [16].

FExample 2.4. Generating the finite element model of the geometrically exact string

given in Example 2.2, we assume o, C 51 (Q; R?) being a solution of

(wh, Appn)a + (Oswn, n(en))a — (Wi, Tv)aay = 0, (2.30)

9The subscript r denotes the reduced matrices/vectors, without the Dirichlet degrees of freedom, and
the subscript D the columns of the matrices/vectors corresponding to Dirichlet degrees of freedom.
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for all w, C (R, and t > 0. Therefore, we obtain nonlinear semi-discrete
equations of motion,

Mg +k(¢) = B, (2.31)

where the nonlinearity results from the nonlinear geometry or contact force (2.20), see
also [155, A5].

In the above examples, the displacement field is the primary unknown and all other
fields are calculated from these displacements. Therefore, the above weak formulation is
called a displacement-based single-field formulation. The downside of single-field finite
element formulations are possible locking effects, i.e. unphysical stiffening. Therefore,
selective reduced integration or mixed finite element methods [20] are preferred. In
addition, it has been shown that well-known mixed finite element formulations have an

underlying PH character, see also Section 3.2, and in particular [25, Al].

2.2.2 Recall on time integration

In contrast to an analytical solution, the semi-discrete system can also be solved with
time discretization methods. Commonly, time integration methods [57] are based on
finite differences, whose idea can be expressed as

i~ da = LM —ah), (2.32)
where 7 = t*™! — % is the time step size, and z* ~ w(t*) the approximation at the
discrete time step t*. Consequently, solutions are obtained sequentially at every time
step t* starting with the initial condition z° = z(#"). Depending on the numerical
integration of the evolution equation, the methods are usually categorized as explicit,
implicit, single-step or multi-step methods. In addition, these techniques are classified
by their order of accuracy or stability [68].

In summary, numerical integration methods start with an initial condition and trans-
port the system state in a direction defined by the evolution equations. However, several
approaches do not account for the underlying geometric structure of the system and
hence may lead to inaccurate results due to spurious effects [68]. In order to provide
physically accurate numerical results, geometric numerical integrators (GNIs) have been

developed [152]. More information on GNIs is given in Section 3.2.
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In this chapter, we mention the theoretical methods and concepts, which had a major

influence on the development of our articles summarized in Chapter 4.

3.1 Port-Hamiltonian framework

3.1.1 Finite-dimensional setting

The PH framework results from a combination of Hamiltonian mechanics and the con-

cept of ports. For more details, we refer to [142].

Port-based modeling The so-called ports represent power interfaces of power con-
jugated variables, e.g., pairs of velocities and forces, which allow for a description of
energy-consistent or power-preserving interconnections of subsystems to compose mod-
els in a modular way, see [160] for an impressive multi-physical example. Consequently,
an overall model might be an interconnection of the following elements, through which
the system engages with its environment. In general, every element is described by a
pair of power or port variables (e, f) with the effort e and the flow f, whose product

forms the power extracted from the element:
e’ f = extracted power (3.1)

Finite-dimensional (or lumped') energy storage elements are described by the dy-

namics,

i=—fs, (3.2)

where x € 2~ C R" denotes the vector of state or energy variables. Energy storage is

expressed by the Hamiltonian H : 2~ — R defining the co-energy variables

es = 0. H(x). (3.3)

'Tn this context, lumped means that energy is concentrated in elements whose spatial extension is
negligible.
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This leads to
H=0,H(z) & = —el fs, (3.4)

showing that the product of effort and flow refers to the power taken from the element.

Ezample 3.1. Let us consider the mass in Figure 3.1a. The total (kinetic) energy of the

mass is given by

where p = muv,, denotes its momentum and v,, = 9,H,, the velocity. Its dynamics is

described by the momentum balance,
p=Fn. (3.6)

Consequently, we obtain the power balance

Hyy = 0,Hpp = Uy F, (3.7)
R

with the corresponding flow f,, and effort e,,.

Ezample 3.2. Let us consider the spring in Figure 3.1b. The total (potential) energy of

the spring is given by

cAg?
H,(Ag) = 5, (3.8)

where Ag denotes its compression and Fs; = 0aqHs the corresponding force. Its dynam-

ics is described by the kinematic equation,
Ag = v,. (3.9)

Consequently, we obtain the power balance,

H, = 0r,HAG= Fy v, , (3.10)
Y

with the corresponding flow f, and effort e,.
Since resistive elements only take power from their environment, they are character-
ized by
enfr < 0. (3.11)

This energetic flow might result from eg = —Sfr or eg = —S5 fg with S > 0, which is

referred to as impedance or admittance relation.
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FExample 3.3. Let us consider the damper in Figure 3.1c and the linear relation F; = dvy.

The power entering the damper is given by

vg Fy =dvi >0, (3.12)
—
—fa €d

where e; = —df; represents an impedance relation.

In order to model the interaction of a system with its environment, external port
variables (ep, fp) are required. These ports might be accessible for controllers, inter-
actions or other sources. Typically, external port variables are assigned the role of in-

and outputs in the sense of control theory.

Fzxample 3.4. Let us consider the actuator in Figure 3.1d. The actuator force F, might
be the control input u and the velocity the corresponding output y. Consequently, the

power that the actuator can deliver to its environment is given by

fo€a = Vo Fy. (3.13)
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Figure 3.1: Illustration of elements with the corresponding velocities v and forces F'.

In the following, we interconnect the elements to generate an overall system.

Dirac structures Due to a geometric description using Dirac structures, a generaliza-

tion of the symplectic or Possion structure, the above elements can be interconnected
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in an algebraic and power-preserving way. Therefore, a Dirac structure represents a

power-preserving subspace of efforts and flows.

Definition 3.1 (Dirac structure [141]). Consider a vector space of flows .# = R*
and its dual space & = R¥. A subspace 2 C % x & is called a Dirac structure if
e'f=0V(e, f) € 2, where dim Z = dim .Z.

The specific Dirac structure, (kernel representation [139]),

2={(fe) e F x&|Ff+ Fe =0}, (3.14)
J G B

F=I,  E=|-G" 0 0|, J=-JT, (3.15)
~-BT 0 0

with the above flows f = (fs, fr, fr) € R* and efforts ¢ = (eg, eg, ep) € R* forms the
so-called input—state—output PH system,

&= (J — R)0,H(x) + Bu, (3.16a)
y = B'0,H (), (3.16D)

with the input © = ep, output y = fp, and R = GSG". This represents a generalization

of the canonical Hamiltonian equations.

Example 3.5. In order to interconnect the elements of Figure 3.1, we use the follow-
ing Dirac structure, which simply describes the equilibrium of forces and kinematic

constraints on velocity level between the interconnected elements:

P =-F—FatF, i 0 -1 —1 1] [em
Vs = Um s 1 0 0 O s
I P ‘ (3.17)
Vd = Um fd 1 0 0 O €d
vy, = —up, fa -1 0 0 0] ]e,
Accordingly, we obtain after substitution of e; = —df; the state space model,
) 0 —1 d 0 L 1
P_ - w4 | R, (3.18)
Aq 1 0 0 0 cAq 0] ~~
53
=11 0 L I 3.19
v=[1 9| X, (3.19)
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with the total energy being the sum of all energies of the storage elements,

2 CA 2
H(p, Aq) = Hp(p) + H(Aq) = 2% + 2q :

(3.20)
leading to the energy balance,
. p 2
H=—-d () + yu. (3.21)
m

Note that (3.21) is equivalent to e’ f = 0 as required by the definition of the Dirac

structure. A graphical illustration of the connected system is given in Figure 3.2.

Aqg
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Figure 3.2: Overall system representing an interconnection of several elements.
In the following, we give a precise definition of a PH state space model.

Dynamical system representation As demonstrated above, PH systems can be
described via Dirac structures. In the following, we only consider the dynamical system
representation similar to (3.16), which is more common from a simulation or control

engineering perspective.

Definition 3.2 (Finite-dimensional PH system). A time-invariant state space model

of the form,

E(z)i = (J(x) — R(x))e(x) + B(z)u, (3.22a)
y = B (x)e(x), (3.22Db)

with the state x € R”, input u € R™, output y € R™, where F, J, R : R" — R"*",
co-state e : R” — R", and input matrix B : R — R™*™ is called a finite-dimensional

port-Hamiltonian system, if the following properties are satisfied:
I The Hamiltonian H(x) : R® — R is bounded from below and satisfies ETe = 9, H.

II The dissipation matrix R is symmetric and positive semi-definite, i.e., R = R" > 0.
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III The structure matrix J is skew-symmetric, i.e., J = —JT.

A more general definition including time-varying systems with a feed-through term
is given in [107]. We obtain the classical PH state space model (3.16), as presented in
[141], if E = I. However, the matrix F leads to a greater diversity regarding the choice

of state variables and covers the representation of differential algebraic PH systems.

Example 3.6. Introducing the velocity vector v := ¢, the well-known first order repre-

sentation of (2.1) can be rewritten in the form (3.22). In case of a holonomic constraint,

9(@)=0 = 0,9 (q)v=0,
————
GT(q)

we obtain the port-Hamiltonian state equations,

I 0 0||g 0 I 0 | [eg 0
0 M(q) 0| |0| = -1 F(qg,v) G(q)| |en| + [I|u (3.23)
0 0 0]\ 0 —G'(q) 0 | |ex 0

with the Hamiltonian H(q,v) = 0" M(q)v + V(q), and F' = M — 2C being skew-
symmetric. The vector ey := A corresponds to a Lagrange multiplier or reaction force,

enforcing the constraint.

Due to their structure, PH systems exhibit certain characteristics.

Properties of PH systems A key property of PH systems is passivity, which rep-

resents a generalization of energy balance.

Definition 3.3 (Passivity). A dynamical system of the form

z(t) = f(x(t),u(t)), (3.24a)
y(t) = c(z(t),u(t)), (3.24Db)

with the state vector x € Z° C R”, in- and output u € Z C R™,y € # C R™ is

passive if a positive semi-definite storage function H : 2" — R exists such that

H(z) <y'u (3.25)

holds for all times.



3.1 Port-Hamiltonian framework 25

Regarding PH systems, the Hamiltonian serves as a storage function and the power-

conjugated in- and outputs guarantee passivity,

H=—¢"Re+e'Bu<y'u. (3.26)
—— N
S0 T

In the 1970s, researchers discovered the link between energy, dissipation and Lyapunov’s
theory [75]. Following this idea, Willems [166] published a paper about dissipative sys-
tems. Since then, the concept of dissipativity and passivity became an important tool
for the analysis of dynamical systems. Due to its strong connection to Lyapunov’s sta-
bility theory, the concept of passivity motivated several (energy-based) control concepts
tailored to PH systems, see [117-120]. In general, a passivity-based controller contains
a state feed-back part transferring the control system to a passive one and an additional
damping injection stabilizing a desired equilibrium. For more information on passivity
the reader is referred to [92, 93].

FExample 3.7. Illustrating the concept of passivity-based control, we assume the state

equations (2.4) with the Hamiltonian (2.3). Using the control law,

u = —8qu + 8qH + ugp = —8qu + 8qV +udi, (327)
N————

Ues

we obtain the passive state space model

q 0 I||0,Hq 0
= - 0 = 0,Hy, 3.28
[p] [—] 0] lﬁpﬂd I ud Y= o (3.28)

with the desired Hamiltonian Hy(q,p) = ip" M ~(q)p + Va(q). Since H, serves as a
Lyapunov function, ug; := —DJ,H,; with D > 0 can stabilize the system asymptotically.

In summary, ues shapes the energy of the control system and ug; injects damping [118].

Another major characteristic is the compositionality of PH systems, which states
that PH systems coupled through any interconnection Dirac structure form again a
PH system. Accordingly, the total Hamiltonian of N interconnected PH subsystems
with the Hamiltonian H; is given by H = YN, H; [139]. This characteristic enables
a modular modeling of complex systems. Since mechanical structures are usually sub-
modules of an overall system and are accordingly interconnected to their environment,
it makes the PH framework an ideal choice for them.

Regarding infinite-dimensional (or distributed) PH systems, the above characteristics

are transferred to the infinite-dimensional setting.
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3.1.2 Infinite-dimensional setting

Strictly speaking, the definition of infinite-dimensional PH systems is not univocal and
two approaches are commonly used in the literature: Regarding jet-bundle formula-
tions, PH systems are derived from the Euler-Lagrange equations and the Legendre
transform, see (2.13) and [31]. However, deducing the boundary port variables might
be challenging. E.g., the boundary ports stem from the variational derivatives of the
Hamiltonian. In case of (Stokes-)Dirac structures, energy variables? are chosen as states
and the boundary ports stem from a differential operator via IbP [104]. Consequently,
boundary conditions are defined by co-energy variables. In contrast to the jet bun-
dle formulation, there is no recipe for the systematic construction of PH-systems via
Stokes-Dirac structures due to the larger selection of state variables. For an overview
of the two approaches using a mechanical example, the reader is referred to [145]. For
simplicity, we define an infinite-dimensional PH system in the (Stokes-)Dirac structure
framework in a compact form based on [37, 171], which is compatible with several
elastodynamical models, e.g., [26, 27, 32, 35, 163].

Definition 3.4 (Infinite-dimensional PH system). We consider a spatial domain © C
R?, d > 1, defined by the spatial coordinate X and the boundary 9. Additionally, we
denote by 2" the space of state variables, i.e. (X, t) € 2, and by

H= /Q H(z) dX (3.29)

the Hamiltonian with its density H : 2~ — £(Q, R). The set of PDEs and boundary

port-variables,
Er |
—YQ —B* 0

(ya) - (Cae) on Q, (3.31)
Uy Bae

with the co-state e, input data ug, us and outputs yq, ys represents an infinite-

c ] in Q, (3.30)

dimensional PH system, if the following characteristics hold:

I £* denotes the adjoint® of the positive semi-definite operator £, which is related

to the partial derivative of the Hamiltonian density by £*e = 9, H.

2If the Hamiltonian does not depend on the spatial derivatives of the dependent state variables, we call
these variables energy variables [145]. Consequently, the variational derivative of the Hamiltonian
coincides with the partial derivative of the Hamiltonian density, i.e., 0, H = 0, H.

3The adjoint operator A* is defined by the relation (a, Ab)q = (A*a,b)q.



3.1 Port-Hamiltonian framework 27

IT The (resistive) operator R is composed of a differential operator G and a non-
negative bounded matrix operator S > 0, R = GSG*.

IIT The differential (structure) operator 7, might be modulated by the state x and
is formally skew-adjoint in a sense that (a, 7,b)q = —(J.a, b)q holds for homoge-
neous boundary conditions. Additionally, we assume that one can find a differen-

tial operator A, such that
<a’7 jmb>ﬂ - <CL, Rb)ﬂ = <a’7 A:Eb>Q - <Axa7 b)Q - <g*a78g*b>ﬂ + <Cab7 Baa>8§27

follows by IbP or the appropriate Stokes formula to make the boundary term with
the operators By, Cy appear.

Remark 3.1. In addition to J,, the remaining differential operators might also be mod-
ulated by the state z. For the sake of clarity, this is not explicitly considered below and

is not relevant for our systems of nonlinear elastodynamics [A8, A7, A2, Al].

Theorem 3.1. Let (z,¢e) be a sufficiently reqular solution of the above system of Defi-

nition 3.4. Then the passivity inequality due to the power balance,
H = —D(e) + (Y, ua)a + (Yo, ua)oo < (Yo, ua)e + (Yo, ua)oo, (3.32)

with the rate of dissipated energy D > 0 holds.

Proof. By testing the evolution £& = (J — R)e and constitutive equation &*e = 0,'H,
applying an appropriate IbP, and substituting the corresponding boundary data, we

obtain
(w, i) = (w, Aze)q — (Azw, e)q — (G'w,SG"e)q
+ (w, Bug)a + (Cow, us)aq,

(3.33)

which hold for all regular test functions (w,w), and all > 0. Testing (3.33) with w = e,

it follows

(e,Ei)q = (e, Aze)q — (Aze,e)q — (G'e, SG e)q

£ i 0 D>0
(Eredia . (3.35)
+ <€, BUQ>Q +<Ca€, Ua)ag-
—_———

(B*e,un)a
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Using (E*e, @) = (0. H, ©)q, and considering the above output variables, we obtain the

given power balance, what completes the proof. 0]

Ezample 3.8. Let us consider the equations of linear elastodynamics (2.14)-(2.18) with
b =0 and pure Neumann BCs. In addition, we introduce the velocity field v := ¢, so

we can now define the total energy or Hamiltonian,

1 1
H(v,0) = 5(1}, pU)o + 5(0, C':0)q, (3.36)

and use the mixed (velocity-stress) formulation,

ctolfs] [ o Grad(d))] [e,
7| = sym(Grad(@)) | e in Q, (3.37)
0 p| |0 Div(0) 0 €y
—_———— —— - ——
E & J e
i I ) on 99, (3.38)
Uy N e,

Due to the quadratic Hamiltonian we obtain (e,,e,) = (v,0). Now, let (v,0) be a

sufficiently regular solution of (3.37) and the BCs. Then, the variational identities*

(wy, C16)g = (wy, sym(Grad(v)))q, (3.39a)
(wy, p0)q = —(sym(Grad(wy)), 0)q + <wv,\]\i;_g)ag (3.39b)

up

hold for all regular test functions (w,, w,), and all t> 0. By testing (3.3%9a) with w, = o

and (3.39b) with w, = v, we obtain the power balance,

H(v,0) = (0,H,0)q + (0,H,6)q
= (v, N - 0)oq (3.40)
= (Yo, ua)oq-
Since an analytical approach is not possible for most models of our above system

class, the following chapters will deal with numerical methods that are suitable for

accurate simulations or efficient controller designs.

0 sym(Grad(O)) .

41t follows, A, = 0 0
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3.2 Fundamentals of structure-preserving discretization

The discretization corresponds to a process, in which a continuous model is converted
into its finite-dimensional counterpart. Naturally, the discrete model should retain the
main properties of the original model. An algorithm that is capable of transferring
the main characteristics or structure of the continuous model to the discrete level is
called structure-preserving. In this section, we recall some fundamental concepts of
discretization methods, which retain some characteristics of our continuous systems on

the semi-discrete or fully-discrete level.

3.2.1 Spatial Galerkin approximation

In the following, we want to demonstrate a structure-preserving Galerkin approximation
process with respect to our above model class, which can be summarized by the following
steps: Test the evolution equations and apply an appropriate Stokes (Green) identity
to obtain a weak formulation, where the corresponding boundary input data appear

naturally. Project the formulation on an appropriate finite-element subspace. In other
words, find (xp,,ex) € (25, X &) C (2 x &) such that

(wp, ETn)a = (wn, Az, en)a — (Ag, Wy en)a — (G wp, SGep)q
+ <wh, BUQ>Q + <C3wh, U@>@Q
(Wn, E%en)a = (Wn, Oz, H)a (3.42)

(3.41)

hold for all (wp,, wy,) € (Z1X8), where (2}, % 8,) denotes appropriate finite-dimensional
subspaces. By choosing some basis for the approximation spaces, the above variational
identities can be converted to the state equations of a finite-dimensional PH system
(3.22) of the form,

Ex = (J(X) — R)e + Bqug + Byuy, (343&)
E'e = 0.Hy, (3.43b)

where x, e, and so on, represent the vector representations of the ansatz functions and

H, is the discrete Hamiltonian,

Hy= /Q H(wp) X (3.44)
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Theorem 3.2. Using the discrete outputs yo = BLOcHy, vo = B0 Hg, the above
finite-dimensional system satisfies the passivity inequality due to the discrete power
balance,

Hy = —¢'Re + youg + ysus < youg + yaus. (3.45)

Proof. The discrete power balance can be derived from the approximated weak formu-
lation analogously to the continuous one or taking the time derivative of the discrete

Hamiltonian. O

Remark 3.2. In case of e = x, it directly follows e, = x;. This makes the Galerkin

approximation of the constitutive equation obsolete.

Example 3.9. In the context of linear elastodynamics, generating the semi-discrete sys-
tem from (3.39), we can use standard finite element spaces, e.g., continuous Lagrange

polynomials and discontinuous piecewise polynomials,

v € [PU(Th) N AL Q)T € A UGRY), o4 € Po(Th; RED) ¢ 22(Q; RE.

