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Abstract

The digitalization of the construction industries planning and execution phases, coupled
with advances in automation technology has led to a renaissance for construction robotics.
Current efforts to provide robots for the execution of digital construction plans revolve
around either the adaptation of industrial robots for the construction site, highly special-
ized custom robots or the digitalization of existing construction equipment. However,
there is currently no robotics approach that addresses the very large work envelope that
constitutes a construction site.

This work therefore evaluates the feasibility of operating robots and other kinematic
systems hanging from a regular crane. A crane’s hook is not a stable base for a robot.
Movements of the robot as well as external forces would lead to motions and oscillations.
The robot would therefore not be able to execute accurate movements.

Stabilizing a platform at the hook to create a useable base for robots requires adding
further means of control to said platform. Three approaches are known: additional
ropes, propulsive devices and momentum control devices. This work studies the use of a
specific type of momentum control device, so called control moment gyroscopes. These
are an established technology for the stabilization of ships and also the reorientation of
spacecraft. By gimbaling a fast spinning rotor orthogonal to its axis of rotation, CMGs are
able to generate torque through the principle of gyroscopic reaction. They are thereby
able to generate torque in mid-air and unlike additional ropes or propulsive devices do
not interfere with their environment.

The following work develops equations of motion and a model for the crane-CMG-
robot system. A general control strategy is laid out and a simple PD-based controller is
designed. The model is validated through a variety of simulations and used to understand
the critical interactions between the three systems. The ability of a CMG platform to
predictively compensate the torques produced by a robot and thereby improve its path
accuracy is shown through simulation. It is also shown how such a platform can help
dampen hook and load oscillations. The simulations not only show the potential of the
approach, but also allow the work to develop sizing guidelines and identify critical areas
for future research. The work therefore closes by laying out the critical path to bringing
this approach to the construction site.






Zusammenfassung

Die Digitalisierung der Planungs- und Ausfiihrungsphasen der Bauindustrie sowie
Fortschritte in der Automatisierungstechnik haben zu einer Renaissance der Baurobotik
gefiihrt. Die aktuellen Bemiithungen zur Bereitstellung von Robotern fiir die Ausfiihrung
digitaler Baupldne drehen sich entweder um die Anpassung von Industrierobotern fiir
die Baustelle, hochspezialisierte Sonderroboter oder die Digitalisierung bestehender
Baumaschinen. Was derzeit fehlt, ist ein Robotikansatz, der den sehr grofien Arbeitsraum
der Baustelle berticksichtigt.

Der Haken eines Krans ist keine stabile Basis fiir einen Roboter. Bewegungen des Roboters
sowie duflere Krifte fiihren zu ungewollten Bewegungen und Oszillationen. Der Roboter
kann daher keine genauen Bewegungen ausfiihren.

Die Stabilisierung einer Plattform am Haken, um eine brauchbare Basis fiir Roboter zu
schaffen, erfordert das Hinzufiigen weiterer Kontrollméglichkeiten zu dieser Plattform.
Drei Ansétze sind bekannt: zusatzliche Seile, Propellervorrichtungen und Vorrichtungen
zur Momentensteuerung. In dieser Arbeit wird die Verwendung eines bestimmten Typs
von Momentensteuergeraten, so genannter Kontrolmomentgyroskope, untersucht. Diese
sind eine etablierte Technologie fiir die Stabilisierung von Schiffen und die Orientierung
von Raumfahrzeugen. Durch die Verkippung eines sich schnell drehenden Rotors orthog-
onal zu seiner Drehachse sind CMGs in der Lage, durch das Prinzip der gyroskopischen
Reaktion Drehmoment zu erzeugen. Dadurch kénnen sie Drehmomente erzeugen ohne
sich abstofsen zu miissen und im Gegensatz zu zusaetzlichen Seilen oder Propellern
beinflussen sie nicht ihre Umgebung.

Die folgende Arbeit entwickelt Bewegungsgleichungen und ein Modell fiir das Kran-
CMG-Roboter-System. Durch eine Reihe von Simulationen wird dieses Modell validiert
und verwendet, um die kritischen Wechselwirkungen zwischen den drei Systemen zu
verstehen. Die Fahigkeit einer CMG-Plattform, die von einem Roboter erzeugten Drehmo-
mente pradiktiv zu kompensieren und dadurch die Bahngenauigkeit zu verbessern, wird
mittels einer Simulation gezeigt. Es wird zudem gezeigt, wie eine solche Plattform dazu
beitragen kann, sowohl Haken- als auch Lastschwingungen zu ddmpfen. Die Simulatio-
nen zeigen nicht nur das Potenzial des Ansatzes, sondern ermdglichen es auch, Dimen-
sionierungsrichtlinien zu entwickeln und kritische Bereiche fiir die zukiinftige Forschung
zu identifizieren. Die Arbeit schliefit daher mit der Ausarbeitung eines kritischen Pfades,
um diesen Ansatz auf die Baustelle zu bringen.
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Outline

The following is a documentation of efforts to understand whether it would be possible
to operate a robot hanging from a crane. Given the desire of increasing automation in the
construction industry the ability to extend the working area of conventional industrial
robots by hanging them from cranes could be of great use and impact.

The introduction (chapter 1) begins with a summary of why construction robots are
of interest, their current availability and abilities. Its second section elaborates why
hanging robots from cranes is of interest. The stabilization approach chosen for this work
i.e. control moment gyroscopes (CMGs) is briefly introduced before discussing alternative
approaches. Finally the potential of the chosen approach is discussed.

