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Zusammenfassung

Grof3e Portalkréne werden héufig in Hafenterminals zum Be- und Entladen von Contain-
ern installiert. In den letzten Jahrzehnten war ein géngiger Trend im Kranbau die Ver-
wendung von Leichtbauelementen. Dies fiihrte einerseits zur Schonung von Ressourcen
und erhohte andererseits die Wirkung von elastischen Strukturschwingungen. Diese
schwach geddampften Schwingungen fiihren zu einem schnelleren Verschleil der Kon-
struktion und verschlechtern die Gesamtleistung eines Kranbetriebs. Dartiber hinaus ist
die Vernachlassigung dieser Strukturschwingungen bei dem Entwurf des Regelungssys-
tem ist nicht mehr zulassig, und ihre Dynamik muss beriicksichtigt werden. Der Fokus
dieser Arbeit liegt auf der Reduktion der unerwiinschten niederfrequenten Schwingun-
gen in Richtung der Katzfahrt durch den Katzantrieb. Dies kann durch eine zusétzliche
Funktionalitdt des Motion-Control-Systems erreicht werden. Die Anwendung dieses
Konzepts erfordert keine nennenswerten Investitionskosten, und es wird gezeigt, dass
die erzielte Dampfung mit anderen kosten-intensiveren bestehenden Ansétzen vergle-
ichbar ist. In dieser Arbeit werden drei modellbasierte Regelungsmethoden vorgestellt
und in den entsprechenden Simulations- und Experimentalstudien validiert.

In Kapitel 2 werden die mathematischen und physikalischen Modelle des Portalkrans
mit Strukturdynamik vorgestellt. Zunachst wird die Herleitung des analytischen Mod-
ells des Portalkrans und dessen Vereinfachung gezeigt. Dann werden die physikalischen
und mathematischen Modelle fiir zwei verschiedene Laborkonfigurationen vorgestellt.
Schliellich werden die entsprechenden mathematischen Modelle experimentell validiert.

In Kapitel 3 wird die lineare robuste Regelung fiir Portalkrane vorgeschlagen. Dieser
Ansatz erfordert keinen Neuentwurf des Motion-Control-Systems der Katze und kann
daher leicht in die meisten Industriekrane integriert werden. Dariiber hinaus erfiillt das
auf der Hy - Loopshaping-Entwurfsmethode basierende Regelgesetz die robuste Sta-
bilitdt und geforderten Leistungskriterien auch unter der Annahme, dass die Parameter
des Portalkrans nicht genau bekannt sind. Zur Beschreibung der Unsicherheiten wurde
die normalisierte koprime Faktor-Beschreibung in Kombination mit der Gap-Metrik
verwendet.

In Kapitel 4 wird die lineare Regelung fiir Portalkrane auf der Basis eines paralle-
len Kompensators (PFC) vorgestellt. Diese Regelung erfordert keine zusétzliche Mes-
sung der Schwingungen und keinen Neuentwurf des Motion-Control-Systems der Katze.
Dieser Ansatz ist jedoch nur fiir Portalkrankonfigurationen mit den starken Systemkop-
plungen zwischen Katze, Last und Struktur anwendbar, d.h. das betrachtende Ein-
Ausgangssystem muss beobachtbar sein. Das Regelungssystem erreicht eine Position-
ierung der Last und Reduktion der Schwingungen tiber eine Kombination aus dem
PFC und einem Regler. Der PFC ist fiir die Kompensation der Systemnulldynamik



entworfen und verleiht der erweiterten Strecke die Almost Strict Positive Real (ASPR)
Eigenschaften. Das vorgeschlagene einfache lineare Entwurfsverfahren sorgt fiir eine
gewlinschte Platzierung der Nullstellen der erweiterten Strecke und reduziert den Bias-
Beitrag der PFC. Das erweiterte System kann durch Anwendung eines ausgangsriick-
gekoppelten Reglers mit hoher Verstiarkung stabilisiert werden.

In Kapitel 5 wird die nichtlineare Regelung fiir Portalkrane vorgeschlagen. Dieser
Ansatz ermoglicht eine Ableitung des Regelgesetzes ohne Modellvereinfachung unter
direkter Verwendung der Bewegungsgleichungen. Um die Dynamik des Portalkransys-
tems zu stabilisieren, wird ein verallgemeinertes Fehlermaf}, die sogenannte Diskrepanz,
beriicksichtigt. Unter Anwendung der Stabilitatstheorie in Bezug auf zwei Diskrepanzen
wird das nichtlineare Regelgesetz fiir den unteraktuierten Portalkran basierend auf dem
direkten Lyapunov-Entwurfsansatz abgeleitet.



Abstract

Large gantry cranes are often installed in port terminals for loading and unloading
containers. In recent decades, a common trend in crane design was the use of lightweight
structural elements. On the one hand, this led to a conservation of resources and, on the
other hand, increased the impact of flexible structural vibrations. These weakly damped
vibrations yield faster wear of construction and deteriorate the overall performance
of crane operation. In addition, neglecting these structural vibrations in the design
of control systems has become less valid, and their dynamics has to be taken into
account. The focus of this thesis is to reduce the undesired low-frequency vibrations in
a trolley travel direction using the trolley actuator. This can be accomplished by adding
an additional functionality to the trolley motion control system, which requires its
redesign. The application of this concept does not require significant investment costs,
and it will be shown that the obtained damping is comparable with other higher-cost
existing approaches. In this thesis, three model-based control approaches are presented
and validated in the corresponding simulation and experimental studies.

In Chapter 2 the mathematical and physical models of gantry crane with structural
dynamics are presented. Initially, the derivation of the analytical model of the gantry
crane and its simplification are shown. Then the physical and mathematical models
for two different laboratory configurations are presented. Finally, the corresponding
mathematical models are experimentally validated.

In Chapter 3 the linear robust control for gantry crane is proposed. This approach does
not require a full redesign of the trolley motion control system and, therefore, can be
easily integrated into most industrial cranes. In addition, the controller based on the
H, - loop-shaping design procedure satisfies robust stability and required performance
criteria under the assumption that gantry crane parameters are not exactly known. In
order to introduce the parametric uncertainties, the normalized coprime factor descrip-
tion with the associated gap metric has been used and applied for the generation of a
set of the gantry crane models.

In Chapter 4 the linear control for gantry crane based on a parallel feed-forward com-
pensator (PFC) is presented. This control does not require the additional measurement
of the oscillations and a full redesign of the trolley motion control system. However, the
following approach is only applicable for gantry crane configuration with strong system
couplings between the trolley, load, and structure, i.e., the input-output system plant is
observable. The control system provides the positioning of the payload and reduction
of the oscillations via a combination of the PFC and an output feedback controller.
The PFC is designed to compensate the system zero dynamics and render an extended
plant the almost strict positive real (ASPR) properties. The proposed simple linear



design procedure provides a zero placement of the augmented plant and reduces the
bias contribution of the PFC. The augmented system can be stabilized by applying a
high gain output feedback control.

In Chapter 5 the nonlinear control for a gantry crane is proposed. This approach allows
a control law derivation without model simplification using the equations of motion
directly. In order to stabilize the gantry crane system dynamics, a generalized error
measure, called discrepancy, is taken into consideration. Applying the stability theory
with respect to two discrepancies, the nonlinear control law for the underactuated
gantry crane based on the Lyapunov direct design approach is derived.



Nomenclature

Gantry crane modeling

Symbols

T, U E W kinetic, potential and total energies, and work
M,P,Q mass, damping and stiffness matrices

R,S normalized damping and stiffness matrices

A B,C,D system matrices of a state space model

F(t) forces

L length of crane legs
E Young’s modulus
A moment of inertia of a cross-sectional area

t time
X spatial coordinate
Laplace variable
o(+) variational operator
q(t),v(x,t) vectors of generalized coordinates
2(t) trolley position
2p(t) payload position
o(t) sway angle
w(x, t) displacement of crane structure
v velocity of crane structure
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motor torque
motor current
state vector
vector of inputs
vector of outputs

mass
structure density
rope length
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Subscripts

spatial step

structural damping

specific coefficients

eigenvalues

frequency, angular frequency and damping ratio of i-th mode
mass- and stiffness-proportional damping coefficients

armature (motor)
boundary
crane girder
Coulomb
discretized
end

friction

gear

motor
overall
payload
reduced
reference
sum

static
Stribeck
trolley

total

Lee derivative of h(x) along f(x)

Lyapunov functional
Quadratic cost functional

vector of feedback control gains
vector of observer gains

transfer function of open loop system

transfer function of closed loop system

transfer function of controller

transfer function of parallel feed-forward compensator
transfer function numerator



M(s) transfer function denominator
L(

s), W(s) auxiliary transfer function of interest
A uncertainty
T time constant
R resistance
o gap metric
0 relative degree
0 discrepancy
Subscripts
n nominal
S shaped
Abbreviations
DC direct current
DPS distributed parameter system
EC electronically commutated
FDM finite difference method
FEM finite element method
HMI human-machine interface
IMU inertial measurement unit
IPC industrial personal computer
LHP left-half plane
LTI linear time-invariant
ODE ordinary differential equation
P proportional (controller)
PD proportional-derivative (controller)
PI proportional-integral (controller)
PID proportional-integral-derivative (controller)
PDE partial differential equation
PFC parallel feed-forward compensator
PLC programmable logic controller
RHP right-half plane
SISO single-input single-output

STS ship-to-shore
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1. Introduction

1.1. Problem formulation

Nowadays, faster payloads transportation and well-thought-out logistics play an essen-
tial role in developing commerce and manufacturing industry. Time reduction of these
operations requires the utilization of automated machines, including cranes. Gantry
cranes are a broad class of cranes with load-carrying capacity from several to hundreds
of tonnes, which can be found in many industrial places such as factories, building
areas, marine ports, and railways. Large gantry cranes are regularly used for container
handling at port terminals (Fig. [1.1). In order to reduce manufacture and operation
costs, most of the crane structures have a lightweight design, e.g., using trusses. On the
one hand, this reduction results in resource-saving, but, on the other hand, it commonly
increases the sensitivity of the structure towards elastic vibrations.

During the last decades, the construction industry development aims to implement ad-
vanced automated technologies for productivity and safety improvements [106]. Conse-
quentially, there has been strong research in the field of modeling and control of crane
systems, which is summarized in overview works [Il, [77]. One of the most important
focal points is a reduction of load swinging during the positioning process. Here, a lot of
feed-forward and feedback control strategies have been applied for solution of the prob-
lem: e.g. input shaping and model-reference command shaping approaches [47, [48], 58]
and their combination with feedback control [60] 78, 82]; output-based input shaping
techniques [2), [79]; error tracking control [120]; robust feedback control [37, [70, 105} [108];
adaptive tracking control [I1}, 13, [119]; model predictive control [4} 15 [98]; energy-based
control [103], 104, 11T}, 122] 123]; sliding-mode control [57, 113, 109, 125, 121] etc. In
most works mentioned above, the control law is designed under the assumption that the
crane structure is of infinite stiffness and, therefore, its dynamics is negligible. Designed
control laws are usually verified in simulation studies using the conventional mathemat-
ical models of the cranes or experimental studies using idealized small-scaled laboratory
cranes of infinite stiffness. However, the application of lightweight structures for indus-
trial cranes and their continuously increasing dimensions make this assumption for the
control design less and less valid. Moreover, it is well known that the feedback control
law designed for such an idealized system may suffer from uncertainties resulting in
oscillatory or even unstable system dynamics [76]. Hence, for the control design, an
accurate model including the coupling between the crane trolley, the hanging payload,
and the crane structure has to be derived.

The problem of the structural dynamics has been stated in the literature for a variety
of cranes ranging from slewing cranes [90, B 52] to overhead, gantry, and ship-to-
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Figure 1.1.: The gantry crane from container port [55]

shore (STS) cranes [25, 112, 115, 116, 101, (9, 127, 126, [74, 100, 80]. During the

operation of large gantry cranes, two critical problems of structural dynamics should be
emphasized: vertical oscillations of the girder due to the travel of the crane trolley and
large oscillations of the gantry frame in the direction of the trolley travel. Both problems
result from a dynamic interaction between the crane structure and the moving trolley
with the hanging payload [126]. Furthermore, there exist structural dynamics problems
that are induced by external disturbances, e.g., higher modes excitation due to gusts
of wind, waves, and seismic activity [19} B, [I14]. The problem of vertical vibrations is
also called the moving load problem and it has been well covered with the modeling,

analysis [69] 25, 115, [1T6] and solution approaches [54] [87].

In this work, the focus is on the elastic vibrations of the gantry frame structure in
the direction of the trolley movement. In Fig. the typical crane structure deflection
of a large gantry crane is depicted. These vibrations have negative effect because of
the high amplitudes of their excited first natural frequency and weakly damped be-
havior. On the one hand, they are responsible for faster construction wear due to the
additional mechanical stresses, and, on the other hand, they deteriorate the operation
performance. For precise payload positioning, e.g., in fully automated cranes, locations
of all components should be known precisely, and such large deflections induced by the
structure with limited stiffness make the task more difficult. In cranes operated via
a human-machine interface (HMI) approximately 30% of time for each trolley travel
is spent on load positioning and reducing the load swaying [127]. Therefore, the fre-
quently observed associated excitation of low-frequency vibrations, being perceptible
by the crane operator, are undesired. Moreover, in [74] it has been mentioned that crane
operators complained about discomfort during the handling.
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Figure 1.2.: Crane structure deflection in the direction of the trolley travel
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Figure 1.3.: Measurements of elastic vibrations of the large gantry crane: vibration ac-
celeration (top), its fast Fourier transform (center) and reference velocity
(bottom) [55]

In Fig. and Fig. the vibration measurements from two industrial gantry cranes
are depicted. Here, in Fig. the structure response of the large gantry crane (top) and
its fast Fourier transform (center) on a single trolley travel are shown [55]. The crane
has been manually operated in velocity control mode with the reference trajectory v,s
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Figure 1.4.: Measurements of elastic vibrations of the STS gantry crane: vibration ac-
celeration (top, gray), its filtered value (top, blue) and its fast Fourier
transform (bottom, blue)

(bottom). The legs height of the crane is about 28 m and the outreach is about 37 m.
The first natural frequency of the crane is f; = 0.45 Hz. In Fig. the behavior of
the STS container gantry crane on multiple trolley travels (top) and its fast Fourier
transform (bottom) are represented. The legs height of this crane is about 50 m and
the outreach is about 40 m. The first eigenfrequency of the crane is f; = 0.41 Hz. It
can be seen that by multiple operational cycles, the amplitudes of vibrations may be
boosted. Both figures show that the first natural frequencies have a dominant impact
on the structural dynamics by normal operation. The typical frequency range for large
gantry cranes can be f; = 0.4 — 0.8 Hz [74], [106].

1.2. Motivation

At the present time, only a few approaches for the reduction of the gantry crane struc-
tural vibrations have been proposed in the literature. In [127] the authors propose the
optimization of the gantry structure. This method relies on the stiffening of the crane
structure by increasing supporting leg thickness or by stiffening of the portal frames.
In [83] two solution concepts have been proposed. The first one is a passive damping
approach via an additional counterweight acting in a couple with a classical mechanical
damper. However, achieved system damping, in this case, is relatively small comparing
to material and implementation costs. Typically, applying 30 ¢ counterweight results in
up to 10 % of the system damping. The second concept is an application of an actuated
counterweight, where the mass horizontal movement compensates the vibrations of the
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structure. In this case, the resulting system damping can be up to 60 — 70 % using 5 t
counterweight. However, its implementation demands high investment costs, e.g., an
additional linear drive system and sensors.

Several studies have shown that the structural vibrations in different types of cranes
can be taken into consideration as an additional control objective for the motion control
system. In [I00] the authors offer a combination of feedback and input shaping control
for overhead cranes. Here, the payload positioning and disturbance rejection can be
provided using classical PID-controllers, and motion-induced oscillatory dynamics can
be reduced by applying the corresponding input shaping approach. In [81] 52] structural
control concepts for active damping of flexible tower cranes are proposed. Here, the
slewing motion feedback control provides the positioning and vibrations damping of the
flexible tower and jib. In [81] the authors have presented a distributed parameter tower
crane model based on the Euler-Bernoulli beam theory and an early-lumping control
method. After spatial discretization with finite difference method and modal order
reduction, a state feedback control law based on linear-quadratic regulation (LQR) or
pole placement designs have been suggested for the active damping control. In [52] the
optimal control problem for a flexible tower crane structural dynamics coupled with a
trolley-payload subsystem has been presented.

In this work, for mitigating the gantry crane structural vibrations in the trolley travel
direction, a concept of active vibration damping as additional functionality for the
trolley motion control system is considered. In general, the main objective of the crane
control system is to transfer the load to the desired position. This objective will be
fulfilled entirely from a theoretical point of view if the following subtasks are fulfilled:

e positioning of the trolley,
e damping of the payload oscillations,
e damping of the crane oscillations.

Application of such a concept does not require additional actuators, materials, i.e., sub-
stantial investment costs. Moreover, it will be shown that the obtained system damping
applying this less-cost concept is comparable to the concept with an additional active
counterweight. In order to put this concept into practice, a redesign of the crane con-
trol system is needed. In the following, several practical and theoretical remarks are
introduced.

Currently, most industrial gantry cranes are equipped with automated electric drive
systems [106]. Manufacturers of those systems commonly provide a complex prod-
uct with an individual software solution, e.g., a power converter with included fully-
parameterizable cascade system providing the motion and additional anti-sway control
as depicted in Fig. Although such a design allows users to provide engineering
solutions quickly for specific conventional objectives, adding new control specifications
or implementing non-standard control laws may be technically more complicated, and,
as usual, it requires additional equipment, e.g., programmable logic controllers (PLC)
or industrial personal computers (IPC). From a practical point of view, two general



6 CHAPTER 1. INTRODUCTION

Reference

command

r 2% ir Ug

v
Anti-sway Position Velocity Current Crane trolley |¢— Payload
controller controller controller controller with drive system —» dynamics
A 7y 7'y 7y
%) 7 v i

Figure 1.5.: Crane motion control scheme in fully automated cranes
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Figure 1.6.: Crane motion control scheme in cranes with operator

concepts for the control system redesign have to be emphasized:

e FEaxtension of a given motion control system with the additional objective, i.e., the
structural vibration damping,

o Full redesign of the control system by implementation of a new non-standard
control law.

The payload transfer in cranes can be provided via HMI or by a fully automated control
system. In the first case, the crane operator manually governs the load positioning
producing the corresponding reference commands while the drive is typically operated
in a velocity control mode as depicted in Fig. Reduction of motion-induced load
oscillations may be supported additionally by applying feed-forward control techniques,
e.g., pre-filter, input shaping [48, [47]. Such a control scheme does not include any anti-
sway feedback, i.e., no additional sensors are needed. Thus, in the presence of external
disturbances and system parameter variations, the process performance depends mostly
on the experience of the crane operator. In the second case, the crane is fully automated,
and the control system provides the load positioning and anti-sway control (Fig. [1.5)).
For this task, additional information on the load oscillations can be provided directly
via optical sensors (cameras), inertial measurement units (IMU) or indirectly via motor
current sensor or encoder [77, [82]. Here, applying the motor measurements for the
control is only valid when the coupling between the trolley connected to the drive
system and the payload is sufficiently high, i.e., the system in this configuration is
observable.
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In general, flexible structures are infinite-dimensional systems or distributed parameter
systems (DPS) described by partial differential equations. From a control theory point
of view, three control design strategies for DPS can be distinguished:

e Early-lumping control design
e Late-lumping control design
e Direct finite-dimensional control design

Here, due to various finite-dimensional control approaches, the early-lumping procedure
is the most commonly used. In this method, the DPS is reduced to a n-th order finite-
dimensional system, and then a control law can be obtained on its basis. The late-
lumping approach involves a derivation of an infinite-dimensional controller on the
basis of the original DPS and its posterior lumping for realization. It can be seen that
both of the procedures comprise approximation of the model or the control law. In
contrast, a direct finite-dimensional control design based on DPS eliminates the need
for any approximation. However, such a design is often applicable only for particular
cases, e.g., problems with simple geometries [76, [14].