Sym Sym

Following the mixed finite element discretization process, we obtain

Mc-1 0| |0 0 P|lo 0
= Uy, (346)
0  M,||v —PT 0f |v B
and the discrete Hamiltonian,
H, = 5V M,v + 3¢ Mc-10. (3.47)

So far, we only considered the structure-preserving discretization process with uni-
form BCs, which appear naturally in the weak formulation due to IbP. From a mechan-
ical point of view, the type of BC is either on a velocity or traction level depending on
the conservation law (balance or kinematics equation), which is integrated by parts. En-
forcing non-homogeneous Dirichlet BCs in the ansatz and test spaces leads to a reduced
system, which might not be compatible with the PH framework®, see also (2.29). There-
fore, discretization methods for mixed BCs have been discussed by the PH community,
e.g. [29, A3]. In [29], the authors showed that the well-known Lagrange multiplier
approach fits perfectly into the PH framework, see also Example 3.6 and [A2, A1].

5A state transformation for the reduced system similar to the split mass matrix lifting described in
[16] can generate a PH state space model. Nevertheless, this new model might not preserve the
original power balance.
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3.2.2 Geometric numerical time integration

Now, we move on with the time integration of the semi-discrete system. In contrast to
some traditional integrators, geometric numerical integrators (GNIs) respect the fun-
damental physics of the dynamical system. Therefore, GNIs preserve the underlying
geometric structure and transfer physical properties of the continuous-time system to
the discrete-time domain. Since we focus on mechanical systems, a GNI should preserve

some invariants, such as, energy, momentum, or the symplectic geometry [152].

Symplectic integrators In simple words, symplecticity describes the preservation of
a phase space area defined by the initial conditions. Although, symplectic methods do
not conserve the system energy exactly, they have an excellent long-time behavior due
to a bounded energy error [85]. It has been shown that certain Runge-Kutta schemes
preserve the symplecticity. In addition, symplectic Runge-Kutta methods preserve the

momentum of Hamiltonian problems [68, Al].

Variational integrators The most common GNIs are energy-momentum and vari-
ational ones. When it comes to variational integrators, one does not discretize the
evolution equations but the underlying variational principle. In case of a fixed time-
step size, variational integrators are symplectic and momentum-conserving. Although
fixed time step variational integration methods do not preserve energy exactly, the en-

ergy error remains bounded due to their symplectic character [70, 97].

Energy-momentum integrators FEnergy-momentum integrators are designed in
such a way that the momentum and energy of the system are conserved simultane-
ously. The design of energy-momentum integrators is often related to the concept
of discrete gradients [63]. For Hamiltonian equations & = J(z)VH(x) with J = —JT,

discrete gradient methods are of the form,

drx = J(" 2®)VH () 1), (3.48)
with J = —J ", where the discrete gradient V H satisfies consistency and directionality,
VH(z" 2%) = VH(2), VHT (2 — 2%y = gF — [g*, (3.49)

Although discrete gradients are not symplectic, they are very popular in the multibody
and PH community [A8, 82, A9, AT].
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3.3 Numerical methods for control

Due to the complexity of our mechanical systems, an analytical controller design, where
we explicitly derive the control law, is hardly possible anymore. Consequently, numer-
ical methods have became a major part of modern control design approaches. In the

following, we want to highlight key concepts, which become relevant in Chapter 4.

3.3.1 Symplectic discrete-time feed-back control

In this section, we focus on a discrete-time control design strategy of finite-dimensional
systems and its associated time integration. Therefore, we recapitulate the controller
discretization process presented in [A10]. The main interest of this article is a system-
atic discrete-time energy-based control design of fully actuated mechanical systems to
cover the sampling process. In summary, the approach is based on a description of the
sampled control system with zero-order hold mechanism using the implicit midpoint
rule, which is a second-order accurate sypmplectic integration method. Correspond-
ingly, the discrete-time target dynamics are generated by the same scheme. In order
to convert the control system into the target dynamics, an implicit controller with the

same structure as the continuous one is required.

Ezxample 3.10. To demonstrate the process clearly, let us consider Example 3.7 with
the finite-dimensional control system (2.4) and the input u = wes(q) + uai(q, p), which

converts the control system to the target dynamics,
] 0 I ||0,H
p| |~ —D] [0pHalg:p)
Applying the implicit midpoint® rule to (2.4), we obtain”
dq| |0 I|[9,H(q" 3, pr2
dp| |-1 0 5’pH(qk+%,pk+%)
Matching (3.51) with the implicit midpoint rule discretization of the target dynamics

d. 0 I| |0 Hylgt+s, phts
q — q d(q 17p 1) ’ (352)
d-p —1 0] |9,Ha(q" 2, p"2)

. 1
6We use the notation zF+2 := %(aﬂkJr1 + z¥).

1 . .
"We use u*T3 = u¥ to approximate the zero-order hold mechanism.

u”, (3.51)

given by
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yields the implicit control law,
u = ues(qur%) + udi(qur%akar%): (353>

which retains the structure of its continuous counterpart. In order to obtain a causal
controller, (3.52) is solved for (qk+%,pk+%), where (¢*,p*) denotes the corresponding
measurement at the current time-step. Inserting the result into (3.53) yields a causal
control law. Compared to a quasi-continuous control law u* = ue(q*) + ugi(¢*, p*), the
above controller (3.53) can be implemented in a digital control-loop with lower sampling

rates.

The validation of the control concept using an experimental light-weight robot is

given in [A4].

3.3.2 Optimal feed-forward control

In the following, we briefly mention the basics of (open-loop) optimal control. The term
optimal control corresponds to a problem, where one has to find an input function of a
control system that minimizes a given cost functional [131]. In other words, among all
states z(t) € R™ and input vectors u(t) € R™, that fulfill

&= f(z,u) and x(t;) = x;, x(te) = X, (3.54)

find those that minimize the cost functional,

1 e

J=-
2 t;

g(x,u) dt. (3.55)
Solving these problems® usually requires numerical methods. Indirect and direct meth-
ods are the two major classes for solving optimal control problems numerically. In a
direct approach the state and input is discretized leading to a nonlinear optimization
problem, which can be solved using standard optimization techniques. In other words,
the infinite-dimensional optimization problem is transferred to a finite-dimensional one.
Indirect methods are based on optimality conditions derived from the Euler-Lagrange
equations. Accordingly, they convert the optimal control problem to a multiple-boundary
value problem, which can be solved using discretization methods like finite differences
[123, 131]. In the following, we only consider the indirect approach. This is motivated

by the fact that our finite element models have constant mass matrices, which facili-

8More complex optimal control problems are given in the literature, e.g., [10].
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tates the derivation of optimality conditions, see Example 3.11. In order to derive the

optimality conditions, we use the Lagrange functional,
te
L:J+/“XWﬂLw—¢yu (3.56)
ti

with the Lagrange multiplier A € R". Following the standard variational approach

using the Euler-Lagrange equations, we obtain the optimality conditions,

T = f(x,u), (3.57)
A= —0,9(z,u) — Opf(x, ), (3.58)
0 = Dug(, ) + 0, (2, w), (3.59)

which, together with the given initial and final conditions, formulate the multiple-

boundary value problem.

Example 3.11. Let us consider the finite element model,
Mo+ k(p) = Bu, (3.60)

of a geometrically exact string, see also Example 2.2 and 2.4. In order to generate a

trajectory tracking controller for the above model, we can minimize the cost functional,

1t
Jzilﬂy—wa@—uﬁ+det Q >0, (3.61)

where y = C'p denotes the output and y, its reference [4]. The corresponding optimality

conditions?,

M@ + k(p) = Bu, (3.62)
M3+ 0,k(p)A = CTQ(Cp — ya), (3.63)
—B"A=u, (3.64)

and the initial, and final conditions,

(t) =i, o) =vi, @(te) = e, P(te) = ve, (3.65)

define the multiple-boundary value problem. Solving this multiple-boundary value prob-

lem with space-time finite elements is demonstrated in [A5].

9Note that the second-order control system (3.62) leads to a second-order adjoint system (3.63).
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In this chapter, we summarize the main results of the publications [A3, A2, A5, Al,
A4], which are given in Appendix A.

On the velocity-stress formulation for geometrically nonlinear

elastodynamics and its structure-preserving discretization

This paper [Al] is motivated by the PH representation and structure-preserving dis-
cretization of linear elastodynamics using a velocity-stress formulation. We extend the
formulation to the general equations of geometrically nonlinear elastodynamics and
demonstrate how a systematic structure-preserving approximation preserves character-
istics on the semi- and fully-discrete level.

Therefore, we consider the St. Venant—Kirchhoff material, which represents a ge-
ometrically nonlinear generalization of Hooke’s law and is characterized by a linear
stress-strain relation, S = C : E, with the fourth order stiffness tensor C. This enables

a velocity-stress formulation describing the essential system dynamics,

i] + H b, G=uv. (4.1

Similar to the well-studied linear setting®, the formulation has an underlying PH struc-

Cc-ts
pU

0 sym(F"(q) - Grad(O))
Div(F(q) - O) 0

ture with the state variables (v, .S, q). Due to the choice of state variables, the Hamil-
tonian

H(v,S) = 50, pv)a + ;<5, C: g (4.2)

has a quadratic form and yields linear constitutive equations. The nonlinearity is shifted
to the structural operator, which is modulated by the displacement field. The evolution
equations of velocity and stress can be expressed in terms of a weak formulation, where

Dirichlet BCs are incorporated via Lagrange multipliers and Neumann ones naturally.

ISubstituting F(q) with the identity matrix I leads to the velocity-stress formulation of linear elas-
todynamics, which is governed by the Cauchy stress o instead of S, see Example 3.8.
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The variational identities are satisfied by smooth solutions and encode the balance of
energy and momentum.

Following a Galerkin projection in space the basic system structure and characteris-
tics are preserved automatically. Due to the Lagrange multiplier enforcing the Dirichlet
BCs, the semi-discrete system has differential-algebraic structure of index v > 2, see
also Example 3.6. Additionally, the geometric structure and corresponding energy bal-
ance can be preserved on the fully-discrete level by appropriate time discretization
methods. E.g., applying the implicit midpoint rule to the velocity and stress field, and
approximating the discrete displacements on a staggered grid, we obtain the discrete-
time energy balance, where only a single linear system has to be solved in every time
iteration. This might be helpful for real-time capable application. A fully implicit
midpoint rule has an additional computational effort but leads to an improved angular
momentum balance.

The paper concludes with a simulation of a rubber-type body, which can be imple-
mented efficiently using open software, e.g., FEniCS [91, 99]. The numerical experiment

confirms the above statements.
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Port-Hamiltonian FE models for filaments

Adding additional model assumptions to the general equations of geometrically non-
linear elastodynamics, several models, e.g., plates, beams, and strings, can be derived
[165]. Solving the initial value problems of these models requires less computational
effort than solving the general equations. In [A2], we present the PH formulation and
structure-preserving discretization of an elastic string. The strings of this paper are clas-
sified as geometrically nonlinear mechanical systems. Therefore, the system description
includes a linear relationship between normal force and nonlinear strain.

The original PH representation of the string is expressed in terms of linear momenta,
positions, and the strain. Due to the choice of state variables, we obtain a quadratic
Hamiltonian and correspondingly linear constitutive equations. The linear relationship
between energy and co-energy variables enables a port-Hamiltonian representation with
the new state vector including velocities, positions, and the normal force. Therefore,
we obtain a velocity-stress formulation with a formally skew-adjoint structure operator
modulated by the positions.

Using a spatial Galerkin approximation with mixed finite elements, the semi-discrete
model preserves its PH character. Furthermore, the discrete Hamiltonian is still quadratic
and leads to the expected power balance, where power is transferred through the system
boundary. A conservative behavior in case of homogeneous BCs is demonstrated with
a numerical experiment.

In the appendix of this paper, the PH formulation and its structure-preserving spatial
discretization process of an inextensible string is given. Due to the algebraic constraint

of no strain, the infinite-dimensional system includes a positive semi-definite operator

£.
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Explicit port-Hamiltonian FEM-models for linear mechanical

systems with non-uniform boundary conditions

In the above publications, we analyzed the PH velocity-stress formulation of nonlin-
ear elastodynamics and its structure-preserving discretization. In order to treat non-
uniform or mixed boundary conditions, we incorporated Dirichlet BCs via Lagrange
multipliers and Neumann ones naturally into the weak form. Consequently, the sub-
sequent Galerkin approximation yields differential algebraic equations (DAEs), i.e., an
implicit PH system. Although there exists a rich theory about DAESs, from a numerical
point of view, it might be more appealing to deal with ordinary differential equations
(ODEs), i.e., explicit systems. Additionally, control theory offers a much wider range
of tools for explicit than implicit systems. Consequently, there remains an interest to
generate explicit PH state space models.

In [A3], we provided a weak formulation with mixed BCs, whose approximation leads
to an explicit PH system. We considered the well-known velocity-stress formulation of
linear elastodynamics and modify its weak form by replacing the Lagrange multiplier A
enforcing Dirichlet BCs and its corresponding test function by their physical interpre-
tations with respect to the principle of virtual power. In other words, find (o, v) such
that

(wy, C6)q = (s, sym(Grad(v)))q + <iU/):/,UD — V)oap, (4.3)
(wy, p0)q = —(sym(Grad(w,)),0)q + (wv,\L)aQD + (Wy, TN ) sy » (4.4)

holds for all regular test functions (w,,w,). This variational formulation is reminiscent
of the generalized Hellinger-Reissner principle, where Dirichlet BCs are imposed weakly.
Discretizing our modified weak formulation with standard mixed finite elements leads
to an explicit PH state space model without Lagrange multipliers or penalty terms.
This weak formulation can be easily implemented in a open finite element software.
The paper is concluded with numerical experiments using an one-dimensional rod.
The results confirm conservative behavior in case of homogeneous BCs. Moreover,
the eigenvalues of semi-discrete system are close to the exact ones. Nevertheless, the
approach is less accurate than the strong imposition of Dirichlet BCs. Another point
worth mentioning is an additional zero eigenvalue of the semi-discrete system due to
weak imposition of the Dirichlet BC. Its influence and the associated problems are

discussed in the next chapter.
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Symplectic discrete-time control of flexible-joint robots:

Experiments with two links

This article [A4] builds upon the control approach proposed in [A10], whose key con-
cept is recalled in Section 3.3. More precisely, the symplectic discrete-time controller
of [A10], initially presented for fully actuated systems, is applied to a serial robot ma-
nipulator with flexible joints. In contrast to [A10], we demonstrate the applicability of
the approach to an underactuated control system. In addition, the results stem from
experiments with a light-weight robot.

The entire control structure of the flexible-joint robot is divided into joint torque con-
trol shaping the motor inertia and joint position control for trajectory tracking. The
outer loop position controller corresponds to a PD+ control law and runs with a lower
sampling rate than the inner loop torque controller. Therefore, the time discretization
process is only applied to the outer control loop and the robot manipulator plus the
torque controller are regarded as our control system (3.51). Similar to [A11], we use
piecewise constant inputs (zero order hold) and an equidistant sampling time. The en-
tire control structure is realized with a Matlab/Simulink interface and a simple Newton
method is applied to solve (3.52) for the implicit control law (3.53).

In several experiments, the performance of the symplectic controller is compared to
the quasi-continuous one, where the sampling rate and the closed loop stiffness are var-
ied. The discrete L? norms of the position error and the deviation of the input from the
nominal trajectory are selected as measures of performance. The experimental results
suggest superiority of the symplectic controller for low sampling rates. In addition,
the symplectic controller allows an increase of the closed loop stiffness before it runs
with the same performance as the quasi-continuous one. Consequently, the experiments
confirm original statements given in [A10].

The article concludes with the implementation of a pure position feedback according
to [A10]. Thereby, things become more challenging in case of measurement noise. Due
to the numerical differentiation, high-frequency noise is amplified and could damage
the robot drive system. Filtering the position values using a discrete PT1 element can
already provide a remedy here. Consequently, the filtered pure position feedback leads
to a similar performance as the original symplectic controller, but a proper choice of

the filter time constant is required.
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Optimal trajectory control of geometrically exact strings with

space-time finite elements

In this article [A5], we consider a space-time variational formulation, which generates an
optimal feed-forward tracking controller for geometrically exact strings. Accordingly,
the control law minimizes a cost functional including the desired trajectory. More
precisely, the input force acting at the one end should transfer the string from an initial
configuration to a final one, whereby the opposite end of the string should follow a
desired trajectory as precisely as possible.

The optimization problem is solved with an indirect approach, where a space-time
Galerkin approximation with finite elements translates the problem to a set of alge-
braic equations. Due to the specific structure of the variational formulation, only the
positional field and the corresponding adjoint variable field are approximated by con-
tinuous shape functions. Therefore, defining a finite element subspace for the (adjoint)
velocity field is not required. In addition, the approximation is based on a structured
rectangular mesh (with quadrilateral elements) and uses continuous bilinear Lagrange
polynomials of space and time, which enables an implementation with commercial or
open source finite element packages. The approximation process with these specific ba-
sis functions can be interpreted as a sequential space-time discretization. Therefore, the
entire approach corresponds to a multiple-shooting method for solving the optimality
conditions based on the semi-discrete problem.

The paper also contains a numerical experiment, in which we consider a planar mo-
tion of a geometrically exact string under gravity. The string performs a finite time
transition between two stationary set-points, where we use a desired output trajectory
with sufficiently large pre- and post actuation phases. In order to verify our results,
the generated control law is applied to a initial value problem simulation. Its results

confirm the applicability of our approach.



5 DISCUSSION AND FUTURE WORK

In this chapter, we discuss our contributions mentioned in Section 1.3. Therefore, we
recapitulate our results and discuss their practical relevance. In addition, we mention
further articles which are based on or related to our contributions. The discussion is
split into three different topics containing modeling, feed-back, and feed-forward control

of flexible mechanical systems.

o Motivated by the PH framework, in [Al], we considered the motion of a geo-
metrically nonlinear elastic continuum by means of a velocity-stress formulation.
The governing equations form a PH system in which the structure operator is
modulated by the displacement field. The PH character is also highlighted in
the weak formulation of the problem, in which the conservative energy transfer
and the corresponding boundary ports become even clearer than in the strong
form. In addition, major characteristics of the governing system can be derived
by testing the weak formulation with the corresponding test function. E.g., test-
ing the weak form with the effort or co-energy variables yields the energy balance
directly. Following a Galerkin projection in space, the PH structure of the system
is preserved automatically. Thus, the original characteristics can be proven on the
semi-discrete level analogous to the continuous case. Another advantage of the for-
mulation is its compatibility with standard finite element spaces for the Galerkin
approximation, which facilitates the incorporation into available software. Addi-
tionally, the formulation is compatible with Pian-Sumihara-typed finite elements
[128] reducing or circumventing locking effects [159]. Using appropriate time in-
tegration methods, power and momentum balance can also be preserved on the
fully-discrete level. Due to the quadratic character of the Hamiltonian, the im-
plicit midpoint rule is a valid candidate. In [33], the authors confirmed our results

using a velocity-stress formulation modulated by the deformation gradient.

Since several equations of geometrically nonlinear shells, beams, and strings have
been developed, our insights gained in [A1l] can be transferred to these models as
well. E.g., in [A2], we discussed the velocity-stress formulation of a geometrically

exact string. Following the same systematic approximation procedure as in [A1], a
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semi-discrete PH state space model of a similar structure as in [35, A1] is obtained.
Consequently, the implicit midpoint rule preserves the energy balance on the fully-
discrete level. In [34], the authors recapitulate the numerical strategy for the
simulation of geometrically nonlinear structures based on a general velocity-stress

formulation modulated by the displacement field.

Due to their simplicity, our formulations might be employed across various fields
including system identification, model order reduction, and control. Nevertheless,
the equations of geometrically nonlinear elastodynamics are valid for large dis-
placements and moderate strains. In order, to simulate large strains accurately
a nonlinear material behavior becomes mandatory. Therefore, we enhanced our
previous work [A2] with respect to material nonlinearities and proposed a PH
formulation for hyperelastic strings in [A7]. Due to the nonlinear relationship
between stress and strain, a Galerkin approximation of the corresponding consti-
tutive equation is required. Accordingly, we applied a discrete gradient scheme to
achieve an energy-consistent time integration. The analogy to finite-dimensional
(lumped-parameter) systems is given in [A9]. In [A8], we extended on [AT7] by
adding viscoelasticity. The overall model results from a interconnection of two
PH subsystems, the purely elastic string [A7] and generalized Maxwell elements
[153]. Extending these results to general three-dimensional continua might be part

of future research projects.

