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Kurzfassung
Die in der Arbeit betrachteten Transportsysteme sind Rohrleitungen oder Förderbän-
der in der Prozess- und Produktionstechnik, die den Stofftransport zwischen einzelnen
Prozessstufen realisieren. In der Regelungstechnik wird das Ein-Ausgangs-Verhalten
von Transportsystemen durch eine Totzeit modelliert, die sich aus dem Transportweg
und der Transportgeschwindigkeit ergibt. Das Ein-Ausgangs-Verhalten von Transport-
systemen wird komplexer, wenn die Stoffeigenschaften durch einen Stelleingriff entlang
des Transportwegs verändert werden. Solche Veränderungen betreffen beispielsweise
das Abkühlen oder Aufheizen des Transportguts durch eine Kühlung oder Heizung
entlang des Transportwegs. Technische Beispiele sind gasbeheizte Glasspeiser zur
Konditionierung der Glasschmelze oder beheizte Rohrleitungen für die Temperierung
von Wärmespeichern.
Transportsysteme mit einem verteilt wirkenden Stelleingriff sind typischerweise mit
einer Steuerung und Regelung verknüpft, um die Konditionierung des Transportguts
entsprechend den Vorgaben durch die nachfolgende Prozessstufe zu realisieren. Dabei
werden die Sollwerte für die Steuerungs- und Regelungsaufgabe durch die nachfolgende
Prozessstufe vorgegeben, die den Ausgang des Transportsystems definiert. Die Wirkung
des verteilten Stelleingriffs auf den Ausgang wird durch ein lineares zeitinvariantes
Single-Input Single-Output (SISO)-Modell mit verteilten Totzeiten beschrieben. Bisher
ist die Steuerung und Regelung von Transportsystemen auf der Basis des SISO-Modells
mit verteilten Totzeiten nur exemplarisch anhand von Anwendungen untersucht
worden.
Die vorliegende Arbeit befasst sich mit dem modellbasierten Entwurf von Steuerungen
und Regelungen für Transportsysteme mit einem verteilt wirkenden Stelleingriff, um
dem Ausgang ein gewünschtes Führungsverhalten beispielsweise bei einem Arbeits-
punktwechsel der nachfolgenden Prozessstufe aufzuprägen. Dabei soll der Ausgang des
Transportsystems von einem konstanten Anfangswert in einen konstanten Endwert
überführt werden. Für die gezielte Beeinflussung des Ausgangs werden totzeitbehaftete
SISO-Modelle entwickelt, die einen neuen methodischen Zugang zum modellbasierten
Steuerungs- und Regelungsentwurf erlauben. Dabei werden auch Stellgrößenbeschrän-
kungen untersucht. Die Steuerungen und Regelungen werden im Zeit- und Frequenzbe-
reich entworfen und bilden die Grundlage für erweiterte Regelkreisstrukturen wie die
Zwei-Freiheitsgrade-Regelung und die Modell-Prädiktive Regelung für Transportsys-
teme mit einem verteilt wirkenden Stelleingriff. Die untersuchten Entwurfsverfahren
werden anhand industrieller Prozessbeispiele veranschaulicht und simulativ validiert.
Damit ist belegt, dass die entwickelten Verfahren zur Steuerung und Regelung von
Transportsystemen mit örtlich verteilt wirkendem Stelleingriff angewendet werden
können.
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Extended abstract

The transport systems under consideration are conduits or conveyor belts in industrial
engineering applications, which are used for transporting material between different
process stages. In the field of automatic control, the input/output (I/O) behavior of
linear transport systems is modelled by time delays.

The I/O behavior of transport systems becomes more complex if the material properties
are modified by an input which acts spatially distributed along the transport path, as
it is exemplarily illustrated in the Figure below.

process
I

process
II

transport system

actuator

u(t)

ϕ(z)u(t)
y(t)w(t)

vtransport path

The illustrated transport system connects two processes I and II with each other and
possesses a distributed acting actuator. The actuator is used for conditioning the
material properties of the subsequent process II. These modifications are, for example,
cooling or heating processes of the conveyed goods by devices installed along the
transport path. Technical examples are actuated conduits for heat accumulators or
gas-heated glass feeders conditioning a liquid glass flow.