Taking into consideration the aforementioned practical and theoretical specificities, in
the present thesis, three model-based control approaches will be proposed and evaluated
in simulation studies as well as on two laboratory gantry cranes with a flexible support
structure:

1. Linear robust control is an early-lumping control approach. It provides the exten-
sion of the conventional crane cascade control with an additional robust feedback
controller. Here, the trolley drive system is considered to be in the position control
mode such that the trolley position is a new control input. In order to attenuate
the flexible structural vibrations, the H, - loop-shaping procedure will be applied
for a controller design, and robustness margins will be evaluated in terms of the
gap metric.

2. PFC-based linear control is an early-lumping linear control approach. This ap-
proach is based on a parallel feed-forward compensator (PFC), and it can be
applied in combination with a standard position control system. It provides the
attenuation of crane structural vibrations and payload oscillations without ad-
ditional sensors or estimations applying only a PFC. This approach is restricted
for applications on the gantry cranes with sufficiently high couplings between the
trolley, load, and structure.

3. Discrepancy-based control is a direct nonlinear control approach. This method
requires the motion control system to be in the torque (current) control mode
such that the trolley force can be considered as a control input. Here, to stabilize
the overall system dynamics, a generalized error measure, called discrepancy, will
be introduced. The control law will be derived applying the associated Lyapunov
stability theory.

It has to be noticed, that parts of the results introduced in this thesis have been
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published in advance as listed in the following:

e Ievgen Golovin, Stefan Palis. Design of parallel feed-forward compensator and its
application to electromechanical system with friction load. IFAC-PapersOnlLine,
50 (1) (2017), pp. 15524-15529.

e levgen Golovin, Stefan Palis. Control-based damping of elastic gantry crane vi-

brations. IEEE-Proceedings of the 22" International Conference on Methods and
Models in Automation and Robotics, MMAR 2017 8046896, pp. 599-604.

e levgen Golovin, Stefan Palis. Robust control for active damping of elastic gantry
crane vibrations. Mechanical Systems and Signal Processing, 121 (2019), pp. 264—
278.

e levgen Golovin, Stefan Palis. Modeling and discrepancy based control of under-
actuated large gantry cranes. 215¢ IFAC World Congress (Berlin), (2020).

e levgen Golovin, Stefan Palis, Anton Maksakov. Gantry Crane Position Control

via Parallel Feed-forward Compensator. IEEE-Proceedings to 21" Mediterranean
Conference on Control and Automation, MED 2020 9182930, pp. 1045-1050.

e levgen Golovin, Anton Maksakov, Myroslav Shysh, Stefan Palis. Discrepancy-
based control for positioning of large gantry crane. Mechanical Systems and Signal
Processing, 163 (2022), 108199.

1.3. Thesis overview

This thesis consists of six Chapters that cover the concepts and ideas presented in the
introduction. Chapter [2| presents mathematical and physical models of large gantry
cranes. It begins with the mathematical modeling of the cranes with the corresponding
structural dynamics in the trolley travel direction. Subsequently, the two configurations
of the laboratory gantry crane with the associated mathematical models are introduced.
Finally, the mathematical models of the corresponding configurations are validated and
compared in the experimental study.

In Chapter [3] the linear robust feedback control for a gantry crane is presented. For
designing a control law that fulfills the performance specifications and guarantees ro-
bust stability with respect to uncertain parameters, the H,.-loop-shaping synthesis is
applied. To account for the parametric uncertainties, the normalized coprime factor
description with the associated gap metric is utilized and applied to generate a set of
the gantry crane models. The Chapter closes with the corresponding simulation and
experimental studies.

Chapter {4 introduces linear control for a gantry crane based on PFC. Here, the PFC
is designed to achieve desired zero dynamics for the augmented input-output plant.
Thereafter, the closed loop system is stabilized, applying high-gain output feedback.
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At the beginning of the Chapter, a theoretical background about the relative degree and
the zero dynamics is provided. After this, several design procedures for PFC are shown,
and one of them is applied for the gantry crane. Finally, corresponding simulation and
experimental results are presented.

In Chapter [5| the direct nonlinear control for a gantry crane is presented. For sta-
bilization of the gantry crane system dynamics, a generalized error measure, called
discrepancy, is introduced. Applying the associated stability theory with respect to
two discrepancies, derivation of the nonlinear control law based on the Lyapunov di-
rect method is shown. To obtain lacking system states, an additional state observer
is presented and validated. The Chapter closes with the corresponding simulation and
experimental studies.

Chapter [6] summarizes the results presented in the thesis and gives an outlook to future
perspectives.



2. Crane modeling

Application of model-based design techniques for a specific control task demands es-
tablishing a relatively accurate plant model, e.g., a mathematical model based on first
principles or a model identified from experimental data. Cranes are a typical example of
electromechanical systems where well-known physical laws and methods can be utilized
to derive an appropriate mathematical model.

An operational cycle of gantry cranes comprises three main phases: the hoisting of
the load, horizontal movement, and lowering. During the horizontal movement phase,
the payload should be delivered as fast as possible to the desired position without
swaying. Thus, from a control point of view, the horizontal movement stage is the
most challenging task. As stated in the previously mentioned publications [74] [83] 55],
for large cranes, such movements typically excite the natural frequencies of the crane
structure in the trolley travel direction. Therefore, these important effects should be
reflected in the dynamic model of the plant.

In this work, it is considered that the mass and stiffness of the flexible crane structure
are distributed continuously along the spatial coordinate. Subsystems of trolley, rope,
and payload contain rigid bodies within their particular parts. The analytical gantry
crane model can be derived applying the extended Hamilton’s principle, resulting in
a system with hybrid coordinates described by a set of partial differential equations
(PDE) and ordinary differential equations (ODE).

In order to apply the early-lumping control approaches, the infinite-dimensional model
subsystem has to be approximated as a finite-dimensional model of n-th order, e.g., us-
ing the finite difference method (FDM) or finite element method (FEM). The resulting
approximated models are usually of high order and application of control approaches
for such systems yields the high-order controllers. To overcome this, an additional ap-
plication of model order reduction approaches for the model or the controller is needed.
Here, the modal truncation approach is applied for the order reduction of the plant
model, resulting in a low-order crane model.

In this thesis, two configurations of laboratory gantry cranes are investigated.
1. Simplified gantry crane configuration (Fig. left).

e The trolley is assumed to be in the position control mode, such that the
reference position is a control input for outer damping control loops.

e The trolley motor is equipped with a high-ratio reduction gear resulting
in non-back-drivability of the trolley mechanism [24]. Therefore, the cor-

10
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with drive “| Structure with drive . PN

system system < St ruekure

Figure 2.1.: Interaction schemes of the simplified (left) and the full (right) configura-
tions of laboratory cranes

responding influence of the payload and structure on the trolley can be
neglected.

e As the frequencies range of the payload and structural oscillations are differ-
ent, the couplings between them can also be neglected. Assuming that the
payload dynamics can be stabilized by an optimized reference trajectory or
a competent operator, it is neglected for this configuration, and the focus is
on the crane structural dynamics.

2. Full gantry crane configuration (Fig. right).

e The trolley is assumed to be in the current control mode, such that the
trolley linear force can be considered as a control input.

e Internal couplings of the system are sufficiently strong and all system parts
have to be taken into account.

In the following, mathematical and physical models of gantry cranes with structural
dynamics are presented. At first, analytical model derivation and simplifications for a
gantry crane are shown [38]. Then, the simplified and the full configurations of gantry
laboratory crane with corresponding mathematical models are introduced. After this,
the associated mathematical models are validated in the experimental study.

2.1. Mathematical modeling

2.1.1. Hamilton’s principle

Hamilton’s principle is one of the most famous variational principles of analytical me-
chanics that can be utilized to derive the governing equations of motion for finite and
infinite-dimensional systems. This integral principle can be directly derived from the
more general Lagrange-d’Alembert’s variational principle [51l [18]. The advantages of
using this method to derive equations of motion are:

e operation with scalar energy quantities of the system,

e natural boundary conditions for resulting PDEs are obtained automatically.
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Hamilton’s principle states that under the arbitrary variations d(-) that vanish at points
of time ¢; and t9, i.e., 0(t1) = d(t2) = 0, the actual motion of the system is determined
by the following integral equation

to
/ (6T — 6U + 6W)dt = 0, (2.1)

t1

where T(t) is the kinetic energy, U(¢) is the potential energy, W(¢) is the virtual work
done by non-conservative forces, § represents the variational operator, ¢; and ¢ are
initial and final points of time.

In the following, 1-dimensional flexible problem for a system with hybrid coordinates is
considered. Here, © is a spatial domain filling a place of undeformed flexible bodies, the
vector of generalized coordinates ¢ = [q1(t) q2(t) . .. gm(t)]T is related to motion of rigid
bodies and the vector of distributed coordinates v = [v1(x,t) va(x,1)...vn(x,t)]T is
related to the motion of elastic bodies that depend on position x of undeformed bodies.
The kinetic and potential energies in this hybrid coordinates can be written as follows:

g (0 ovta) (o

T = szsc<at7 ot +/®szst ot dX7 (22)
ov 0%v

U = Udisc(Qay(Xbc)) +/@Udi5t<y,8x’a){2> dX? (23)

where Ug;s. and Tg;s. are energies terms that are functions of the discrete and bound-
ary coordinates or their derivatives with respect to time, Uy, and Tyt are energies
integrands related to distributed coordinates, x;. represents spatial positions on the
domain boundaries.

The virtual work done by non-conservative forces can be expressed as
SW = FL g+ / Fl ovdx, (2.4)
©

where Fi;s. is the vector of generalized non-conservative forces associated with ¢, Fy;s
is the density vector of generalized non-conservative forces associated with v, and dq
and dv are the corresponding virtual displacements.

Applying the principle (2.1)) for such a system will result in a set of n PDEs of motion,
a set of m ODEs of motion, and a set of the natural boundary conditions.

2.1.2. Model derivation

As discussed previously, the focus of this work is elastic vibrations of a large gantry
crane in the travel direction of the trolley. Hence, for convenience, it is assumed that
the crane frame structure comprises two supported columns that have limited lateral
stiffness and a rigid in flexure upper horizontal beam. Applying the symmetry property
for the frame structure, the problem can be reduced, and only one half of the structure
is taken into consideration.



CHAPTER 2. CRANE MODELING 13

X
%)
—_—
: F(t)
mt i — mC
L] 1 < |
i JAN
| 7777777
l
P()
m, g
0 yw

777777 >

Figure 2.2.: Gantry crane motion scheme

In Fig. the schematic motion diagram of the gantry crane with flexible structural
dynamics is depicted. Here, z(t) is the trolley displacement, ¢(t) is the sway angle which
is defined in the range (—m/2,7/2), w(x,t) is the displacement of the crane structure
in horizontal direction depending on both position x and time ¢, Fy(t) is the external
force applied to the trolley, F, is the friction force of the trolley with a drive system,
my is the mass of the crane trolley, m,, is the mass of the payload, m,. is the mass
of the crane girder, [ is the rope length, L is the length of the crane legs. The mass
density ¢ and bending stiffness EZ are homogeneously distributed along the spatial
coordinate of column x, where F is Young’s modulus and Z is the moment of inertia
of a cross-sectional area. Buckling effects, shear deformation, and rotary inertia of the
structure can be neglected. The trolley and the payload are assumed to be connected
by a massless rigid rope with constant length, i.e., the hoisting process is neglected.
The moment of inertia of the payload can also be neglected.

The gantry crane is considered as a hybrid coordinate system where the vector of
generalized coordinates expressing motions of rigid bodies can be chosen as follows:

¢ = [(t) p@)]", (2.5)

while the distributed coordinate expressing the elastic motion of the column is defined
as

v = wx,t). (2.6)

For shorter notation, the partial derivatives with respect to time will be further denoted
as

dw(x, t)

5 = w1, (2.7)
and the partial derivative with respect to spatial coordinate as

0 t

Owit) s t). (2.8)

ox
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The position vectors of discrete rigid bodies of the crane girder r., trolley r and payload
rp can be defined as follows:

re = :w(OL)], (2.9)
re = :w(L()ﬁz}, (2.10)
S -w(L)_‘f‘lso-;iSingp] 7 (2.11)

where w(L) is a compact representation for w(L,t).

Then, the velocity vectors can be calculated as

o = _wE)L)} , (2.12)
- :“’(L())“], (2.13)
. [w(L)+ 2+ pleosep

Tp = plsin } ) (2.19)

According to (2.2 the kinetic energy of the gantry crane can be represented as follows:

L .7 L .7 1 T R
T = omery Te + smery ¢ + smpr, 7p + / ow” dx,
2 2 2 2 Jo
1 . . . 2 1. 2
=5 [(W(L) + 2 + ¢lcos ) + (Plsinp)?]
1 2 1 2 [N
0

where the last summand represents the kinetic energy of the distributed coordinate.

The potential energy of the gantry crane with accordance to (2.3)) can be formulated
as follows:

1 (L
U = —myglcosp + 2/ EZ(w")?dx. (2.16)
0
The virtual work done by non-conservative forces can be written as
L
OW = (Fy — Fyy) 52—/ cw dw dx, (2.17)
0

where the last term represents the energy dissipation in the flexible column with ¢ as
the linear structural damping coefficient.

Substituting the system kinetic , potential (2.16)) energies and the virtual work
into the extended Hamilton’s principle , performing corresponding varia-
tions, applying integration by parts with respect to ¢ and x, and taking into considera-
tion the geometrical boundary conditions w(0,t) = w'(0,¢) = 0, the following equation
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is obtained

to L to
0 = — / / [gw+EIw””+cw] swdxdt — / [EIw”(L)} ow'(L)dt
t1 0

t1

to
- / [mgﬂ)(L) + mgZ + mylp cos o — mylp? sin g — EIw”’(L)] ow(L)dt
t1

to
- / [msﬂ}(L) +mgE + mplg cos o — mylp®sinp — F + Ffr} 0zdt
t1

to
mpl/ [l¢+w(L) cosp + Zcosp + gsinp|dpdt, (2.18)
t1

where my, = my, + my + m., ms = m;, + my, and time dependence has been omitted,

ie, w(0,t) = w(0). Calculation of variations for gantry crane model derivation is
represented in Appendix [A] in more details.

From (2.18) can be seen that for arbitrary variations, the equation holds only if the
integrands vanish. Therefore, the governing equations of motion of the gantry crane
with the structural dynamics yield

o+ ETw" +cv = 0, (2.19)

w(0) =w'(0) =w"(L) = 0, (2.20)

mxi(L) +mgsz 4+ mplg cos o — mplp® sing — EZw” (L) = 0, (2.21)
ms(L) + msz +myl@cos o — mplp?sing — F,+ Fp, = 0, (2.22)
lp+w(L)cosp+ Zcosp+gsing = 0, (2.23)

where PDE ([2.19)) corresponds to the flexible structural dynamics with energy dissipa-
tion, represents two geometrical boundary conditions for w(0) and one natural
boundary condition for w(L), corresponds to the motion of girder and loading
condition for the structure in w(L), represents the motion of the trolley under
applied external actuator force Fy and friction force F,, is associated with the
payload motion. It should be mentioned that the resulting model is fully coupled.

From this Section and Appendix [A]it can be seen that the application of this analytical
approach, even for a simple geometry problem, requires lengthy mathematical devel-
opments and manipulations. Therefore, for more complex problems, the utilization of
numerical-based methods is reasonable as presented in Appendix

The above derived gantry crane model will be used for the direct control design. In order
to apply the early-lumping linear control approaches, this model should be simplified,
as will be discussed in the following.

2.1.3. Model linearization

The gantry crane model comprises the linear PDE ([2.19) with its boundary conditions
(2.20)) and the system of ODEs (2.21)), (2.22]) and (2.23|) that contain trigonometric



16 CHAPTER 2. CRANE MODELING

nonlinearities due to payload motion. Furthermore, (2.22)) includes the friction force
Fy, as an additional input (Section [2.1.6)).

For a gantry crane, the equilibrium state of interest is ¢ = 0. Taking into consideration
that the angles ¢ during the crane operation are small, the model can be linearized as
follows:

ot + ETw" + civ =

w(0) = w'(0) = w”(L)

myw (L) +mgZ + mylp — EZw" (L)
msw(L) +mgZ 4+ mplp — Fy + Fy,
Ip4+w(L)+24+gp =

Il
o O O o O
~ o~ —~ —~
[N}
[\
D
o — T D

2.1.4. Model discretization

In this work, to approximate the infinite-dimensional crane model, the method of lines
is applied [89]. It provides a discretization of spatial derivatives only, yielding a set of
high dimensional ODEs.

The spatial coordinate x of the continuous function w(x, t) is discretized with an equidis-
tant grid of n nodes. Here, x; is a grid point, where i € [1, ..., n]. The spatial derivatives
can be approximated point-wise via finite FDM applying the following central difference

schemes
dw(x,t) —W;—1 + Wit1
—_— N — 2.29
ox 2h ’ ( )
X=X;
H? w(x t) Wi—1 — 2w; + Wiy1
- 7 ~ 2.30
X=X;
D3 w(x,t) w2+ 2w — 2Wi1 + Wi (2.31)
ox3 2h3 ’ '
X=X;
o4 w(x, t) L Wi—2— dw;—1 + 6w; — dwi41 + wito (2 32)
Oxt B ht ’ '

where h = x;11 — x; is the distance between two grid points, w; = w(x;,t) is the value
of w at grid node i. The truncation error of the scheme is of the second order.

Applying the FDM to PDE ([2.24) yields

. ET €.
W; = W [wi,Q —4dw;—1 + 6w; — dwiy1 + wig2| — Ewi' (2.33)

In Fig. the FDM discretization scheme of the crane flexible structure is depicted.
Here, it can be seen that for approximation of spatial derivative w]” at point x; the
displacements from w;_s to w;+2 have to be known. Approximation of the derivatives at
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points close to the boundaries, e.g., x1, xr—1 and xy,, is usually derived using so-called
displacements in virtual points (Fig. red points), i.e., w_1, wr+1, and wry2, that
can be obtained from the given boundary conditions.