With the focus of this work being CMG-based crane stabilization the main content begins
with Chapter 2 introducing the fundamental principle of CMGs. The chapter goes on
to discuss their use in spaceflight as well as terrestrial systems for maneuvering and
stabilization. The idea to utilize gyroscopes to stabilize cranes is not new and so special
attention is given to previous research in this field. This chapter thereby motivates this
work by identifying areas not covered by existing research.

Following this, chapter 3 summarizes the existing theory on CMGs as it pertains to this
work. The majority of this chapter is spent on introducing and explaining the dynamics of
CMGs before moving on to the sizing and steering of them. The chapter thereby outlines
the constraints of CMGs and limits of the existing models.

With the fundamentals of CMGs covered, chapter 4 develops the models required for
assessing the core question of this work: how do the crane, robot and CMGs interact. The
chapter begins by identifying and approximating the parameters of a crane that affect
the crane-CMG-robot interaction. Following this a model is derived that approximates
the crane and its load as a double pendulum. The load in this case being the CMGs, any
kinematic systems and or any payloads hanging from them. The model is then further
extended to include the dynamics of the CMG and robot as well as external forces in
general.

Chapter 5 describes and structures the control problems of the crane-CMG system in its
various applications. After an overview regarding crane control theory a simple controller
for dampening oscillations is chosen and described.

Chapter 6 covers the experiments performed for with work. It begins with the validation
of the double pendulum model’s behavior through simulations before evaluating the
chosen dampening controller. The second section investigates the interaction of the
dampening controller with the steering law of CMGs using a scissored pair CMG array
as an example. Here the previously developed model allows for an analysis of how
the different torques interact, which is of great importance when it comes to sizing
consideration. The third section covers the generation of example forces and torques
as generated by a robot’s motion. These forces and torques are used in the subsequent
section to simulate the motion of a robot hanging from a crane and how the use of CMGs
can reduce the deviation from the target path. The chapter closes with a discussion of the
hardware prototype built in parallel to this work.



List of Figures

Building upon the insights gained from the the modelling and experimental chapters,
chapter 7 develops a sizing methodology for the CMGs in a crane-CMG system. It
begins by discussing how the sizing requirements and constraints arise from the various
use cases of CMGs for crane stabilization. The chapter closes with a discussion of the
relationships between the constraints and how the sizing for crane-CMG systems differs
from other CMG applications.

The insights gained during this work are summarized in chapter 8 and used to identify
the key challenges for further work.

Some specialized terminology is explained in a glossary (chapter 9) and the appendix
(chapter 10) includes the python implementations of the models.

Construction robotics is a field heavily reliant on interdisciplinary collaboration. Therefore
this thesis aims not only to be of use to engineers interested in dynamic systems and their
control. Instead the intention is that, by covering certain fundamentals in greater detail,
this work will be of use to architects, civil engineers and roboticists alike enabling them
to understand the potentials and challenges of hanging a robot from a crane.



Introduction

1.1 The Need for Construction Robots

Construction is and will continue to face significant challenges: Our urban population
is rising [3], necessitating not only the creation of significant amounts of new building
stock, but also the densification and upgrading of existing stock. Furthermore we must
reduce the impact on the environment of our buildings and their use. At the same time
climate change has already resulted in increasingly extreme weather conditions and
changes to the climate conditions that our buildings have to withstand. Many so called
developed nations are also facing shortages in skilled construction workers [4], not only
due to the aging population and unattractive working conditions, but also due to reliance
on cheap foreign labour. The latter has caused many sectors in construction to stagnate
technologically as innovation was more costly than masses of cheap labour [5].

Fortunately, technological advances have led other industries to develop means for
greater individualization and increased flexibility in their production. Looking at earlier
attempts at automating construction (particularly in Japan and Korea during the 80s),
one can see how the technology of the day was unable to provide said individualization
and flexibility required in construction [6]-[8]. With robots, sensors and fast computing
becoming more ubiquitous, we are finally seeing the emergence of construction robotics.

First examples of these new on-site, commercially available robots are SAM100 the
brick-laying robot [9] and Tybot the rebar-tying robot for bridge decks [10]. Robots have
also entered the preproduction of buildings and we are slowly seeing more direct links
between digital planning and individualized robotic execution. As industrial robots enter
the construction industry, the existing construction machinery is also becoming more
sophisticated. Dump trucks are already driving autonomously in open pit mines and
excavators and other machines are being fitted with sensors and digital controls.

The availability of digitally-controllable machinery has always been key to increasing
automation and individualization. Such machines are the bridge from digital planning to
execution in the real world. As such it is wonderful to see the emergence of programmable
machines suited for the construction site. Yet one aspect of the construction site is not
addressed by the existing range of adapted industrial robots and upgraded construction
machinery: the sheer size of construction sites. Therefore this work investigates the idea
of hanging robots from cranes to increase their work envelope to that of the construction
site.

1.2 Cranes as a Base for Robot Operations

The ability of cranes to provide logistics over large spans and at great heights has trans-
formed construction since antiquity. They are the kinematic systems of choice for the large
scale of construction sites, naval operations and large scale assembly tasks. However, the
key to their success is also limits their ability as a provider of automated motion. Using
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Figure 1.1: Overview of forces preventing stable operation of e.g. a robot suspended from a crane: a) center
of gravity (CoG) of the hook/platform moves out of equilibrium, b) robot CoG gets moved out
of equilibrium, c) forces and torques acting at robot base due to motion of robot, d) forces and
torques stemming from interaction with external objects, e) external forces e.g. wind. Note that
these all interact.

a rope as the last link of their kinematic chain, cranes are able to cover height with a
minimum of material. The flexibility of the rope also means that it requires extremely little
space when retracted, as it can be coiled and wound around winches. Yet this flexibility
also means that the rope cannot be used to push, only to pull. With the actors (the motors)
of the crane connected to the end effector (the hook) via a flexible connection, it is difficult
to produce controlled motion in the event of disturbances.