In [A4], we proposed a structure-preserving discretization procedure for PH models
with mixed BCs to obtain explicit semi-discrete systems. Although, the numerical
results seem to verify the approach there are some serious drawbacks. As already
mentioned, the approach performs rather poorly compared with the strong im-
position of Dirichlet BCs. Moreover, the (spurious) zero eigenvalue is a result of
an unstable spatial discretization. Consequently, the corresponding eigenvector
might cause an unphysical behavior. Even though, the approach lacks conver-

gence it might produce sufficient results and is mentioned in several articles, e.g.
[30, A11, 129].

In [A10, A4], we presented and verified a discrete-time control design approach
reducing the deteriorating effects caused by the sampling process on stability and
performance in a digital control loop. Therefore, at low sampling rates, our ap-
proach provides a better performance than a direct implementation (in a piecewise
constant manner) of the continuous control law, which corresponds to discrete-time

controller design based on a first-order explicit Euler discretization. This increase
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in performance results from a second-order accurate discrete-time representation
of the sampling process and target dynamics stemming from an application of the
implicit midpoint rule. Due to the choice of the implicit midpoint rule, the control
law matching the discrete system and target dynamics, retains the original struc-
ture of the continuous control law. More precisely, continuously derived nonlinear
control laws can be reused in discrete-time with only replacing the arguments by
predicted stage values on the following interval. Alternatively, other second-order
accurate integration schemes, like the midpoint discrete gradient, might lead to
a similar performance as the implicit midpoint rule. However, these do not nec-
essarily preserve the original structure of the continuous-time controller. E.g.,
gradient vectors of the original and the target energies might be replaced with
the discrete gradients [A10]. Nevertheless, the implicit nature of the control law
requires the numerical solution of an in general nonlinear system of algebraic equa-
tions (discrete-time target dynamics) in every time-step. Accordingly, analyzing
computation times for large scale systems is mandatory to show real-time capa-
bility. In addition, the system of algebraic equations explicitly depends on the
measurement of the entire state vector. Thus, our control law corresponds to a
state feed-back, even if the original controller may only require a part of the state.
However, the increased implementation effort might be justified by the absence of

expensive high-frequency sensors.

Based on the results of [A10], several research articles have been developed in
recent years. In [88], the authors extended our approach to s-stage Gauss-Legendre
collocation with higher order input shaping. In [87], the authors discussed discrete-
time controllers based on cubic Hermite interpolation or 3-stage Lobatto IITA
collocation. Mogler et al. [108] translated Cbl to the discrete-time setting using
energy-preserving collocation methods. Recently, Hermite-Obreschkoff methods

were presented in the context of discrete-time passivity-based control [169].

In [A5], we presented an optimal trajectory feed-forward controller for geometri-
cally exact strings. The optimal control approach is motivated by the fact that it
does not require the explicit analysis of semi-discrete equations of motion and the
corresponding internal dynamics. Therefore, we define a Lagrange functional on a
space-time domain and derive the variational identities or optimality conditions.
Due to the constant mass inertia, the derivation of the variational identities is
simple. In addition, they show us how to introduce BCs properly. In order to dis-

cretize the weak formulation, standard or open source finite element packages can
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be used. Since we only consider structured finite element meshes, the optimality
conditions might also be derived using the semi-discrete system. Our approach
includes the solving of an in general nonlinear system of algebraic equation. Ac-
cordingly, the solution depends heavily on the choice of initial values. In addition,
a large number of elements increases the computing time, which is incompatible

with the real-time capability required for model predictive control.

In future research, our approach might be extended to three-dimensional continua.
Additionally, we have not considered the challenges or advantages of unstructured
space-time finite element meshes yet. Finally, it should be mentioned that we
plan to apply our approach with alternative cost functions and systems of other

physical disciplines.

The next step is to combine the methods of this thesis in a two degree of freedom

control structure and validate them in an experimental setup, e.g., an overhead crane.
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We consider the dynamics of an elastic continuum under large Received 31 January 2024
deformation but small strain. Such systems can be described by Accepted 20 August 2024
the equations of geometrically nonlinear elastodynamics in combi-

nation with the St. Venant-Kirchhoff material law. The velocity- 5;::}::2?;5 formulation;
stress formulation of the problem turns out to have a formal port- structure-preserving
Hamiltonian structure. In contrast to the linear case, the operators discretization; port-

of the problem are modulated by the displacement field which can Hamiltonian systems

be handled as a passive variable and integrated along with the
velocities. A weak formulation of the problem is derived and essen-
tial boundary conditions are incorporated via Lagrange multipliers.
This variational formulation explicitly encodes the transfer between
kinetic and potential energy in the interior as well as across the
boundary, thus leading to a global power balance and ensuring
passivity of the system. The particular geometric structure of the
weak formulation can be preserved under Galerkin approximation
via appropriate mixed finite elements. In addition, a fully discrete
power balance can be obtained by appropriate time discretization.
The main properties of the system and its discretization are shown
theoretically and demonstrated by numerical tests.

1. Introduction

Models of elastodynamics are extensively used in structural analysis and engineering
design and efficient finite element methods have been developed for simulation and
control. In Makridakis (1992) mixed finite elements for the displacement-stress and
velocity-stress formulation of linear elastodynamics were investigated, partly based on
corresponding results for the wave equation (Geveci 1988). A new family of mixed finite
elements for linear elastodynamics suitable for mass lumping was presented in Bécache
et al. (2002). An overview about the construction and analysis of variational numerical
schemes for time-dependent wave propagation problems is given in Cohen (2002) and
Joly (2003). Primal-dual and dual-primal velocity-stress formulations for linear elasto-
dynamics are considered as examples, and stability and energy conservation are derived
for semi- and fully-discrete schemes. The velocity-stress formulation is also frequently
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used for simulations in seismology (Festa and Vilotte 2005). In Arnold and Lee (2014),
dual mixed finite element methods for elastodynamics with weakly imposed symmetry
for the stresses have been investigated. Another efficient stabilized nodal finite element
method for elastodynamics was proposed in Scovazzi et al. (2017). Their framework is
based on a space-time variational statement of the velocity-stress formulation and is
compatible with weakly and strongly enforced Dirichlet boundary conditions. In Zhang
et al. (2019), a dual velocity-stress formulation with weakly imposed symmetry was
analysed in the context of the virtual finite element approach. A mixed finite element
method based on a port-Hamiltonian (PH) formulation was used in Brugnoli et al. (2021)
to simulate, in a power-preserving way, a coupled system of linear thermoelasticity.

The PH framework provides a general approach for modelling, analysis, and control of
complex multi-physical dynamical systems (Duindam et al. 2009). Originating in
a synthesis of network and Hamiltonian perspectives for open, i.e. controlled, finite-
dimensional systems (Maschke and van der Schaft 1992), the past two decades brought
important progress in the development of the theory for infinite-dimensional systems
from different physical domains, including structural mechanics (see e.g. van der Schaft
and Maschke 2002; Le Gorrec et al. 2005; Macchelli et al. 2009; Jacob and Zwart 2012 and
the review article Rashad et al. 2020). In Rashad et al. (2023), the intrinsic geometrical
structure of nonlinear elasticity is discussed in the framework of exterior calculus. In
addition to the theoretical considerations concerning geometrical aspects of PH models,
also the structure-preserving numerical approximation has been a major field of interest
(see Golo et al. 2004; Farle et al. 2013; Kotyczka et al. 2018; Cardoso-Ribeiro et al. 2021
and, in particular Brugnoli et al. 2019a, 2019b, 2021a, 2021b; Warsewa et al. 2021, for
applications in linear elastodynamics). Recent contributions to the modelling and struc-
ture-preserving discretization of nonlinear structures have been presented in Brugnoli
et al. (2021), Brugnoli and Matignon (2022), Thoma and Kotyczka (2022), Kinon et al.
(2023). For discretized and finite-dimensional systems, symplectic integration (Kotyczka
and Lefévre 2019), discrete gradients (Falaize and Hélie 2016), Petrov-Galerkin (Egger
et al. 2021), and projection methods (Miiller 2021) have been proposed for the structure-
preserving time discretization.

1.1. Scope and main contributions

We consider the motion of an elastic continuum described by the equations of geome-
trically nonlinear elastodynamics. A velocity-stress formulation is chosen for describing
the essential system dynamics which, similar to the well-studied linear setting, has
a formal PH structure encoding the exchange of kinetic and potential energy as well as
the balance of linear and angular momentum. Different from well-studied linearized
models, the interconnection operator here is modulated by the deformation gradient,
whose evolution in time has to be included in the formulation. In contrast to previous
work on geometrically nonlinear beams, plates, and strings (Brugnoli et al. 2021;
Brugnoli and Matignon 2022; Thoma and Kotyczka 2022), we include the displacement
field in our formulation which, together with the velocity and stress field, yields
a complete description of the system state at every time. The displacement can be
obtained by simple integration of the velocity, thus having no direct influence on the
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power balance of the system, apart from the modulation of the interconnection operator
mentioned above.

The first contribution of the paper is a weak formulation of the evolution equations for
velocity and stress, in which the Dirichlet boundary conditions are incorporated via
Lagrange multipliers, while the Neumann conditions are treated naturally in the deriva-
tion of the weak form. Symmetry of the stress tensor is incorporated explicitly and the
kinematic equation for the displacement is treated pointwise on the continuous and
discrete level. We show that these variational identities are satisfied by smooth solutions
of the system and they already fully encode the balance of power and momentum.

In a second step, we consider the structure-preserving discretization of the weak form
of the dynamic equations derived on the continuous level. We show that the basic
structure of the system is preserved automatically by Galerkin projection in space. The
kinematic equation for the displacement is treated in a pointwise manner and the
symmetry of the discretized stress tensor is incorporated explicitly in the approximation
spaces. As a consequence, the balance equations for energy and momentum, derived on
the continuous level, remain valid after discretization. We further discuss the differential-
algebraic structure of the system arising after discretization, which provides insight into
a mild compatibility condition between approximation spaces for the velocity and the
Lagrange multiplier which is required to ensure local well-posedness of the discretized
problem. The proposed discretization scheme thus addresses, at the same time, multiple
challenges for numerical methods in nonlinear elastiticy, i.e.

e the treatment of mixed boundary conditions;
e the incorporation of stress-symmetry;
e the handling of geometric nonlinearities.

As demonstrated in the numerical tests, standard finite element spaces (Arnold and Lee
2014) can be used for the Galerkin approximation, facilitating the incorporation into
available software.

As a final step, we also consider the systematic time-discretization by appropriate
linear-implicit one-step method. We comment on the well-posedness of the fully-discrete
scheme and show that the underlying balance equations for energy and momentum
remain valid also after time discretization. Numerical tests are presented for illustration
of these favourable properties.

1.2. Outline

The remainder of the article is organized as follows: In Section 2, we recall the basic
equations of geometrically nonlinear mechanics and introduce the velocity-stress for-
mulation of our problem. In addition, we derive its weak formulation and the underlying
power balance. The structure-preserving discretization by mixed finite elements in space
and the implicit midpoint rule in time is discussed in Section 3, and balance laws for
energy and momentum are established on the semi- and fully-discrete level. The theore-
tical results are illustrated in Section 4 by numerical tests simulating the movement of
a flexible robot arm. A brief discussion of our main results and some concluding remarks
are given in Section 5.
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2. Modeling

We start with recalling the governing equations of nonlinear continuum mechanics for
a St. Venant-Kirchhoff material. After that, we present the velocity-stress formulation of
the system and discuss the underlying modulated PH structure. We then derive an
appropriate weak form of the governing equations and establish the inherent power
balance for the system.

2.1. Nonlinear continuum mechanics

Following standard practice (Bonet and Wood 2008; Wriggers 2008), we use material
coordinates. All fields therefore depend on the spatial coordinate X in reference config-
uration and time ¢, which we mostly omit in our notation. The momentum balance of the
system is given by

pit = Div(F-S) + b in Q, (1)

where Q ¢ R% d = 1,2, 3, is the reference configuration of the body. As usual, p denotes
the material density, u(X,t) = x(X, t) — X the displacement field, and

F = Grad(u) +1 (2)

the deformation gradient; see Figure 1 for a sketch.

Furthermore, S is the second Piola-Kirchoff stress tensor, and b the vector of volume
forces caused by gravitation or other exogenous loads. In this paper, we restrict our
considerations to St. Venant-Kirchhoff materials which are characterized by a linear
stress-strain relation

S=C:E. (3)

The fourth order stiffness tensor C is assumed symmetric and positive definite, for
instance C : E = 2uE + Atr(E)I, and it acts on the nonlinear Green strain tensor

X27 T2
x(X,t)
20, /\
N
X o
Q Q,
X17 1

Figure 1. Mapping of an infinitesimal line element dX from the material (undeformed) configuration

(@ C R?) to the spatial (deformed) one (Q; C R?) via the deformation gradient F = Grad(x),
dx = F - dX.
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_Lrmpe
E=Z(FT-F—1). (4)

To complete the system description, we consider mixed boundary conditions

u=up ondQp, (5a)

F-S-N =1y ondQy. (5b)

Here 0Q = 0Qp U Oy denotes an appropriate decomposition of the boundary into
Dirichlet and Neumann part, N is the outer oriented normal vector field on 0Q, and
up, Ty are the given boundary data.

2.2. Velocity-stress formulation

By introducing the velocity v = & and the compliance tensor A = C™!, the above
equations can be rewritten equivalently as a first order system

pv = Div(F(u)-S) + b (6a)

A:S=sym(F(u)" - Grad(v)). (6b)
Rewriting the Dirichlet boundary conditions leads to

v=vp on 0Qp, (7a)

F(u)-S-N =1y on 0Qy, (7b)

where vp = iip is the prescribed velocity at the Dirichlet boundary 0Qp. The velocity-
stress formulation (6a)-(6b) does not provide a complete state representation, but has to
be complemented by a kinematic equation, e.g.

u="m. (6¢)

This equation allows to infer information about the displacement field u, which mod-
ulates the system dynamics (6a)-(6b) via the deformation gradient F(u).

Remark 1. Substituting F(u) by the identity matrix I leads to the velocity-stress formula-
tion of linear elastodynamics (Makridakis 1992), which is governed by the linearized
strain tensor ¢ = sym(Grad(u)) instead of E, and the Cauchy stress o instead of S. Well-
posedness of the corresponding initial-boundary value problem can be established by
semi-group theory (Leis 1986). The natural function spaces for velocities and stresses

arising in the analysis are L?(2; R?) and L?((; ]Rfyxnf ) as well as certain subspaces having

Grad(v) € L*(2)*? and Div(S) well-defined and square integrable, and accomodating
the boundary conditions. Local-in-time existence and uniqueness results for the non-
linear elastiticy problem under consideration can be obtained by quasi-linear theory or
parabolic regularization (Court and Kunisch 2018).
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2.3. Hamiltonian and power-conjugated variables

The internal energy of the system (6a)-(6c) is given by the Hamiltonian
1 1
H(p,E):J —p-p+=(C:E): EdX, (8)
0 2p 2

consisting of the kinetic and elastic potential energy. In contrast to previous work, we do
not include the body force in the definition of the Hamiltonian here, but rather treat it as
an input to the system, which simplifies some of our arguments later on. We choose the
momentum density p = pv and the Green strain tensor E as the state variables, in
compliance with a unified energy storage model, underlying the PH modeling paradigm
or its graphical representation by generalized bond graphs. The corresponding co-state
variables given by the variational derivatives

8,H(p, E) :%’:v, S:H(p,E)=C:E=S8 9)
of the Hamiltonian here correspond to the velocity and stress, respectively.

Remark 2. The differential equations (6a)-(6b) may be written compactly as

lﬂ B [Sym(F(u)TO. Grad(x)) DiV(F(Ou) | x)} m + Mb (10)

according to the formulation as a distributed parameter PH system; see e.g (van der
Schaft and Maschke 2002; Mehrmann and Unger 2023). In this language, x = (p, E) and
e = (v,8) are called the state (or energy) and co-state (or co-energy or effort) variables.
The time derivatives of the states f = (—p, —E), the flows, here with the commonly used

sign convention, are power-conjugated to the efforts, such that H 4 (e,f), = 0, with
(-,+)q the appropriate duality product. The PH formulation is completed by the defini-
tion of output variables, which are power-conjugated to the imposed inputs, and which
naturally emerge in the power balance equation, after possible integration by parts. In the
considered case, we have the distributed port (b,v) and the boundary ports
(vp,F(u) - S-N), (7n,v) on 0Qp and 0Qy, respectively. The differential operator on
the right hand side, which here is modulated by the displacement u, is formally skew-
adjoint and describes the in-domain exchange between kinetic and elastic energy, and the
coupling with the boundary ports. Related PH representations for beams, plates, and
strings can be found in Brugnoli et al. (2021), Brugnoli and Matignon (2022), Thoma and
Kotyczka (2022).

2.4. Variational identities

As a next step, we derive an appropriate weak form of the Equations (6a)-(6b) which
encodes the underlying energy exchange mechanism and reveals the role of input and
output variables. The kinematic constraint (6¢), which is required to track the current
modulation state, is treated separately. For ease of notation, we introduce
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(a,b>M:J a®bdX

M

for the integration of products of scalar, vector, and tensor valued functions over some
manifold M. We further use a Lagrange multiplier approach to enforce the Dirichlet
boundary conditions (7a), which leads to the following assertions.

Lemma 2.1. Let (v,S,u) be a sufficiently regular solution of (6a)-(6b) and (7a)-
(7b), and further define the reaction force A :=F(u)-S-N € L*(0Qp;R) on 0Qp.
Then S = ST and the variational identities

(p¥, 8v), = —(S, F(u)" - Grad(8v)), + (b, ), (11a)
+ <)t7 8v>8!2D + <TN7 6V>8.ON
(A :8,88), = (F(u)" - Grad(v), 8S),, (11b)

<V, 8A>0QD - <VD, 6A>(9.QD (11C)

hold for all regular test functions (8v,8S,81) with 6S = 8St, and all t >0 of
interest.

Proof. By testing Equation (6a) and integration by parts, one can see that

{pv, 6V>_Q = (Div(F(u) - S), 6V>_Q + (b, 6V>_O

= —<S,F(u)T - Grad(6v)) o + (b, 6v) o + (F(u) - S- N, 0v) 50

By substituting 7y and A for F(u) - S - N on 0Qy and 0Qp, respectively, we already arrive
at (11a). Equation (11b) follows immediately by testing (6b) and exploiting the symmetry
of S, which gives rise to

(sym(F(u)" - Grad(v)),8S), = (F(u)" - Grad(v), 8S),.

The identity (11c) is simply the weak form of the boundary condition (7a). o

Remark 3. Note that Grad(v) and Grad(dv) are the only terms in (11a)-(11c) invol-
ving differential operators, while no derivatives for the stress components appear. On
the other hand, symmetry of the stress components has to be required explicitly.
Furthermore, the kinematic equation (6¢) was not used in the derivation. Hence the
variational identities (11a)-(11c) are not sufficient for studying the well-posedness of
the problem under consideration, but they allow to establish some important properties
of solutions and serve as starting point for our discretization strategy.

Using Lemma 2.1, we can establish some important properties of solutions, which we
will try to preserve later on during the discretization process.
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2.5. Power balance

The proof of the following result shows that the power balance of the system is already
fully encoded in the weak formulation of the problem and further also sheds light on the
role of input and output port variables.

Proposition 2.2. Let (v,S,u,A) be sufficiently regular solution of (6a)-(6¢c) and the
boundary conditions (7a)-(7b) and define A := F(u) - S- N on 0Qp. Then

d
EH(PV,A : S) = <b7 V>Q + </\7 VD>(’)QD + <TN? V>8.QN' (12)

Proof. We will only employ the weak form (11a)-(11c) of the dynamic equations and
S = ST in the following arguments. By formally taking the time derivative of the
Hamiltonian defined in (8), we obtain

d )
EH(;DV’A : S) = <PV, V>Q + <A : Sa S>Q

By using (11a) with év = v and (11b) with S = S, we then further see that

%H(pv,A 18) = —(S,F(u)" - Grad(v))g, + (b, V) + (A, V)gg,

+ (15, V) g0, T+ (S, F(u)T - Grad(v)) 5.

The first and last term on the right hand side cancel each other, and (11c) allows to
replace the third term on the right hand side. This already leads to the claim. O

2.6. Balance of momentum

We next show that the weak form (11a)-(11c) of the dynamic equations also already
encodes the balance of linear and angular momentum.