X-1 Xo X1 X3 Xi XL XL+2

Figure 2.3.: Disretization scheme via FDM

The geometrical boundary conditions that restrict the displacement at point xq yield

wg = 0, (2.34)
/ W—-1 — W1
Wy o 0 (2.35)

From (2.35)) the displacement in the virtual point x_; follows
w-1 = wWp. (2.36)

Applying these geometrical boundary conditions results in the following approximation
of PDE at points x; and xo

ET

b= [7w1 — duwy + wg} - gwl , (2.37)
ET

Wy = —7 [ —4dw; + 6wy — dws + w4} " (2.38)
oht 0

The boundary condition w] = 0 can be discretized as follows:

-2
wy = 2 2";”“1:0, (2.39)

and, hence, the displacement for the virtual point x;4; can be derived as

wr+1 = 2wL—wL_1. (2.40)
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Then, substituting (2.40)) in the discretized PDE results in an approximation at the
point x7,_1

. ET c.
W, = — {wL,g —4wp o +dwr—1 — 2wL] — —Wr-1. (2.41)
oh? 0

The crane flexible structure subsystem is coupled with trolley and payload subsystems
via loading condition (2.26|) at point x;, which can be discretized as follows:

—wWy,— 2wyp_1 — 2
Mz + meE + mplp — BT L2 T 2L i Wie FWEkr g 49)

From this condition the displacement value at the virtual point xy o follows

h3

WLtz = pr [mzﬂ'}L + mgZ + mplgb} +wp_9 —2wr_1+ 2w
h3
- = [mzm g+ mngb} Vbwpy—dwp_y 4wy (2.43)

Here, taking into account displacements at the virtual points xp41 (2.40) and x749
(2.43)), the crane acceleration at point xz, according to PDE ([2.33)) yields

b oh ( E1 [2 dwp 4 +2 ]
= — wy,_9 — 4wy _ w
wr, oh + 2y oht L—2 L—1 L
2 c
—— zZ l"] — - ) . 2.44
o [msz—kmp %) ng ( )

High-dimensional state-space model

Equations and show that the trolley and payload subsystems are coupled
with the structure subsystem via acceleration of the girder wy described by .
These equations are an implicit system of ODEs. Solving this system with respect to
the highest derivatives, the following system of ODEs is obtained

ET c . m
Z = bb—y [QwL—2 — 4wy 1+ 2wL} + by—wr, + gJ‘P
oh 0 my
+(1+ 2 ) (B - Fy,) (2.45)
my  2me + oh t r)o '
. gm 1
Y = - lmj 2 m(Ft - Ffr) ) (2-46)
. ET c .
W = —by— [2U)L72 — 4wy 1 + 2U)L] —by—up
oh 0
2
—b—(F—F ) 9.47
bgh t fr ( )
where
h
b, = —2 (2.48)

oh +2m.’
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Then, taking into account the approximations ([2.33)), (2.37), (2.38), (2.41)), (2.47), and
introducing the vector of displacements w = [w1,...,wr]’ € R™ and vector of inputs
u=[F, F fT]T € R?, the discretized PDE ([2.33) can be represented in matrix form as
follows:

w = —Sw— Rw— Bu, (2.49)

where stiffness matrix S € R™*"™, damping matrix R € R™*", and input matrix By €
R™*2 are obtained as

7 -4 1 0 0 0 0 O 0 0
-4 6 -4 1 0 0 0 O 0 0
1 -4 6 -4 1 0 0 O 0 0
0 1 -4 6 -4 0 0 O 0 0
g - EZ1o 0o 1 -4 6 00 0 0 0, (250
oht | . . . . ) . ’ '
0o 0 0O 0 0 1 -4 6 -4 1
0O 0 0 0 O 0o 1 -4 5 -2
L0 0 0 0 O 0 0 2b, —4by, 2by]
[ 1 0 0 0]
0 1 0 0 O
c |0 1 0 O
R = ¢ : (2.51)
o (. = : :
0 0 O 1 0
|0 0 0 0 by
Bo_ 2[00 0 0 b]" 0 50
L7 0h|0 0 - 0 0 —by| ° (2:52)
Defining the additional velocity vector v = i = [v1,...,v.]T € R™ and the state vector
r = [wy,...,wp,v1,...,vr]7 € R?", the subsystem of crane flexible structure can be
represented in state-space form as:
T = Adl' + Bdu (2.53)

_ {_?g _;]H[_gju,

where Ay € R?"*2" ig the system matrix and By € R?*? is the input matrix of the
flexible structure subsystem.

From ([2.45)) it can be seen that the acceleration of trolley Z comprises the acceleration
of girder wy, with the opposite sign. Thus, the output equation of the flexible structure
subsystem with the output of interest y = —wy, that acts on the trolley plant subsystem
can be formulated as follows:

= [Se Re] T+ Bl,e“v



20 CHAPTER 2. CRANE MODELING

where C; € RY?2" is the output matrix, Dy € R'*2 is the feedthrough matrix, S, € R”,
R, € R", and By, € R? are last rows of the matrices S, R, and B; respectively.

Thereafter, taking into account the state-space subsystem of the crane structural dy-
namics (2.53)), (2.54), the system of ODEs ([2.45)), (2.46)), (2.47) and introducing the

state vector of the overall system x, = [w1,...,wp,v1,...,0L, 2, %, @, ¢|T € R+
yields
Ty = Aoxo+ Bou,
A; 0 0 0 0 By
0O 0 1 0 0 0
= C; 0 0 ]ﬁpl 0| o+ |kp1 + Dyg| u, (2.55)
0O 0 0 0 1 0
0 0 0 kg O ks

where A, € REnHt9x(n+4) js the corresponding system matrix, B, € RZH4x2 ig
the input matrix, ko1 = gmy/my, kga = gms/lmy, kp1 = [1/my, 1/my], and kpp =
[1/lmt, 1/lmt]

From it can be seen that 2n + 4-th order of the flexible structure subsystem
depends directly on the number of grid elements chosen for the approximation. From a
numerical point of view, the accuracy of such approximation depends on the discretiza-
tion scheme and the number of nodes n. Consequently, for a large number of nodes, this
results in high-dimensional models with higher accuracy. However, for early-lumping
control approaches lower order models are preferable.

Rayleigh damping model

Equation shows that material and air induced dissipation is performed only by
the density (mass) proportional component c. Such a dependency typically results in
under-damping effects for high-frequency modes. In order to overcome these issues, the
structural dissipation can be represented by Rayleigh damping model [99]. Here, the
damping matrix is expressed as the following linear combination

R=al + S, (2.56)

where o and [ are the mass-proportional and stiffness-proportional coefficients respec-
tively, and [ is identity matrix. These damping parameters can be calculated using the

following equation
« 2wiwj wj  —Wwj |:fz:|
= , 2.57
M wi — wf [_wl] J] 3 257

where w; and wj, & and &; are the frequencies and damping ratios of two system modes
of interest.

In this work, the proposed damping model has been utilized for the structural subsystem

(2.53), (2.54) replacing the damping matrix R (2.51) with (2.56)). The corresponding

damping coefficients a and  have been obtained from experimental data.
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2.1.5. Model order reduction

The approximation of infinite-dimensional systems using a numerical discretization pro-
cedure usually leads to very high-order finite-dimensional systems. Most control design
procedures for such systems generate controllers of at least the same order, resulting
in problems during practical implementation. From a control theory point of view, the
plant model or the designed controller should be, thus, reduced to some appropriate
order. There are a number of methods for order reduction that can be applied to finite-
dimensional systems. Many of them are based on a truncation procedure of state-space
models in some specific forms, e.g., modal or balanced [96, 10} [65]. In this work, the
modal truncation approach is applied to approximate a flexible structure subsystem of
the crane.

The modal truncation approach is based on a modal representation form of a state-
space model. Consider a linear time-invariant system of high-order n, which is described
by the model
& = Azxz+ Bu, (2.58)
y = Cz+ Du, (2.59)

where system matrix A has only complex conjugate eigenvalues. Then, using the simi-
larity transformation, this matrix can be represented in a block diagonal form as follows:

M 0O - 0
PR N 0 Ao 0
A=T'AT = | o, (2.60)
0 0 0 M\,
where
o o
Ai = { y Adf] s waa| <lwgel < < wanl- (2.61)
Wd,i a;

Here, the matrix T comprises the eigenvectors of matrix A and \; = 0; + jwg,; are the
eigenvalues of matrix A.

Transforming the state-space model into its modal form results in
Z = AZ+ Bu, (2.62)
= C7+ Du, (2.63)

where

A=T'AT, B=T"'B,C=CT, D=D.
Here, the state vector Z can be divided into two parts [Z1, 2|7 such that the vector
77 the eigenmodes that should be retained and Zo the modes that can be neglected.

Therefore, model (2.62)), (2.63)) can be rewritten as follows:
- o2
xro €2

0 2.64
0 i, By (2.64)
_ A11% LB
y = |G O [%%Du. (2.65)
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Applying the truncation procedure to the system part corresponding to Zo yields an

approximation of (2.58]), (2.59) as
i/.U\l = E@]—l—ﬁlu, (2.66)
y = Cia1+ Du, (2.67)

with the following equivalent transfer function
Pi(s)=Cy(sI — A))"'B, + D, (2.68)
and corresponding additive H, error norm
IP(s) = Pi(s)ll = ||CalsT = A2)'Ba (2.69)

It can be seen that the residual in depends on the input-output relation of the
neglected modes, i.e., Eg and 62, as well as on their damping. The main advantage
of modal truncation is that the eigenvalues of the low-order model are a subset of the
eigenvalues of the high-order model and, thus, physical interpretation is preserved [96].

An essential difficulty of the application of this method is the choice of dominant and
non-dominant modes. The number of eigenmodes that should be retained in the model
after truncation depends always on the specific case of application. Typically, it can be
motivated analyzing the system in the frequency domain.

Low-order crane model

In order to obtain a low-order gantry crane model, which can be used for the control
design, the discussed modal truncation procedure can be applied. Choosing the number
of retained modes n, the crane structural subsystem , with redesigned
Rayleigh damping matrix R can be represented in block diagonal form and truncated to
order 2n,.. Thus, the reduced crane model with the state vector x, = [T1, 2, 2, o, 9| €
R +4) can be represented as follows:

T, = Az, + Bru,
AL 0 0 0 0 B
0 0 1 0 0 0
= 61 0 0 ]ﬁpl o zr + kFl + ﬁ Uy (270)
0 0 0 0 1 0
0 0 0 kp O ks

where A, € REwr+49)x(2nr+4) g the system matrix and B, € R +9%2 ig the input
matrix of reduced order model.

2.1.6. Friction model

Modeling friction forces for a concrete system is generally a non-trivial task because
of the limited understanding of the friction phenomenon. It often results in the high
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uncertainties of a plant model. From a control perspective, the friction may cause some
undesirable effects in closed loop system dynamics, e.g., poor control performance, limit
cycles, and steady-state errors [67]. Many works are dedicated to studying this natu-
ral phenomenon in mechanical systems with a focus on control purposes. Here, many
static models, e.g., Coulomb, Karnopp, Armstrong models, etc., as well as dynamic
models, e.g., Dahl, LuGre, elastoplastic models, etc., have been proposed for modeling,
identification, and control of systems with friction [3] [68], [85], 73], 88, 49]. If a friction
model of some specific system is known, it can be used for a corresponding model-based
friction force compensation. The more accurate the model, the better the friction can
be eliminated from the system dynamics.

For most electromechanical systems the static friction models can be applied. Here,
a number of friction effects may appear, e.g., static, kinetic (Coulomb), viscous, and
Stribeck effects. There exist many different models that combine these friction effects
[3]. A frequently used model [67] is:

Fpp = (Fy — Foo) e /0% sgn(2) 4 Flpsgn(2) + Fyiz, (2.71)

where Fy; is the static friction force, which should be overcome by the motor in order to
set the trolley in motion, by, is the empirical parameter characterizing Stribeck effect,
F,, is the Coulomb friction force, and F},; is the viscous dissipation force.

In order to overcome numerical issues, the discontinuous function sgn(Z) is replaced by
continuous function tanh(ky,2), where k¢, is a tuning parameter for slope changing of
the trigonometric function in the region of zero. Then, the friction force of the trolley
with electric drive is:

Fpp = (Fy — Fop) e/ tanh(kp, 2) + Fp tanh(kp2) 4 Fiiz . (2.72)

2.2. Simplified configuration of laboratory crane model

2.2.1. Experimental setup

In this work, the proposed control systems are validated on a self-built scaled model of a
gantry crane (Fig. [2.4)). In order to reflect the flexible system properties of large gantry
cranes, the supporting legs of thin plate material have been selected. This yields a limit
stiffness and, therefore, the oscillating dynamic behavior of the structure in the trolley
direction. As has been mentioned, two experimental configurations of gantry crane
with structural dynamics are considered: simplified and full laboratory gantry crane
configurations. The main difference between them is that in the simplified configuration
the focus is only on the dynamics of the crane structure, while the payload dynamics
is neglected. In order to reflect the loading effects an additional mass has been rigidly
mounted on the top of the trolley.

The structural scheme of the simplified experimental configuration is represented in
Fig. The crane model comprises a trolley that travels over a girder and flexible
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Figure 2.4.: CAD Model and photo of the laboratory gantry crane model

supporting legs that are locked from the bottom. The crane trolley is actuated utilizing
a direct current (DC) motor with an epicyclic reduction gear connected with a tooth-
belt drive that is assembled on the girder. In order to perform the angular velocity
and position measurements, an incremental encoder with 64 counts per revolution is
mounted on the opposite side of the shaft. The drive is equipped with a current sensor
INA219. For the girder oscillations measurements, an additional IMU, MinIMU-9, is
installed on the top of the crane girder. It provides the direct measurement of the
girder acceleration wp. The DC motor is controlled by the motor driver VNH5019,
which is supplied with 12V DC voltage. All control algorithms with corresponding
signal processing are implemented on Arduino Mega 2560 micro-controller. In order to
avoid bias effects and measurement noise in the measured acceleration wy,, an additional
Butterworth band-pass filter is used.

2.2.2. Drive mechanism

In Fig. a mechanical scheme of the presented crane drive configuration is depicted.
Here, the crane trolley is connected with the motor via the tooth-belt and reduction
gear. The gear ratio can be calculated as follows:

hy = L = “m (2.73)

Tm Wqg

where 7, and wy, are torque and velocity on the motor shaft, 7, and w, are torque and
velocity on the gear shaft.

According to Fig. the linear forces and the trolley mass augmented by the motor
inertia are obtained as follows:

Fy = kgrymm, (2.74)
kgTr Tfrm T Ff,a’t R (2.75)

:’}j
I

2
my = My + T—2k§ Jm . (276)
s
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Figure 2.5.: Simplified experimental configuration of laboratory gantry crane
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Figure 2.6.: Crane drive scheme for the simplified experimental configuration

2.2.3. Drive control

In this configuration, the gear ratio amounts to k;, = 19 making it non-back-drivable
from the trolley side. Here, it is assumed that the position-controlled DC drive accom-
plishes the trolley movement along the linear girder axis so that the trolley position
can be considered as a control effort for further damping control. In the following, the
conventional drive control system is presented.

Conventional cascade control of trolley drive system

Cascade control with PI controllers for drive control is a quasi-standard because of its
simplicity and good disturbance rejection [91} [92]. Moreover, due to cascade control it
can be assumed that the electromotive and friction effects are compensated in inner
control loops so that they can be neglected. In Fig. a typical cascade control scheme
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is depicted. It comprises the following control loops: inner current (torque) control loop
Gi(s), velocity control loop G (s), and outer position control loop G,(s). Here, the
transfer function of the electrical subsystem from the voltage input of the rectifier to
the motor current P;(s) is given as follows:

P(s) — i(s) 1 1/R,
! o ug(s)  Tus+1 Tps+17

(2.77)

where T, is the time constant of the rectifier, R, is the resistance of the electrical part
of the motor, T, is the time constant of the electrical part of the motor (7, >> T),).

The transfer functions of the mechanical subsystems from the motor current to the
trolley velocity P,(s) and from the trolley velocity to the trolley position P,(s) follow

P,(s) = 7:((‘3 = 7:’”8, (2.78)
Pos) = Z(‘;’; _ é (2.79)

where k,, is the coefficient which transfers the motor current to a linear force applied
to the trolley mass my.

For the current and velocity control loops PI controllers C;(s) and C,(s) are used. The
outer position loop is more often controlled by a P controller C,(s). The controller
parameter tuning is obtained step by step. At first, the parameters of the fastest in-
ner PI controller C;(s) for the subsystem plant P;(s) are tuned. Here, to adjust the
parameters the magnitude (modulus) optimum is typically applied [91]. The idea of
this procedure is to compensate the biggest time constant in the loop T, by choosing
the appropriate integral time constant and to tune the gain for fast reference tracking.
Then, the parameters of the velocity PI controller C,(s) for the augmented velocity
plant G;(s)P,(s) are tuned. For the tuning of this loop the magnitude (modulus) or
symmetric optimum can be used. At last, the gain of the position P controller C,(s)
for the augmented G,(s)P,(s) is optimized.

Ua(s) i i(s)

Figure 2.7.: Gantry crane position control scheme
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Trolley position control

In this work, the coefficients of the current and velocity control loops are adjusted
according to the magnitude optimum. The position controller gain has been tuned in
order to get transients of the position responses without overshoots.

In Fig. transients of the crane trolley in the position control mode are presented.
Here, the trolley reaches the reference position z..f = 200 mm (red) after about 2
seconds. A small undershoot of about 1 % in position transient can be seen, which is
caused by the Coulomb friction effects. The peak of the current value is 1.5 A, which
is 50 % of the limitation current value ¢,,,, = 3 A.
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Figure 2.8.: Experimental time responses of drive system in the position control mode
(blue) applying a position reference signal (gray)

2.3. Full configuration of laboratory crane model

2.3.1. Experimental setup

The structural scheme of the full experimental configuration is represented in Fig. [2.9
Here, the gantry crane model consists of the crane construction with a limited stiffness
(Fig. [2.4)), the trolley that moves along the linear axis, and a hanging payload.

The crane trolley is driven via a tooth-belt drive by the Maxon 118888 electronically
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Figure 2.9.: Full experimental configuration of laboratory gantry crane

commutated (EC) motor without additional reduction gear. The motor is equipped with
a current sensor, Hall-sensor, and incremental encoder with 2000 counts per revolution
to measure the current, the rotation angle, and the angular velocity. The oscillations
measurements of crane girder and payload are provided by accelerometers from addi-
tional IMUs, i.e., IMU 1 - MinIMU-9 and IMU 2 - MPU-9250/6500 as depicted in
Fig. The IMUs are connected via I2C-interface with an Arduino Mega 2560 micro-
controller, where these signals are processed and filtered. The motor is controlled by the
MAXPOS 50/5 control device. This device can be flexibly parametrized via EtherCAT
network using a Beckhoff TwinCAT real-time PC-based controller. Here, all control al-
gorithms can be implemented in MATLAB Simulink environment and can be exported
in TwinCAT via Simulink Coder. MAXPOS controller provides the field-oriented cur-
rent control of the EC motor.

2.3.2. Drive configuration

In Fig. the mechanical scheme of the crane drive for the full configuration is
presented. In this case, the crane trolley is connected with the motor directly via the
tooth-belt mechanism. For this configuration, the resulting forces and the trolley mass
augmented by the motor inertia are given as

Ft = TrTm, (280)
Ffr = TrTfr,m‘i‘Ffr,ta (2.81)

2
my = Mgt + 7"72 Jm, (282)

r
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where 7, is a pulley radius, 7¢;,, is a motor friction torque component, Fy, ; is a trolley
friction force component, m;; is a trolley mass and J,, is a motor inertia.

Fe v
Motor Pulley
—
wm
”””””””” mt't
I Tr A fr ®r’"
Tm Tfr,m

Figure 2.10.: Crane drive scheme for the full configuration

2.3.3. Drive control
Motor current control

The combination of MAXON EC motor with its native MAXPOS controller provides
an embedded parameterizable drive control system. Depending on the application case,
the drive can be operated in different modes, e.g., field-oriented current control, velocity,
or position control. In this configuration, the motor is assumed to be operated in the
current control mode. Here, as the controlled current is proportional to the motor torque
and, hence, the linear force of the trolley, the latter can be considered as a control effort.