The ability of robots and other digitally controlled automation technology to perform
accurate and repeatable movements is key to their usefulness. Hanging a robot from
a crane to increase its work envelope needs to maintain this ability. The hypothetical
assembly in Fig. 1.1 illustrates the various forces at play that could create disturbances,
moving the crane’s hook, attached platform and hence the robot, leading to deviations in
its intended movement.

To break down the various forces it helps to imagine conditions under which the platform
would be stable and level in space. In a static case and without external forces these
conditions would exist when the centers of gravity (CoG) of the platform and the robot
below it are in line with the point of suspension for the rope i.e. the gantry. Any movement
of the gantry would break this condition and lead to motion of the platform (a). Similarly,
motion of the robot or attaching loads to it would change its CoG (b), once again leading
to motion of the platform. Even if the CoG is maintained in an equilibrium position,
motion of the robot results in forces and torques acting at the base of the robot (c), once
again causing motion of the platform. Further disturbance of the platform equilibrium
can be caused by the robot interacting with its environment (d) and the environment
e.g. wind acting on the whole assembly (e).

With the platform being able to pivot and rotate freely around the hook and the hook
itself being fairly free to move laterally the robot has a very unstable base of operations.
It is obvious that by controlling the motion of the crane and robot it should be possible to
reduce motion experienced by the platform. The control that can be exerted in this fashion
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is quite limited and poses a challenging control problem due to an underactuation with
regard to the systems degrees of freedom (see Sec. 5.2). Such a control approach would
also limit the ways in which the crane and robot could be used.

As such it would be advantageous to add additional means with which to control the
platform, thereby giving the robot a more stable base of operations. The disturbances
illustrated in Fig. 1.1 involve both forces and torques. This work focuses on adding
controllable torque to a hypothetical platform without relying on physical constraints
e.g. additional ropes or propulsion e.g. propellors. This means generating said torques in
the middle of space.

Fortunately, spacecraft face a similar issues, having to maneuver without having land or
air to push off from. Whilst spacecraft are usually known for their use of rocket and other
propulsive devices, they also usually have means of producing torque without expending
fuel. This feat is achieved through momentum control devices and this work will discuss
the feasibility of using a specific type of these, called control moment gyroscopes (CMG),
to enable construction robots for large work envelopes. Prior to introducing these devices
and their existing uses (chapter 2) the following sections discuss alternative approaches
to robotics for large workspaces and the potential applications for this work.

1.3 Alternative Approaches for Large Workspaces

A well studied approach for large workspaces are parallel tendon kinematics. Here,
instead of a single rope positioning the end effector, multiple ropes/tendons are used.
By spanning these tendons from different directions, it becomes possible to create stable
positions and motions over large spaces. Such systems are commercially available for
cameras in sports stadiums and researchers have proposed their use for a variety of other
tasks.

The RoboCrane was originally a DARPA project at NIST that was proposed for several
applications [11] including construction [12], [13]. Other systems such as the Fraunhofer
Institute’s IPAnema have been aimed at logistics [14]. More recently there have also
been further conceptual proposals for the use of parallel tendon robots on construction
sites [15] as well as large scale 3D-printing efforts that utilize parallel tendon research
prototypes [16] (see Fig. 1.2).

Parallel tendon kinematics come with some challenges and disadvantages. Dealing with
tendon elasticity is particularly relevant to vibrations in the system. Depending on the
size of the end effector platform, the systems will also struggle to produce high torques,
as these depend on the amount of leverage that the tendons have on the platform. Some
researchers have therefore added momentum control devices to compensate torques
in parallel tendon kinematics [17] (see Fig. 1.3), which point to interesting hybrid ap-
proaches utilizing parallel tendon systems in combination with CMGs. The bigger issue
for construction sites will most likely be the need for the tendon’s winches to be placed
around the workspace of the system. This means that tendons would be required to cross
large areas of the construction site, which poses significant challenges with regard to
collisions, setup costs as well as worker safety.



1 Introduction

Figure 1.2: Rendering of a 3D-printing concept for construction sites [16]

Figure 1.3: Experiments with dampening a parallel tendon platform using reaction wheels [17]. The left
example is not using the reaction wheels. On the right, one can see them being used and rotating
at the top of the platform.

10



1.4 Potential Applications

his should be a video. Please see HTML-version of this document.

Figure 1.4: Excerpt from the 4th year report of the ARCAS project on collaborative flying robots for main-
tenance and construction. The consortium also performed experiments with a kerosine-fueled
drone/helicopter capable of carrying a DLR LBR robot arm.

Drones are the only system on a construction site with a workspace larger than cranes.
They are therefore seeing use as an inspection, surveying and monitoring tool. They have
also been proposed as a logistics and robotics platform for infrastructure (see [18] and
Fig. 1.4). Given the weight of construction materials, drones” small payload capabilities
in comparison to cranes severely limits this approach. Their need to compromise flight
time with battery weight is an additional constraint of drone based approaches. It seems
relevant to point out that the building materials of some widely publicized drone-based
constructions are foam blocks [19], nylon ropes [20], [21] and carbon fibers [22]. The use of
propulsive systems (e.g. propellors) to rotate or stabilize crane loads has been mentioned
in the literature and apparently there were experiments made in Japan or Korea [23], but
sadly the results of these experiments are not available.