Proposition 2.3. Let (v, S, u) be a regular solution of (6a)-(6¢) and (7a)-(7b), and define
A:=Fu)-S-N on 0Qp. Further, let {=a+fxx with a,fcR’ and
x =x(X,t) = X + u(X, t) the position in body coordinates. Then

d

E@V’ Oa=1(b,0)g+ <TN>(>8QN + (4, O&QD' (13)

Proof. We again utilize the weak form of the dynamic equations. By testing (11a) with
0v = a constant, we obtain (13) for { = a. For { = f3 X x, we utilize that

%(Pvaﬁ X x>Q = <P{’,/3 X x>Q + (pv,/)’ X x>Q = (Z) + (ii)'

We use x = x(X, t) = X + u(X, t) and & = v to see that (ii) = (pv, f x v), = 0. For the
first term, we observe that 8 x x = Ag - x with anti-symmetric matrix Ag. Hence

Grad({) = Grad(Ag - x) = Ag - Grad(x) = Ag - F(u),
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where we used x = u + X as before and the definition (2) of F(u) for the last step. Since
Ag is anti-symmetric, we see that F (u)" - Grad(B x x) is also anti-symmetric. Therefore,
(S, F(u)" - Ag - F(u)), = 0 follows due to S = S'. By testing (11a) with ov = f8 x x, we
thus obtain (13) also for the choice { = f8 x x. |

3. Structure-preserving discretization

We now demonstrate that the variational identities (11a)-(11c) are also well-suited for
the design of a structure-preserving discretization strategy. Like on the continuous level,
a kinematic equation will be added explicitly, but it is not important for deriving discrete
versions of the power and momentum balance equations.

3.1. Spatial discretization

For the discretization in space, we use a Galerkin approximation of the variational
identities (11a)-(11c). To this end, let us denote by

Vi C H(Q;R), S, C L2(Q;R¥D) and A C L2(0Qp; R)

sym

appropriate finite dimensional subspaces. In view of Remark 3, this is the natural setting for
treating the variational identities (11a)-(11c). As indicated in Section 4.2, standard finite
element spaces can be used for the approximation. We will search for an approximation
(i, ShyAp) 1 [0, T] — Vi, x S X Ay, for the solution of our problem satisfying the discre-
tized identities

(P7ns OV = —(Su, F(w)" - Grad(8w)) o + (b, 8vi) (14)
+ </\h7 6Vh>OQD + <TN7 6Vh>8QN
(A 8,88 = (F(up)" - Grad(vy), 8Sp) (14b)

<Vh, 8Ah>OQD = <VD, 6A’h>E)QD (14C)

for all év, € V), 8S;, € Si, and SA, € Ay, and for all t > 0 of relevance. The discrete
displacement field uy, : [0, T| — V), will be constructed such that

Up, = vy (14d)

which amounts to the discretized kinematic relation. As a first step, let us discuss the
existence and uniqueness of discrete solutions by switching to the algebraic level.

3.2. Differential-algebraic form

By choosing some basis for the approximation spaces V},, Sy, Ay, the variational identities
(14a)-(14c) can be turned into a system of differential-algebraic equations
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M, 0 0][v 0 —D(u) B][v G, G- 07][b
0 Mg Of|S|=|Dw" 0o of[S|+]0 0 o0]]|w],
0 0 0]]|A —B' 0 0f|[A 0 0 Gy||v

(15)

where v, S, A, and so on, are the vector representations of the corresponding discretized
functions; see Bonet and Wood (2008), Wriggers (2008) for details. Let us note that
systems of similar structure were also obtained in Brugnoli et al. (2021), Thoma and
Kotyczka (2022) for beams and strings. Using the same basis for the expansion of v, and
up, the kinematic equation takes the form

u=v. (16)

Since no time derivative of the Lagrange multiplier A appears and the last equation on the
right hand side of (15) is independent of A, the above system amounts to a differential-
algebraic equation of index v > 2; see e.g. (Kunkel and Mehrmann 2006). The variables v,
S, and u are of differential nature, while A is the algebraic variable.

Lemma 3.1. Assume that B - B is regular. Then the above system is a regular differential-
algebraic equation with index v = 2.

Proof. After reordering, the system can be seen to be of Hessenberg form

My = f(y,z), 0=g(y) (17)

with regular matrix M in front of the time derivatives, and variables y = (v, S, u) and
z = A. By differentiating the second equation, one obtains the hidden constraint

0=g/(y) -7=2g(y) M f(y,z) =: h(y,2). (18)
This equation allows to uniquely determine z as a function of y, if
Oh(y,z) =B'M'B is regular. (19)

Since M is regular, this condition is equivalent to B" - B being regular. Hence a differential
equation for z can be obtained by differentiating the hidden constraint and, as a consequence,
the index of the system is v = 2; we refer to (Kunkel and Mehrmann 2006) for details.

Remark 4. The regularity condition for B' - B is equivalent to assuming that B is
injective, which is required to uniquely determine the Lagrange multiplier A. On the
level of the Galerkin approximation, this means that

(A, OVi) oo, =0 Vo, implies that A =0. (20)

This amounts to a compatibility condition for the approximation spaces Vj, Ay, which
can be satisfied, e.g. by choosing A, = V[, ; see Section 4 below. Uniqueness of
a solution for appropriate initial values is then guaranteed by regularity of the system
(17). In order to guarantee existence of a solution (y,z) = (v, S, A, u), the initial values
have to satisfy the compatibility conditions

g(y(0))=0 and  h(y(0),2(0)) = 0. (21)
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These conditions can be translated directly to conditions for v(0), S(0), A(0), u(0) or the
corresponding discrete functions.

3.3. Balance of energy and momentum

We now use the variational identities defining the discrete solution to derive balance
equations for energy and momentum. Since the structure of the equations was preserved
under Galerkin approximation, we can use the very same arguments as employed on the
continuous level. We therefore only sketch the main arguments of the proofs.

Proposition 3.2. Let (vy,, Sy, Ay, uy) denote a solution of (14a)-(14d). Then
d
EH(pvh,A :Sn) = (b, V) + My VD)o, + (TN, Vi) o, - (22)

The identity follows by testing (14a)—(14c) with dv, = vy, 6Sy = Sp, and 61, = Ay, For
details on the intermediate steps, we refer to the proof of Proposition 2.2. Like before, we
also obtain a balance equation for linear and angular momentum.

Proposition 3.3. Let (vy, Sy, An, up,) denote a solution of (14a)-(14d). Further assume that
Vi contains all {, = « + B x (X + wy) for a, B € R’ and wy, € V},. Then

d

a <th7 (h>Q = <b7 Ch)Q + <TN7 {h>aﬂN + <Ah7 (h)@QD- (23)

The proof of this statement follows by testing (14a) with dv, = {j, and using the same
arguments as employed in the proof of Proposition 2.3.

3.4. Time discretization

We now demonstrate that the particular geometric structure and the corresponding
power balance are also preserved by appropriate time discretization. Let 7>0 be a fixed
step size and " = nt, n > 0 be the discrete time steps. We define

dTanﬂ/z _ % (anﬂ _ an) and an+1/2 _ % (an+1 + an)

to denote the difference and average of a sequence of numbers defined over the time grid.
Applying the midpoint rule to (14a)-(14c) leads to

(pdo VT2 vy = — (ST R - Grad(6w)), (24a)
+ <bn+1/27 8Vh>Q + <AZ+1/2? 6vh>80D + <T;l\l+1/27 5Vh>aQN
(A d: ST 680 = (FE )T - Grad(vi /%), 88) (24b)

V2 )0, = VT2, O)on, (24¢)

for all év, € V), 8S), € Sy, and S, € Ay, and for all time steps n > 0 of relevance. The
discrete displacement field is approximated on a staggered grid and updated by
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Al = v, (24d)

We use i"*/2 to denote the values at intermediate time steps and define the correspond-

( n+1/2 _

ing difference quotient d, 1} = "~1/2) accordingly.

Remark 5. One can update u, nt1/2 ~Z 1/2 + 1v}, before solving (24a)-(24c) for the

st and A7*1. As a consequence, only a single linear system has

remaining variables v}
to be solved in every time iteration. Moreover, under the compatibility conditions for the
approximation spaces discussed in Section 3.2, the well-posedness of the fully-discrete

~n-+1/2

scheme can be guaranteed. Instead of defining u at intermediate time steps ¢"*/2,

one could alternatively also use the update formula
dTuZﬂ/z _ VZ+1/2

to obtain approximations u/! at time steps ", and replace ﬁZH/ ? with 7 _"H/ 2= 1/2(u 4 ).
This leads to a fully implicit scheme, for which a nonlinear system has to be solved in every time
step. This choice leads to an improved balance of angular momentum, which might justify the
additional computational effort to some extent; see Remark 6.

Important properties of solutions are again already encoded in the discrete variational
identities. This allows to show the following results.

Proposition 3.4 Let (v}, S}, A, it ~Zﬂ/z) n > 0 be a solution of (24a)-(24d). Then

d.H(pv}"? A g2 (25)

n n—+1/2 n+1/2 n+1/2 n+1/2 n+1/2
:<b+1/2 h+/>Q </\+/7VD+/>aQ + (7 +/a h+/>8QN'

Proof. It is not difficult to check that & (a* — b?) = (2) - (<2). This yields

dTH(va+l/2 A Si’l+1/2) < d VT’H—I/Z’ VZ+1/2>Q _'_ <A . dTSZ+l/2’SZ+1/2>Q,

The power-balance then follows immediately from the variational identities (24a)-(24c)
by using dv, = VZH/Z Sy = S"H/z, and Ay = /\"H/z as the test functions. m
Using similar arguments as on the continuous and semi-discrete level, we can again

also establish a balance equation for linear and angular momentum.

Proposition 3.5. Let (v}, S}, Ay, i1, 1/2) n > 0 be a solution of (24a)-(24d) and define

uy =, 12 + v and (), = a+ B x (X +u}}) for all n > 1. Further assume that Vj

contains all a + B x (X + wy) with a, f € R> and wy, € V},. Then

I’l+1/2 <bn+1/2,Z]:l+l/2>Q+ <T1’H-1/2 ~l’l+1/2>

/\n+1/2 n+1/2
N ' Oh

d-{pvi, Cn) g QN +( h >OQD'

Proof. For B = 0 we have {; = a for all n > 0, and the result for this choice then follows
by testing (24a) with dv, = a. Note that Ag = 0 in that case. For {j = f8 x x]. with
x := (X + u]}) we proceed as follows. As a first step, we note that
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d. n+1/2 d, n+1/2 7n+1/2 n+1/2 d.x n+1/2
(pvi, Bx xn)q " = {pdevy, 7 B X Xy )+ (v B X )o

o < 1’l+1/2 ﬁ % ~1’l+1/2> +< 1’l+1/2 ﬁ % T 7’l+1/2>0

From the definition of 4} and using (24d), we further deduce that d.x"TY2 — 172 Hence
the second and third term in the above inequality vanish. By testing Equation (24a) with

vp=Bx (X+u ~"+1/ ?), we then obtain the result for the second case (' = f x (X + up).o

Remark 6. According to the Proposition 3.5, we obtain the expected balance for the
linear momentum also on the fully discrete level. The angular momentum balance might
be improved, if ﬂZH/ ? is used instead of un+1/ ?_ This could be achieved, e.g. by the fully
implicit update formula for uj ment1oned in Remark 5. The proof of this angular
momentum balance is similar to Proposition 3.5, except that we test (24a)

with 8, = B x (X + il /).

4, Numerical tests

In order to illustrate the theoretical results derived in the previous sections, we now
present some numerical results for a typical model problem. In addition, we discuss some
details of the implementation that were not required for the analysis before.

4.1. Model problem

We consider a compliant mechanism as part of a soft robotic arm. A rubber-type body is
attached to a pivot, whose rotation angle can be controlled. We consider a planar motion
under gravity. The angle of the rigid pivot is prescribed as

0, t <0,
T )3 _ 15(Lt\4 ) <

s — { T (106 = 156)" - 6£)7). o<t<T, 06)
4 ce

The corresponding velocity is imposed as Dirichlet boundary condition (7a) to the contact
areas OQp, depicted in red in Figure 2. The initial conditions at time ¢ = 0 are given by

w(0) =0, S(0)=38y, u(0)=u, A0)= Ao, 27)

and the initial data Sy, up, Ao are obtained by solving the corresponding static elasticity
problem. One can verify that these data satisfy the compatibility conditions (21). The
system is modelled in plane strain and its further parameters are listed in Table 1.
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¢<o B Qi |L,

[—— ——— — ——— — —

I

Figure 2. Schematic sketch of the geometry. Red lines mark the Dirichlet boundary 0Qp for which the
displacement velocity vp is prescribed. The Lagrange multiplier corresponds to the reaction forces.

Table 1. Parameters of the numerical experiment.

Ly L, Iy I, ) E v g T
60 cm 15 cm 15 cm 5cm 960 kg/m?> 6 - 105N/m? 0.49 9.81 m/s? 05s

4.2. Details on the discretization

A mixed finite element method is used for the spatial discretization. The domain is partitioned
into a uniform triangular mesh 7, and the Galerkin approximation spaces are defined as

Vi = [PI(Ty) NH'(Q), Sh="Po(Tw;RyY),  An= Vilog,-

sym

The mesh size for our tests is chosen as i =~ 9 mm. The time step is set to T = 0.25 ms and the
simulations are run until final time T = 1 s. All computations were realized in the finite
element framework FEniCS (Logg et al. 2012; Kuchta 2021), in which the above finite element
spaces (continuous Lagrange polynomials' and discontinuous piecewise polynomials®) are
readily available. The symmetry of the stress tensor can be realized explicitly.

4.3. Computational results

The motion of the robot arm can be approximately described as that of a rigid body. In
Figure 3, we show two snapshots of the motion of the rigid and the elastic body.

y t =0.722 s

0s

Figure 3. Snapshots at t = 0 s (green) and t = 0.722 s (blue), dots represent the reference config-
uration (, and the red dashed lines demonstrate the rigid body configuration. Images generated with
ParaView (Ayachit 2015).
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tins

Figure 4. Absolut velocities |v| at the point Q = (Ly, 0) for a rigid body motion (blue) compared to the
true elastic motion (orange). Elastic vibrations pertain after the motion of the pivot has been stopped.

As expected, the absolute deviations in the displacement are rather small, which to
some extent justifies the use of a rigid body model as a surrogate in simulations. In
Figure 4, we illustrate in more detail the differences in velocity between the simplified
rigid body and the elastic model considered in this paper. Note that the time variation
of the angle ¢(t) leads to elastic deformations causing vibrations of the body. Due to
lack of a damping mechanism, the vibrations do not fade away when stopping the
motion of the pivot at time t > 0.5s. In the flexible case, a more sophisticated trajectory
planning based on the elastic model is needed for the reduction of such structure-
induced oscillations, complemented by feedback control, if necessary; see e.g. Wang
and Kotyczka (2021).

4.4. Energy balance

As a next step, we would like to illustrate the exact preservation of the total energy due to
the discrete balance equation derived in the previous section. To do so, we introduce the
total energy of the system

Htot(v7 Sa u) = H(V, S) + Hgm(u)7 (28)

consisting of the internal energy H(v,X) =1 (pv,v) +3(A:S,S), and the potential
energy Hy,(4) = —(b, u)(, due to the graviational forces. The approximation of the total
energy in the fully discrete setting is then given by

HZ,tot = H(v;,,S},) + nga(”Z) (29)
with u} = ﬂz_l/ g Vh = ﬂZH/ 2 3Vp. With this approximation, the discrete power
balance stated in Proposition 3.4 can be rephrased as
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Figure 5. Approximation of the total energy H;,: (per meter) obtained for the rigid body model and the
structure-preserving fully discrete approximation of the elasticity system proposed in this paper.
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Figure 6. Discrete increments demonstrating energy conversation, i.e. down to the level of solver
tolerance.

+1/2 +1/2 _n+1/2 +1/2  n+1/2

dTHZ,tot/ = </\Z / ,Vg / >aQD + <Tzri1 / ,VZ / >8QN' (30)
In our test example, we have vp = 0 and 7y = 0 for all # > 0.5 s. Hence the total energy
of the discrete system should be conserved after this time instant. In Figure 5, we display
the corresponding results.
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Figure 7. Discrete increments demonstrating momentum balance, i.e. down to the level of solver
tolerance.

In the initial phase of the simulation, the motion is prescribed on part of the boundary
through inhomogeneous Dirichlet boundary conditions, and the corresponding reaction
forces A lead to an increase in energy. For t > 0.5s, only the gravitational body forces act
and hence the total energy of the system stays constant for the rest of the simulation. In
fact, the variations in the total energy observed in our computations stay in the order of
round-off errors. As a consequence, the energy remains constant even when simulating
over very long time intervals, see Figure 6. These results are in perfect agreement with our
theoretical investigations.

4.5. Balance of momentum

Let us finally also illustrate the validity of the discrete momentum balance. To do so, we
consider the residual in the equation for the angular momentum, i.e.

RZH/Z = dT<PVha (h>?)+1/2 - <bn+1/27 Z}’:H/z)Q

n+1/2 Sn+1/2 n+1/2 sn+1/2
_<TN+/ ’(h+/>BQN_</\h+/ 7(h+/>6QD

with ¢, = 8 X (X + uy). According to Proposition 3.5, we expect that RZH/ > =0 for all
time-steps.

The results depicted in Figure 7 thus clearly demonstrate the validity of the discrete
balance equation for the angular momentum up to round-off errors.
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5. Discussion

The motion of a geometrically nonlinear elastic continuum was considered by means
of a velocity-stress formulation. The governing equations have the form of a PH
system in which the skew-symmetric energy transfer operator is modulated by the
displacement field. Based on a weak formulation of the problem, in which the
Dirichlet boundary conditions are incorporated by Lagrange multipliers, we derived
a power balance and discussed the structure-preserving discretization by mixed finite
element methods in space and an implicit midpoint rule in time. A different time
integration of the kinematic relation for the displacement field led to a linear implicit
time-stepping scheme. The power balance of the system could be proven to be
preserved on the semi-discrete and fully-discrete level. The main theoretical results
were illustrated by numerical tests for an application inspired by a soft robotics
manoeuvre.

In summary, we obtained a structure-preserving discretization for geometrically non-
linear elastodynamics, which can be realized at the same computational effort as in the
linear case. A key step to achieve this was to utilize the PH structure of the velocity-stress
formulation, while treating the displacement field as an additional passive kinematic
variable. The restriction to St. Venant-Kirchhoff materials used in this paper is suitable
for application with large deformation but small strains. The extension to more complex
nonlinear energies including multiphysical effects and damping mechanisms is topic of
future research.

Notes

1. VectorFunctionSpace(mesh, ‘CG’, degree = 1, dim = 2).
2. TensorElement(‘DG’, mesh.ufl _ cell(), degree = 0, shape=(2, 2), symmetry=True).
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1. INTRODUCTION

Port-Hamiltonian (PH) systems provide a framework for
modeling, analysis and control of complex dynamical
systems (Duindam et al., 2009) where the complexity
might result from multi-physical couplings, non-trivial do-
mains and nonlinearity. Since modeling many engineering
problems requires handling partial differential equations
(PDEs), the PH community has been heavily involved
in the theory of infinite-dimensional PH systems (Jacob
and Zwart, 2012; Kotyczka, 2019) in recent years (Rashad
et al., 2020). Thus, some PDEs of different pyhsical do-
mains have already been transformed into a PH structure.
Also, the benefits of PH modeling for linear mechanical
systems have already been outlined in several articles, e.g.
Macchelli and Melchiorri (2004); Warsewa et al. (2021).

In addition to the PH modeling of linear mechanical sys-
tems, the PH community dealt with modeling and dis-
cretization of nonlinear mechanical systems. Examples are
the interconnection of linear elastodynamics with (nonlin-
ear) rigid body motion (Brugnoli et al., 2020a), the direct
discretization of nonlinear PDEs of continuum mechan-
ics (Brugnoli et al., 2021) or the formulation of explicit
PH FEM models of geometrically nonlinear mechanical
systems based on the Hellinger-Reissner principle (Thoma
and Kotyczka, 2022). The considered PDEs follow mostly
from the theory of geometrically nonlinear continuum me-
chanics! (Bonet and Wood, 2008). By means of further
assumptions on the geometrically nonlinear continuum
mechanics, special system classes, such as beams and
shells, can be derived (Brugnoli and Matignon, 2022).