In Fig. the reference tracking of the current control loop (blue) using different
reference signals are presented. Here, dynamics of the current control loop is typically
much faster compared to the mechanical processes. Therefore, it can be neglected for
a further active damping control design.
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Figure 2.11.: Experimental time responses of motor torque in torque control mode
(blue) applying reference signal (red)
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2.4. Model validation

2.4.1. Structural dynamics of laboratory gantry crane

The essential challenge for the early-lumping linear control design is the choice of the
reduced model order. In order to motivate an appropriate order reduction, the flexible
structural dynamics should be analyzed in the frequency domain. For this reason, an
additional simulation and experimental study are considered. Here, a sinusoidal sweep
signal of small amplitude and frequency range 0.5 Hz—50 Hz (3.14 rad/s—314 rad/s)
has been applied as the input signal on the laboratory crane without a payload. In this
study, the configuration with the EC Motor in current control mode is considered.
From the obtained input-output signals, i.e., motor torque 7, and girder acceleration
wy, respectively, a transfer function of 16-th order has been estimated and compared
with the analytically derived model from Section

In Fig. the Bode magnitude plots of the identified transfer function and math-
ematical model are presented. In the considered frequency range two pole pairs that
correspond to the eigenfrequencies of the mechanical structure can be observed, i.e.,
the first eigenfrequency f1 = 1.6 Hz (w; = 10.24 rad/s) and the second eigenfrequency
fo =21 Hz (wy = 130.3 rad/s). From the results, a good match between both models
can be seen. The present differences are a result of nonlinearities and measurement
noise. In Fig. the corresponding eigenforms for the two frequencies obtained from
additional FEM study are depicted.

This study shows that these two eigenfrequencies have a significant contribution to the
structural dynamics in the frequency range of 0.5 Hz — 50 Hz. However, it should be
mentioned that the second eigenfrequency fo = 21 Hz is relatively high compared to
the gantry crane dynamics with the payload. In addition, experimental data, e.g., real
gantry crane vibrations presented in Fig. and Fig. as well as laboratory gantry
crane experiments, shows that during regular crane operation, this frequency is not
excited. Therefore, for the early-lumping linear control design, it is assumed that only
the first system eigenmode with eigenfrequency f; = 1.6 rad/s can be influenced, and,
thus, a second-order model approximation n, = 2 is reasonable.

It should also be mentioned that during the work, various system parameters for differ-
ent experimental configurations, e.g., L crane legs length, £/ Young’s modulus, and m,,
payload mass, were different, resulting in corresponding variation of the eigenfrequen-
cies. However, the motivation for the model simplification mentioned above remains
the same.

2.4.2. Model of simplified crane configuration

In this Section, the mathematical model of the simplified crane configuration is com-
pared and validated against the experimental data. In the first step, the position control
loop of the trolley with electric drive, which has been described in Section is vali-
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Figure 2.12.: The Bode magnitude plots of the identified transfer function from exper-
iment (red) and model (blue)

Figure 2.13.: Eigenforms of the 1-st frequency f; = 1.6 Hz (left) and 2-nd frequency
fo =21 Hz (right)

dated and simplified. Then, the overall crane model of the experimental configuration
is validated. The model parameters are summarized in Tab. [C.I] of Appendix [C]

Controlled electric drive

In order to validate the mathematical model of the electric drive against the data from
the laboratory crane, tracking of the position in the corresponding control mode has
been studied. For this reason, a step change of the reference position to z..y = 200 mm
is considered. Simulation and experimental results are depicted in Fig. Here, the
trolley reaches the desired position after about 2 sec without any overshoot. It can
be seen that the linear model of the trolley drive in position control mode reflects
the dynamics of the experimental data, and the position time response resembles the
dynamics of a linear first-order system. The mismatches of the control voltage and the
motor current are caused by neglected friction forces. However, as aforementioned, these
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Figure 2.14.: Simulated (blue) and experimental (red) time responses of the trolley
positioning applying a reference trajectory (gray)

effects are compensated in the inner current loop and have no impact on the position
steady-state. As the peak of the current is around 50 % of the limitation current value
of imaz = 3 A, it can be considered that the system is operated in the linear region.
Hence, for convenience, for the further control design, it is assumed that the closed loop
system G,(s) can be approximated as a simple first-order system

z(s) 1

_ , 2.83
Zref(s)  T.s+1 ( )

G.(s) =

where T, is the time constant which can be directly identified from the time responses.

Overall plant model

The structural dynamics of this simplified crane configuration can be obtained accord-
ing to the system of equations (2.19)), (2.20)), (2.21)), (2.22]) and (2.23)) as follows:

ot + ETw" + v = 0, (2.84)
w(0) = w'(0) =w"(L) = 0, (2.85)
ms(L) + F; — ETw”(L) = 0. (2.86)
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The low order transfer function from the trolley force to the girder acceleration P;(s)
can be obtained according to Section [2.1

Then, the overall plant model P,(s), which represents the gantry crane motion with
structural dynamics for the simplified system configuration, is represented in Fig.
Here, the trolley drive system is in position control mode, and the trolley acceleration
force F} excite the elastic crane vibrations. This force is derived using the approximated
second derivative with the low pass filter, where T is the associated filter constant.
The output of interest for the control design is the acceleration of girder point w;, and
the control input is the reference position 2.

Zre f

Figure 2.15.: Crane plant augmented by the trolley position control

Simulation and experimental results of trolley positioning and flexible crane dynamics
are presented in Fig. As can be seen, the crane model reflects the dynamics of
the laboratory model with small mismatches due to nonlinearities of real flexible legs.
The trolley motion during this experiment excites the first system eigenmode with
eigenfrequency f1 = 0.93Hz (w1 = 5.87 rad/s).

2.4.3. Model of full crane configuration

In this Section, the mathematical model of the full crane configuration is compared and
validated against the experimental data. For this experimental configuration, the system
couplings between the trolley, payload, and structure have to be taken into account.
The fully coupled gantry model is presented in Section 2.1} There, it has been assumed
that the payload is coupled with the trolley via a massless rigid rope. However, in the
laboratory crane configuration, a soft rope has been utilized. Due to the fact that the
crane structural vibrations are damped in the rope and are not transmitted to the load,
this results in weak coupling of payload and crane structure. Therefore, this coupling
can be neglected, i.e., the acceleration angle of the payload ¢ in does not directly
depend on the acceleration of structure girder wy,.

Considering this additional assumption, equations of motion of this full experimental
configuration can be obtained according to (2.19)), (2.20), (2.21), (2.22) and (2.23) as
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Figure 2.16.: Simulated (blue) and experimental (red) time responses of the elastic
gantry crane with the trolley position control

follows:
o+ ETw" +cv = 0, (2.87)
w(0) =w'(0)=w"(L) = 0, (2.88)
ms (L) + mgE 4+ myl@ cos p — mylp?sing — EZw” (L) = 0, (2.89)
ms(L) + msz +myl@cos o — mplp?sing — F,+ Fp, = 0, (2.90)
lp+Zcosp+gsing = 0 (2.91)

The simulation model for this configuration can be obtained applying the same model
simplification procedures according to Section [2.I] whereas the model parameters are
summarized in Tab. of Appendix [C]

In this case, the trolley drive is considered to be in the current control mode. As
mentioned in Section the resulting control loop is relatively fast compared to the
mechanical subsystems, such that it can be neglected, and the trolley force F; can be
considered as the plant input. Depending on the control system, the following outputs
of interest of the plant model can be considered as measured:

e trolley position z,

e trolley velocity 2,

e acceleration of crane girder w(L),
e acceleration of payload Z,.

Here, it should be mentioned that the horizontal acceleration of the payload is measured,
i.e.,

Zy = Z+lpcosp —lpsing. (2.92)
Linearizing the horizontal payload acceleration Z, in the equilibrium point ¢ = 0 yields

5, = E+1p. (2.93)
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Simulation and experimental results of the open-loop crane operation are presented in
Fig. Here, the plant output measurements are compared to the model outputs,
whereas the system dynamics is excited by the trolley force impulse input F; with
peak value 1.72 N and width 0.15 s. From the experimental data, a relatively good
matching between the model and measured signals can be seen. Small differences are
caused mostly by the model uncertainties due to the friction effects. It can be seen that
the trolley motion excites the load oscillations with eigenfrequency f, = 0.6 Hz (w1 =
3.82 rad/s) and the first structure eigenfrequency f; = 1.6 Hz (w; = 10.24 rad/s).
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Figure 2.17.: Simulated (blue) and experimental (red) time responses of the elastic
gantry crane applying a trolley force impulse input (bottom, left)



3. Linear robust control

In this Chapter, linear robust control design for the simplified configuration of labo-
ratory gantry crane is proposed [35, B7]. This control design does not require a drive
control system redesign and, therefore, can be easily implemented in most industrial
cranes. The idea here is to design a robust control law applying H., - loop-shaping
design procedure. This control law has to satisfy robust stability and specific perfor-
mance criteria under the assumption that gantry crane parameters are not exactly
known. In the following, the uncertainty models and the control design procedure will
be presented. After that, the proposed method will be verified in the simulation and
experimental study.

3.1. Uncertainty models

The application of control is inherently concerned with the presence of uncertainties.
There exist different ways how uncertainties can be described and included in a control
system. In this Chapter, dynamic perturbation uncertainties based on the coprime
factor description are introduced. It is considered that the parameters of the gantry
crane for different loading are not constant, and the stiffness of the flexible part is not
accurately known. Besides, uncertainties related to model order reduction can also be
considered.

3.1.1. Coprime factor uncertainty

From a control design perspective, a set of models for various parameters can be embed-
ded into a plant with nominal parameters P, (s) and a family of bounded uncertainties
that, in general, should be stable and have a finite Hoo-norm [96], [124]. In plants with
weakly damped or undamped dynamics, utilization of the coprime factor description is
well suited for including the model uncertainties. The normalized coprime factorization
for the nominal system can be represented as follows:

Pn(s) = ) (3'1)

where M, (s), Ny, (s) are coprime transfer functions that fulfill the following Bezout
identity
My, (8) My (—$) + Np(s)Np(—s) = 1. (3.2)

36
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Figure 3.1.: Coprime factor uncertainty

In Fig. the coprime factor uncertainty scheme is presented. Here, a plant model
with uncertain parameters Pa(s) can be expressed by the nominal system P,(s) and
coprime factor uncertainties Ays(s) and Ay (s) as follows:

Nn(s) + An(s)
M, (s) + Ap(s)

Pa(s) = (3.3)

This representation does not provide a unique realization of the uncertainty transfer
functions Aps(s) and An(s), resulting in a supplementary degree of freedom for their
selection. A common choice is a coprime factor description with a minimal H.,-norm
for [Apr(s), An(s)] resulting in the gap metric.

3.1.2. Gap metric

According to [27, [107], the gap metric é, between the system with nominal parameters
P,(s) and the system with uncertainty Pa(s) can be obtained as the maximum of the
directed gaps

— —
59(Pn, PA) = max{ég (Pn, PA), 59 (PA, Pn)} , (3.4)
where N
(59(Pn,PA) = inf {H[AMAN]HOO : PA}. (3.5)
[AvAN]

It should be mentioned that the gap metric values may be in the range from zero to
one. Here, the systems P, (s) and Pa(s) are considered close in sense of the gap metric,
i.e., can be stabilized by the same controller, if §,(F,, Pa) is close to zero and vice-
versa. From a robust control design perspective, the corresponding value of the gap
metric between the model with nominal parameters and set of models with uncertain
parameters can be utilized to measure the necessary robustness margin.

In order to estimate several error sources, the triangular inequality property can be
applied
6(Pr, Ps) < 6(Py, P2) + 0(P2, Ps3). (3.6)

For example, the triangular inequality can be used to obtain the distance between the
low-order model with uncertain parameters Pn and the original model with nominal
parameters P in terms of the gap metric §(Pa, P). For this reason, according to the
triangular inequality : Py = P is considered as a low-order approximation of the



38 CHAPTER 3. LINEAR ROBUST CONTROL

system with uncertain parameters, P, = P, as a low-order approximation of the original
system with nominal parameter and P; = P as a high-order realization of the original
system with nominal parameters. Hence, the numerical discretization errors and model
order reduction errors can be taken into consideration in a unified manner.

3.2. H, - loop-shaping control design

The main idea of the H, - loop-shaping design is to combine the classical loop shaping
method with the Hy, - based robust stabilization for the fulfillment of both - per-
formance and robustness criteria [96] 124, B33]. Here, the design of the corresponding
controller comprises two stages. A compensator is applied for an adjustment of the
open-loop system eigenvalues such that the desired performance specifications for the
closed loop system are satisfied. After that, a robust stabilizing controller can be ob-
tained with regard to the normalized coprime factor uncertainty.

The desired closed loop performance specifications can be derived by shaping the open-
loop system using a compensator W;(s) as illustrated in Fig.

Py(s) = Pu(s)Ws(s) . (3.7)
e ‘:
i u(s) y(s) |

____________________________________

Figure 3.2.: Shaped plant of closed loop system

Taking into consideration the weighted open-loop plant in its normalized coprime factor
representation Py(s) = Ny, (s)/M,(s) and the following H., - control problem

<€l (3.8)

Koo 1
1| (14 P,K)M,

the controller K., which guarantees a robustness margin ¢ with regard to the normal-
ized coprime factor uncertainties, can be derived.

oo

The maximum robustness margin €,,,., which can be achieved is given as follows:
€maz = (1 + PT(XZ))il/Q . (3.9)

Here, p,(+) is the spectral norm (maximum eigenvalue), X and Z are the associated
positive definite solutions of the algebraic Riccati equations

(A—BR'DC)'X + X(A—- BR'DC) - XBTR'BX +CR™'CT =0, (3.10)
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Figure 3.3.: Stabilizing controller

(A—BR'DC)Z + Z(A—- BR'DC) — ZzCTR™'CZ + BR'BT =0, (3.11)

where R = 1+ D? and A, B,C, D are the state-space matrices of the shaped nominal
plant Ps(s).

The controller K., that satisfies (3.8)) can be calculated for predefined € < €pqq as
follows:

A+ BF + ¢ 2(LT)'zCT(C + DF) | e (L")~ zCT (312)
= BTX | —DT ’ '
with
F = —-RrRY(D'C+B"X), (3.13)
L = (1-eHI+XZ. (3.14)

Application of the presented control design for the shaped nominal plant Ps(s) results
in the controller K, with the stability margin e. Then, if §,(Ps, Pa) < €, the controller
guarantees stability for the shaped uncertain plant Pa(s).

The overall controller K can be derived as depicted in Fig. as follows:

Ky(s) = Koo(s)Ws(s). (3.15)

3.3. Simulation study

3.3.1. Robust controller design

In this Section, the described robust control design procedure is applied for the nominal
gantry crane of the simplified configuration. Here, from the Fig. it can be seen
that the nominal plant transfer function P,(s) (blue line) possesses a peak at the
first eigenfrequency wy = 5.87 rad/s with magnitude |Gs(jw1)| = 47 dB, slopes n; =
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+80 dB/decade at the low frequency range and np = —80 dB/decade at the high
frequency range, and the gain crossover frequency w. = 191 rad/s. It can also be
mentioned that the model has an unbiased output state and a relatively high gain
crossover frequency w,, which can increase the influence of the measurement noise or
high-frequency modes dynamics that has been neglected. The second eigenfrequency
of the structural dynamics is wy ~ 130 rad/s. As this dynamics has been neglected
for the controller design, shaping the open-loop singular values should primarily reduce
this frequencies range. In addition, the trade-off between given robustness requirements
and fast transients has been taken into account. Thus, the compensator Ws(s), which
weights the open-loop nominal plant P,(s), is chosen as follows:

0.1

Wols) = 555 11

(3.16)

In Fig. the Bode magnitude plots of the nominal and shaped plant are presented.
Solution of the problem (3.8)) for the given precompensator Ws(s) yields the robust
controller K, with the stability margin

€ =0.48. (3.17)

The Bode plot of the overall controller K is depicted in Fig. [3.5

w /rad/s

10° 10" 102 108
w / rad/s

Figure 3.4.: Bode diagrams for the nominal system plant (blue) and the shaped system
plant (red)
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Figure 3.5.: The Bode diagram of controller K(s)

3.3.2. Gantry crane model uncertainties

In the following, the numerical uncertain crane models are presented, and the required
robustness margin is evaluated. During the operation of gantry cranes, parameter varia-
tions and uncertainties are unavoidable, e.g., different masses of payload, different rope
lengths, neglected high-frequency dynamics, etc. In this work, the system structural dy-
namics for unloaded and loaded cases and stiffness of the crane legs are assumed to be
coarsely known. Thus, a set of crane models can be achieved applying the methodology,
which has been presented in Section [2.I] Here, the set of models Il which includes 169
models, is generated from the nominal model by variations of the following parameters:

e additional mass on the girder mg = my +m,,, where mass of the trolley is constant
and mass of the payload m,, varies,

e elastic modulus F of the material of the gantry legs.

It is considered that these parameters for model variations are within certain intervals
ms = ms(l+knln), (3.18)
E = E(1+kpgAg), (3.19)

where m, and E are the values of the nominal model, k,,, kg and A,,, Ag define
possible variations.
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Here, the following values for parameter variations are chosen:
e k,, =05, —1 <A, <1 yielding up to 50% variation in the crane loading,
e kp =0.3, —1 < Ag <1 representing up to 30% in crane legs stiffness.

Therefore, the nominal model P, (s) € II¢ can be obtained by substituting A,, = Ag =
0 which corresponds to a half of the crane loading capacity. Here, the transfer function
of the nominal crane model is obtained as:

84

(s +10)(s + 50)*(s? 4+ 0.16s + 34.62)

The domain of the considered parameters is visualized in Fig. [3.6

Pu(s)=—-3-10"-

(3.20)

Figure 3.6.: Domain of parameter variations

In Fig. 37 Fig. 3.8 and Fig. 3.9 the obtained simulation results are depicted. Fig.
and Fig. [3.8 represent the Bode diagrams ans step responses of the model with
nominal parameter (blue) and models with uncertain parameters (gray). From the
results can be seen how the system eigenfrequency for different uncertain parameters
varies. Here, the first eigenfrequency of the mechanical structure for nominal parameters
is approximately f; = 0.93Hz (w; = 5.87 rad/s) and the frequency variation for the
uncertain parameter systems is in a range 0.72 — 1.16 Hz (4.57 — 7.27 rad/s).

In Fig. the calculated gap metrics for a set of shaped crane models are depicted.
Here, the maximum of the gap metric which corresponds to the case of maximum
loading and minimal value of Young’s modulus E (Fig. red point) follows

dg(Pa, Ps) = 0.29 (3.21)
and the order reduction error in sense of the gap metric can be calculated as
dg(Ps, P) =0.02. (3.22)

Thus, according to [107], applying the triangular inequality (3.6)) the required robust-
ness margin for the stabilizing controller can be obtained as

5(Pa, P) < 8(Pa, Py) +6(Py, P) = 0.31. (3.23)
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Figure 3.7.: The Bode diagram of the nominal system (blue) and the uncertain crane
systems (gray)

Figure 3.8.: Step responses for the uncertain crane systems
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Figure 3.9.: Gap metric sequence

3.3.3. Robust control of gantry crane

In this Section, the resulting controller K validated in the simulation study. From
and follows that the stability margin ¢ = 0.48 is greater than the maximum of
the gap metric dy e = 0.31, i.e., the obtained controller guarantees robust stability
for the given set of uncertain gantry crane models.

In Fig.[3.10] Fig. and Fig. [3.5] the obtained simulation results of the closed loop sys-
tems are represented. Fig. 3.7 and Fig. 3.8 show the Bode diagrams and step responses
of the model with nominal parameter (blue) and models with uncertain parameters
(gray). From the results a notable damping of the crane vibrations for different uncer-
tain parameters can be seen.
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Figure 3.10.: The Bode diagrams of the closed loop nominal system (blue) and the
closed loop uncertain crane systems (gray)

3
t/s
Figure 3.11.: Step responses of the closed loop nominal system (blue) and the closed

loop uncertain crane systems (gray)
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3.4. Experimental evaluation

In the following, the proposed control approach for active damping of structural vibra-
tions is validated on a laboratory gantry crane of the simplified configuration. For this
reason, tracking of the trolley position with a step change of the reference signal to
zr = 200 mm is studied.