While mobile platforms in robotics are starting to enter industrial use, they are not able
to provide the vertical reach of cranes. For small heights, linear axes can be added to
the mobile platforms to increase the reach of their robot arms. Some have proposed
attaching industrial robot arms to other systems to enhance their reach and construction
site mobility. One example from research is the Digital Construction Platform by the MIT
Media Lab [24] (Fig. 1.5). Others have attached articulated arms to hydraulic remote
controlled demolition robots for use in nuclear decommissioning [25]. Apart from their
vertical and horizontal reach, a further benefit of cranes can be their small footprint
relative to their horizontal reach. Mobile platforms, on the other hand, would have to be
provided with access via the ground.

1.4 Potential Applications

In comparison to the alternatives covered above, Fig. 1.6 illustrates the potential abilities
of the proposed system of stabilizing a crane hook with momentum control devices.
Generally speaking, it would add the ability to produce controlled torques at the hook of
a crane without requiring any additional ropes or other kinematics. The control moment
gyroscopes would allow for the compensation of the torques produced by a robot’s

11
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Figure 1.5: The Digital Construction Platform that combines an industrial robot with a hydraulic arm to
increase its reach. The red line has been drawn by the end of the hydraulic arm and the blue line
by the small robot attached to it. [24]

his should be a video. Plea: . e HTML-version of this document.

Figure 1.6: Abilities of a CMG-stabilized crane. From left to right: process compensation, part rotation and
dampening of pendulum oscillations.

motion or other processes suspended from the hook. They would also provide control
over the rotation of parts during transport and assembly operations. Furthermore they
could assist in dampening crane oscillations.

These abilities could result in novel applications of cranes, not only on construction sites.
Components could be moved with greater control for logistics and assembly operations.
By increasing the control of the motion, safe automation of such tasks becomes possible.
The ability to compensate process torques also makes it possible to use additional kine-
matic systems, be they specialized or general purpose (e.g. industrial robots). Examples
of these applications are illustrated in Fig. 1.7.

12



1.4 Potential Applications

Figure 1.7: Potential applications of a CMG-stabilized crane. From left to right: part transport with gantry
cranes, transport and assembly of components on a construction site, mobile industrial robots.

13






Control Moment Gyroscope Applications

Control moment gyroscopes are an established technology in spacecraft design and
have also seen some commercial terrestrial application. This chapter starts with a brief
explanation of gyroscopic reaction torque before giving an overview of historic and
current applications of momentum control devices in general and CMGs in particular.
The applications have been split into three parts: spaceflight, general terrestrial and crane
applications.

By investigating the various existing applications, this chapter hopes to provide a deeper
understanding of the potentials and limitations of CMGs, to thereby motivate the subse-
quent work of this dissertation.

2.1 Gyroscopic Reaction Torque

The behavior of gyroscopes often runs counter to intuition due the relationship between
torque, angular velocity and momentum. As it involves the cross product of their vectors,
everything is constantly being rotated 90°.

Fundamental to understanding gyroscopes is that angular momentum (k) is a conserved
quantity i.e. it remains constant unless a torque (7) is applied to the system. Furthermore
it helps to remember that change in angular momentum is torque (7 = 4%). When the
applied torque is aligned with the angular momentum, the momentum simply changes
in magnitude. This happens when a motor spins a wheel or we use our fingers to spin a
top.

When the torque lies orthogonal to the angular momentum, we encounter the unintu-
itive side of gyroscopes. Since no component of the torque is in line with the angular
momentum, its magnitude and hence the speed of the spin remain constant. Therefore,
the change in angular momentum takes the form of a change in the orientation of the
angular momentum. This is illustrated in Fig. 2.1.

It is this change in orientation in the form of a rotation and its relation to the torque via
the size of the angular momentum that lets us understand everything from simple toys
(Fig. 2.2) to the momentum control systems of the International Space Station (Fig. 2.3).

Before proceeding, I would like to emphasize three key points:

¢ the angular momentum (h) acts akin to a lever between w and 7

¢ the speed at which our gyroscope spins is not affected by torque acting orthogonal
to its axis of rotation

¢ such a torque will instead result in a rotation orthogonal to both angular momentum
and said torque

The last point is essential to understanding CMGs where we do the inverse: rotate an
angular momentum and thereby create a reaction torque. This is illustrated in Fig. 2.4.
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Figure 2.1: Illustration of how a torque that lies orthogonal to an angular momentum causes a rotation of
the angular momentum’s orientation instead of a change in its size. Here h denotes the angular
momentum and w is the rotational velocity that this vector is experiencing.

%

Figure 2.2: Precession of a gyroscope. Gravity would usually cause the object to topple over. Instead, the
conservation of angular momentum leads to a precession, whose motion causes a torque that
balances out the torque caused by gravity.(Lucas Vieira, Public Domain)

Figure 2.3: Astronaut Dave Williams replacing one of the four dual gimbal CMGs on the ISS. (Public Domain,
NASA Photo ID: S118-E-06998)
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2.1 Gyroscopic Reaction Torque

Figure 2.4: Principle of a CMG. A spinning mass i.e. a gyroscope (€2 denoting its angular velocity) has an
angular momentum (k). By applying an angular velocity (w) orthogonal to the gyroscope’s spin
axis we create a reaction torque (7) orthogonal to both the gimbal axis and the gyroscope’s spin
axis.