One special infinite-dimensional nonlinear mechanical sys-
tem class frequently represented in engineering is the one

1 Due to the strong geometry change of a body, the basic mechanical
equations have to be represented by nonlinear functions. However,
the material behavior (constitutive equation) can be described with
a linear relationship between stress and strain.

of the so-called filamentous bodies (Weil, 2000; Dresig
and Fidlin, 2014), e.g., ropes, cables, belts. Its field of
application includes harbor cranes, cable robots, bionic
robotic hands, underwater cables, satellite systems and
much more. As can be seen from the examples, filamentous
bodies are usually only a sub-module of large systems and
are accordingly interconnected with their environment.
This environmental coupling makes filamentous bodies an
ideal choice for PH modeling. To the best of our knowledge,
the modeling of filamentous bodies has not yet received
any attention from the PH community.

In this contribution, the PH formulation of a one-
dimensional elastic filament model is represented. With
momentum density and strain as states, the Hamiltonian
is quadratic, i.e., the constitutive equations are linear.
The nonlinearity appears in a nonlinear interconnection
operator that depends on the (derivative of the) position
vector. The corresponding PH state differential equations
undergo a spatial discretization based on the mixed finite
element method, which preserves the (energetic) structure
of a PH system (Cardoso-Ribeiro et al., 2020). Since the
filament modeling, like the von-Karman beam modeling, is
based on the theory of geometrically nonlinear continuum
mechanics, the resulting finite-dimensional system bears a
strong resemblance to the one in Brugnoli et al. (2021).

This article is organized as follows. In Section 2, we recall
the equations of motion of an elastic filament and show its
PH representation. The mixed finite element discretization
procedure is demonstrated in Section 3. Section 4 focuses
on numerical simulations and their discussion. Section 5
gives a short conclusion.

2. MODELING

In this section, we recall the most important concepts of
filamentous bodies and show the PH formulation of an
elastic filament.

2405-8963 Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license.
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2.1 Lagrange realization

As already mentioned, the modeling of filamentous bodies
follows from several assumptions concerning nonlinear
continuum mechanics, which allows to take into account
large displacements of a body. These assumptions will be
briefly presented in the following, and the reader is referred
to Kuhn et al. (1995); Weif (2000); Mankala and Agrawal
(2004) for more information.

The first assumption concerns the geometry of filamentous
bodies. Since the cross-sectional dimensions are signifi-
cantly smaller compared to the longitudinal dimension
of a filament, the considered body is modeled as a one-
dimensional continuum. To achieve this, the Bernoulli hy-
pothesis is used. L.e., cross sections remain perpendicular
to the normal axis and plane. This ensures that no warping
can occur in the cross-section of a body. In addition, only
small distortions, a purely elastic behavior and a negligible
heat transfer by friction are assumed, which leads to a lin-
ear material law. Thus, the bodies considered in this article
can be classified as geometrically nonlinear mechanical
systems. Moreover, constant cross sections are assumed
in the following. So far, mainly the assumptions for the
derivation of the nonlinear Timoshenko beam have been
presented. Neglecting some shear distortion components,
the nonlinear Euler-Bernoulli beam is obtained. Finally,
assuming a rotational symmetric cross-section and neglect-
ing bending and torsional stiffness, the equations of motion
of an elastic filamentous body shown below are obtained.

Remark 1. Using the model of a one-dimensional con-
tinuum, effects caused by the internal structure of a
body cannot be described, e.g. internal friction of a
multi-layer spiral rope (Wei8, 2000). Nevertheless, a one-
dimensional model should be used whenever possible. Oth-
erwise, the computational costs of a FE simulation for
multi-dimensional systems increase considerably due to
the high number of required elements 2.

In order to enable integration over a constant spatial
domain in the finite element method, the balance equa-
tion of a body is expressed with respect to a reference
(material) configuration. In the following we consider the
one-dimensional reference configuration = [0, L] C R3 of
length L. The material coordinate or arc length coordinate

s=X;€eR (1)
describes the position of each particle in the reference
configuration. By means of the position vector r(s,t) € R3,
the current (spatial) configuration Q; C R3 or the current
position of each particle can be determined at any time
t € R. Accordingly, the time evolution of r describes the
movement of the particles. The concept is illustrated in
Figure 1.

The momentum balance equation of an elastic filament
(WeiB, 2000) in material coordinates is given by

or

A":f Os 9
AT = oo\ +f (2)

with the density p € R, the cross-sectional area A € R, the
tangent vector % € R? and the normal force o € R, which
is connected to the strain

2 A small number of elements would lead to excessive stiffening.

Xo
Q
or
ds
7(s,1)
. & L X3

Fig. 1. Undeformed and deformed body configurations on

R2.
[orT or

by a linear relationship
o = FEAe. (4)
The vector f € R? denotes the forces per unit length.

Remark 2. To obtain the equations of motion of an inelas-
tic filament, one requires

onTor _ 5
ds 0s
with which there is no strain. This requirement combined
with the balance equation

. 0 or
pai= 2 (%) L f (6)

leads to a differential algebraic system, where the Lagrange
multiplier £ € R represents the reaction (normal) force
ensuring the inelasticity. The balance equation (6) can
also be derived from an Euler-Bernoulli beam without
longitudinal elongation. The PH realization and subse-
quent discretization of an inelastic filament is presented
in Appendix A.

Remark 3. For simplicity, we assume that no forces per
unit length are present, accordingly f = 0. This is not a
major restriction, since in the case of a PH representation,
these forces can be completed by adding an external
port or augmenting the Hamiltonian, if f results from a
potential, see Section 4.

2.2 Port-Hamiltonian representation

We represent the PH realization of elastic filaments.

State differential equations. Due to the assumptions of
geometrical nonlinearity the total energy

1 1
H=3 /Qpr—Ap+ eE Ae dS (7)
can be expressed in terms of linear momenta p = pAr € R3
per unit length and the strain e € R. The variational
derivatives, which, for the Hamiltonian without spatial
derivatives, are simply the partial derivatives of the Hamil-
tonian density,
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0H(p,e) p

dH(p,e)
e = E Ae, 9)

defined as the co-energy variables (efforts) the velocities
V=3 € R3 and the normal force o = EAe € R.

Theorem 4. The state differential equations for elastic
filaments in PH form are given by

_ o _
0 g —0s | —7
. 0s arT ar v
p ds Os
. o
€l = &T
H —os__ %x 0 0 i—H
~~ arT or S T
& ds Os M
L I 0 0 |
J(r)
(10)

with the formally skew-adjoint operator® J(r).

Proof. To obtain the first state equation of the PH form
(10), the left hand side of (2) is rewritten in terms of the
linear momenta p. Taking the time derivative of (3) leads
to the second state equation. In order to close the system,
an extra equation for r has to be included, which leads to
the augmented system (10).

Since we assumed in (7) that H(p,e) does not explicitly
depend on r, it follows b= %r =0. In general, b € R?
can be interpreted as an potential internal volume force,
with which gravity can be taken into account. Due to the
choice of state variables, the PH representation (11) can be
rewritten in terms of acceleration and normal force rate,

pAD v
(EA)™6| =T (r) [g (11)

Energy balance and boundary ports.
for the filament

T T
H= /5H —e+(is—H 7 dQ

The energy balance

(12)
:/ el T(r)e dQ
Q
gives after integration by parts
) orT
P2 a A N I L
Q Os &T& &T& 0s
ds 0Os ds 0Os
L (13)
arT
= o2 v
orT or
ds 0Os 0

from which formal skew-adjointness of J(r) can be de-
duced. Besides the strong form (11), solving the ini-
tial boundary value problem of the PH system re-
quires initial and boundary conditions. The boundary
00 ={0,L} =3Xp UXyN can in general be split into two
subsets on which the Neumann and Dirichlet boundary

3 J(r) includes the identity matrix I € R3X3.

conditions are applied. The Neumann condition, e.g., at

s=1,
or
o—=95 __ —F=uy on Xy
orT or
Jds Os
with the traction vector 7 € R3 results form the infinites-
imal force equilibrium at the ends of the filament. The

Dirichlet condition, e.g., at s = 0,

(14)

(15)
imposes the desired velocity 7 € R® on the Dirichlet

boundary. Thus, we obtain the characteristic energy bal-
ance

V=V =1uUp on Xp

H =upyp + unyn (16)
of a PH system, with the yp and yy as power conjugated
outputs.

3. MIXED FE FORMULATION

We now derive the finite dimensional PH representation
of an elastic filament based on the mixed finite element
method (Zienkiewicz et al., 2005). For the sake of sim-
plicity, we assume that there are no Dirichlet boundary
conditions in the following, accordingly 0€2 = Xy. This
is not a major restriction, since Dirichlet conditions can
be inserted by means of Lagrange multipliers as shown in
Brugnoli et al. (2020b).

3.1 Weak form

To derive a finite element discretization, a weak (or varia-
tional) form of (11) is required. The weak form of (11) is
given by

or

9 or
T o T Y Js _
/Qév pAD — dv P arTarU dQY=0 (17a)
Js Os
T
/50(EA)*1(7—50 A L, (17b)
Q QTQ 88
ds 0Os

/ sbli —sbTvd =0 (17c)
Q

containing the test functions dv, do and db. Due to the
choice of test functions (power pairing) the weak form
can be interpreted in terms of virtual power. In case of
(17a) the principle of virtual velocities fulfills the force
equilibrium and the principle of virtual forces in (17b) and
(17¢) the kinematics.

Remark 5. In case of non-uniform boundary conditions,
the modified weak form should not be set up as shown
in Thoma and Kotyczka (2021). Due to scalar dimension
of the virtual normal force do € R, the three-dimensional
residual v — 7 € R? can not be included in (17b) for the
weak imposition of (15).

3.2 Discretization

Theorem 6. By applying a mixed Galerkin discretization
of (11) based on the weak formulation (17) and using trial
and test functions from the same bases
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(s, t) = ¢(s)T0(t),  du(s) = ¢(s)" 60,
ols,t) =v(s)Ta(t),  da(s)=(s)"d,

r(s,t) = ¢(s)TR(t),  Sb(s) = ¢(s)"6b,
the PH state space model

M, 0 070 0 —K() —M,"T] 10
0 My O | |o|=|K"(7) 0 0 a
0 0 M [f M, 0 0
—_———
M=MT>0 J(F)y=—J ()T
G-
+ 10 |7
0
——
G
(18)
0
y=[GL00]|o (19)
1|0
GT
with the approximate quadratic Hamiltonian
S 1 1
H=3 0T Mo + 5&TM,,& (20)

is obtained.

Proof. Before the actual discretization is performed,
(17a) is integrated by parts, which leads to

AT ‘9{ _
/Q(s'UTpA’U - g %O’ dQ) — [5(UTT} SN =0.
Js Os
(21)

Inserting the approximations depending on the basis func-
tions allows us to take all variables except 7 out of the
integrals. Since 00, 66 and b are arbitrary, we get the
state space model (18) containing the matrices

M, = / ppApT dQ (22)
Q
M, = [o(EA) T i (23)
Q
i ¢ de T
K@)= [ %= = ] d (24)
0 ) T o(oT#
hor\
Gr =[]y, - (25)

The discrete Hamiltonian (20) is obtained by substituting
the approximated co-energy variables into H(v,o). Its
time derivative )

H=4TG,7 (26)
gives the power conjugated output (19), which concludes
the proof.

4. NUMERICAL RESULTS

In this section, we demonstrate a simple FEniCS (Logg
et al., 2012) simulation of a planar (i.e., we consider R?
instead of R? as the embedding space) filament pendulum
written in its PH formulation. The pendulum of length
L is firmly clamped on its left side (s = 0) and is loaded
with the force 7 on its right side (s = L). This results in
the boundary conditions

v(s=0,t) =0 (27)
orT
Ds _
o =T. 28
T (28)
0s 0sd 4,

In addition to the force 7, the system is subject to gravity,
what leads to the augmented Hamiltonian

1 1
H=- [ pr'— EAe dQ 2
2/QppAp+e edQ+V (29)
with the gravitational potential
0
V= deQ:/ T dQ. 30
/Qr Q ! |:pAg:| (30)
We consider the initial conditions
v(s,t=0)=[0m/s 0 m/s]T (31)
o(s,t=0)=0N (32)
T
H(s,t = 0) = [“j _Vﬂ . (33)

The physical parameters are listed in Table 1.

Table 1. Parameters for the filament pendulum
simulation

Symbol  Value
L 3 m
pA 0.0025 kg/m
EA 49.06 N

g 9.81 N
1% [Om/s Om/S]T
[oN 0.01N]"  Vie (05,025
lonon]" t=0s & Vt>02s

The filament is discretized with 100 equidistant line ele-
ments, first order Lagrange polynomials for ¢ (velocities,
position), zero order discontinuous basis functions for
(normal force).

Due to the Lagrange multiplier A € R? (Brugnoli et al.,
2020b) satisfying the Dirichlet boundary condition (15)
the spatial discretization procedure results in a differential
algebraic system,

M, 0 0 0] [0 0 —K() —M," G\|
0 M, 0 0f |6 _ |KT(#) 0 0 0]l
0 0 M,0[ |#] = | M, 0 0 0] |b
0 0 00]|X -Gy 0 0 0] L
N—————
M=MT>0 J——JT
G, 0
00| [7
Tloo M
01
N—_——
G
(34)
o
GToool |o
y‘[o 001]6 (35)
GT

with G\ = [¢]y, . This finite-dimensional system is simu-
lated for T" = 1 s using the implicit midpoint rule and sam-
pling time At =1 ms. Its nonlinear equations are solved
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by Newton iterations. The matrix K(7) is evaluated at
each time step using numerical integration.

Figure 2 shows the Hamiltonian which keeps its constant
level for ¢ > 0.2 s due to the fact that no more power
is transmitted at the boundaries. Figure 3 demonstrates
snapshots of the pendulum at different time steps.

86.0 1

86.1 4

86.2 4

86.3 1

H inm)J

86.4 4

86.5 1

86.6 4

86.7 1

tins

Fig. 2. Total energy H of the filament. Since the Dirichlet
boundary condition is 7 = 0, only T controls the flow
of energy to the system.
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Xyinm
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X;inm

Fig. 3. Filament configuration at different time steps.
5. CONCLUSION

We presented a mixed finite element discretization pro-
cedure for one-dimensional filaments in order to achieve a
PH state space model. The considered system class follows
from the theory of geometrically nonlinear mechanical
systems. Due to the chosen structure of the weak form
and an appropriate discretization, a PH state space model
with a quadratic Hamiltonian and nonlinear energy matrix
could be generated.
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Appendix A. INELASTIC FILAMENTS

In this section, we demonstrate the PH FE model of
inelastic filaments. Its derivation is quite similar to that
of the elastic filaments discussed in the main part of this
article.

A.1 Port-Hamiltonian representation

Due to the constraint (5) the total energy

1 1
H=- [ p"—pdQ
2 /Qp pA”
only contains the angular momenta p as state variable

leading to the effort (8).

Theorem 7. The differential-algebraic state equations in
PH form are given by
x) —I v
€

(A1)

g (Oor
P O % (a
0] = |orTox SH (A.2)
7 Os 85 0 0 .
0 0 or

J(r)
with the formally skew-adjoint operator J(r).

Proof. The proof is similar to the one of Theorem 4
except that the second state (algebraic) equation results
from the time derivative of (5).

Repeating the same conclusions as in Section 2, e.g.,

%—Ij = 0, the PH state differential equations can be written

as

pAD v
0 | =J(r)|& (A.3)
7 0

Considering the time derivative of (A.1) leads to the power

balance .
T T

H= / oH § 8— fu}

0

Therefore the total energy of the system is controlled by
the Neumann

(A4)

or
Os

=7 on Xy

(A.5)

and Dirichlet boundary condition

v="r on Xp (A.6)

transferring power over the boundary 92 = {0, L}.
A.2 Mized FE formulation

Theorem 8. The implicit PH state space model with pure
Neumann boundary conditions

[P

M, 0 07 |? 0 -—K(#) -M,"] [0
000/ []=|KT"# o 0 §
0 0M] |; M, 0 0 0
—————
M=MT>0 J(#)=—J(#)T
G,
+10 |7
0
——
G
(A7)
0
y=[GL00] | (A.8)
~——10
GT
with the approximate quadratic Hamiltonian
A1
H = ?TMU& (A.9)

is obtained by applying a mixed finite elment discretization
of (A.2) where trial and test functions from the same bases

v(s,t) = ng(s)Tf)(t)7 dv(s) = d)(s)Tchi,

E(s,t) =p(s)Ta(t),  6E(s) = p(s)T 6,

r(s,t) = ¢(s)"7(t),  db(s) = p(s)T 6D,
are used.

Proof. The proof is similar to the one of Theorem 6,
except that it includes the weak form

0 (or
T pn_ 5,79 [OF _
/Q&) pAD — dv s <6S£> Q=0 (A.10a)
T
/55& a—ZdQ—O (A.10Db)
/ §bT — 6bTv dQ2 =0 (A.10c)
Q

as starting point. Correspondingly, the state space model
contains the slightly modified matrices

M, = ¢>pA¢T dQ (A.11)
a (pT 7

K@) = af <(§s ) T a0 (A.12)

Gr = [r;b]g,v : (A.13)

Remark 9. Inserting Dirichlet boundary conditions works
exactly as in Section 4.
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1. INTRODUCTION

Port-Hamiltonian (PH) systems provide a framework for
modeling, analysis and control of complex dynamical sys-
tems where the complexity can result from multi-physical
domains and their couplings. Since several engineering
problems are described by partial differential equations the
theory of infinite-dimensional PH systems (van der Schaft
and Maschke, 2002; Villegas, 2007; Jacob and Zwart, 2012)
has become increasingly important in recent years. The
progress in modeling different physical domains by means
of the PH framework is documented in the review article
Rashad et al. (2020). Also the possibilities and advantages
of the PH formulation for structural mechanics have been
presented in several articles see e.g. the recent works Brug-
noli et al. (2020a) and Warsewa et al. (2021).

For the numerical approximation of distributed parameter
PH systems, which is required for simulation and (late
lumping) control design, various approaches have been de-
veloped in the past 20 years that aim at the preservation of
the PH structure, see e.g. the overview in Kotyczka (2019).
One of the most successful techniques is the partitioned fi-
nite element method (PFEM) (Farle et al., 2013; Cardoso-
Ribeiro et al., 2020). If applied to a system of conserva-
tion/balance laws or the variational formulation of an elas-
tic mechanical system, one half of the equations written in
a weak form are integrated by parts. The choice of the
partially integrated equation determines which boundary
condition is satisfied in a weak sense and which type of
input variables appears in the resulting finite dimensional
control system. With non-uniform boundary conditions
(of both Neumann and Dirichlet type) the approaches
presented until now do not immediately lead to an explicit

state space model. The first method presented in Brugnoli
et al. (2020b) employs Lagrange multipliers and leads to
a differential-algebraic finite-dimensional PH system. The
second one is based on the virtual decomposition of the
domain to interconnect models with different causalities. A
mixed finite element approach, which leads to the desired
explicit state space models with non-uniform causality is
introduced in Kotyczka et al. (2018). There, however, the
choice of original finite element spaces requires (tunable)
power-preserving mappings to define the discrete states.

In this article, we show how to obtain explicit FE models
with both inputs and a skew-symmetric interconnection
matrix as a visible expression of energy routing in PH
systems. We write the equations of elastodynamics in a
variational form, with weakly imposed boundary condi-
tions, reminiscent of the Hellinger-Reissner variational
principle! (Lu et al., 2019), and revealing the principle of
virtual power. An advantage of the resulting explicit state
space representations is the direct applicability of well-
established order reduction techniques for ODE control
models.

This article starts with the elastodynamics partial differ-
ential equations (PDEs) in Section 2. In Section 3, we
demonstrate the weak formulation based on the principle
of virtual power and the discretization process. In Section
4, the formulation is illustrated with a one-dimensional
rod under Dirichlet-Neumann boundary conditions and
its finite-dimensional (approximate) counterpart, a mass-

1 The Hellinger-Reisner principle is a mixed variational principle
using a two-field functional, where displacements and stresses are
varied separately.

2405-8963 Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license.
Peer review under responsibility of International Federation of Automatic Control.
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spring chain. Section 5 shows numerical results, and Sec-
tion 6 gives some short conclusions.