The properties of the transported goods are determined by the boundary input w(t)
of process I and are modified by the distributed acting control input u(t) along the
transport path. The material property at the end of the transport path defines the
control output y(t) and is usually a measured value.

While the transient behavior between the boundary input w(t) and the output y(t) is
governed by a lumped time delay, the spatially distributed control input u(t) induces
multiple time delays resulting from the spatial distribution of the actuator and the
transport velocity. In analogy to the distributed acting control input, the I/O behavior
is modelled by distributed time delays, which characterize the investigated transport
systems.
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Transport systems with a spatially distributed control input are active control devices
for the production process, which are used for the transport of material and the
conditioning of the conveyed goods at the same time. Therefore, the investigated
transport systems are related to a control task in order to realize required setpoints for
the subsequent process stage. Thereby, the complex I/O behavior has to be considered
for the model-based feedforward and feedback control design.

The governing model equations for the investigated transport systems comprise a linear
time-invariant first-order partial differential equation (PDE) with an inhomogeneous
right hand side for the spatially distributed control input. The control input is modelled
by a spatial characteristic function and a time dependent input signal. The influence
of the distributed control input to the output is governed by a linear time invariant
Single-Input Single-Output model with distributed delays.

Until now, the model based feedforward and feedback control design for transport
systems has only been exemplarily investigated on the basis of PDE models [12],
[33], [41]. First investigations in [3] and [5] have shown, that I/O models provide an
alternative approach for the model-based feedforward and feedback control design
of linear transport systems with comparable results to the PDE approaches. As
a main advantage of I/O models, the control design can be set into a classical
control theoretical context, which permits under the assumption of linearity and
time-invariance a systematic design approach in the time and frequency domain.

Motivated by the preliminary considerations in [3] and [5], in this work a methodology
of the feedforward and feedback control design for transport systems with a spatially
distributed control input based on the I/O-models with distributed delays is developed.
Thereby, the aim is to realize a desired disturbance and tracking behavior for the
control output.

As a first stage of this work, the I/O models of transport systems are derived from the
spatially distributed model equations in the time and frequency domain for different
actuator characteristics. The I/O models are analyzed with regard to the relevant
system properties for the feedforward and feedback control design. As technical
examples, the well investigated industrial glassfeeder and a heat accumulator with an
actuated hot water supply are considered.

Based on the I/O models, two different feedforward and feedback control designs in
the frequency and time domain are investigated. The control task is defined by a
setpoint change of the subsequent process stage. Thereby, the output of the transport
system is tracked from a constant initial value to a final value according to the process
specifications.

In the frequency domain, an inversion-based feedforward control design for transport
systems with spatially distributed control input is investigated. The inversion-based
approach is based on a planned output trajectory, which realizes the output transition
between the desired constant values. The corresponding input trajectory is calculated
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by the inverse frequency domain I/O model. In order to reject unknown disturbances
and model uncertainties, the inversion-based feedforward controller is complemented
by a feedback controller to a Two-Degrees-Of-Freedom control structure. For the
feedback control design the results of the inversion-based feedforward control are used.

As an alternative approach to the control design in the frequency domain, an optimal
feedforward and feedback control for transport systems is investigated. The optimal
feedforward control permits the consideration of input constraints, as they arise in
most industrial applications. The design of optimal feedforward controls is based on
the solution of an optimal control problem defined on a finite time horizon. Thereby, a
state space representation with time delays is used for the formulation of the control
design equations. For the numerical solution of the resulting boundary value problem
with time delays, a Galerkin approach is applied, which results in a fast computation
time of the optimal control.

The methodology of the optimal feedforward control design for transport systems is
extended to a Model Predictive Control to compensate boundary disturbances and
model uncertainties. The Model Predictive Control design is based on the cyclic solution
of the optimal feedforward control problem, which allows the explicit consideration
of input constraints. The proposed control design guarantees both feasibility and
closed-loop stability of the Model Predictive Control for linear transport systems.

The investigated design approaches are illustrated by industrial process examples
and validated by simulations, which proves that the proposed methods can be used
for transport systems with a spatially distributed control input. The consistent and
comprehensive design of feedforward and feedback controls shows the capability of the
presented methodology for linear time-invariant transport systems with a spatially
distributed control input.
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