The torque produced by such a gimbal rotation is described by:

T=wxh (2.1)

Within a CMG the torque required to rotate the gimbal so as to produce a given rate w is
independent of the angular momentum h of the gyroscope. The gimbal motor only has to
overcome the rotational inertia of the gyroscope and the surrounding gimbal bearings etc.
Yet since the torque of the CMG also depends on the angular momentum of the spinning
gyroscope, we can increase the output torque of the CMG simply by increasing the spin
speed of the gyroscope.

This is where the lever analogy is really appropriate: Just as a longer lever enables us
to produce a greater output force with the same input force, so can a greater angular
momentum (e.g. faster spinning gyroscope) enable us to produce a larger output torque
with the same gimbal motor. Since the gyroscope’s motor only needs to overcome the
bearing friction once it has reached the desired speed, CMGs enable us to produce very
large torques with comparatively small motors. Leve et al. mention terrestrial systems
capable of output in excess of 100,000 Nm that require only a few kWs to operate [26,
p. 46]. This is quite remarkable when compared with e.g. a Tesla Model S motor which
produces 1,250 Nm using 581 KW.

Unfortunately there is a caveat. Fig. 2.4 shows that the produced torque is applied to the
body via the bearings of the gyroscope and those of the gimbal. This of course means that
gimbals must be sized accordingly, but the greater issue occurs when the body containing
the CMG happens to rotate around the axis of our output torque. In such a case the
angular momentum lever becomes a problem, as it now leads to a large torque being put
on the gimbal motor. Sizing the motor to accommodate for such cases can quickly negate
the advantage provided by a CMG and this will be discussed in the later sizing sections
(see Sec. 6.2.4).

17



2 Control Moment Gyroscope Applications

2.2 Applications of CMGs

This section will cover a selection of CMG applications. Given their properties CMGs
have a very narrow field of utility. With most of the research surrounding CMGs coming
from space exploration, a brief historic review of CMGs in space will illustrate how the
understanding of the fundamental principles of CMGs has evolved. The subsequent
section covers the few terrestrial fields of application and serves to illustrate some of the
challenges and limitations of CMGs. The final section covers prior work on stabilizing
cranes with gyroscopes.

2.2.1 Development of CMG Technology and Spacecraft Application

The need to produce a torque without having something to push off from does not
occur frequently. Given sufficient speed, even a plane can push off the air surrounding it.
This explains why momentum control devices are mostly associated with space flight.
Leve, Hamilton and Peck have summarized the work in this field in their book Spacecraft
Momentum Control Systems [26].

For small spacecraft, reaction wheels are common and provide a straightforward means
of transferring the torque of a motor to the spacecraft. Reaction wheels consist of a single
motor attached to a disc or wheel. It is in larger craft with higher torque demands that
the lever effect of CMGs becomes essential. The first CMGs to fly in space were three
dual gimbal CMGs attached to Skylab. Dual gimbal CMGs are less efficient than single
gimbal CMGs, as the torque produced is always transferred in part through a gimbal
motor, whereas in a single gimbal design it will be transferred via the bearings. However
there are several reasons why Skylab and many subsequent spacecraft including the ISS
use dual gimbal CMGs.

As a gimbal rotates to produce torque with the gyroscope, so does the orientation of the
output torque vector. This gives rise to complex steering laws and issues with singularities
(See Sec. 9 for explanation of singularities). The Apollo program did not use CMGs, but
did use three gyroscopes for inertial measurement of the spacecraft’s orientation. These
gyroscopes were suspended in three nested gimbals, providing feedback regarding the
spacecraft’s yaw, pitch and roll. The decision only to use three gimbals led to more
frequent issues with gimbal lock (a singularity where the gimbal axis align) than was
expected during multiple Apollo missions!. Given the limited computational resources
and understanding of CMG steering laws at the time, it is very understandable that
NASA chose to go with dual gimbal designs, which eliminate the internal singularities
on the CMG array.

The attitude control systems for the first spacewalks of the US program took a different
approach. By mechanically linking two CMGs so that they mirror each other’s motion, one
can create a scissored pair CMG array. Here the sum of the two gyroscope’s momentum
vectors always lies along a single axis, making for much simpler steering (see also: Fig. 6.9
and Sec. 6.2.1). The disadvantage is that one has to use six, instead of three CMGs to be
able to produce torque around three axes (i.e. three degrees of rotational freedom).

!The Apollo guidance computer had to include functions to alert the astronauts to an impending gimbal
lock and Mike Collins joked that all he wanted for Christmas was a fourth gimbal as he was repeatedly
resetting the gimbals during Apollo 11.
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Figure 2.5: Various configuration options for single gimbal CMGs [27]

Over the years, several ways to array single gimbal CMGs and associated steering laws
with singularity avoidance have been developed. Since redundancy is imperative in space
flight, the arrays usually use four CMGs, unless other momentum control devices are
also included in the spacecraft. The three common arrays for CMGs are box, pyramid
and roof (see Fig. 2.5). Leve et. al recommend roof arrays due to their simpler and easier
to avoid internal singularities.

Momentum control devices such as reaction wheels, CMGs or magneto-torquers? enable
spacecraft to adjust and control their orientation without expending fuel. This makes
them invaluable, given weight and volume constraints in space flight. However, these
systems are also of value in attempts to add robot arms to spacecraft.

Whilst the ISS has a remote controlled arm, the control of this arm is not coupled with the
attitude control system (ACS) of the ISS. The ACS simply continues to try and maintain
the ISS in the desired orientation. This is possible due to the very large moment of inertia
that the ISS possesses.