The designed linear robust controller has been implemented on the simplified configu-
ration of the laboratory crane setup. The obtained results are presented in Fig. [3.12
Fig. [3.13] Fig. [3.14] Fig. [3.15] and Fig. Here, Fig. shows the comparison of
the simulation and experimental results. From simulation results of the nominal model
can be seen that the trolley rises to the desired position (95 % of the z,.; is consid-
ered) after approximately 0.78 s and settles after 2.37 s with an overshoot 9 %. The
vibrations of the structure are notably damped after 2.3 s. The experimental results
show that the trolley position rises after 0.84 s and settled after 4 s with an overshoot
14 %. The structural vibrations are notably damped after 2.3 s with relatively small
residual oscillations, i.e., the maximal magnitude of acceleration in the steady state
w(L) ~ 40 mm/s%. The mismatches between the simulation and experimental results
are caused mostly by friction effects in the gear.

For comparison, the experimental results for the trolley positioning with and with-
out the proposed robust control approach are depicted in Fig. [3.13] The results show
the importance of taking the structural dynamics of large gantry cranes into account
for control purposes. The application of the proposed linear control leads to notable
damping of the crane structural dynamics.

In Fig. experimental results of disturbance rejection are shown. Here, an impulse
disturbance is applied to the mechanical structure at time 15 s. It can be seen that the
vibrations are notably damped after approximately 2.4 s with relatively small residual
oscillations, i.e., the maximal magnitude of acceleration in the steady-state w(L) =
100 mm/s.

For experimental evaluation of the robustness properties of the obtained control system,
additional experimental responses for a varying mass mg are presented in Fig. and
Fig. [3.16] Here, two cases are considered:

e overall mass mg = 0.3 kg contains only the mass of the trolley (left blue point in

Fig. ,

e overall mass mgs = 0.9 kg relates to the maximum loading condition (right blue
point in Fig. |3.6))

In both figures a notable vibrations damping for the described conditions of crane
loading can be seen.
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Figure 3.12.: Simulated (blue) and experimental (red) time responses of the elastic
gantry crane by reference tracking applying linear robust control
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Figure 3.13.: Experimental time responses of the elastic gantry crane applying linear
robust control (blue) and position control without damping (green)
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Figure 3.14.: Experimental time responses of the elastic gantry crane applying linear

robust control with a disturbance on the mechanical structure at time
15 s

z [ mm

o

Figure 3.15.: Experimental time responses of the elastic gantry crane in the unloaded

case applying linear robust control (blue) and position control without
damping (green)
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Figure 3.16.: Experimental time responses of the elastic gantry crane in the fully-loaded
case applying linear robust control (blue) and position control without
damping (green)



4. PFC-based linear control

In this Chapter, the PFC-based linear control design for the full configuration of the
laboratory gantry crane is presented [36] 34]. This control provides the positioning of
the payload and damping of the oscillating dynamics via a combination of a parallel
feed-forward compensator (PFC) and an output feedback controller. Here, the PFC
is designed for a compensation of the system zero dynamics and for rendering the
extended plant almost strict positive real (ASPR). The proposed design provides a
zero placement of the extended plant and reduces the bias contribution of the PFC.
Thereafter, the augmented system can be stabilized by applying a high-gain output
feedback control. The main advantages of the proposed control can be summarized as
follows:

e no additional sensors for oscillations measurements are needed;

e simple linear design procedure for the considered single-input single-output (SISO)
plant of the gantry crane;

e 1o redesign of the motion control system is needed, i.e., simple integration into a
classical cascade control scheme.

The following approach is only applicable for gantry crane configurations with strong
couplings between the trolley, load, and structure, i.e., the system plant is observable in
this configuration. The presented approach is verified in the corresponding simulation
study and on the full experimental crane configuration.

4.1. Relative degree and zero dynamics of the system

The relative degree of a system and its zero dynamics are essential properties for feed-
back control design. In the following, definitions of the relative degree and zero dynamics
of a system are presented according to [43] [32], 61, [84].

Consider the following nonlinear SISO system with an affine input

i o= @)+ g, (4.1)

y = ), (4.2)
where the functions f(-), g(-) and h(-) are infinitely differentiable, x € R™ and consider
the local behavior of the system in the neighborhood of © = xg. The relative degree of

the system can be obtained by sequential differentiation of the output equation (4.2)
with respect to time.

50
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For instance, if by taking the first derivative

oo
vy = 8$$
oh oh
= U r)+ 5 g, (43)
the term
oh
D) # 0, (4.4)

then an explicit dependency of ¢ on the input u at the point xy and its neighborhood
exists, and the relative degree is 1 = 1. Otherwise, assuming that

Z] = hg = gz (.%‘) y (4.5)

the second derivative of (4.2) is obtained and can be represented as follows:

io= G2+ Slgu. (16)

Here, the same procedure is applied. If the term

Oha

the system possesses the relative degree ¥ = 2. Otherwise, ¢ does not depend on u
directly and the procedure continues until an explicit dependency appears.

In general, consider the following set of functions that is defined as

Ohi—1
hi =
ox

Then, if for the ¥-th output derivative

flz), i=2,...,9, and h;=h(x). (4.8)

y = or (z) + %g(az)u (4.9)
the following conditions are fulfilled
Oohq _ Ohs _ Ohyq B
Soe) = S = = @) = 0, (1.10)
Ohy
Eg(ﬂ”) # 0, (4.11)

the system has the relative degree 9 at the point xg and it’s neighborhood. If the relative
degree is equal to the system order, i.e., ¥ = n, the system has a full relative degree.

In order to represent sequential differentiation, the notion of Lie derivative is commonly
used. Here, (4.8) can be rewritten as

hi(r) = L7'h(z) = Lphia(z), i=2,...,0 (4.12)
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and
oh;
ox

Thus, in this notation, the system is said to have the relative degree ¥ if for the ¥-th
derivative

g(x) = Lgﬁiflh(x). (4.13)

y = LYf(@)+ LrLY  h(z)u (4.14)

the following conditions hold
Loh(x) = LoLyh(x) =+ = LiL]h(x) = 0, (4.15)
LeLY h(z) # 0 (4.16)

In order to present the model described by (4.14)) in matrix form consider the new state
vector £ € R™ defined as follows:

& y h(z)
] Lyh(x)
£ = 5.2 = : = f: (4.17)
& y(@=1) LY ()
Then,
3 &
&2 &3
£y = | LYf(@)+LLY () | (4.18)
o1 k1(8, u)
én Kn—ﬂ(gau)
y = & (4.19)
where (£, u) are nonlinear functions.
Separating the vector € into two parts & = [&1, &, , &]T and & = [€941, Egrar &l
the following model is obtained
£ — An£d+Bn<£?f(:n)+£g£?’1h(m)u>, (4.20)
f.z = H(éd? 62’7 u) ) (421)
y = Cnéa, (4.22)
where
01 0 0 1
0 1 0 0
Ap = [0 n il Ba=| | Co=fr ] (423)
0 00 1 0 0
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Then, applying a linearizing control law with desired choice of dynamics d(&;) as

_ 1 9
yields
‘5:d = Anéd + Bnd(gd) ) (4'25)
fz = K(fd) fm u) ) (4-26)
y = Chéq- (4.27)

Here, it can be seen that the control law stabilizes the output variable y. However,
for the input-output configuration when ¥ < n, not the whole system dynamics is
stabilized. In this case, the state variables &, are influenced by the nonlinear internal
dynamics k(&4, &, u), which is unobservable from the output y applying the proposed
linearizing control law. This internal dynamics associated with the state variables &, is
also called zero dynamics.

In general, it should be stated that the system described by (4.25), (4.26) and (4.27)
with control law (4.24]) is internally asymptotically stable at the point xg and its neigh-
borhood if the zero dynamics is asymptotically stable, i.e.,

E.Z = "Q(Edaému)v (428)

is asymptotically stable.
For the SISO linear time-invariant (LTI) system

& = Az+ Bu, (4.29)
y = Cu, (4.30)

the relative degree can be calculated as the difference between the orders of the denom-
inator and numerator polynomials 9 = n — m of the associated transfer function

ms™ + 15" + - + ag

P(s) = C(sI—A)'B="1 431
(s) = C(sI—A) b e T b (4.31)

or as the smallest positive number which satisfies
CA'B + 0. (4.32)

In the linear case, the zero dynamics notion is equivalent to the zeros of the associate
transfer function P(s). The location of the system zeros determines the stability of the
zero dynamics. The system is called (strictly) minimum-phase if the zeros z; of P(s)
are in the left-half plane (LHP) Re [2;] <0 (Re [z] < 0).

Example 4.1 Consider a velocity control that should be provided to a oil-well drill
string plant [75]. The system dynamics is reflected by an electromechanical second order
system with an elastic coupling and a friction load on the second mass, as presented
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in Fig. Here, the first inertia J, is driven by the DC motor operating in torque
control mode (control input - 7,,,), whereas the friction torque 7; produces an effect on
the second inertia J. The equations of motion of this system can be written as

Jagba + ks tanh kg(‘Pa - QDb) = Tm, (433)
Jppy — kstanh kg(pa — 0p) = —T¢(Pp), (4.34)

where ¢, and ¢ are the angles of the first and second masses respectively, ks and kg
are parameters of the nonlinear spring.

Ja G?m - Pa

v 40

--------- I

20

i - ’

T Ty 0 5 10 15
» [/ rad/s

T/'/Nm

Figure 4.1.: Scheme of electromechanical

Figure 4.2.: Friction curve
System

Introducing the vector of states = = [, P, ©b, @57

state-space representation follows

and control input v = 7,,, the

il = X2, (435)

b = S by (21 — ) + (4.36)

o = 7 nhky(z — x3 Jau, .

j?g = X4, (4.37)

. ks 1

&y = —tanhkg(x) —x3) — —7¢(4) . (4.38)
Jb Jb

The velocity measurements are only provided by an incremental encoder on the shaft
of the motor resulting in the output equation

y = x2. (4.39)

Here, the nonlinearities are represented by the nonlinear spring and the friction effects
that depend on the velocity of the second mass, as depicted in Fig. In order to
show the significance of the zero dynamics, two operating cases are considered. In the
first case, the system is assumed to be operated in the region of the positive slope of
the friction curve, e.g., the velocity ¢, = 10 rad/s (Fig. . In the second case, an
operating point of velocity ¢, = 1.5 rad/s is assumed, i.e., in the negative slope region
of the friction curve.
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Applying the aforementioned idea of the input-output linearization the output deriva-
tive can be simply represented as

y = ks tanh kg (z1 — x3) + iu (4.40)
Ja Ja
The direct dependency of ¢ on the input w can be seen, which states that the system has
the relative degree 1 = 1. The feedback control law, which compensates the nonlinearity
of the spring and provides the desired first-order dynamics for the output velocity, can
be designed as follows:

ks .
u = Jg <J— tanh kg(x1 — x3) + do(Pref — 562)) , (4.41)

where dj is a design parameter.

Substituting the control law (4.41)) in (4.40|) results in the linear input-output relation
Yy = d2=do(Pref —x2). (4.42)

However, it can be seen that not the whole system is linearized, and the system states
x3 and x4 associated with the second mass dynamics are still affected by the nonlinear
dynamics. The time responses of the controlled system for the described cases are
presented in Fig. and Fig. Here, the velocity reference signal ¢,y is applied
step-wise. In Fig. [4.3] the controlled system is asymptotically stable as the associated
zero dynamics in the region of the positive slope of the friction curve is stable (Fig.
. From a physical point of view, a positive slope of the curve provides the system
energy dissipation, and, therefore, oscillating dynamics induced by the nonlinear spring
is damped. From Fig.[4.4]the occurrence of a limit cycle due to operation in the negative
slope region of the friction curve can be seen. Although the velocity of the first mass
is stabilized by the control law, the corresponding zero dynamics leads to nonlinear
stick-slip oscillations of the second mass.

20 15

0 10 20 30 40 0 10 20 30 40

t/s t/s

Figure 4.3.: Time responses of controlled system with friction load at operating point
with positive slope: control input u (left), velocity of the first mass ¢,
(blue, right) and the second ¢ (red, right)
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Figure 4.4.: Time responses of controlled system with friction load at operating point
with negative slope: control input u (left), velocity of the first mass ¢,
(blue, right) and the second ¢ (red, right)
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Figure 4.5.: Poles and zeros location: P(s) at operating point with positive slope of the
friction curve (blue) and with negative slope of the friction curve (red)

The system model (4.35)), (4.36), ([£.37), (4.38)), and (4.39) can be linearized and rep-

resented as a transfer function with the motor torque as input and the velocity of the
second mass as output

_ Jbsz + ks + kap
N JoJps3 + Jak'fSQ + (Jo + Jp)kaps + kikap ’

P(s) (4.43)
where kq, represents the linear spring coefficient between masses and k represents the
slope of the friction curve for some operating point of interest.

The poles and zeros of two transfer functions are depicted in Fig. Here, in the case
of a positive slope of the friction curve, i.e., ky > 0, the resulting transfer function is
asymptotically stable and strictly minimum-phase. In the second case, i.e., ky < 0, the
transfer function is unstable and non-minimum-phase.
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4.2. Condition of almost strictly positive realness

The concept of passivity in control theory appeared from the theory of electrical circuits.
From a control point of view, passive systems with possible stable and strictly passive
uncertainties are well known to be internally stable, applying negative feedback. For
LTT systems, the passivity notion is equivalent to the positive realness [41]. In the
following, the conditions for positive real (PR), strictly positive real (SPR), and almost
strictly positive real (ASPR) systems are presented [9, [6, 118, 102} [46].

Consider the following n-th order linear system transfer function
P(s) = C(sI—A)'B. (4.44)

The rational transfer function P(s) is known to be PR (SPR) if the following conditions
hold [9]:

e P(s)is (asymptotically) stable: Re [A\;{A}] <0 (Re [\i{A}] <0)fori=1,2,...,n,

e the Nyquist plot is in the (closed) right half of the complex plane: Re [P(iw)] > 0
(Re [P(iw)] > 0) for all w > 0,

e the relative degree of the system is 0 or 1,

e P(s) is (strictly) minimum-phase, i.e., zeros z; of P(s) are in the LHP Re [z;] <0
(Re [zi] <0).

The notion of SPR plant is very helpful for adaptive and robust control design methods
[102], 22], [§]. From a theoretical point of view, applying a static output feedback with an
arbitrarily large coefficient to SPR plant always yields an asymptotically stable closed
loop system. However, it should be mentioned that this property is very strong and not
fulfilled for most real plants. In [6l [86] this property has been relaxed, and the notion
of almost SPR plant has been introduced.

The system is known to be ASPR if there exists an output feedback gain such that the
closed loop system is SPR. Here, the following conditions for the transfer function P(s)
should hold [6, 146]:

e the relative degree of the system is 0 or 1,
e P(s) is strictly minimum-phase, i.e., zeros z; of P(s) are in the LHP Re [z;] < 0.

It can be seen that ASPR property imposes less restrictions on the system plant P(s).
It may not be necessarily stable, but applying a static output feedback with a suffi-
ciently large gain, the system dynamics will be stabilized. This concept is useful for
guaranteeing asymptotic stability for different control applications, e.g., simple adap-
tive control, sliding-mode control, self-tuning PID-control, discrepancy-based control,
etc. It should be mentioned that the ASPR property is also not fulfilled for most real
plants. However, due to fewer restrictions, the plant may be rendered ASPR for control
purpose, which will be discussed in the next Section.
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4.3. Parallel feed-forward compensation

4.3.1. Control based on the parallel feed-forward compensation

One of the possibilities to introduce a correction into the open-loop plant transfer
function for a feedback control design is applying a parallel feed-forward compensator
(PFC), as depicted in Fig. Here, the idea is to extend the plant with a PFC and
to render the new plant P + F desired properties, e.g., passivity, ASPR, full relative
degree, etc. It yields a redefined output ¥ = y + yr, which is considered for the further
feedback control design. Since the controller C' is obtained for the new plant P + F',
the overall control scheme can be alternatively represented as depicted in Fig. [£.7] In
contrast to the classical cascade interconnected compensator, the PFC has not been
widely utilized. However, in a number of works, it has been shown that parallel feed-
forward interconnected dynamic elements can be effectively applied for certain control
purposes, e.g.:

e shaping the augmented open-loop system transfer function in the frequency do-
main for a robust feedback control [45] [16] 20, 21];

e control of plants with delay [30} 97];
e internal model control [23] 63, [117];
e compensation of system dynamics of the augmented plant [20];

e compensation and stabilization of system zeros of the augmented plant [6] [7, 46,
93, 28, [42], 50].

The design of feedback control for non-minimum phase plants or plants that contain
the undesired zero dynamics is always a challenging task. It is well known that the
zero dynamics is invariant with respect to any feedback control and can be changed
only by redefining the input-output plant configuration. Consequently, many of the
contributions are dedicated to applying PFC for different control approaches that suffer
from undesired zero dynamics, e.g., simple adaptive control, sliding-mode control, exact
feedback linearization, discrepancy-based control, etc. In [0, [7] the author pioneered
the application of PFC for simple adaptive control [§]. In order to apply this control
approach, the plant should fulfill at least ASPR conditions. As this condition is not valid
for most real plants, it has been considered that it can be fulfilled for a virtual plant
P+ F (Fig. [4.6). Following this idea in [44] 46] [16] the authors presented a constructive
design procedure of PFC for stable plants with stable zero dynamics and known leading
coefficient. On the one hand, the design requires only little information about the plant,
but, on the other hand, according to the restrictions, this approach is not applicable
for non-minimum phase systems, and adjustment of the specific PFC parameters is not
evident, which makes its practical implementation without an additional simulation
study difficult.
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Figure 4.7.: Equivalent feedback control scheme

In [93], 28], 29| [56], 26], [50] model-based PFC were applied for stable non-minimum phase
plants in order to compensate unstable zeros. In [62] PFC-based output adaptive predic-
tive control was proposed. Another interesting PFC application can be found in sliding-
mode control [31] [66]. A constructive design approach for unstable non-minimum phase

plants was introduced and applied for the corresponding discrepancy-based control in
[72].

4.3.2. Design of parallel feed-forward compensator for unstable systems

In the following, a general linear approach for zero dynamics stabilization of the aug-
mented system P = P+ F is presented. Consider the following SISO LTI plant, which
may be non-minimum phase and unstable, i.e., may contain poles and zeros in the
left-half plane (LHP) as well as in the right-half plane (RHP)

(4.45)

where NT(s) and M (s) are the corresponding fractions of the polynomial with roots
in the LHP that are associated with the stable poles and zeros of P(s), N~ (s) and
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M~ (s) fractions with roots in the RHP that are associated with unstable poles and
zeros of P(s).