2. PRELIMINARIES

This section recalls the first-order (port-)Hamiltonian rep-
resentation of the linear elastodynamics PDE

pii — DYEDu =0 (1)
on a three dimensional domain  C R3 in vector notation
(Zienkiewicz et al., 2005; Brugnoli et al., 2020a). The total
energy is

H(u,u) = % /Q («"up + (Du)" EDu) dQ (2)

with the displacements
u=[u1 Uz U3]T cR? (3)

from an undeformed configuration and the velocities @ €
R3, the constant mass density p € R, the spatial differen-
tiation operator

)
o 00
0 B 0
0 0 %
D=| 45 o 9 (4)
37%2 oz O
0 2= 2=
81‘3 0332
o
_Bxg 6331_
and the matrix of Hooke’s law elastic coefficients
A+2G A A 00O
A A+2G A 00O
B A A A+2G 000 6x6
E=1 9 0 0 Gcool R 0
0 0 0 0G O
0 0 0 000G

where A € R and G € R are known as Lamé coefficients.
Since the strains and stresses are symmetric tensors, they
can be represented as a strain vector

T
€ = [e11 €22 €33 Y12 V23 M13] € RE (6)
and a stress vector

T
0 = [011 092 033 012 023 013]° € RE. (7)

Notation. All field quantities depend on the spatial coor-
dinate 2 € R? and the time ¢t € R, which we omit for
brevity.

Port-Hamiltonian model. Defining the vectors of linear
momenta p € R? and strains e € RS,

p=pv (8)

e=Du (9)
as energy variables (or states), the Hamiltonian (2) can
be rewritten as H(p,€). We obtain the fields of co-energy
quantities (efforts, co-states) velocity v € R? and stress
o € RS from H(p,€) applying the variational derivative,

A

Now Eq. (1) can be written in a first order co-energy
representation

po = DTo (12a)
E~'¢ = D, (12b)
or summarized,
pl 0O o] _[o DT] [v
e LR T

with a s.p.d. matrix on the left, and a formally skew-
adjoint differential operator matrix on the right.

Boundary conditions. Since this article focuses on non-
uniform boundary conditions the boundary 9Q = ¥p U Xy
is split into two subsets on which the Neumann and
Dirichlet boundary condition are applied. The Neumann
condition 2

NTo =7 onXy (14)

with the applied surface traction 7 € R® and the matrix
ny 0 0 N9 0 ns
NTZlO no 0 nyng 0 ER3X6
0 0 ns 0 no Ny

(15)

containing the outward normal vector direction compo-
nents of the surface results form the infinitesimal equilib-
rium at the surface. The Dirichlet condition

(16)
imposes the desired velocity 7 € R? on the surface. Differ-
entiating H (v, o) in time, and exploiting the definition of
effort variables gives the power balance / conservation law
for energy

V=D onxp

vI'NT o doQ
:/ vl'F dEN+/ 7I'NTo dSp.
ZN ED

The surface traction and the velocity field on 02 are the
boundary port variables, their pairing gives the power
supplied to the domain 2. Their causality is opposite on
the Neumann and the Dirichlet boundary.

H:

3. MAIN RESULTS

In this section we derive the finite dimensional PH system
of the elastodynamics equations based on the partitioned
finite element method (Cardoso-Ribeiro et al., 2020). By a
careful formulation of the problem in weak form we ensure
that the structural power balance is immediately visible in
the form of the resulting matrices.

3.1 Weak form

We start with (12) written in the weak form

0P, :/ (5va1') — 51}TDTJ) ds2
@ (18a)

+ vl (NTg —7)dEy =0
N

5P, = / (66" E~'6 — 60" Dv) d
@ (18b)
+ [ 66"N(w-0)dSp=0
Xp
with the test functions dv and do, and including the
boundary conditions (14), (16). Equation (18a) represents

2 With the bar we indicate imposed /known quantities.
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the residual of the momentum balance equation on €2 and
the Neumann boundary, (18b) represents the residual of
the kinematic equation on ) and the Dirichlet boundary.
The test functions dv and do give a nice interpretation in
terms of virtual power, when paired (involving integration)
with velocities and stresses.

Remark 1. The structure of (18) is reminiscent of the
Hellinger-Reissner principle, where Dirichlet boundary
conditions can also be imposed weakly (Lu et al., 2019).

3.2 Discretization

Theorem 2. The mixed Galerkin discretization of (13)
with Neumann and Dirichlet boundary conditions (14) and
(16) based on the weak formulation (18) and using trial
and test functions from the same bases,

v(x,t) = qb(x)Tf)(t), ov(x) = ¢(m)T517, (19)
o(x,t) = z/)(x)T&(t), do(x) = w(x)T(S&, (20)
F(x,t) = £(x) "7 (1), v(a,t) = C(x)To(t),  (21)

leads to the explicit PH state space model in co-energy
form 3

R A

———

M 3 J é G @
. [GT o] [0
-5 @l &
S——
GT E
where é = VH with the approximate Hamiltonian
H= %ATMé. (24)
The sub-matrices are given by
M, = [ ¢ps" do2 (25)
Q
M, = / YE YT dQ (26)
Q
K = / (DT d) — dNTYT d¥p (27)
Q Xp
Gv = ¢§T dEN (28)
XN
G, = / YN¢T d¥p. (29)
Xp

Proof. After integration by parts of (18a), the weak form
can be written as

5P, = / (607 pis + (Dsv)T0) d— | 6vTNTo oS
Q o0
+ [ 0T (NTo —7)dSy =0, (30a)
XN
5P, = / (60" E'6 — 60" Dv) dQ2
Q
+ So'N(v — ) dSp = 0. (30b)

Xp

3 Here, @ denotes the input vector, and not the displacement degrees
of freedom. The representation is explicit, because M is invertible.

Splitting the second integral in (30a) into the parts on Xy
and Xp, we get

6P, = / svT pv dQ + / (Dév) o dQ (31a)

Q Q

—6Ping
— owINTo dsp — SvTFdEN =0,
Xp N
—0 Pext

6P, = / SoTE7 e dQ — / S Dv dQ (31b)

Q Q

+ / ScTNv dYXp — / 56T N dXp = 0.
ED z:D

The second and third terms already suggest the appear-
ance of a (formally) skew-adjoint operator, which will
turn to a skew-symmetric interconnection matrix in the
discretized model.

(31a) represents the well-known balance between the neg-
ative internal virtual § P,y and external power § Peyt. 0 Pt
includes the virtual power due to inertia and virtual stress
power. 0P describes the virtual power due to external
forces. (31b) follows by the principle of virtual forces and
fulfills the kinematic equation and the Dirichlet condition.
Because the vector ¥ due to the Dirichlet boundary con-
ditions is applied in a weak sense, the space of virtual
velocities Jv will not be restricted due to the constraints
resulting from the Dirichlet boundary conditions. There-
fore, the term fED WTNTo dLp # 0 representing reaction
forces — being compatible with the Dirichlet constraints —
does not vanish compared to the case of strong Dirich-
let conditions, where fED SvTNTs dXp =0 due to the
principle of d’Alembert. A difference to the application
of PFEM reported until now is the boundary integral in
the definition (27) of K. If Lagrange multipliers are used
(Brugnoli et al., 2020b), a corresponding terms appears in
front of them. Section 4 will illustrate this idea using a
simple example.

Inserting the test and trial functions according to (19),
(31) turns to

5P, = / (5@T¢p¢% n 5@T(D¢T)T¢T&) a0
Q

— | sTeNTY 6 dSp (32a)
Xp

— [ 60"¢g" 7 dEN =0,
XN

5P, = / (5&T¢E*1¢T& - 6&T¢(D¢T){)> a0

Q

+ / 66TYN@Tv dSp (32b)
YXp

- 66TYNC¢To dvp = 0.
YXp

Since all quantities not depending on the spatial coordi-
nates x can be taken out of the integral, and the equations
must hold for all 60 and 65, we obtain the resulting set of
ODEs (22) with matrices (25)—(29).
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Inserting the approximation of the co-energy variables in
H(u,u) according to (2) with FDu = o and 4 = v, yields

|
H= 3 / (6" ppo" 0 + 6T E YT ) de, (33)
Q
or, written in compact form, (24).
From the time derivative of the discretized energy,
H=0T"Gy7+67G,1, (34)

we obtain the natural definition of the discrete power-
conjugated outputs (23), what concludes the proof. ([

Remark 3. Integration by parts of (18b) is also an option
to get a discrete PH system. However, since v usually
represents discontinuous basis functions between elements,
this option is uncommon in elastodynamics.

Remark 4. A mixed formulation (18) can lead to higher
accuracy compared to single field principles (Zienkiewicz
et al., 2005).

4. A ONE-DIMENSIONAL EXAMPLE

To illustrate that the approach of weak imposition of both
types of boundary conditions has an intuitive interpreta-
tion also in finite dimension, we consider a one dimensional
rod and the depicted mass-damper chain (with N = 2
springs for simplicity) as its finite-dimensional counter-
part.

4.1 One-dimensional rod

First we consider a rod of length L
do

po= (35a)
1 . ov

with the energy variables momentum density p = pv and
strain € = o/(EA) and the co-energy variables velocity v
and normal force 0. The boundary conditions are

vie=0,t)=70 (36a)
o(z=L,t)=7. (36b)

Imposing them in weak form as described in Section 3.1
gives us for all variations dv(z) and do(x)

L . O6v =
OP, = / dvpi + -0 dx + 6v(0)o(0) — dv(L)T =0,
0 T

(37)
L .
5P, = /O 505 - 50% da + 65(0) - (7 — v(0)) = 0,
(38)

which has a nice connection to the following finite-
dimensional system.

4.2 Spring-mass chain

For simplicity we consider N = 2 springs and N +1 (mass)
points at their terminals, see Fig. 1. The argumentation
holds for arbitrary V.

Dirichlet and Neumann BCs. If we impose a Dirichlet BC
at a terminal point (here the left one, index 0), its mass is

Vo — Vi
|

Fy : B oa B ‘ R o B ‘ )
F3 =T
“mo =0 LMy L

A= —q A =g —q
| |

Fig. 1. Spring-mass chain with N = 2

not considered in the lumped kinetic energy. The reason is
that the velocity of the (mass) point is not derived from its
kinetic energy, but directly imposed as a BC. For Neumann
BC (here the right terminal), the input force specifies the
value of the external force Fiyy1 = F3, which contributes
to the acceleration of the corresponding mass.

States and co-states. With this convention we first set up
the canonical states, the energies and the co-states for
masses and springs as storage elements for kinetic and
potential energy. With p;, po the momenta of the masses,
and Ag1 = ¢1 — qo, Ag2 = g2 — ¢1 the elongations of the
springs from their undeformed state, the total energy is

2 2
1 1
H(p,Aq) =Y —p? —ciAg? 39
(p, Aq) ;:1 o Vi +7§:1 5GAd, (39)
with m; and ¢;, ¢ = 1,2, masses and stiffnesses. The

velocities vy, vo and the restoring spring forces Fi, Fb,
as shown in Fig. 1, are co-state or effort variables that are
derived from the Hamiltonian:

OH OH

=22 =12
op;’ oAg”

Virtual power based on velocity variations. We express two
formulations of the principle of virtual power. The first
is the virtual power balance based on virtual velocities
dvg, dv, dvs (we allow for dvg # 0, as v is imposed only
weakly):

0P, = —0P™ + 6P’ =0, (41)
where

OP™ = p10vy + padvg

= ey — Jsey:

expresses the variation of power supplied to the kinetic
energy storage elements (masses), and ™ = —p;, i = 1,2
are the canonical flows using a generator sign convention.
On the contrary,

(SPZ’UC = (F1 - Fo)(SUo + <F2 — F1)6U1 + (F3 — FQ)(S'UQ (43)

is the variation of the power injected to the remaining
system and its environment at the locations of the masses.
Specifying the right boundary force in a weak sense,

(? — F3)5’1)2 =0 Y dvsg, (44)
and adding this expression to (41), we obtain after sorting
terms,

5Pv = (FO — Fl)(S”UO
+(p1 +F1 7F2)5’U1 +(p2+F2 7’7_')5"02 :0 (45)
Requiring the expression to vanish for all velocity vari-
ations, we recover the ODEs for the momenta of the
masses and the expression for the reaction force at the

left boundary. Note on the other hand that we can re-sort
the terms on the right as

(42)
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2
0Py =Y (6vipi + A6v; Fy) + 6vo Fy — Sva7 = 0
i=1
with Adv; = dv; — dv;_1, which is the discrete version of
(37).

Virtual power based on force variations. We now consider
the variations 6Fy, 0Fy of the restoring forces (which
originate in variations dAgq;, 0Age) and the resulting
virtual power balance

§Pp = —6P°+0PE = 0.

(46)

(47)
The term
0P = A¢10F1 + Agod Fy
= —Jfidet — f30e;
represents the power variation supplied to the springs,
while

(48)

(SPZ}; = —vpdF] +v1 ((SFl — (SFQ) + v90 Fy (49)
is the power variation flowing to the rest of the system
at the nodes. Adding the velocity boundary condition in
weak form

(’UO — 5)(5F1 =0 Y 0Fy, (50)
to (47), we obtain (after a change of sign)
2
0Pr = Z 0F; Ag; _6Fi(vi —Ui,1)+5Fi(ﬂ—U0) =0, (51)
i=1

which is the discrete version of (38). Again, we re-sort the
terms and obtain

(5PF = (Aql — U1 —+ ﬁ)éFl + (AQQ + v — ’U2)5F2 = 0, (52)
from which, for arbitrary variations § F;, 6 F5 the ODEs for
the elongations Aqy, Age follow. With ¢y = vg = 7 and
the initial values of qg, g1 and ¢o, the motion of the system
is completely determined.

5. NUMERICAL RESULTS

The performance of our approach is now demonstrated
with a simple FEniCS simulation (Logg et al., 2012).
Therefore, the one dimensional rod of Section 4.1 with the
initial conditions

v(z,t =0)=0m/s (53)

o(z,t=0)=0N (54)
is our benchmark system. The rod is first discretized with
100 and then with 200 elements, second order Lagrange
polynomials for ¢ and first order discontinuous basis
functions for 1 leading in case of 100 elements to & € R20!
and 6 € R2%°, This common choice results from a classic
finite element approach for mechanical systems, where
the displacements are usually discretized with Lagrange
polynomials of order § leading to discontinuous stresses of
order 6 — 1 (see. (9) and (11)). The benchmark system is
simulated for 7' = 10 ms using the implicit midpoint rule
and sampling time AT = 1-1072 ms. Further simulation
parameters are listed in Table 1.

Fig. 2 shows the Hamiltonian of the rod, which remains as
expected constant for ¢ > 0.5 ms up to machine precision.
The energy introduced into the system results from the
Neumann boundary condition. The energy residual (in the
approximation spaces)

t t
AH:H—/ peo(z = 0,1) dt—/ o(z = L,)-7 dt (55)
0 0

Table 1. Simulation parameters

Value
1m
0.7850 kg/m
200 - 10® N/mm?
100 mm?
0m/s
7= 1000 N else

Symbol

~

IR eSS

T=0N

Vvt € (0 ms, 0.5 ms|

is shown in Fig. 3. Figures 4 and 5 illustrate compliance
with the boundary conditions in a weak sense. For the sake
of completeness, Fig. 6 shows the velocities at = L.
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Fig. 2. Hamiltonian H of the rod
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Fig. 3. Energy residual AH. Since (55) is calculated using
the trapezoidal rule, AH is zero to machine precision.

Another point worth mentioning is the resulting eigenval-
ues of the discrete system compared to the exact ones. The
first six scaled eigenvalues A = E—"Aw2, where w represents
the eigenfrequencies of the conjugate complex eigenvalue
pairs, are clarified in Table 2. The discretized system
(22) has an additional eigenvalue in 0 due to the odd
dimension of the skew-symmetric interconnection matrix
J. This eigenvalue/-vector establishes an invariant out of
a combination of some node velocities .

6. CONCLUSIONS

We presented a systematic approach for structure-pre-
serving discretization of infinite dimensional mechanical
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systems with non-uniform boundary conditions. Our ap-
proach is motivated by the principle of virtual power
and can be easily extended to other systems like systems
of conservation/balance laws. The explicit nature of the
resulting finite-dimensional models is a valuable property
for their further control-oriented treatment, e.g., structure-
preserving order reduction.

3 s\ = L2
Table 2. Scaled eigenvalues A\ = 7w
Number | computed (100 elements) exact

1 0 -

2 2.4674 2.4674

3 22.2067 22.2066

4 61.6854 61.6850

5 120.9042 120.9027

6 199.8637 199.8595
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Abstract: We present the application and experimental validation of discrete-time control
implementation based on symplectic integration — in short referred to as symplectic discrete-time
control — to a serial robot manipulator with flexible-joints. Applying the implicit midpoint rule as
a simple and popular symplectic integration scheme to both the model of the sampled system
and the desired target dynamics, yields a discrete-time control law with the same structure
as in continuous time. The arguments are, however, predicted stage values on the subsequent
sampling interval resulting from a half implicit Euler step for the target system. The approach
can be easily extended to a purely position-based feedback law. The experimental validation on
a lightweight robot (KUKA LWR IV+) confirms the expected improvements at low sampling
rates, with an increase in the assignable closed-loop stiffness of up to 29 %.

Copyright © 2021 The Authors. This is an open access article under the CC BY-NC-ND license
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Keywords: Sampled-data systems, discrete-time control, symplectic integration, nonlinear
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1. INTRODUCTION

Thanks to the growing field of service robotics and smart
factories, modern robot systems have become significant
tools in industry and society. While mechanically stiff
robots operate in cages (Oberer-Treitz et al., 2013), mod-
ern lightweight manipulators include flexible components
and often interact with their environment. Especially
the physical contact between human and robot shar-
ing the same working space is predestined for flexible
robots (Nakamura et al., 2003). Human-robot collabora-
tion (Chandrasekaran and Conrad, 2015) is a promising
research field offering a wide range of new opportunities,
but it also poses significant challenges to control design.

In order to handle the increasing complexity in robotic
tasks, suitable controllers are essential. Since rigid-body
controllers (de Wit et al., 1996) applied to flexible-joint
robots often perform unsatisfactorily, various control laws
have been developed over the past few decades (Spong,
1990; Brogliato et al., 1995; Ozgoli and Taghirad, 2008).
Control theory of flexible-joint robots considers multiple
approaches, e.g., feedback linearization (Spong, 1987),
backstepping (Nicosia and Tomei, 1992; Lor{a and Avila-
Becerril, 2014), passivity-based (Lozano and Brogliato,
1992; Ortega et al., 1995; Ott et al., 2008), fuzzy (Tang
et al., 2001), and adaptive control (Hassanzadeh et al.,

* This paper was not presented at any IFAC meeting.

2008), which are typically digitized with a programmable
logic controller.

Most of the literature addressing control theory of flexible-
joint robots does not cover the sampling process (Ack-
ermann, 1985). Deterioration effects of quasi-continuous
control laws in digital control loops with low sampling
rates are well-known (Chen, 1987). In Khosla (1987) the
significance of high sampling rates to achieve large effective
stiffnesses is stated. Dedicated discrete-time controllers
provide the means to improve the handling and perfor-
mance of digital control loops.

Nonlinear control design under explicit consideration
of the sampling process is described in Monaco and
Normand-Cyrot (2007) based on series expansions. Bloch
et al. (2006) present a discrete-time Controlled Lagrangian
approach based on a midpoint approximation of the La-
grangian. More recently, a midpoint discrete gradient has
been applied to IDA-PBC of linear mechanical systems in
Aoues et al. (2015). Moreschini et al. (2019) propose damp-
ing injection based on discrete gradients and a differential-
difference representation of sampled port-Hamiltonian dy-
namics. The present work follows the philosophy of our
previous works (Kotyczka and Lefevre, 2019, 2020; Ko-
tyczka and Thoma, 2021) that symplectic! integration
schemes, as a particular class of structure-preserving meth-
ods, which conserve a modified Hamiltonian (Hairer et al.,

1 Symplectic refers to area preservation in the phase space of
(unforced) Hamiltonian systems.

2405-8963 Copyright © 2021 The Authors. This is an open access article under the CC BY-NC-ND license.
Peer review under responsibility of International Federation of Automatic Control.
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2006), qualify naturally to translate the notions of (port-
JHamiltonian control systems and also nonlinear energy-
based control to discrete time. A main feature of the con-
trol implementation based on the implicit midpoint rule,
a second order symplectic method, is that continuously
derived nonlinear control laws can be reused in discrete
time, with only replacing the arguments by predicted stage
values on the following interval (Kotyczka and Thoma,
2021). This property directly translates to higher-order
multi-stage schemes in conjunction with appropriate hold
elements (Kotyczka et al., 2021).

In this contribution we show the applicability of the ap-
proach based on the implicit midpoint rule, initially pre-
sented for fully actuated systems, to the example of a com-
mercial series elastic robot. Experimental studies prove a
considerable increase in assignable stiffness of up to 29
% at low sampling rates with the “symplectic” controller
compared to the direct, “quasi-continuous” implementa-
tions of a control law designed in continuous time.