The only other robot arm to have operated in space is that of the ETS VII research satellite
(see Fig. 2.6 and [28]). The goal of this research was to study how one satellite might
capture another spacecraft for repairs or even just removal of space debris. The mission’s
experiments were performed using both programmed motions as well as remote control
operation, both with the speed limited to 2mm/s. Such low speeds were necessary to
ensure that the ACS of the spacecraft could maintain its orientation. Note that such
speeds are orders of magnitude below those of earthbound industrial robots.

Using the ETS VII satellite, Yoshida et al. were able to show the efficacy of reactionless
motion planning using so called reaction-null-space [29]. These are sets of movement that
produce zero reaction torque at the base of the robot. Such movements are very limited
for conventional 6 DoF arms, making the approach suitable for arms with kinematic
redundancy.

While the ETS VIl is the only such system to fly in space, there has been a lot of research
into robot arms in space (see [30] for a review), with the first robot arm flying as an

*Magneto-torquers rely on electro-magnets interacting with the earth’s magnetic field.
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Figure 2.6: Artists rendition of the ETS VII research satellite used to evaluate the use of robot arms to
manipulate other satellites (bottom right, source: JAXA [39]). The satellite during ground tests
(left, source: ESA Bulletin [40]) and overview of its robot setup (top right,[28])

experiment aboard the space shuttle Columbia [31]. Besides the above mentioned motion
planning using reaction-null-space, other methods have been proposed to reduce the base
reactions caused by the robot movement (see introduction of [32] for a good summary).
These include the coordination of a second robot to compensate the torques of the
tirst robot [33]. The authors show the efficacy of the approach, also with regard to
energy consumption, but it must be assumed that adding a second arm just to be able
to compensate the other would be less efficient than more powerful momentum control
devices. Nevertheless, this work will be valuable if more than one robot is to be attached
to a crane, especially as it would also be able to assist in maintaining the center of gravity.
Other works have studied how one might coordinate the ACS and robot actuation to
optimize their utilization while maintaining the satellite’s attitude as well as robot path
accuracy [32], [34]-[36]. Others have proposed using CMGs as the actuators of the arm
to create kinematics capable of moving in space without exerting torques on their host
spacecraft [37]. To ensure accurate compensation and robot motion, methods for the
identification of a systems inertial parameters after launch have been proposed [38].

2.2.2 Terrestrial Applications

Looking to terrestrial applications, we mostly see CMGs being used to stabilize vehicles.
Attitude control with CMGs makes little sense on earth, as most vehicles need to rotate at
velocities that are not feasible for CMG-based control, given the high reaction torques
that would have to be sustained by the gimbal motors. As we have the ground, water
and air to push off from, we usually can use wheels, fins and wings instead.

Therefore CMGs find terrestrial application where such systems do not work: two-
wheeled vehicles that should remain upright at slow speeds or a standstill and roll
stabilization for ships at rest. Early examples of both applications can be found. For
ground vehicles there is a gyrocar commissioned in 1912 by Pyotr Petrovich Shilovsky
who also built a monorail and wrote a book on the uses of gyroscopes in 1924 [41]. Ships
of the same period saw the construction of probably the largest ever CMGs (regarding
size), with the first deployment to a large passenger liner, the Conte di Savoia in 1931
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Figure 2.7: Gyro stabilizer aboard the Conte di Savoia passenger liner launched in 1934.

[42]. The gyroscope weighed in 175t and spun at 910 rpm (see Fig. 2.7). Given that control
engineering or cybernetics had not yet been established, these systems presumably
operated on a passive control principle.

The way that such passive stabilization with gyroscopes works is as follows: The tipping
vehicle exerts a torque orthogonal to the gyroscope’s momentum and the gimbal'’s axis.
This causes the gyroscope to precess around the gimbal axis, a movement that in turn
causes a reaction torque counter to the tipping motion of the vehicle. If the gimbal resists
the precession, for instance through friction, this torque also acts against the torque
causing the excitation.

The low speeds of the motors available back then as well as the much simpler solution of
adding further wheels or putting a foot on the ground are why gyroscopically stabilized
ground vehicles did not become popular in the early 20th century. There have, however,
been subsequent attempts at producing gyro cars.

In the late sixties a team around Thomas Summers, who had worked on guidance
gyroscopes in the war, and the car designer Alex Tremulis, built the Gyro-X prototype.
The goal was to increase road capacity and improve aerodynamics by slimming a car to
two wheels, but the team went bankrupt before they were able to solve the engineering
challenges involved in actually keeping the car stable. A recent startup called Lit Motors
also attempted to produce a similar two-wheeled car and filed multiple patents [43]
(see also Fig. 2.8). News surrounding the company went silent after an initial flurry of
coverage around 2012 and some speculate that they were not able to reduce noise and
vibrations sufficiently to create a usable consumer experience, but they have recently
relaunched their [44]. For a discussion as well as a derivation of equations of motion
and control systems for stabilization of two-wheeled vehicles see [45]. In this paper the
authors also extend the equations of motion to use two gyroscopes of opposite spin
direction and show how this benefits control performance.

Even though roll stabilizing gyroscopes went out of fashion for ships as hull and fin de-
signs improved, they have become a commercial product offered by multiple companies
(see Fig. 2.9 for an example). Their target market are yachts as well as commercial vessels,
where roll stabilization at rest or slow speeds is of greater importance. The CMGs here
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This should be a video. Please see HTML-version of this document.