For changing the stability properties of the zero dynamics for the augmented system
with the new output g, an appropriate PFC F(s), as illustrated in Fig. has to be
designed.

u ) y
—+—>»| P(s)
—
)
—> F(s) YF
—

Figure 4.8.: Parallel feed-forward interconnection

According to the design procedure, which is proposed in [72], consider the PFC, which
comprises the polynomial fractions with roots in LHP, i.e., N*(s) and M ™ (s), and two
additional elements N.(s) and M,(s) that can be chosen,

_ N (s)Ne(s)

F(s)= ————+. 4.4
() = N () Mo(s) (4.46)
Thus, a parallel feed-forward interconnection of the plant and PFC yields
P(s) = P(s)+ F(s)
_ NH(S) [N (5)Mels) + M~ (s)Ne(s)] wn

M (s)M=(s) Mc(s)

Here, the stability condition of the zero dynamics for the extended system P(s) is
obtained if and only if the numerator polynomial N~ (s)M.(s) + M~ (s)N.(s) has roots
only in LHP. It can be shown that the problem of PFC design for zero dynamics is
equivalent to designing a controller, which stabilizes the system plant consisting of the
unstable poles and zeros [72]. Also, this problem can be directly solved by placing the
roots of the polynomial

La(s) = N~ (s)Mo(s) + M~ (s)Ne(s) (4.48)

where Lg(s) is an arbitrary polynomial of suitable degree, and finding the corresponding
N.(s) and M,(s). In order to solve the linear Diophantine equation (4.48]), a method
based on Sylvester’s matrix can be utilized [39].

Consider that the plant polynomials M~ (s) and N~ (s) of same degree m, PFC poly-
nomials N,.(s) and M.(s) of degree n = m — 1, and the desired polynomial Ly(s) of
degree k = m + n are represented as follows:

N7(s) = ams™ +am 15"+ - +ao, (4.49)
M7 (5) = bps™ +bp15™ 4+, (4.50)
Ne(s) = cus" +cn18" 14+ +ap, (4.51)
M(s) = dps" +dp 15" - +do, (4.52)
La(s) = lLps"+le1s" 14+ +1p. (4.53)
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Thus, the placement problem (4.48)) is leading to the solution of the respective matrix
equation

Rv=ux, (4.54)
where -~ ~
A 0 .- 0 b 0 --- 0
A1 Ay - 0 b1 by - 0
R = aq ay Qo b() b1 bm 5
0 ap o At 0 bo - bm1
L 0 0 ag 0 0 b()
d]
: Ik
do l—1
v = , T = .
Cn :
. lO
_cO_

Here, the vector v comprises the sought parameters of N, (s) and M, (s) that are included
in the PFC. According to Sylvester’s theorem, the parameter matrix R is non-singular
if and only if N~ (s) and M~ (s) are coprime [39]. It should be also mentioned that
the determinant of the matrix R is the resultant of two polynomials N~ (s) and M~ (s)
[12].

Example 4.2 Consider the oil-well drill string system in Example [{.1] operated in
the negative slope region of the friction curve Fig. with velocity ¢, = 1.5 rad/s.
Linearizing the system at this point results in an unstable linear system. For the mo-
tor reference torque 7y, .5 as input and the motor velocity ¢, as output the transfer
function is obtained

200 (52 — bs + 26.67)

P0$) = 5510010 = 2.19) (s — 2.815 7 36,51 (4.55)

Here, according to (4.45]), the unstable non-minimum phase plant can be separated into
the following fractions

N7(s) = (s*—5s+26.67), (4.56)
M~ (s) = (s—2.19)(s*—2.81s+ 36.51), (4.57)
NT(s) = 200, (4.58)
M*(s) = (s+100). (4.59)
Then, the PFC elements N,(s) and M, (s) are chosen as follows:
Ne(s) = ca8®+c15+co, (4.60)

My(s) = dos*+dis+dy. (4.61)
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In order to obtain stable zero dynamics for the augmented system , the above-
presented placement approach is applied. It implies choosing the polynomial with de-
sired roots location. Here, e.g., the desired roots location are assigned according to the
reverse Bessel polynomial [40] as follows:

La(s) = s° + 15.24s% + 108.45% 4 440.75% + 10085 + 1024 . (4.62)

Finding the vector of controller coefficients v from the matrix equation (4.54) results

in PFC
~9.5566 (s +40.19)(s + 0.99)

F(s) = (s + 100)(s — 7.14)(s + 1.05)”

(4.63)

Applying the designed compensator F'(s) in parallel feed-forward connection with the
plant P(s) results in the extended system P(s) with locally asymptotically stable zero
dynamics. It should be noticed that this design approach does not provide the relative
degree assignment for the augmented system. However, in this specific example, the
extended plant is ASPR.

It should be also noticed that the designed PFC introduces a static error to the physical
output. In addition, since the extended plant P(s) is ASPR, high gain adjustment of
the feedback controller can be used, which results in fast convergence of the output g
to the reference value. However, since the transfer function with respect to the physical
output P(s) contains zeros in RHP, transients with large overshoots may occur for
this controller adjustment. In order to compensate the static error and to reduce the
overshoot of the physical output, an additional pre-filter W), as depicted in Fig. is
used. Here, a simple first order system W, is chosen as follows:

im0 P(s) 1 1

Wols) = ) k.
p(s) limg_,o P(s) Tws+1 W s+ 1’

(4.64)

where the gain ky = 0.25 is calculated directly from the static error introduced by the
PFC and the time constant Ty = 0.8 is tuned iteratively to reduce the overshoot of
the velocity ¢q.

In order to analyze the stability properties of ]5(3) under output feedback, the root
locus for varying gain kp is illustrated in Fig. Here, two closed loop systems with
controller gain kp = 16 (green) and kp = 1000 (red) are shown. It can be seen that
the augmented output is stabilized for gains kp > 16. In Fig. the step responses of
both masses applying the designed PFC F(s), controller gain kp = 1000 and pre-filter
Wp(s) are depicted.

4.3.3. Design of parallel feed-forward compensator for stable systems

In the following, a simplified design of PFC, which is limited to the application for stable
systems, is presented. This design procedure provides an assignment of the desired zero
dynamics of the augmented plant and desired relative degree. In addition, the bias
effects appearing in the corresponding augmented output § can be reduced.
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Figure 4.9.: Root locus of 15(8): poles of the open-loop system (black), poles of the
closed loop system with kp = 16 (green), poles of the closed loop system
with kp = 1000 (red)
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Figure 4.10.: Step responses (right) and control input (left) of the closed loop system
with PFC and kp = 1000: time responses of the first mass (blue), time
responses of the second mass (red)

Consider the following SISO LTI plant

P(S) — yp(s) _ k'n N(S)

() () (4.65)

where M (s) is a polynomial of degree m, which may contain roots in LHP as well as on
the imaginary axis, N(s) is a normalized polynomial of degree n, which may contain
roots in LHP as well as in RHP, the relative degree of the plant 9 = m —n > 2, and k,
is the normalization coefficient. The numerator polynomial N(s) is normalized using
k,, in such a manner that the coefficient of the constant term is one.

Consider the PFC consists of the plant poles and normalization coefficient, i.e., M (s)
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Figure 4.11.: PFC with feedback control scheme and pre-filter

and k,, and a supplementary polynomial A(s) of degree n

F(s) = zgés)) = ky, ]@((‘3 . (4.66)

The parallel interconnection P(s)+ F'(s) yields an augmented plant with a new virtual
output y

YR C) N(s) + A(s)
u(s) " M(s)

(4.67)

In order to fulfill the ASPR conditions for the augmented plant 15(3), the polynomial
A(s) should posses the degree n = m — 1 or n = m. For providing a desired location of
zeros, the polynomial A(s) can be chosen as follows:

A(s) = La(s) = N(s), (4.68)
where Lg(s) is a normalized polynomial of degree 1 with desired zeros
La(s) = TJs" + Ay 1 T s oo X T26% + M\ Tys + 1. (4.69)

Here, T, is the time constant and A; are polynomial coefficients that determine the
roots location.

Generally, the polynomial Ly(s) can be chosen arbitrarily. However, for guaranteeing
internal closed loop stability, the selected Lg(s) should give a polynomial A(s) without
roots in RHP. Besides, applying the polynomial L4(s) in the normalized form, as men-
tioned above, will result in the PFC numerator A(s), which includes a derivative and
hence reduces the bias effects of the parallel feed-forward correction.

4.4. Control design based on parallel feed-forward
compensator

In this work, the PFC design for stable systems is applied for control of the gantry
crane. From a practical point of view, this approach does not require additional load
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measurements nor states estimation. Moreover, it is an output feedback control ap-
proach that does not require a redesign of the drive control system. The stability and
performance of the closed loop system are achieved by defining a new augmented out-
put as a combination of the actual measured output, in this case, the trolley position,
and the output of an appropriate PFC. The PFC provides the ASPR condition for the
augmented plant, i.e., relative degree one and desired zeros location in LHP. After that,
high gain output feedback control becomes applicable for such an augmented plant.

In Fig. the overall control system for gantry crane positioning is presented. To
provide operation of the system in the linear region, an additional friction compen-
sator is applied [3]. For stabilization of the ASPR augmented plant P(s) the following
proportional output feedback control can be utilized

u(t) = ky (r(t) = 5(t)), (4.70)

where k, is a proportional controller gain.

N

Friction
Compensator

Figure 4.12.: Overall control scheme

4.5. Simulation study

In the following, the problem of undesired zeros for the gantry crane is presented.
After that, the proposed PFC is applied to the gantry crane, and simulation results are
presented.

4.5.1. Gantry crane plant with undesired zeros

The transfer function of the full crane configuration with the motor force as input F;
and the trolley position as output z is

_36.571 (s> + 13.8) (s> + 0.017s + 98.97)

P) = = 732,90 (24 0.025 £ 113.5) (471)
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Here, the system has the relative degree ¥ = 2. Dynamics of the crane system is
characterized by two poles at the origin, two pairs of complex conjugated poles

P2 = 0, (4.72)
P56 = 0+5.74 1, (4_73)
psa = —9.8-107%£10.66 i, (4.74)

and two pairs of complex conjugated zeros

2172 = 0&£3.72 i, (475)
234 = —86-10774£9.95. (4.76)

It can be seen that the transfer function contains one complex pair of poles and zeros on
the imaginary axis, which is related to the undamped load swinging dynamics, and one
complex pair of poles and zeros near the imaginary axis, which is related to the lightly
damped structural dynamics. From a theoretical point of view, it means that applying
high-gain or fast switching relay output feedback control the system poles converge to
the system zeros, which cancels out part of the system dynamics and makes this part
unobservable from the output. For problems with lightly damped system dynamics,
this yields oscillatory internal dynamics of the closed loop system [36] [31].

Example 4.5 Consider the conventional position control of the gantry crane system
with a PD controller. The open-loop plant with cascade interconnected PD controller
can be represented as follows:

Tp s ) 36.571 (s? 4 13.8) (s +0.017s + 98.97)
Ty s+1 s? (s2432.94) (s2+0.02s +113.5) '

Py(s) = kp - (1 + (4.77)

where kp, Tp, and Ty are the PD controller parameters.

The open-loop transfer function P,(s) has the relative degree ¥ = 2. In Fig. the
root locus of the gantry crane system for the fixed derivative time constant Tp =1 s,
the filter time constant Ty = 1 ms, and varying gain kp is depicted. Here, it can be seen
that the position output and internal system dynamics can be asymptotically stabilized,
e.g., applying low gain kp = 0.25 (green poles). However, this gain adjustment typically
results in poor closed loop dynamics, as depicted in Fig. (green lines). For higher
gains, e.g., kp = 2, the system poles are more attracted to the system zeros (Fig.
red poles) resulting in weakly damped oscillating dynamics of position output
(Fig. [4.14] red lines). Application of much higher gains kp will result in a stabilized
position output, on the one hand, and large undamped oscillations of load and structural
dynamics, on the other. In order to overcome this problem without additional sensors,
control system redesign is needed.

4.5.2. PFC-based feedback control

In this Chapter, to solve zero dynamics problem without a motion control system
redesign, the extension of the plant with PFC is utilized. The transfer function of
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Figure 4.13.: Root locus for the crane plant P,(s): poles of the open-loop system (black),
poles of the closed loop system with kp = 0.25 (green), poles of the closed
loop system with kp = 2 (red)
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Figure 4.14.: Step responses (right) and control input (left) of the closed loop crane
plant P,(s): time responses of the closed loop system with kp = 0.25
(green), time responses of the closed loop system with kp = 2 (red)

interest is computed according to (4.66) as follows:

7321074 s* +1.26-107° s3+8.26-1072 2 +1.73-107* s+ 1

P(s)=ky -
() " s +1.97-1072 s° 4 146.5 s* 4 0.6481 s3 4 3741 s2

. (4.78)

with normalization factor k,, = 4.99 - 10%.

In order to design an appropriate PFC, the polynomial L4(s) with the desired roots
location should be defined according to (4.69). To achieve transients without large
overshoots in the trolley position a Bessel polynomial of order 5 with time constant
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Figure 4.15.: Root locus for the augmented gantry crane plant }5(3): poles of the open-
loop system (black), poles of the closed loop system with position con-
troller gain kp = 20 (red)

guaranteeing internal stability 7; = 0.16 is utilized [40]. The chosen polynomial can be
computed as follows:

La(s)=107% s +25-1073 s* +2.78 1072 53 + 0.18 s> + 0.63 s + 1. (4.79)

Therefore, according to (4.66)) and (4.68) the PFC is obtained as follows:

10745 4+1.8-103 s +2.77-1072 s34+ 0.1 2+ 0.63 s
6 4+1.97-1072 $5 + 146.5 s* + 0.6481 s3 + 3741 s2

F(s) = ky (4.80)

The extended ASPR plant P(s) = P(s) + F(s) with the desired zeros location is

Bls) = k 1074 s°+25-107% s* +2.78- 1072 5% + 0.18 s> + 0.63 5 + 1
" 50 +1.97-1072 s° 4+ 146.5 s* + 0.6481 53 4 3741 52

(4.81)

In order to analyze the linear system properties ]5(3), the root locus procedure for
varying gains kp is applied as depicted in Fig. It can be seen that, e.g., applying
the gain kp = 20, yields the closed loop poles that are near the desired zeros location.
Hence, the performance of the closed loop augmented system under high gain feedback
control or switching relay output feedback control is predefined by the PFC design.

In Fig. the closed loop nonlinear system responses with the designed PFC and the
gain kp = 20 are presented. Here, it can be seen that the trolley position, as well as the
internal structural and payload dynamics, settle in ts; = 1.5 sec without oscillations.
The output of the PFC (Fig. red line) is unbiased according to the design and
therefore does not contribute a steady-state error to the output of interest, i.e., the
trolley position.
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Figure 4.16.: Step responses of the closed loop system with PFC
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4.6. Experimental evaluation

In this Section, the proposed PFC-based approach for gantry crane control without
additional sensors is validated on the full configuration of the laboratory gantry crane.
This approach is compared with two conventional methods. In the first case, a cascade
control scheme providing position control without additional damping purposes is uti-
lized. In the second case, an observer-based LQR controller is applied. Both methods
are presented in detail in Appendix [D] In order to validate the above-mentioned ap-
proaches, tracking of the trolley position with a step change of the reference signal to
zr = 350 mm is studied.

Simulation and experimental results of the closed loop system dynamics are presented
in Fig. As can be seen the trolley reaches the desired position in tg; = 1.35s
with an overshoot 2.8 %, a steady-state error 2.7 %, and a small residual oscillating
dynamics of crane structure and payload. These mismatches are a result of the model
uncertainties and, hence, non-ideal compensation of the friction forces.

In Fig. the PFC-based control approach is compared with the above-mentioned
methods in the same experimental study. For evaluation of the transients, the following
properties are taking into consideration: rise time (95 % of the reference value), settling
time and overshoot of the trolley position z, residual oscillations of the crane acceler-
ation wy, and the load acceleration Z,. The obtained values are summarized in Tab.
Here, conventional cascade position control does not provide additional damping
purposes and shows fast rise time due to the corresponding gains adjustment. It should
be mentioned that the oscillatory behavior of the closed loop system is a result of the
undesired system zero dynamics. The closed loop behavior of the system with LQR
has slower transients with overshoot, notable damping of the payload dynamics and
a reduction of the crane structural vibrations. The application of the proposed PFC
approach results in a faster settling time, larger payload damping, and reduction of the
structural vibrations.

Table 4.1.: Properties of the time responses

Control Approach PFC Cascade | LQR
Rise time [s] 1.35 0.65 1.1
Settling time [s] 1.35 - 2.08
Overshoot [%] 2.8 11.2 -
Residual oscillations 1y, [mm/s?] 145 239.33 228
Residual oscillations %, [mm/s?] 105 4028 637
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Figure 4.17.: Simulated (blue) and experimental (red) time responses of elastic gantry
crane with PFC-based feedback control
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5. Discrepancy-based control

In this Chapter, the nonlinear control design for the full configuration of laboratory
crane is presented [38]. This approach allows deriving a control law directly, i.e., with-
out model simplifications. Here, for stabilization of the gantry crane, a generalized error
measure, called discrepancy, is taken into consideration. Applying the associated sta-
bility theory, i.e., stability with respect to two discrepancies, a nonlinear control law
for the underactuated gantry crane based on Lyapunov direct design approach can be
derived. The presented approach is validated in the corresponding simulation study and
on the full configuration of the laboratory gantry crane.

5.1. Direct control of underactuated gantry cranes

In previous Chapters, linear control approaches have been proposed that are essentially
based on approximated models. The approximation of an infinite-dimensional model is
always an additional step in the control design, which introduces uncertainties due to
the assumption that an infinite number of system modes can be neglected by corre-
sponding discretization and order reduction. Direct control design methods eliminate
this step and are, hence, preferable. However, applicability is in general limited due to
a number of restrictions, e.g., simple geometries [14] [76].

One of the most common direct control approaches for electromechanical systems, that
provides dissipation, is based on the total system energy [17, [53) 03] ITT]. The deriva-
tion of the energy-based control law for the underactuated gantry crane is presented in
detail in Appendix [El Here, since the system energy E = T + U is a positive definite
function, it is suitable as a Lyapunov functional candidate. Taking its time derivative
along the system trajectory and substituting the equations of motion yields

. L
B o= _/ cw2dm+(Ft—Ffr)z. (5.1)
0

Here, the first term characterizes the natural damping of the mechanical structure,
which is always negative. It can be seen that choosing F} = —kZ + Fy, as the system
input and the trolley velocity z as the output yields the well-known energy dissipation.
However, being a result of the underactuated nature of the system, the control law does
not comprise terms related to payload or crane structural dynamics. One way to solve
this problem is to increase the coupling in the control law. It can be done by introducing
an additional term that depends on the velocity of interest, e.g., the payload velocity
in , and to find reversely an appropriately shaped energy functional [103], 123].

73
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Another way to solve the problem is to combine the energy-based control with another
damping control [ITI]. In this work, another approach based on a generalized error
measure, called discrepancy, is proposed.

5.2. Stability with respect to two discrepancies

In this Section, the most important definitions, properties, and remarks about stability
with respect to two discrepancies are introduced according to the contributions [64) 94
95, [71),[72]. Consider the process ¢(+,t) is a solution of a DPS and ¢y = 0 its equilibrium.

Definition 1. Discrepancy [71, [79]
A discrepancy is a real valued functional p = p[é(.,t),t] with the following properties

* p(¢,t) >0
e p(0,t)=0

e for an arbitrary process ¢(.,t) the real valued functional p[¢(.,t),t] is continuous
with respect to t

e presenting the second discrepancy po(p) with po(¢) > 0 and pp(0) = 0. Than the
discrepancy plo(.,t),t] is continuous at time t = to with respect to py at po = 0, if
for every € > 0 and tg > 0 there exists a B(e,tg) > 0, such that from py < (e, to)
follows p < €

It should be mentioned that the discrepancy p does not satisfy all properties of a metric,
e.g., triangular inequality d(z,y) = d(y, z) +d(z,y) or symmetry d(z,y) = d(y,x). And
more importantly, it has not to satisfy the definiteness property, i.e., if the discrepancy
vanishes p(¢,t) = 0 it does not naturally mean that ¢ = 0. Therefore, the discrepancy
is an extension of the distance measures normally used in stability theory of DPS like
L, and Le.-norms [71] [72].