In Section 2, we recall the most relevant properties of
modeling and control of flexible-joint robots, followed
by the introduction of symplectic discrete-time control
of serial elastic manipulators in Section 3. Section 4
addresses the experimental setup and the performance of
the symplectic controller compared to its quasi-continuous
counterpart in practice. Section 5 gives a brief conclusion.

2. PRELIMINARIES

We recall the dynamic model of flexible-joint robots, ef-
fects of torque feedback, a trajectory tracking control tech-
nique for flexible-joint robots, and we discuss the control
structure of the experimental system used in Section 4.

2.1 Standard model of flexible-joint robots

Under Spong’s assumptions? (Spong, 1987) which are
justified for robots with high gear ratios, the equations
of motion of a flexible-joint robot can be described by the
simplified model

M(q)§+C(q,9)i+VV(q) =7+ DK 'F + Texs
Bl +7+ DK™}

(1a)
T=Tm (1b)

=K(0—q). (1c)
The vector ¢ € R™ represents the n link-side joint positions
and € € R™ the corresponding motor positions. The link-
side inertia matrix M (g) € R™*" is symmetric and positive
definite, C(q,¢) € R™™™ is the Coriolis and centrifugal
matrix such that M — 2C is skew-symmetric and V(q)
denotes the gravity potential. The internal torque 7 € R™
transmitted through the intrinsically elastic joint can be
calculated by the relationship (1c) containing the diagonal
and positive definite stiffness matrix K € R"*". The
diagonal and positive definite damping matrix D € R"*"
scales the relative velocities. The diagonal and positive
definite matrix B € R™ "™ contains the rotor inertias.
Tm € R™ contains the motor torques or control inputs,
respectively. The link side dynamics (1a) is coupled with
the motor dynamics (1b) via the internal torque that
involves a spring and a damper.

2 The kinetic energy of the rotor depends mainly on its own rotation
and will not be affected significantly by the link-side movements.

I
1 eq. (3) !
3 fi 1
e 7 | b : eq. | :
q<)f11:q I Robot [~ q
0a; 0a, 0 d Position || u! | Torque | 7, | System \ivith Bihs Ny
1 controller 1| controller | interna L,
‘ T Dot ‘ current r
o o j controller |- -s-|--- g
|
|
|
|
|
|
|
|
|
|
|

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 1. Control structure. The yellow box represents (3)
containing the inner-loop torque controller, current
controller and the robot system.

Assumption 1. We do not consider any kind of external
forces Text € R™. Therefore, 7oyt = 0.

Remark 2. Further friction effects are neglected. In prac-

tice an explicit friction compensation action is commonly
used (Albu-Schéffer et al., 2007).

2.2 Joint control of robots with flexible-joints

The following control approach is divided into (a) joint
torque control in order to shape the motor inertia and (b)
joint position control.

Joint torque control In flexible-joint robots such as the
used KUKA LWR IV+, the motor inertias are often
reduced to a desired diagonal matrix By by active control,
in order to increase control performance and to improve
back-drivability (Ott et al., 2008). The corresponding
feedback law involves the measured joint torque and can
be realized through
m=BB'u+ (I -BB;Y)(t+DK'7). (2
It modifies (1) to the new system dynamics
M(q)i+C(q,q)i+VV(q) =7+ DK '+ (3a)
By +7+ DK™? (3b)
with the new input v € R™. From now on, we assume that
(3), illustrated in Fig. 1, is the initial model of the discrete-
time control approach to be developed in the following 3

T=u

Notation 3. The dynamic model (3) can also be written in
state space form

i=¢ (4a)
0=v (4b)
§=f(g,0,&v) (4c)
v =g(q,0,&,v) + By 'u (4d)

where
f=M1Y-C4—VV +71+DK '7), (5)
g=B;' (-7 — DK '%). (6)

Remark 4. Usually, 7, denotes the desired motor torque
handed to a current controller with significantly higher
sampling rate. As a consequence, the dynamics of the
electrical subsystem can be neglected (Ott et al., 2008).

3 We assume that the joint torque controller works with a much
higher sampling rate than the following position controller, see Fig. 1.
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Joint trajectory control
and Panja, 1988)

u= (M) + Ba)a+ C(6,0)04 + VV(0)

— Kp(0 —0a) — Kp(6 — 0a) (7)
represents a common motor position based trajectory
tracking approach. The control law contains a PD control
component, where both Kp € R"*"™ and Kp € R"*" are

symmetric and positive definite. The vector 65 € R"
represents the desired joint positions in motor coordinates.

The PD+ control law (Paden

Notation 5. A general closed-loop target system can be
expressed as the state space model

G=¢ (8a)
0=v (8b)
é:f(Qaaagvl/) (80)
V= gd(‘]aevfa v, t)a (8d)

where the explicit time dependence of g4 stems from the
application of (7) with 8; = 64(¢) for trajectory tracking.
The continuous-time feedback control law that transforms
(4) to (8) (also (7) can be cast in this form) is

u:Bdgd(qaea€7Vat)7Bdg(q797é~7y)' (9)
2.8 Control structure of the KUKA LWR IV+

We summarize the control structure of the KUKA LWR
IV+, see also Fig. 1. The current controller runs at a
sampling rate of f; = 40 kHz, whereas the torque controller
operates at f, = 3kHz. In order to feed the outer-loop
position controller with the joint and motor velocities
(dashed lines in Fig. 1), these are determined numerically
every millisecond using a finite difference method (applied
to the first order lowpass filtered position signals). The
position controller operates at f = % < 1kHz.

From now on we focus on the position controller (outer-
most loop in Fig. 1) working with the lowest sampling
rate. Its sampling time h is varied in the subsequent
experimental studies to display the deterioration effects
coming from low sampling and the improvement due to the
second order accurate symplectic control implementation.

3. SYMPLECTIC DISCRETE-TIME CONTROL

The approach presented in Kotyczka and Thoma (2021)
exploits the discrete-time approximations of sampled plant
and controlled system using the implicit midpoint rule.
While “symplectic” refers to the property of the discrete-
time flow of a (canonical) Hamiltonian target system, the
second order accurate method also applies to more general,
including damped, target systems. In the following we
show the applicability of the symplectic control approach
to flexible-joint robots as representatives of underactuated
systems. Moreover, we augment the original pure position
feedback by first order filtering, indispensable in practice.

8.1 Approzimation of the sampling process

The symplectic control approach requires the numerical
approximation of the sampling process. The considered
digital control loop is represented in Fig. 2. Sampled
variables are indicated with subscript & (value at sampling

Sampled control system

04,04,

Continuous
control system

Position
controller

_.,/ { s O
-
Fi--1t

== 112 s O

Fig. 2. Sampled control system. The blue box represents
the discrete-time system containing (3), a zero order
hold element and a sampler. The dashed lines indicate
that the velocities are not directly measured.

time t5), in contrast to the continuous-time versions that
depend on t. Further below, we realize a pure position
feedback and shift the numerical determination of the
velocities into the position controller.

Assumption 6. We consider piecewise constant inputs
(zero order hold) u(t) = wug, t € [tg,tr+1) and equidis-
tant sampling t; = kh, k = 0,1,2,..., with h such that
Shannon’s sampling theorem is satisfied.

The second order discrete-time approximation of the solu-
tion of (4) under piecewise constant input w(t) using the
implicit midpoint rule is then given by

Qrt1 = Gk + h&py 1 (10a)
Ouss = O+ hvp s (10D)
Srorr =&+ 1f (g3 Oy 15615 Vir 1) (10c)

Vi1 = Vi + hg(@hr 1,01, i1y Viy 1) + hBy g,

(10d)
with the stage values
Qk + Qr+1 O + Or+1
qk+§ = 9 ) 9k+% = 2 ’ (1]‘8‘)
&k + &yt Vg + Vi1
€k+§ = 9 ’ I/k+% = 2 . (11b)

3.2 Discrete-time target system

To determine a second-order accurate discrete-time imple-
mentation of the control law (9), the control model (10)
is compared with a second-order accurate discrete-time
representation of the target dynamics (8), again obtained
from applying the implicit midpoint rule,

Qrt1 = g + g1

Ok+1 =0k + th+%

Se1 = &k + hf(Qk+%70k+%a€k+%ka+%)

Vg1 = Vg + hgd(qk+%’0k+%a§k+%7’/k+%vtk+%)7

where ¢; 1 =t + %

3.8 Control law

Theorem 7. The discrete-time implicit state feedback law
U = Bdgd(qk-‘,—% ) ok-i,-% ’ é.k-i,-% ) Vk;-i,-% ) tk-}-%)
- BdQ(Qk-@-% ) ek-o-% ) fk-{-% ) Vk+%) (13)

with stage values computed from



Qi =+ g§k+% (14a)
Orry =0k + gyk+% (14b)
Eppr =&k + gf(Qk-&-%?ek-&-%vfk-i-%’Vk-i-%) (14c)
Viyl = Vg + ggd(Qk+%70k+%a€k+%’Vk—i—%’tk-i-%) (14d)

(a) transforms the open-loop discrete-time system (10) to
(12). (b) The closed-loop dynamics of the ZOH sampled
system (4) corresponds to (12) up to a local truncation
error of order O(h3).

The system of equations (14) generates a prediction of
the states on the subsequent sampling interval with a half
implicit Euler step. It can be solved numerically by Newton
iteration. The following proof of (a) is more compact
compared to Kotyczka and Thoma (2021).

Proof. Consider an open-loop system = = f(z) + gu
under zero order hold, and a target system & = fq(z)
with smooth functions f, f;. Let x2+l and Tyt be the
2
h

stage values computed from 1;2+% =z + §(f(x2+%) +
gu) and Tpyy =Tk + %fd(xk+%). Substitution of guy =
fa(@py 1) — f(apq 1) shows that, if the function id(-) —
B f(-) is monotonous around =z, (which can be assumed
for smooth f and sufficiently small h), that ), 1 = ) 1

2
This allows the computation of the stage values based on
the target dynamics, which proves (a). (b) follows from
second order accuracy of the implicit midpoint rule.

Remark 8. The symplectic control law (13) has the same
structure as the continuous-time controller (9) and the
quasi-continuous control implementation

ur = Baga(qi, Ok, Eks Vi, tie) — Bag(aw, Ok, &k, i), (15)

which results from substitution of the sampled states in
(9). Equivalently, (15) is obtained by matching of (4d)
and (8d) after forward Euler integration.

3.4 Pure position feedback

Often velocities are not directly measured, but determined
numerically from position measurements. However, the
symplectic controller, respectively the system of equations
(14), require the velocity vectors & and v,. We propose
their numerical reconstruction from the (filtered) position
stage values to arrive at a pure position feedback.

We introduce the filtered stage position values

h T

ro_ !

Uty = Tt T %y (162)
/ h L g (16b)

ey = TR0 ey

where T represents the time constant of a discrete-time
first-order lowpass filter, and the reconstructed velocities
£ = q1{+% - qlf—% - 01{4’% - 91{

k — h 9 k — h

Corollary 9. The modified system of equations

1)

Tobias Thoma et al. / IFAC PapersOnLine 54-19 (2021) 1-7

Gy = G+ D6y (18a)
Opr =0k + gz/kJr% (18b)
gk-’-% = ék + 5f(‘1k+%79k+%7§k+%v”k+§) (18c)
Vipl = U + ggd(Qk+%70k+%vfk+%7Vk-i—%’tk-&-%) (18d)

yields a control law based on only position measurements,
including a smoothening velocity approximation to reduce
the effect of measurement noise.

With T" — 0, the reconstructed velocities tend to fk =
%(qur% —qp_1) and 7 = %(G,H% —0,_1), which allows for
a nice interpretation of the resulting closed-loop dynamics

in terms of a generalized Stormer-Verlet scheme on a
shifted grid (Kotyczka and Thoma, 2021).

Remark 10. For the implementation it is advisable that at
time step to, éo and 7y are assigned with concrete initial
values, e.g., & = ((to) and 7y = 0(ty), typically zero. For
more information we refer to the next section.

3.5 Implementation

The algorithm below describes the control implementation
with included velocity reconstruction. If the symplectic
controller is implemented based on external velocity sig-
nals, only lines 3 and 13 will be required in the for loop.

Algorithm 1. Symplectic controller implementation with
pure position feedback (pseudo-code)
Reqlﬁre: tkv qk, 01@7 507 )
Ensure: uy
1: for k:=0to N do
2: if t;, =ty then

3: solve (14) = gy 1, 041
4 (J,{Jr% =gyl
o
5: 9k+% = 9,€+%
6: else
7: solve (18) — Qg 15 Oy 1
8: qlf_% := (16a)
o: e,{+% := (16b)
10:  end if
11:

Thop Ty
12: Hk_% = Hk%
130w = (13)

14: end for

4. EXPERIMENTS

The performance of the symplectic control approach, com-
pared to the quasi-continuous implementation, is demon-
strated on a real robot system in a two-link scenario.

4.1 Experimental setup
The experimental setup includes a KUKA LWR IV+

robot, which features seven actuated degrees of freedom,
and which is equipped with motor position encoders and
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7777
2

Fig. 3. Two-link robotic arm.

joint torque sensors in each joint. The reader is referred to
(Gaz et al., 2016) for exemplary kinematic and dynamic
parameters of the robot. The control structure of Fig. 1 is
realized with a Matlab/Simulink interface. In the following
experiments, the Newton method is applied to solve (14)
and (18) in case of the symplectic controller.

To implement the proposed control scheme, the feedback
of both link and motor position is required. However, as
aforementioned, only the latter is directly available. Based
on (1c) the link position ¢ can be estimated via

g=0—-K'r (19)
using feedback of the available signals 6, 7, and the
estimated joint stiffness.

In the experiments the second and fourth link are actu-
ated, while the others are locked. This leads to the two-
link model shown in Fig. 3, see the Appendix for details.
The Cartesian coordinates of the tool center point (TCP)
in the z-y-plane are
6= |¥ToP| Lysin(q1) + Lo sin(g1 + g2) (20)
yrop Ly cos(q1) + Lacos(qi + g2) |

and the desired task space trajectory is a circle

L+ Rcos(t
da(t) = {LiRSin((th]

with L =0.4m, R = 0.0975m and Q = 0.87 rad/s.

(21)

The inverse kinematics returns the desired link positions
q4(t), and 04(t) = gq(t) is assumed because of the quite
large joint stiffnesses. The control gains are chosen as

Kp = diag{k, k} Nm/rad and Kp = diag{25,25} Nms/rad,

with k a closed-loop stiffness parameter.
4.2 Ezxperimental conditions

In order to compare the performance of the quasi-
continuous controller and the symplectic one, we vary the
sampling rate f = % of the outermost loop and the stiffness
k. In each pass the discrete L? norms (RMS values) of
position error and the deviation of the input from the
nominal trajectory

S

N

el = ]tjz_;w(tj)—ed(w (22)
and s
||uj||h=< Z\u ~ua(t >|2> (23)
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4. Difference of position error RMS values between
symplectic and quasi-continuous controller.
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Fig. 5. Difference of RMS values of the feedback compo-
nents of the input signals.

are determined with ¢; = j - 1 ms. uq(t;) represents the
ideal feedforward control

ua(ty) = (M(0a4(t;)) + Ba)ba(t;)
+ C(0alty), 0a(t;))0a(t;) + VV (Balty)).

Experiments are run for f € {1000, 250,167,125} Hz and
k € {900, 775,650, 525,400} Nm/rad for both controllers,
providing the norms He 377wy 3™ (symplectic case)
and ||e;||5omt, [Ju;l/somt (quas1 continuous case). The sym-
plectic controller implementation receives the same (ex-
ternal) velocity approximations as the quasi-continuous
controller. (Pure position feedback is discussed below).

(24)

4.8 Results and discussion

The differences in the norms (22) and (23) are displayed
in Figs. 4 and 5. In general, the position errors in Fig. 4
suggest the superiority of the symplectic controller for low
sampling frequencies and high closed-loop stiffnesses, while
for some constellations (e.g., f = 167Hz, kK = 900Nm /rad)
this advantage is less pronounced or vanishes. Figure 5 on
the norms of the feedback control signal gives a clearer
picture: the RMS value (23) (which is related to the
control input energy) is considerably higher for the quasi-
continuous controller implementation. Three exemplary
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Fig. 6. Trajectories in the z-y-plane for x = 400 Nm/rad
and f = 125 Hz.

constellations are taken from Fig. 5 and the values for
the feedback control input norms are indicated in Table 1.
In the first case, the position error under the symplectic
controller is c0n51derably reduced, |e; ||bymp < |lejlseme,
see Fig. 6, while [le;[|}7™ ~ |le; Hcong in the two other
cases. For the first case, the feedback control signals are
compared in Figs. 7 and 8.

Table 1. Feedback control input RMS values
for selected constellations.

frr lloag 1157 | Mg 1P
125 Hz,400 Nm/rad | 22.3 Nm | 5.43 Nm
167 Hz,525 Nm/rad | 6.48 Nm | 4.23 Nm
250 Hz, 775 Nm/rad | 5.18 Nm | 4.42 Nm

In order to estimate the potential increase of assignable
stiffness k with the symplectic approach in contrast to the
quasi-continuous one, the values in the right column of
Table 1 are taken as reference, and the stiffness imposed
by the quasi-continuous controller is successively reduced
until ||u;[[5°" becomes comparable? to |[ju; ||Symp The
results of these experiments are summarized in Table 2:
the symplectic controller allows an increase of stiffness by
4% at f = 250 Hz, by 14% at 167 Hz and by 29% at 125 Hz.

Table 2. Assignable stiffnesses at comparable
RMS values of the feedback control input

f Ay Jlug |5 #o Jlug I
125 Hz | 310 Nm/rad, 5.47 Nm | 400 Nm/rad 5.43 Nm
167 Hz | 460 Nm/rad, 4.31 Nm | 525 Nm/rad, 4.23 Nm
250 Hz | 740 Nm/rad, 4.56 Nm | 775 Nm/rad, 4.42 Nm

4.4 FEzxperiments with pure position feedback

The robot is again controlled with x = 400 Nm/rad and at
f = 125 Hz. The pure position feedback is implemented ac-
COI‘dlIlg to Algorithm 1 with two different time constants,

T—msandT—mS.

Remark 11. A first-order lowpass filter with T = ﬁ s is
applied in the computation of velocities in the “conven-
tional” setup (see Fig. 1).

Since both time constants 7" lead to satisfactory tracking
performance, we focus on the input behaviour shown in

4 A deviation of < 4% is considered as comparable here.

Quasi-continuous controller
40 T T

;ul(t‘ ) - ul‘d(t])
7712 — Uy d(t]) I
\

|
: | HI" l

ug(t;)) in Nm

—920 |

(u(t;)

—40 | | |
0
t; ins

Fig. 7. Feedback control signals at x = 400 Nm/rad and

f = 125 Hz for the quasi-continuous controller.

Symplectic controller
40 T T

‘7 ul(t‘j) - Ul:d(t]‘)
——ua(t;) —uz,q(t;) |

20 -

uq(t;)) in Nm

—20 |- i

(u(t;)

—40 | | | | | |

tjins

Fig. 8. Feedback control signals at x = 400 Nm/rad and
f = 125 Hz for the symplectic controller.

Fig. 9 and 10. The figures support the statement that the
pure position feedback does not significantly impair the
quality of the original symplectic controller, but the choice
of the filter time constant is of central importance.

5. CONCLUSIONS

We presented paper the symplectic discrete-time control
design for serial elastic manipulators, including a pure
position feedback variant containing a first-order lowpass
filter. The effectiveness of the resulting control implemen-
tation scheme based on the implicit midpoint rule was
illustrated in several experiments for a two-link scenario.

The second order control implementation has proven not
only advantageous concerning the considerably higher
assignable closed-loop stiffness at lower sampling rates,
but also in terms of the reduced norm of the control input
signal, which can be attributed to the half-step prediction
of the state variables. Thereby, the structure of the control
law remained unaltered compared to the continuous-time
control design.