Figure 2.8: Prototype of the Lit Motors C1 gyro-stabilized vehicle being driven on the webseries Spark
produced by Maker Studios

\

his should be a video. Please see HTML-version of this document,

Figure 2.9: Marketing video for a ship-stabilizing gyroscope [46]. The left boat is being stabilized, the right
one is not.

are the largest CMGs commercially available today, since satellites require much lower
torques. It is therefore unsurprising that a naval CMG was used in the recent resurrection
of the Gyro-X at the Lane Motor Museum. It is also worth pointing out that some naval
CMGs use the energy stored in the spinning gyroscope to provide additional electrical
power during peaks in electrical load caused by the actuation. This was also considered
for spacecraft, but as spacecraft batteries have reached a similar energy density to high-
speed flywheels, the added weight of the required electronics and challenges of high
velocity gyroscopes in space have led to this idea being discarded.

The gyroscopes used in naval CMGs are large enough to warrant a vacuum to reduce
friction and are actuated using hydraulic systems. Filed patents point towards interesting
engineering challenges [47], for instance regarding the cooling of the gyroscope bearings
[48].

Given the passive stabilization principle discussed earlier, one might surmise that no
actuation is required. The actuation is required to ensure that the gyroscope does not
reach a singularity and also to limit the precession speed and thereby the output torque.
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Serial
telemanipulators

Figure 2.10: Other terrestrial applications proposed by researchers. From left to right: human gain stabiliza-
tion [51], stabilizer for heart surgery [49], [50] and underwater robot [56].

Given the size of the gyroscopes and bearings involved, the actuation is also required
to assist the gyroscope in overcoming friction. This is relevant during small excitations,
where the friction might introduce a significant time delay in the system’s reaction.

Researchers have also proposed other applications for CMGs (see Fig. 2.10). The most
exotic is probably the use of a CMG to stabilize a beating heart during surgery [49],
[50]. Several researchers have also built CMGs into devices aimed at stabilizing human
gait to e.g. assist the elderly [51], [52]. Others have suggested using CMGs to orient
underwater robots to allow attitude control at zero velocity and with fewer thrusters
(initially proposed in 2005 [53], further examples:[54]-[56]). Others have used reaction
wheels instead of CMGs to create small, self-assembling robots that move by flipping
themselves [57]. A quite well known example of momentum control is the Cubli, a
self-balancing cube that also uses reaction wheels [58].

2.2.3 Crane Applications

Given that there were significant efforts to automate construction in Japan and Korea
dating back to the 1980s, it is unsurprising that research into the actuation of cranes
has been done in these countries. The earliest literature relevant to cranes is from 1994
and concerned the stabilization of a passenger gondola. It uses a SPCMG with two 30kg
flywheels to compensate wind excitation [59] (see Fig. 2.11). In 1997 a patent was filed on
adding a motor to a crane hook to rotate the load [60]. In such a case the motor would
have had to push off against the crane cable’s resistance to twisting.

A paper from 1998 describes field testing of a device using a single CMG [23] (see
Fig. 2.12). The authors also mention previous work that utilized fans or propellors to
actuate a crane’s load.? The authors also analyzed how the device improved assembly
times and reduced dangerous work. The greatest improvement was in tasks that involved
the rotation of the load. Here the work duration was roughly halved and nearly all work
they classified as dangerous was eliminated. Their device used the passive stabilization
principle during transport and a remote controlled actuation to cause the load rotation.

Yi et al. have published several works on stabilizing beams during construction work
(see Fig. 2.13) and [61]-[63]. Starting with a single CMG hanging from a single rope,
their subsequent publications (one having only the abstract available in English) discuss

3No English or German sources could be found that further detail this approach.
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Figure 2.11: CMG pair used to stabilize a gondola against wind excitation [59].

Figure 10 The Work Condition using GYAPTA at Actual Construction Site (Example 2)

Figure 2.12: Single CMG device used in field tests [23].

the addition of an IMU since the rotary encoder attached to the single rope was too
inaccurate. They also confront the same issue as naval CMGs, namely that slow rotations
are not able to overcome the gimbal friction. Their last paper adds a clutch to the gimbal
to avoid overloading the gimbal motor during passive stabilization. In [64] the authors
use a motorized hook to rotate beams (see Fig. 2.14). The authors also filed two patents
with regard to ways of powering such a hook, one proposed a clock spring with the
other proposing to use the vertical hook travel to power the device. They incorrectly
discuss [23], stating that the authors were only using passive stabilization. More recently
researchers have once again used a single CMG to stabilize the yaw of a load attached to
a model jib crane [65] (see Fig. 2.15). The authors run into difficulties with the singularity
and changing orientation of the output torque.

The concept of using CMGs to rotate a load hanging from a crane has recently been turned
into a commercially available product by the Australian company Verton. Founded
in 2014 they published a patent regarding the rotational control of a crane load with
gyroscopes in 2017 [66]. The product is called R-Series, was launched in 2019 and is
currently available for 20 and 5 tonne loads. Their marketing material focusses on the
increased worker safety and reduced handling times, as also covered in prior work by
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Figure 2.13: Illustration of beam stabilization setup from [63].
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Figure 2.15: Single CMG experiments on a model jib crane [65].
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Figure 2.16: The R-Series is a commercially available load rotation device that uses gyroscopes and was
launched by the Australian company Verton in 2019. (Picture by Rod Pilbeam)

[23].