Definition 2. Stability with respect to two discrepancies p and po [71}, [72]

The equilibrium ¢g = 0 is stable in terms of Lyapunov with respect to the two discrep-
ancies p and po for all t > to if for every e > 0 and ty > 0 there exists a 8 = (e, tg)
such that for every process ¢(.,t) with po < [(e,to) it follows that p < € for all t > t.
If in addition lim;_, p = 0, than the equilibrium ¢q is called asymptotically stable in
terms of Lyapunov with respect to the two discrepancies p and pg.

Lyapunov stability theory is a base for many nonlinear control methods. In order to
determine a relationship between stability with respect to two discrepancies and the ex-
istence of a Lyapunov functional V, the definitions of positivity and positive definiteness
of a functional with respect to a discrepancy can be presented.

Definition 3. Positivity with respect to a discrepancy p [71, [72]
The functional V.= V[, t] is called positive with respect to the discrepancy p, if V>0
and V[0,t] = 0 for all ¢ with p(¢,t) < co.



CHAPTER 5. DISCREPANCY-BASED CONTROL 75

Definition 4. Positive definiteness with respect to a discrepancy p [71, [72]

The functional V. = V[, t] is positive definite with respect to the discrepancy p, if V.> 0
and V[0,t] = 0 for all ¢ with p(¢,t) < oo, and for every e > 0 exists a 5 = ((e) > 0,
such that V > B(€) for all ¢ with p[¢p,t] > e.

Thereafter, two theorems that determine the conditions for a function V to guarantee
(asymptotic) stability with respect to two discrepancies [95, [T, [72].

Theorem 1. The process ¢ with equilibrium ¢g = 0 is stable with respect to the two
discrepancies p and po if and only if there exists a functional V. = V[, t] positive
definite with respect to the discrepancy p, continuous at time t = tg with respect to pg
at po = 0 and not increasing along the process ¢, i.e., V < 0.

Theorem 2. The process ¢ with equilibrium ¢g = 0 is asymptotically stable with respect
to the two discrepancies p and pg if and only if there exists a functional V = V|¢, ]
positive definite with respect to the discrepancy p, continuous at time t = ty with respect
to po at pg = 0 and not increasing along the process ¢, i.e., V< 0, with lim; 5 V = 0.

In general, it should be also stated that stability with respect to two discrepancies is
necessary but in general not sufficient for stability with respect to a L, or Ly, norms.

5.3. Design of discrepancy-based control for gantry crane

In the following, the discrepancy-based control design for the underactuated gantry
crane is presented. As mentioned above, the idea of the approach is a stabilization of
the generalized error e in the sense of two discrepancies. Here, in the first step, the
error should be defined to fulfill the control objectives. This error should be chosen
such that the relative degree of the input-output system of interest is equal to one, and
the corresponding zero dynamics is stable. The stability of zero dynamics for DPS is
complicated to analyze. One possible approximate solution is to examine the location
of the zeros of the linear discretized system. It should also be noted that this error
may not have a distinct physical meaning. Moreover, to provide an additional degree
of freedom for the control law, each particular component of the generalized error may
be weighted.

The aim of the gantry crane control system is to locate the trolley in the desired position
and to reduce the unwanted oscillations of the payload and the crane structure. Here,
the generalized error e is chosen such that it comprises the deviation of the trolley
position from its reference value €(t) = z(t) — z..f(t), the trolley velocity Z, velocity of
the crane girder w(L,t), angular velocity of the payload ¢, and can be represented as
follows:

e = k18 + k‘gZ + kgw(L) + k4@, (52)

where k1 to k4 are shaping weights that increase the coupling of the associated states.
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Thereafter, the established error e yields the following discrepancy p
1
p =7 (e + kot + kyu(L) + kap)? . (5.3)

The second discrepancy pg is selected to be equal to p at time ¢t = tg = 0. Assuming
that at time ¢ty the gantry crane is in its equilibrium state, the second discrepancy is

Po = p(to) =0. (54)

As was stated in Theorem 2 existence of a suitable positive definite functional V is
sufficient to guarantee asymptotic stability with respect to the two discrepancies p and
po- Then, the corresponding Lyapunov functional can be represented as follows:

1
V= (ke + ko + k(L) + kyp)? . (5.5)

In accordance with stability in terms of two discrepancies, the control input has to be
chosen such that the time derivative of the functional V along the state trajectories is
always negative definite and vanishes only for V = 0. Calculating the time derivative
of the corresponding Lyapunov functional results in

V = eé = e[kié + koZ + k3t (L) + kap] - (5.6)

Here, it can be seen that by substituting the equation of motion , a direct de-
pendency on the control input kp,u(t) appears and that the relative degree of the
associated input-output system is one. Assuming that @w(L) can be directly measured
and eliminating the angular acceleration ¢, ([5.6) can be rewritten as follows:

_ . kslfi(e) —msfale) . fa()
V = ¢ (k:15 + (2 w(L) — U1 (2) Fy,
_ kagms — kagmy cos gl + mpl* fo(9) . kmfa() u)
(o) WO ) ) 6D
where
filp) = mg—mycosp?, (5.8)
Ja(p) = kol —kycosgp. (5.9)

In order to achieve the required negative definiteness of the time derivative along the
state trajectory of the Lyapunov functional V and exponential convergence of V, the
control law has to be chosen as follows:

Lhle) ([ kslfile) —msfale) . o fale) . .
o o) ( ey B T frr ke
-2

where a > 0 is a design parameter influencing the control performance.

Thereafter, substituting the designed control law (5.10)) in A (5.7) yields the aforemen-
tioned exponential convergence

V = —ae? = —2aV. (5.11)

The control scheme of the designed control system is depicted in Fig. [5.1
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Controller

Z; W(L)u W(L)v ¢' ®, Ff‘r

Figure 5.1.: Discrepancy-based control scheme

5.3.1. Extension of the control system

The installed crane sensors of the laboratory gantry crane provide measurements of
the motor states 7, 2, z and accelerations of the crane girder w(L) and payload Z,. For
practical implementation of the control law additional system states are required,
in particular, the velocity of the crane girder w(L), angular velocity and angle of the
payload ¢, ¢, and the friction force Fy,(%). As these can not be measured directly, the
control system should be extended, as depicted in Fig. [5.2]

Zref

Controller

Plant

Observer

i

z,Ww(L), %,

W(L)! Qb, @, Ffr

z,z,w(L)

Figure 5.2.: Extended control scheme of discrepancy-based control

In this work, for the estimation of the lacking states an additional observer is used.
In order to design the observer, the reduced order gantry crane plant model with
linearized trigonometrical dynamics in the operating point * = zy and a nonlinear
frictional model is utilized. Consider the fully observable linear reduced order crane
model in its physical coordinates with the state vector x = [z, 2, w(L),w (L), p, |7, the
measured output vector y = [z,w(L), 2,7, and two inputs - the control input u and the
additional nonlinear friction force input Fy.(x2), which depends on the trolley velocity
the crane. This model can be written as follows:

T = AZL‘—!—Blu—i-BQFfT(:L‘Q), (5.12)
= CZE—FDl’LL—i—DQFfT(I'Q), (5.13)

where A € R6%6, B, € R6*! By € RO*1 C € R3¥6, D; € R3¥!, and D, € R3*! are the
associated system matrices.
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The observer consisting of the plant model and the correction term based on the gained
measurements error can be represented as follows:

&>
|

A:@—i—Blu—l—BgFfr(C@z) —i—L(y—gj), (5.14)
Ci‘—f—DlU—‘ngFfr(j}Q), (5.15)

<
I

where L € R*3 is the gain matrix of the observer.

Thus, taking into consideration the error between the system trajectories and observer
states x = = — , the equation of the error dynamics can be derived as follows:

X = &—&
= Az + Biu+ BoFyp(x2) — A% — Biu — BoFy(22) — L(y — 9)
= (A — LC)X + (BQ - LDQ)AJ“T (516)

where Ay, = Fyp(x2) — Fyp(Z2) is the residual of the friction force.

Here, according to the dual principle in control systems, the gain matrix L can be
found from the solution of the pole placement problem or LQ optimal control problem.
From it can be seen that the nonlinear term Ay, vanishes for xo = Z2. However,
from a practical point of view, the effects of friction are difficult to model accurately,
and, therefore, nonlinear residuals Ay, may remain. In general, the convergence of the
error x in the presence of Lipschitz continuous nonlinearities can be guaranteed if the
gains of the observer matrix L are sufficiently high such that the linear term A — LC
in dominates the system dynamics [84]. However, this condition is difficult to
fulfill in the presence of nonlinear discontinuous functions. It should also be mentioned
that as the motion of the payload is linearized in the operating point z = g, only local
convergence can be guaranteed for the real plant.

5.4. Simulation study

In the following, evaluation of the designed discrepancy-based control is presented. As
the designed control system requires more information about the system states, an
additional observer has been designed and verified. For contrast, this approach has
been compared to another direct approach, which is based on the total system energy.

5.4.1. Evaluation of the state observer

In the following, the designed observer is presented and verified in a simulation study.
The numerical system matrices of the associated gantry crane model (5.12)) and (5.13))
with the state vector x = [z, 2, w(L),w(L), ¢, ]", the measured output vector y =
[z,W(L), Zp]T, and two inputs - the control input « and the additional nonlinear friction
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force input Fi,(x2) can be computed as follows:

0 1 0 0 0 0 1 0 0
0 0 251.5 4.16-1072 1.15-10* 0 0 0 0
Ao 00 0 1 0 0 o= 0 —115.9 0
“]l0 0 —1159 —1.92-102 0 0ol> 7 [0 —1.92-102 0
00 0 0 0 1 0 0 -9.8-10°
0 0 —0.38 —621-10° —31.74 0] 0 0 0 |
_ 0 } _ 0 }
40(.)13 —13.99 0 0
B = 197 , By = 0.69 , D, = —10.97 , Dy = 08‘9
0 0
| —5.99 1072 12.09 1072

In this work, the deterministic Kalman filter has been used as the observer [110]. Here,
as the system is in the physical coordinates, the assignment of the weighting matrices
(@ and R is a trade-off between the model and the measured output contribution in the
observed physical states. Choosing the weights as follows: ¢; ; = [1, 1, 0.5, 0.5, 0.5, 0.5],

Tig = [1073, 5, 25], and gi,j = rij = 0, the observer gain matrix L can be calculated
as follows:
38.37 —9.3-1073 —6.87-107%]
236.2 —-14 —1.17
I 0.41 —0.31 3.49-107°
~ | —30.31 4.28-107%2 —6.9-107°
1.75-107% 2.06-107° —0.14
—0.48  2.92-1073 —0.14

In order to verify the designed observer, the following open-loop simulation scenario
is studied on the high-order nonlinear gantry crane model. Here, the initial value of
the payload angle is chosen as ¢g = 0.05 rad. After 4 s a uniform random input with
sample time 0.5 s appears. The obtained simulation results are depicted in the Fig.
and Fig. Fig. shows the time responses of the input force of the trolley F; as
well as the plant and observer outputs. In Fig. the system states x (blue curves)
and observed states (red curves) are presented. From the results, a relatively accurate
matching between the estimated and plant states can be seen.

5.4.2. Evaluation of the discrepancy-based control

In order to perform the evaluations based on simulation, a plant model and the above-
presented control law have been implemented in MATLAB. For this reason, the non-
linear lumped high-order model of the full gantry crane has been utilized. Here, the
method of lines has been applied. The spatial coordinate of PDE was discretized
applying the FDM with N = 20 points. The resulting system of ODESs has been solved
using the Dormand-Prince algorithm with a variable time step.
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Figure 5.3.: Time responses of output measurements (blue) and observer output (red)
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As aforementioned, the generalized error as well as the derived control law
contain additional tuning parameters k; - k4 to influence the coupling. These parameters
have a strong impact on the system zero dynamics. The assigning of their values is an
ad hoc problem that requires an iterative tuning procedure. Here, trade-offs between
the contribution of the different components according to appropriate design objectives
should be taken into account. An optimal parameter adjustment has not been part of
the work and should be investigated in future contributions.

Here, to provide a relatively fast reference tracking and reasonable damping of both
oscillatory components, the parameters values k1 - k4 and the control performance
parameter a have been chosen as follows:

ki =11, ko=25, ky=118, k4 =980, a=3. (5.17)

As has been aforementioned, the stability of zero dynamics associated with the discrep-
ancy can be examined for a linear discretized system. The zeros of the linear system of
a reduced order 6 with the input v and output (5.2)) are

219 = —2.65+10.61, (5.18)
234 = —113+£4.151, (5.19)
2 = —16.46. (5.20)

Here, it can be seen that the zeros are in the LHP and, therefore, the zero dynamics is
locally stable.

For comparison the energy-based control derived in Appendix [E] has been applied to
the same gantry crane model. This simple control law can be rewritten as follows:

u = k;( —dgi+ Fpy — /-cpz-:) (5.21)

where d. and k,, are corresponding positive tuning parameters of the controller. Param-
eters of the energy-based control law are adjusted to reach a relatively fast reference
performance and acceptable damping as follows: k, = 11 and d. = 2.5.

In order to verify the proposed control law and compare it with energy-based
control law , the time responses of the positioning process have been studied.
The obtained simulation results are depicted in Fig. and From Fig. 5.5
it can be seen that applying the presented energy-based control, the trolley rises to
the desired position after approximately 0.9 s. However, the application of this control
law yields oscillatory behavior of the internal dynamics with relatively small energy
dissipation. Moreover, after rising to the desired position, the magnitudes of the payload
oscillations and crane vibrations are still relatively large, which does not meet the
practical specifications. Applying the proposed discrepancy-based control results in
notable damping of payload and structural motion. Here, the trolley rises to the desired
position after 1.3 s and settles after approximately 1.8 s. It can also be seen that the
corresponding Lyapunov functional V converges exponentially to zero after 3.5 s.

From Fig. and [5.7] it can be seen that not only the oscillations of the girder point
w(L,t) but also the distributed state w(z,t) itself and its Lo-and Lso-norms are stabi-
lized. This is remarkable, as this has not been part of the design. However, it can be
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Figure 5.5.: Time responses of gantry crane applying discrepancy-based control (blue)
and energy-based control (green), reference position (gray)

shown that stability in the sense of Lyapunov with respect to two discrepancies yields
stability with respect to the L,- or the L,-norm if the zero dynamics associated with
the discrepancy p is stable in the sense of the Ly- or Lo-norm [71], [72].
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Figure 5.6.: Time responses of the distributed state applying energy-based control
(right) and discrepancy-based control (left)

80 10
60 8
= 26
E 40 =
2 Rl
20 2
/\
0 N 0
0 2 4 6 8 0 2 4 6 8
t/s t/s

Figure 5.7.: Ly-norm (top) and Lo.-norm (bottom) with respect to z of the displace-
ment w(z,t) applying energy-based control (green) and discrepancy-based
control (blue)

5.5. Experimental evaluation

In this Section, the proposed discrepancy-based control approach is evaluated on the
full configuration of the laboratory gantry crane. As this approach requires more infor-
mation about the system states, the designed observer has been validated in the first
instance. This approach is compared with the energy-based control presented in Ap-
pendix [E] In order to validate the above-mentioned approaches, tracking of the trolley
position with a step change of the reference signal to z, = 350 mm is studied.

The obtained results are presented in Fig. [5.8] 5.9} [5.10] and [5.11] Here, Fig. [5.8 shows
the comparison of the simulation and experimental results. From the simulated curves
it can be seen that the trolley rises to the desired position after 1.3 s and settles after
approximately 1.8 s with an overshoot 6 %. The vibrations of the structure are notably
damped after 1.5 s, and the payload swaying after approximately 3 s. The experimental
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results show that the trolley position settles at the set-point after 1.3 s without large
overshoots. The structural vibrations are notably damped after 2.5 s with small residual
oscillations of the acceleration @ (L) ~ 50 mm,/s%. The payload swaying is damped after
approximately 3 s with residual oscillations of the acceleration Z, ~ 110 mm/ s2. These
mismatches are a result of the model uncertainties and non-ideal compensation of the
friction forces.

In Fig. the discrepancy-based control approach is compared with the mentioned
energy-based control in the same experimental study. It can be seen that application
of the discrepancy-based control leads to better closed loop performance.

In Fig. and experimental results of disturbance rejection for the discrepancy-
based control are shown. In the first case, an impulse disturbance is applied to the
mechanical structure at time 12.5 s, as depicted in Fig. It can be seen that the
vibrations are notably damped after approximately 1 s with relatively small residual
oscillations of acceleration @w(L) ~ 60 mm/s?. In the second case, an impulse distur-
bance is applied to the payload at time 19.7 s, as presented in Fig. The control
system rejected the disturbance after 2 s with residual oscillations of the acceleration
%, = 300 mm/s?.

Fig. and show a robust performance evaluation of the discrepancy-based
control. In this study the following cases from Tab. are taken into consideration.
The payload mass m, and the rope length [ are assumed to be variable parameters,
while the the control law parameters remain the same as in the nominal case Tab.
From Fig. and it can be seen that for all cases the gantry crane is stable and
the oscillations are notably suppressed.

Table 5.1.: Cases for robust performance evaluation

Cases Payload mass m,, Rope length [
Case 1 (nominal) | 0.1 [kg] 670 [mm)]
Case 2 0.03 [kg] 670 [mm)]
Case 3 0.16 [kg] 670 [mm)]
Case 4 0.1 [kg] 860 [mm)]
Case 5 0.03 [kg] 860 [mm)]
Case 6 0.16 [kg] 860 [mm)]
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Figure 5.8.: Simulated (blue) and experimental (red) time responses of elastic gantry
crane with discrepancy-based control by reference tracking
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6. Summary

6.1. Conclusion

Gantry cranes are a broad class of cranes that can be found in different industrial
locations. Large gantry cranes are often utilized for handling containers at port termi-
nals. During the last decades, a common trend in crane construction design was the
application of lightweight structure elements. On the one hand, this led to resource
conservation, but, on the other hand, this increased the influence of flexible structural
vibrations. These weakly damped vibrations yield faster wear of construction and dete-
riorate the overall performance of crane operation. Furthermore, neglecting the struc-
tural dynamics for feedback control may result in excitation of the natural frequencies
and even in unstable closed loop dynamics. The focus of this thesis was to reduce the
undesired low-frequency vibrations in trolley travel direction using the trolley actuator.
For this reason, three model-based control approaches for different crane configurations
and control assumptions have been proposed.

In Chapter [1] introduction and general motivation on this topic have been discussed.
Chapter [2]starts with the mathematical modeling of the gantry crane with flexible struc-
tural dynamics. Here, the distributed parameter model applying Hamilton’s principle
has been derived. It has also been shown that for more complex models, the FEM-
approach is well suited. After this, the laboratory gantry crane has been introduced. In
this thesis, two different practical configurations are considered:

e simplified crane configuration without the payload;
e full crane configuration.

Each configuration has its own drive and corresponding motion control system. Fi-
nally, the mathematical models of these configurations have been validated with the
laboratory setups.

In Chapter [3|linear robust feedback control design for gantry cranes has been proposed.
Here, the trolley drive system is considered to be in the position control mode such
that the trolley position is the new control input. In order to design a control law that
fulfills the performance specifications and guarantees the robust stability for a crane
with not exactly known parameters, the Hy.-loop-shaping synthesis has been applied.
To introduce parametric uncertainties, the normalized coprime factor description with
the associated gap metric has been used and applied for the generation of a set of the
gantry crane models. The designed robust controller has been successfully evaluated in

92
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simulations and on the simplified configuration of the laboratory gantry crane.