Being a model-based approach, even stronger improve-
ments can be expected (which is supported by simulation
results) if the uncertainty in the parameters of the system
model for position control (yellow box in Fig. 1, Appendix)
can be reduced. The systematic choice of filter parameters
for pure position feedback, as well as an efficient numer-
ical implementation of the prediction step, are important
issues to be considered for the extension to seven degrees of
freedom on KUKA LWR IV+. Moreover, we are currently
working on a symplectic impedance control approach and
the possibilities of external force feedback.
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Fig. 9. Feedback control input signal at £ = 400 Nm/rad
and f =125Hz with pure position feedback and
T= 20% s. Comparable to Fig. 8.
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Fig. 10. Improvement of the control signal by an adapted
filter time constant T = 55— s.
APPENDIX

The robot model of Fig. 3 has the kinetic energy

1 1. .
T = 54" M(g)g+ 50" Bab (25)
with inertia matrix
~|e1 4 o+ 2¢5 cos(g2) c2 + c3cos(ga)
M(qz) = o + c3 cos(q2) Co (26)
and the potential energy
1
Ulg,0) = 5(0 ~ Q)"K (0 —q)+V(q) (27)
with gravity potential
V(q) = cagcos(q1) + csg cos(q1 + q2). (28)

The constants cq,...,cs include the manipulator masses
m;, the inertias J; w.r.t. the centers of gravity, the total
lengths L; and the distances I; from the joints to the
centers of gravity:

1= —|—mllf + mgL%, co = Jy+ mglg,
cqa = myly +maly,

(29)

C3 = mnglg, Cy = mglg. (30)
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Optimal Trajectory Control of Geometrically Exact Strings with
Space-Time Finite Elements

Tobias Thoma! and Paul Kotyczka'

Abstract—In this contribution, we present a variational
space-time formulation which generates an optimal feed-
forward controller for geometrically exact strings. More con-
cretely, the optimization problem is solved with an indirect
approach, and the space-time finite element method translates
the problem to a set of algebraic equations. Thereby, only the
positional field and the corresponding adjoint variable field are
approximated by continuous shape functions, which makes the
discretization of a velocity field unnecessary. In addition, the
variational formulation can be solved using commercial or open
source finite element packages. The entire approach can also
be interpreted as a multiple-shooting method for solving the
optimality conditions based on the semi-discrete problem. The
performance of our approach is demonstrated by a numerical
test.

I. INTRODUCTION

Increasing efficiency of mechatronic devices is often
achieved through lightweight design using flexible mechan-
ical structures like beams, strings or plates, and so on.
This leads to a more complex modeling procedure often
relying on the theory of nonlinear continuum mechanics. Due
to the limited number of actuators the considered systems
are highly under-actuated. This makes their analysis and
control design challenging. A common strategy to handle
such systems is a two degree of freedom control structure
containing a feed-forward and a feed-back part, see [1], [2]
for recent examples. While a simple feed-back controller
reacts to unexpected disturbances, an advanced feed-forward
part is responsible for highly accurate tracking of a given
reference trajectory. In this contribution, we will only focus
on the feed-forward part for reference tracking.

Starting in 1995, Fliess et al. [3] coined the concept
of flatness, thus achieving a new milestone for the feed-
forward control design of nonlinear systems. Flat systems
offer the possibility of a purely algebraic inversion-based
control design [4], [5]. The concept of differential flatness
has been extended for infinite-dimensional systems includ-
ing several mechanical structures, e.g., [6]. Kniippel and
Woittennek [7] designed a feed-forward controller for a
nonlinear string based on the theory of flatness and the
method of characteristics. In the case of non-flat systems the
feed-forward control design is more difficult and we have
to distinguish between minimum and non-minimum phase
systems [8]. Since these system classes contain an internal
dynamics their inversion usually involves solving a two-point
boundary value problem. Chen and Paden [9] presented a

ITechnical University of Munich, TUM School of Engineering and De-
sign, Chair of Automatic Control, 85748 Germany (e-mail: {tobias.thoma,
kotyczka} @tum.de)

stable inversion of nonlinear non-minimum phase systems
to generate a bounded solution for the system state and
consequently the control input to realize the desired output
trajectory with pre- and post-actuation phases. Taylor and
Li [10] introduced finite difference methods for the stable
inversion of nonlinear systems. In order to obtain a stable
inversion without pre- and post-actuation phase, Graichen
et al. [11] modified the boundary value problem. Besides
inversion-based feed-forward control one can also design an
optimal trajectory tracking controller, see [12] for a survey
on numerical methods for optimal control.

Blajer and Kotodziejczyk [13] introduced the servo-
constraint framework forming a set of differential algebraic
equations for under-actuated mechanical systems. Their work
had a huge influence on the multibody system dynamics
community and motivated several research articles [14]. In
general, these articles focus either on flat, minimum or non-
minimum phase systems. E.g., Otto and Seifried [15] applied
the servo-constraint framework to a flat crane system for
real-time trajectory control. Otto and Seifried [16] demon-
strated the challenges of servo-constraints for systems with
a high differential index. Strohle and Betsch [17] solved the
inverse dynamics of geometrically exact strings using servo-
constraints and a space-time finite element discretization.
Briils et al. [18] extended the approach of Chen and Paden
[9] to the servo-constraint framework. In order to simplify
the control design for non-minimum phase systems, Driicker
and Seifried [19] approximated the original boundary value
problem. Bastos et al. [20] formulated an optimization prob-
lem using servo-constraints for solving the inverse dynamics.
Bastos et al. [21] also showed that their optimization problem
converges to the original two-point boundary value problem
of Briils et al. [18] as the pre- and post-actuation phase goes
to infinity. An analysis of alternative cost functionals is given
in [22].

To the best of our knowledge, flatness-based approaches
have commonly been used for the control of strings. These
were mostly based on either infinite-dimensional or lumped
mass systems, e.g., [23], [7], [17]. The spatial Galerkin
approximation of a geometrically exact string can generate a
non-minimum phase system with many degrees of freedom,
for which the mentioned approaches of inversion-based feed-
forward control design remain elaborate and non-trivial tasks.

The intention of our contribution is to show the design of
a feed-forward controller, which

e can be applied for large scale structural mechanical

(non-minimum phase) systems,
« does not require the explicit analysis of a semi-discrete



system and its internal dynamics,
e can be easily implemented with commercial or open
source finite element packages.

We achieve this by formulating an optimization problem to
track the desired reference trajectory on a sufficiently large
time interval (containing pre- and post-actuation), expressing
the necessary stationarity conditions in variational form in
space and time, and coding them in a finite element software.
Using space-time finite elements, the optimal feed-forward
controller is obtained from the solution of a set of algebraic
equations. Due to the special form of our variational formula-
tion an explicit discretization of the velocities is not required.
A similar approach for the linear wave equation is given in
[24].

The paper is organized as follows. In Section II, we recall
the theory of continuum mechanics for geometrically exact
strings and a corresponding Galerkin approximation with fi-
nite elements. Afterwards, we define the overall problem and
focus on the feed-forward control design in Section III. This
includes the variational formulation and its discretization. In
Section IV, we test our approach with a numerical example
and Section V concludes the contribution with an outlook.

II. GEOMETRICALLY EXACT STRINGS

In this section, we recall the basic equations of ge-
ometrically exact strings and their spatial finite element
approximation as a starting point for the formulation of our
approach. The interested reader is referred to [25], [26] for
more information.

A. Problem description

In the following, we consider the one-dimensional ref-
erence configuration Qo = [0,L] CRY, d = 1,2,3. The
position of each particle in the reference configuration is
described by the arc length coordinate s = X; € R. The
momentum balance of a string is given by

p(s)A(8)0%r(s,t) = Osn(s,t) + b(s,t) inQy, (1)

where the position vector r(s,t) describes the motion or
actual configuration of the string, see Figure 1. As usual p(s)
represents the density, A(s) the cross-sectional area, b(s,t)
body forces, and n(s,t) the normal force.

Assumption 1: In the present work, we use the simple
nonlinear hyperelastic constitutive equation

n(s,t) = FA(1 — ||8sr(5,t)\|_1)8sr(s,t), 2)

where E represents the Young’s modulus. More precise
constitutive laws are given in the literature, see [17].

In order to complete the system description, we apply the
boundary conditions

n(0,t)
n(L,t)

= _u(t)a

o, 3)

where w(t) denotes the control input or actuating force
vector. This force should transfer the string from an initial

configuration at time t;,

r(s,t;) =r;(s),

Or(s,t;) = vi(s), @)
to a final one at the end time t.,

r(s,te) =r.(s),

Or(s,te) = ve(s), )

whereby the end of the string
y(t) = r(L,t) (6)

should follow a desired trajectory yq(t) as closely as pos-
sible. Before we continue with this task in Section III, we
show how to set up the finite-dimensional state space model.

u(t)
Xo

ya(t)

- {2 LJ Xy

Fig. 1. Reference and actual configuration on R2.

B. Weak formulation

For ease of notation, we introduce

<a,b>M=/ a®bds
M

for the integration of products of scalar and vector valued
functions over some domain M. As a next step, we recall
an appropriate weak form of equation (1). By testing (1)
and integrating by parts, one can see that any sufficiently
regular solution of (1) under the boundary conditions (3) is
characterized by the variational single-field (displacement)
formulation

<pAat27n7w>Qu = —<TL, asw>ﬂo + <b’ w>Qo + u’w‘,;:o, )
Vw € HY(Qp), t > 0.

C. Spatial discretization

In order to obtain a spatial approximation of above weak
formulation, we have to find the approximation r, € Vj, C
H () solving the discretized weak form

<pAat2rh? wh>Qn = - <nv aswh>Qu + <b7 wh>Qn + uwh|s:07

®)

Ywy, € Vi, and t > 0, where wy, represents the discretized
test function and V}, an appropriate finite dimensional sub-
space, e.g. a standard finite element space. Accordingly,



this discretization process leads to a system of ordinary
differential equations of the form!

Mi = —k(r) + b + Gu, 9)

where r and © denote the vector representations of the
discretized functions. Projecting the initial conditions (4) and
final ones (5) on these vector representations, gives us

r(ti)

£(t:)
In order to complete the state space representation (9) with
regard to the above task, we use the corresponding output

)

= Vi,

r(te) = re,
i(te) = ve.

(10)

y =rp(L,t) = Cr. (11)

Remark 1: In order to solve an initial boundary value
problem, an appropriate time-stepping scheme can be used
to integrate the semi-discrete equation (9) in time. In the
following, we will call this process a time-marching simu-
lation. More information regarding this can be found in the
Appendix.

III. OPTIMAL TRAJECTORY FEED-FORWARD CONTROL
DESIGN

In this section, we start with the cost functional to obtain
an optimal feed-forward controller for the semi-discrete
model, and cast it in terms of inner products on a space-time
domain. We derive the corresponding variational identities,
which, with appropriate Galerkin approximation in time, can
be immediately implemented as a space-time finite element
problem in available software.

Problem 1: Among all vectors r(¢), u(t) that fulfill (9)
and the boundary conditions (10) find those that minimize
the cost function

te
j:/ (%uTu—l—%(Cr—}’d)T(Cr_yd)) e (12)
ti

with a factor @« € R>C penalizing the trajectory error
compared to a quadratic input regularization term.

A. Lagrange functional

We now consider a rectangular space-time domain {2 =
Qo x T, where T = [t;,t.] is a sufficiently large time interval
for possible phases of pre- and post-actuation, see Figure
2. To account for the system dynamics, we can define the
Lagrange functional

J = %<U7 u)r, + %<7“h —Yd,"h — yd>1"y
—(0swn,n)a + (wh, b — pAFTh)0 + (wh, u)r,
(13)
containing the Lagrange multiplier wy, € V},(Q0) ® H(T).

I'The nonlinearity in k(r) results from the nonlinear character of (2).

t Fe = QO X {te}

L, ={0}xT| Q=QyxT |Iy={L} xT
S
Fi = Q() X {tz}
Fig. 2. Space-time domain.

B. Variational identities

As a next step, we derive the variational identities which
will be approximated in the following section.

Lemma 1: Let (rp,u,wy) be a sufficiently regular solu-
tion for Problem 1 minimizing (13). Then the variational
identities

(0u,u + wp)r, =0,
(Or0wp, pAOsTh) 0 —
+(dwn, vi)r, —

(Or0ry,, pAdywh ) —
+a(ory, Th — Ya

—~

Os0wp, ) + (dwp, b)o
dwp, ve)r, + (dwp, u)r, =0,

50T, Vo,rn - Oswp)a
ry = 07

o~ =

(14)
hold for all regular test functions drp, € R, dw, € W, and
ou € U with

W = Vi (Q) @ H(T), (15)
R = {drn € W | drn(s,t;) =0, orp(s,t.) =0}, (16)
U= HYT). (17)

Proof: By considering the variational derivative of (13)
and setting it to zero, one can see that

0J = {(du,u+wp)r,
—(9s6wp, n)q + (Swp, b)a — (§wh, pAd;Th)0
—_———
(*)
(0567, Vo, - Oswp)a — (0707, pAwn)o
—_———
(%)

+a(0rn, rn — ya)r, + (Own, u)r, = 0.
(18)

Integration by parts of () leads to

(¥) = —(0dwn, pADdiTh)0

_<5whaPAUi>Fl + <(Swh7pAU€>Fev (19)

where the corresponding velocity boundary conditions are
already substituted. Integration by parts of («*) gives us
(#x) = —(0¢drp, pAQywp)q

— (b7, pAwy)r, + (O0rn, pupdr,. O

Due to the fixed boundary conditions (10), §r;, can not be
varied at the boundaries I';, I'., which makes the boundary
terms in (20) vanish. |



C. Time discretization

For the discretization in time, we likewise use a Galerkin
approximation of the variational identities (14). As indicated
in the introduction, we use standard finite element spaces for
the approximation.

Proposition 1: By defining

W,y CW, Re CR, andUy CU

as appropriate finite dimensional subspaces, we can search
for an approximation (u;,wy,) € Uy x Wi, and

rh, € {rh, €Wt | Th,(8,t;) =71i, Th,(S,te) =Te}
for the solution of our problem satisfying the discretized
identities
(dug, ug + wp,)r, =0,
(00w, , pAOsTh, )0 — (Os0wh,, n)a + (dwn,, b)o
+(éwn, , vi)r; — (Own,, ve)r, + (Owp,, ur)r, =0,
(0¢0Th, , pADswh, )0 — (Os07h,, Vo, n - Oswn,)q
+a<5rht’ Thy — yd>Fy = 07
(21)
for all (5Ut757"ht761l)ht) € Z/{t X Rt X Wt.
Remark 2: Testing (21) with du; = dwy, |r, € Wi|r, al-
lows us to eliminate the first line of (21) and use

(0wp,, ut)r, = —(dwn,,wp,)r, in the second line of (21).
This reduces the amount of equations for the discretization
process.

Since we use bilinear basis functions of s and ¢, our
approximated computational domain represents a structured
mesh with rectangular shaped space-time finite elements. The
mesh is spanned by ng cells in s-direction and n, cells in
t-direction, leading to ng x n; space-time finite elements.

D. Discussion

Our result from the space-time finite element perspective
can be related to works based on semi-discrete models and
the time integration with special time finite elements. Since
we assume that the space of wy, consists of tensor products
of bilinear functions of s and ¢, e.g. wp(s,t) = P(s)w(t),
the above Lagrange functional can be rewritten as

J :%<uau>T+%<Cr_Y7cr_Y>T
+(w, —Mf — k(r) + b+ Gu),
which can also be found in the work of Altmann and Heiland

[22]. Using the Euler-Lagrange equation, we can derive the
optimality conditions

(22)

u =—-GTw,
Mi = —k(r) + b+ Gu, (23)
Mw = —V,k(r)w+ (Cr — ygq)a.

In case of
We = [Va(Qo) @ PL(T)] N Hl(Q)

the approximation of the variational identities® corresponds
to a multiple-shooting method [12], where the optimal-
ity conditions (23) are integrated via a special (unbiased

2P; denotes the standard finite element space of continuous first-order
Lagrange polynomials.

displacement-continuous, velocity-discontinuous) time finite
element scheme [27].

IV. NUMERICAL TEST
To demonstrate the performance of the above control
design approach, we now provide some numerical results.
A. Model scenario

We consider a planar motion of a geometrically exact
string under gravity. The suspended rope performs a finite-
time transition between two stationary set-points, with the
end of the string following the desired trajectory

ya(t) = m () (24)
with
0, t < At
v =30 -2(558Y)", Ar<i<oar
1, t > 2At.
(25)

Remark 3: Since (1) has a hyperbolic character the trav-
eling time of information depends on the wave propagation
speed. Therefore, y(t) requires a pre- and post actuation
phase At larger than the traveling time of a wave between
s =0 and s = L for steering the string from one steady-
state to another one. This is especially relevant for flatness
based control [7]. A pre- and post-actuation phase in y,(t)
allows us to approximate the inverse solution similar to [21].
Consequently, y(t) follows y,(t) almost exactly, see also
Figure 5.

The initial set point at time ¢; = 0 results from solving the
equilibrium problem of (9) where Vj, = P;(Q0) N H* ()
and r(0,¢) = 0. Therefore, ns = 10 equidistant finite el-
ements were used. The final set-point at time f{, = 6
corresponds to the initial one except that the positional argu-
ments are shifted by one in both directions. The remaining
parameters® of the experiment are given in Table L

TABLE I
PARAMETERS

L p FA g At «
1 1 1 9.81 2 100

B. Details on the computational approximation process

Since we use a finite element method for the space-time
discretization, the computational domain is partitioned into
10 x 100 uniform rectangles. The trial functions of (21) are
generated via continuous Lagrangian shape functions of first
order what leads to the approximation spaces

W, = [P1(Q) ® P (T)] N HY(Q), U = Wilr, -

The following computational results are generated with the
finite element framework FEniCSx [28], [29], [30], [31].

3Since this is a purely academic example, no units are used.



C. Numerical results

Solving (21) according to the above details, we generate
several illustrations. E.g., Figure 3 shows the position field
r(s,t) in X;j-direction and the finite element mesh. The
components of the corresponding input force vector wu(t)
are given in Figure 4. To verify our results we apply the
generated input u(¢) to a time-marching simulation. It uses
an implicit midpoint rule for the time integration and the
time step size 7 = 0.06. Further information on the time-
marching simulation is given in the Appendix. In Figure 5,
the resulting output y(¢) in X;-direction is presented*. In
order get an impression of the overall motion, Figure 6 shows
several snapshots of the string configuration which also result
from the time-marching simulation.

Fig. 3.

Numerical solution of r(s,t) in X1-direction.

V. CONCLUSION

We presented how to generate an optimal trajectory feed-
forward controller for geometrically exact strings exploiting
a space-time variational formulation of the problem. The big
advantage of this approach, which is related to corresponding
formulations for semi-discretized models and the solution
of their two-point boundary value problems, is the ease
of implementation in commercial or free finite element
software, in conjunction with the efficient solution of the
resulting algebraic system of equations.

In future research, we might extend the control design to
three-dimensional systems. This goes hand in hand with a
more complex implementation using tensor products if the
favored finite element toolbox is not compatible with four-
dimensional meshes. Moreover, the challenges or advantages
of unstructured space-time finite element meshes or other
Galerkin approximation methods have not been discussed
yet. Additionally, we want to extend the feed-forward control

4Figure 4 and 5 also contain the solutions for lower values of « to
illustrate the increased deviation from the desired trajectory if it is less
penalized in the quadratic cost functional.

0.4

— u% (@=100)
0.3 — u*—g (a=100)
u* (@=10)
0.2 1 u* — g (@=10)
0.1
-5
o
2 0.0
|
3
-0.11
—0.2 A
_03 -
—0.4 +— T T T T T T

Fig. 4. Numerical solution of w(t). In order to present the input force in
X -direction and the one in X2-direction in the same diagram, we subtract
the gravitational portion.

1.0 4 y*i (@ =100)
y* (a=10)
S
0.8 1
0.6
=S
L
0.4 1
0.2 1
0.0

Fig. 5. Actual output y(t) compared with y4(t). In the case of a large c,
y(t) is close to y4(t) . The results in Xo-direction are similar and omitted
for the sake of clarity.

design to other cost functionals. Consequently, and depend-
ing on its real-time capability, the presented control design
might also be relevant for model predictive control.

APPENDIX

In this contribution, the numerical time integration of (9)
is called a time-marching simulation; e.g., in Section IV we
applied an implicit midpoint rule. Therefore, we introduce
the velocity v = 1 to rewrite (9) as a first order system
% = f(x,u) with x" = [r" v']; and define

dyx =7 Hx"T —x"), and X"tz = 27 (x4 x™),

where 7 is a fixed time step size and t” = n7, n > 0 the
discrete time step. We now use

d.x = f(x"+% , un+%)

to obtain x"*! ~ x(#"*1) at the next time step t"*1.
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6. Snapshots at different time steps starting from the left with the
al string configuration at time ¢ = ¢; and ending in the final one (¢t = t¢)
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