In Chapter [4linear control design that does not require measurement of oscillations has
been presented. This PFC-based output feedback approach has been applied to the full
configuration of the gantry crane. It has been shown that this approach can be applied as
an extension to the standard cascade motion control. Here, the PFC has been designed
to compensate the system zero dynamics and to render the resulting plant ASPR.
Thereafter, the closed loop system is stabilized applying high-gain output feedback. At
the beginning of the chapter, a theoretical background on the relative degree and the
zero dynamics is given. After this, several design procedures for PFC have been shown,
and one of them has been applied for the gantry crane. The proposed feedback control
approach has been successfully validated in simulations and experiments.

In Chapter || direct nonlinear control design for gantry cranes has been proposed.
Here, the trolley drive system is in torque control mode, and a full redesign of the
motion control system is considered. For stabilization, a generalized error measure,
called discrepancy, has been taken into consideration. Applying the associated stability
theory, i.e., stability with respect to two discrepancies, the nonlinear control law for the
gantry crane based on Lyapunov direct design approach has been derived. As the control
law requires unmeasured system states, an additional observer has been designed. The
designed discrepancy-based control has been successfully tested in simulations and on
the full configuration of the laboratory gantry crane.

In the present thesis, it has been shown and experimentally verified that the flexible
structural vibrations in the trolley travel direction can be suppressed using only one
actuator, i.e., the trolley drive system. It has been also demonstrated that all of the
proposed approaches can be easily implemented in practice, e.g., as an extension to a
conventional motion control system (methods from Chapter 3| Chapter [4)) or as a full
redesign (method from Chapter [5).

6.2. Future perspectives

For future practical applications of the PFC-based control presented in Chapter
a detailed robustness analysis has to be performed. It should be mentioned that the
proposed design procedure of the PFC for the gantry crane is, on the one hand, simple
in application and provides ASPR properties as well as zero placement for the extended
plant but, on the other hand, this design can be sensitive to uncertainties, in particular,
for weakly damped systems. In the presence of uncertainties, an additional weakly
damped complex conjugate pair of poles and zeros appear in the extended plant P
resulting in weakly damped residual oscillations. The amplitude of such oscillations
depends on how considerable the uncertainty is and is often insignificant for small
uncertainties. However, for more complex systems, where the dynamics can change and
be unstable, this method is not suitable, and the design approach from Section
should be preferred.



94 CHAPTER 6. SUMMARY

In addition, robustness analysis with respect to the friction effects has to be performed
for PFC-based control from Chapter [4] and discrepancy-based control from Chapter
In both cases, the friction compensation has been part of the control system design.
In this work, a standard friction model with static parameters has been used. Since
the mass of payload varies during the real crane operation affecting the friction, the
corresponding parameter variations should be taken into account in the friction model.
Here, it should be noted that an overcompensation of the friction force leads to the
system energy increase and may result in unstable closed loop dynamics. In order to
solve this problem, a friction compensator with parameter adaptation can be used.

The concept of active damping and the methods proposed in this work can be further
used to generalize and solve other structural dynamics problems in different types of
cranes. For example, an actuator of a load-lifting mechanism can be used for active
damping of vertical vibrations, which are often found in STS-cranes. Furthermore, to
control such a system, the methods presented in this work can be applied.

Furthermore, the presented approaches have to be evaluated on a full-scale real crane. In
human-operated gantry cranes, weakly damped structural vibrations of high amplitudes
disturb the crane operator. However, a massive actuation on the trolley motion due
to the additional damping strategy can also be unpleasant for the crane operator.
Therefore, for such cases, this fact has to be also taken into consideration as a control
objective.



A. Detailed derivation of gantry crane
model

In this Appendix, the general crane model derivation based on Hamilton’s variational
principle is presented. For clarity, let the kinetic energy of the system (2.15) and the
potential energy of the system ([2.16)) be divided into the following terms

1 T . 1 7.
T = imcrcTrc—kgmtrtTrt—i—

- %mp [(@(L) + 2+ @lcos ) + (plsin())’]

ST B
imprprp—i-i ow” dx,
0

Ty

1 1 L
+ 5mt(w(L) + 2)? + §mcw2(L) + = / o dx . (A1)
0

To Ts

U= mpgl(l—CObgp /EI " : (A.2)

Taking into account the energy (A.1)), (A.2) and the work (2.17)), extended Hamilton’s
principle (2.1)) can be written as

to
/ (0T1 4+ 6Ty + T3 — (60U +0Uz) +6W)dt = 0. (A.3)

t1

In following calculation of the variations for each energy term is presented. For the
term T it follows

to to 1
0T dt = / 5{2mp [(W(L) + 2 + pleosp)? + (plsinp)?] } dt
t1 t1

Y B I 2 LT S S
= ) impl 7 <(s1n ©)° + (cos ) ) + §mpw(L) + 3Mp?
t1
+mpw(L)z + mplw (L) cos g + mylig cos 90} dt
to
- / {mpz%&p +my (w(L) + z) Sw(L) +my (w(L) + :.;:) 53
t1
—mplw (L)@ sin pdp + myl (L) cos pdp + myle cos pduw(L)

—mplzg sin pdp + mplz cos dp + mple cos @52} dt. (A4)
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In order to avoid time derivatives of variations d¢, dz and dw(L) in (A.4) integration
by parts can be applied

t
2(5T1 ae = [mpl2gb5g0]

t1

[ {prefis
v /t2 {m,,( B(L) + 3) } Sw(L) dt

ot ofs

) cos ¢ — (L) sin ) } opdt

o

AEG

/{ (@cose — cpsmso)}éw(mdt
[

[

—i—[mp(w(L) + z) ow(L )]

+[my (W(L) + %) 62]

+[mpli(L) cos ¢ 5@

+ [mplcp cos p dw(L
+ [mplz coscpégp — zcos @ — zsin gogp)} dpdt
—i—[mplgbcosgoéz — mpl pCcosp — @ smgo)}ézdt
to
_/ {mpl( (L)psinp + Z¢sin go)} dpdt. (A.5)
t1

Taking into account that variations vanish at time moments ¢; and ¢9, collecting integral
terms with same variations d¢, 0z and dw(L) and making corresponding simplifications

(A.5) can be rewritten

to 1)
0T dt = — / {mpl2¢ + mylw (L) cos p + mylZ cos cp} opdt
t1 t1

to
- / {mp (w(L) 4 2) 4+ mplg cos o — mplp? sin gp} dw(L)dt

t1

to
—/ {mp (w(L) + 2) + mpl@cosp — mplp? sin gp} dzdt. (A.6)
t

1

Taking variations for the term Ts yields

b2 2 (1 1 2
6Ty dt / 5 {2mcu'1(L)2 + 5 (w(L) + 2) } dt
t1

t1
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To eliminate time derivatives of variations dz and dw(L) in (A.7) integration by parts
can be applied

to to

§Tadt "2 [((me +mo)b(L) +me2)ow(L)]

t1 t1

_ /tt {((mc +ma)i (L) + myZ) } Sw(L) dt
s /tt {mt(é + w(L))} s2dt. (AS)

Taking into account that variations vanish at time moments ¢; and ty (A.8]) can be
rewritten

+[(me (2 4+ w(L))dz]

t1

to to
0Tydt = — / {((mc + my)w (L) + my%) } dw(L)dt
t t
1 1t2
—/ {mt('z’—i-ﬂ')(L))}ézdt. (A.9)
t1
Applying the same procedure for the distributed term Tg results in
to to L
0Tsdt = / / ow dw dx dt
t1 t1 0
to to L
BL [QU) (5w] —/ / ow dw dx dt
t1 t1 0
to L
= —/ / ow dwdxdt. (A.10)
t1 0

For the term of potential energy U; it follows

to to
oUpdt = / o {mpgl(l — Cos gp)} dt
t1

t1
to

= —/ {mwlsingp)}&gpdt. (A.11)
t1

Applying variation to the distributed elasticity term Us and eliminating spatial deriva-
tives in variation dw using integration by parts the second term of the potential energy
can be obtained as

to to L
SUsdt = / / ETw" sw" dx dt
t1 31 0
£ L L
21 / {[EIw"(Sw/] —/ EIw’”Sw’dX} dt
t1 0 0

P. t2 L
S / { [EZw” §u']
t1

L
+/ ETw"" 6w dx} dt. (A.12)
0

L
— [EIw"' 1) w]
0

~

0
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Substituting (A.6), (A.9), (A.10), (A.11)), (A.12), and the virtual work into
Hamilton’s principle , collecting terms with the same variations, and taking into
consideration the geometrical boundary conditions w(0) = w’(0) = 0, the following sum
is obtained

to L to
0 = —/ / [Qz'[} + ETw™ + cu')] Swdx dt —/ [EIw”(L)} Sw'(L) dt
t1 0

t1

to
- / [mgﬂ)(L) + mgE 4+ mplg cos o — mylp® sinp — EIw”'(L)] ow(L)dt
t1

to
— / [msﬂ}(L) + mgZ + myplp cos  — myl@? sinp — F; + Ffr} 0z dt
t1

to
—mpl/ [lgb—i—?l)(L) cos @ + Zcosp + gsinp|dpdt, (A.13)
t1

where my, = my, +m; +m. and ms = my, + my.
From (A.13]) it can be seen that for any arbitrary variations the equation holds only

if integrands vanish independently. Hence, the equations of motion of the gantry crane
follow

o+ ETw" +cv = 0, (A.14)

w(0) =w'(0) =w"(L) = 0, (A.15)

ms(L) + mgZ + myl@ cos p — mplp?sing — EZw” (L) = 0, (A.16)
ms(L) + msz +myl@ cos o — mplp?sing — F,+ Fp, = 0, (A.17)
lp+w(L)cosp + Zcosp+gsing = 0 (A.18)

The above equations of motion describe the flexible gantry crane dynamics under the
made assumptions. As can be seen, the application of Hamilton’s principle for such
an one-dimensional problems is straightforward. However, the corresponding algebraic
operations are often bulky, making applications of this method unreasonable for more
complicated problems.



B. Numerical-based model

Modeling of flexible structures is a complex task because of their infinite-dimensional
nature. The utilization of analytical methods is restricted to problems with simple ge-
ometries and boundary conditions. For more complex problems, e.g., 3D geometry of
real gantry crane, application of numerical modeling methods is preferred [126], 81 [54].
For modeling and analysis of various infinite-dimensional physical problems, the FEM
can be used. Nowadays, there are many commercial FEM packages that provide pos-
sibilities for importing CAD model geometries and exporting dynamic models. Having
reliable models at the stage of crane production enables early analysis, control system
design, and virtual commissioning.

For a derivation of the dynamic model of flexible crane structure, including the dis-
placements and its derivatives, the Solid Mechanics interface of the commercial software
COMSOL Multiphysics is well suited. Here, the geometry of the gantry crane can be
imported from a CAD model. After defining material properties, boundary and load-
ing conditions, outputs, and meshes, a linear lumped model of n DOF can be derived
automatically as

MY + PY +QY = F, (B.1)

where @, P, and M are derived global stiffness, damping, and mass matrices, Y, Y,
and Y are displacement, velocity, and acceleration vectors at all domain nodes of the
structure as well as F' is the nodal forces vector.

Taking into consideration the input and output of interest, the structural model can be
represented as a linear state-space model of 2n—th order and coupled with the other
model subsystems, e.g., as depicted in Fig.

Crane . > Payload
trolley l T
with drive » FEM Crane

Figure B.1.: Possible model interaction scheme
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C. Model parameters

In this Appendix the parameters of the gantry cranes configurations are presented.

Simplified crane configuration

Table C.1.: System parameters

o 6124 [kg/m?3] ET 4.34-10° [Nm?]
L 0.548 [m]
a 0.116 [—] g 0.002 [—]
my  5.37 [kg] my 0.3 —0.6 [kg]
me 1.46 [kg] T, 04 [s]
Ty1  0.005 [s]

Full crane configuration

Table C.2.: System parameters

o 6124 [kg/m?3] ET 4.34-10° [Nm?]
L 05 [m]
a  0.116 [—] g 0.002 [—]
my 0.1 [kg] my 0.1 [kg]
me 1.46 [kg] l 0.67 [m]
F,i 0.5 [N's/m] Fy 310 [N]
F., 145 [N] bey 1.67 [—]
ke 05 -]
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D. Linear control approaches

In this Appendix, two classical linear control approaches for evaluating and comparing
the gantry crane control from Chapter [4| are presented. Here, it is assumed that the
crane configuration is back-drivable, i.e., the coupling between trolley with the drive,
flexible structure, and payload subsystems exist, and no additional sensors for the
oscillations measurements are needed.

The first approach is a classical cascade control for drive position control (Fig.
where no additional damping goals are considered. Such simple control law can be
written as follows:

1

+ ﬂ)’ (D.1)

T = [kr(zref - Z) - SZ] (kv

where k, is the coefficient of position controller, k, and T;, are parameters of the velocity
PI controller.

Parameters of the controller can be adjusted for reaching a fast reference performance
as follows k, = 2, T,, = 0.14, and k, = 10. In Fig. simulation and experimental
results applying the control law for the full crane configuration from Sectionm
are depicted. As has been discussed in Section[4.5.1] applying high gain output feedback
control to plants with zeros near the imaginary axis results in oscillatory closed loop
dynamics.

The second approach is an observer-based state feedback control, as depicted in Fig.
Here, the state feedback control law with additional integral part

u(t) = —K [#", & ] (D.2)
acts on all internal system states providing positioning and damping for the oscillatory

plant subsystems. The controller vector K can be calculated by minimizing the following
linear quadratic value function

J:/(mT(t)Qa:(t)—i-uT(t)Ru(t)) dt (D.3)
0

where Q and R are corresponding weighting matrices.

Recalling the linear reduced order model of gantry crane from Section [2.4.3] with the
state vector x = [z41, T2, 2, 2, @, ¢|, the trolley position as output y = z, and nonlinear
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Figure D.1.: Simulated (blue) and experimental (red) time responses of elastic gantry
crane with cascade feedback control

friction force as additional input Fy(2), the model matrices can be computed as

[—8.56 - 103 10.45 00 0 0
—10.45 —856-107% 0 0 0 0

4 0 0 0 1 0 0
€7 | 894-1072 1.97 0 0 1.36-10* 0"
0 0 0 0 0 1

i 0 0 0 0 —3294 0]
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- - -~ L

3.66 3.66 0
—0.17 —0.17 0 ,
0 0 1 0
Be= 11.8 11.8 Ce=g| » DPe= [0}
0 0 0
| —1.57-1072 —1.57-1072] 0]

In order to design an appropriate feedback control the weighting matrices () and R that
represent states and input penalties have been chosen such that a reasonable trade-off
between the oscillations damping and positioning for this setup has been found. Here,
the elements of diagonal matrix () are chosen as follows: ¢; ; = [1- 104, 1-10%, 50, 80, 6-
108, 6108, 1-10°] and R = 1. The observer gain L. can be calculated by solving the
pole placement problem

L.=[42.72 64645 26.59 —292.08 —0.05 —1.2]". (D.4)

r fi D u y
—PQ—P[Integrator]—b[ —K >| Plant >
_.@4_

M

X

Figure D.2.: LQR control scheme

In Fig. simulation and experimental results by applying the observer-based state
feedback control law to the full crane configuration are depicted. Here, a fast
reference tracking with notable damping of the load oscillations and reduction of crane
vibrations can be seen.
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Figure D.3.: Simulated (blue) and experimental (red) time responses of elastic gantry
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E. Energy-based control

One of the most common control approaches for mechanical systems that provide dis-
sipation is based on the total system energy [17, 103} [I11]. Since the system energy is a
positive definite function, it is well suited for as a Lyapunov functional candidate. The
control objective of the gantry crane is the positioning of the trolley and simultaneous
damping of the payload swinging and structural vibrations. Therefore, the Lyapunov
functional candidate can be chosen as follows:
1
2
where E = T + U is the total system energy, € = 2z — 2,y is the trolley position error,
and k, is a positive constant. Here, according to and the total system
energy can be divided into three terms

V=E+ -kye?, (E.1)

B o= gmy [W(L)+ 2+ gleos ) + (@lsin())?] + gmu(i(L) +2)?

1 1 [k 1 (-
+§mcu'12(L) + 3 / 0w? dz 4+ m,gl(1 — cos p) + 3 / EZ(w")?dx
0 0

_ %mp <12¢2 + (w(L) + 2)2 + 20 cos go(u’;(L) + z))

Eq

1 , N2, L,
+ 5 (w(L) + z) + 5 Metd (L) + mpgl(1 — cos )

Eq
1 L
+ 2/ (W + EI(w”)2> dr > 0. (E.2)
0

Es

In the following, a calculation of the time derivatives along the state trajectory for each
energy term is presented

By = mplpp+m, (w(L) + z)w(L) +m, (w(L) + z) 3

—myl? sin @<w(L) + z') + myl cos go(w(L) + z)

iyl cos go(QD(L) + z) , (E.3)
By = my (w(L) + 2)71;(L) +my (w(L) + z)z

e (LYi (L) + mygle sin g, (E.4)
Es = /0 ' <gu‘m> + EIw”u'/’) dz . (E.5)
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Substituting PDE (2.19)) in (E.5|) and eliminating mixed derivatives via integration by
parts, the Eg can be rewritten as follows:

L
Fy = / <w( — ETw" — cu')) + EZw”w”) dz
0
o I L L
=L / <_ EIw////w _ Cw2> df[: + [El'w//w/] _/ EIw,Hw/ df[:
0 o 70

=0

I L L
= / ( — ETw""i — 011')2) dz — [EZw"w]| + / ETw"" b dx
0 0 0

= —EZw(L)"w(L) - /O ’ i’ dz. (E.6)

Adding the terms (E.3)), (E.4), (E.6) and collecting them with the corresponding veloc-
ities, the time derivative along the state trajectory of the total energy can be derived
as follows:

L
E = —/ c? dz 4+ myl [lgb+ﬂ)(L)coscp + écosgp—i—gsincp} @
0
+ [mgd}(L) + msZ 4+ mplg cos p — mpl</'32 sin ¢ — EIw”’(L)] w(L)

+ {msu}(L) g+ myl cos o — myl@? sin gp} :. (E.7)
Substituting (2.21), (2.22), and (2.23]) in , the time derivative along the state

trajectory of the total energy can be simplified and represented as follows:

. L
B - _/ cir? dz + (Ft—Ffr)z. (E.8)
0

Thereafter, taking into account the trolley force Fy(t) = kp,u(t), the time derivative of
the Lyapunov functional along the state trajectory can be rewritten as follows:

L
Vo= / ci? dzx + (k:mu - Ffr)z + ket (E.9)
0
Thus, choosing the energy-based feedback control law as
1

u = 1?( —doi + Fpy — ps) (E.10)
yields in

. L

V = —/ ci?dr —d.2* <0. (E.11)

0

The parameters of the energy-based control law are adjusted to achieve a relatively fast
reference performance and acceptable damping: k, = 11 and d. = 2.5. From it
can be seen that for the control system, only measurements of the trolley position and
velocity are needed. In Fig. [E.I]simulation and experimental results applying the control
law to the full crane configuration are depicted. Here, it can be seen that the
closed loop system dynamics is stable, and the crane trolley reaches the desired position
relatively fast.



APPENDIX E. ENERGY-BASED CONTROL 107

400
NN N S w

£ 300 ; g

~ 1

=200 ~

100 ' oL

1000

L/ mm/s?

w

-1000

3000

2000

1000

Ft/mN

-1000

Figure E.1.: Simulated (blue) and experimental (red) time responses of elastic gantry
crane with energy-based feedback control
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