From the patent filing and limited information available on their website it appears that
they use two single gimbal CMGs with the ability to add further CMGs as modules.
The introduction of the patent discusses the issue of how reaction torque interferes with
manual rotation of the load. Given the use of two gyroscopes I would assume they are
using a scissored pair array. By rotating the two gimbals in the same direction (as opposed
to mirrored) it should be possible to align the gyroscopes” axes of rotation with that of
the load without exerting any torque on it, thereby placing the device in a state that does
not interfere with manual rotation.

2.3 Summary

The idea of using gyroscopic effects for stabilization is an old one. Yet following this
review of existing applications, it appears that a solution for the idea of stabilizing a
robot hanging from a crane cannot easily be extrapolated from the existing applications
of CMGs. Unlike a satellite or spacecraft we are predominantly interested in maintaining
a given position, not in rotational agility. The oscillations and dynamic behavior of cranes
will differ from those of ships, and unlike ships we have to deal not only with roll, but
also pitch and yaw. It is this three-dimensional requirement that also sets this challenge
apart from the previous work with CMGs and cranes.

The trajectory optimizations proposed for space robotics can most likely be adapted to our
purpose, but cannot be applied directly due to the stark differences between spacecraft
and crane dynamics. For instance, in space the torques produced by the robot will always
only rotate the spacecraft, whereas attached to a crane we will also have to deal with
translations caused by robot motions and other external forces.

We will have to develop an understanding of crane-CMG dynamics to allow us find a
way to consolidate the different control and sizing requirements. On the one hand we
have a system at rest being excited by e.g. a robot and on the other hand a system in an
oscillatory state that needs to be dampened.
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Theory of CMGs

This chapter covers various theoretical aspects of CMGs, starting with their dynamics.
Subsequently a brief introduction is given regarding their steering, workspaces and
sizing. The content of this chapter covers existing models and approaches, laying the
groundwork for the following chapters that develop these aspects for the CMG-crane
system.

3.1 Dynamics of CMGs

With the number of spinning parts involved in a CMG, the dynamics exhibit a certain
complexity. To be able to size and control the CMGs for our application we need to
understand and model these dynamics. This section will therefore introduce and discuss
the model derived in great detail by Leve et al. [26, Ch. 4.5]. The resulting expression is
the derivative (with respect to time) of the angular momentum of a CMG spacecraft with
variable speed gyro-rotors [26]:

NdH Bde/N
-y 3.1
dt dt 3.1)
+ <Z Jy.i0i&i + Jri (Qrzgz + SiQr,iai)> (3.2)
i—1
+ wB/N X (J . wB/N + (Z Jgﬁigi + Jr,iQr,iéz’)) (33)
i1

Leve et al. use vector-dyadic notation [26, Sec. 4.1] for the above equations. For a basic
understanding it is best to disregard the dyadic notation, summations etc. and focus on
the following symbols:

* H: angular momentum of the spacecraft

¢ w:angular velocity of the spacecraft

* J, J,, Jg: inertia of spacecraft, gyroscope rotor and inner gimbal assembly
* 8,8, 6: axis of the rotor, gimbal and output torque’

e §,0: angular velocity and acceleration of the gimbal

¢ (: angular velocity of the gyroscopes rotor

Using this simplified notation let us look at the various parts contributing to the changes
in angular momentum (for an exact discussion please refer to [26, Sec. 4.5]):

1. Rigid-Body Motion: all terms involving J

[e}}
Il
(1)}
X
>
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3 Theory of CMGs

2. Gyroscopic Reaction Torques:
Caused by either the motion of the spacecraft or gimbal rotating an angular mo-
mentum vector.

a. J,Q66 :Gimbal and spinning rotor
b. w x (J,Q8) :Spacecraft and spinning rotor

C. wXx (JQSQ) : Spacecraft and rotation of gimbal assembly

3. Motor Torques:

a. Gimbal Motor
b. Gyroscope Motor

Depending on the required fidelity of the simulation and whether the model is used for
sizing or control certain simplifications can be made:

¢ For simplistic models one can separate 2a from the rest, as it represents the major
output torque of single gimbal CMGs.

* The torque exuded on the spacecraft by the gyroscope motor (3b) can be removed if
the gyroscope’s velocity is constant during operation.

* The gyroscopic reaction torque 2c will be much smaller than the other components
and can therefore be disregarded for initial sizing etc.

Aside from providing the means to simulate the behavior of our CMGs, the parts 2b and
3a provide the requirements for gimbal motor sizing. Part 2a is the torque required to
sustain the reaction torque stemming from the rotation of the spacecraft and part 3a is
the torque required to provide the desired torque dynamics.

3.2 Steering of CMGs

The main challenge of steering CMGs lies in avoiding the complex singularities of a given
array. Staying some distance away from them also reduces the accelerations required in
the gimbals. Furthermore steering laws might also respect the gimbal limits regarding
jerk, torque and speed. Alternatively they can leave this to the inner control loops of the
gimbal.

Most arrays consist of at least four CMGs, permitting null space motion?, that is gimbal
motions that produce a net output torque of zero. Such motions can be used by the
steering law to avoid singularities without introducing an error torque. Other steering
laws actually enable passing through singularities and are categorized as singularity
escaping. These methods introduce torque inaccuracies.

The fundamental principle of CMG steering laws lies in creating an inverse to the actuator
Jacobian. That is, given the Jacobian i.e. the matrix describing the impact of the various
gimbals’ rates on the output torque, its inverse provides us with a set of target gimbal rates
needed to obtain the desired torque. Depending on the nature of the singularities, different
approaches exist for the creation of a pseudo-inverse. Some solutions avoid singularities

*For explanation of null space, error torque, Jacobian and pseudo-inverse see the glossary (chapter 9).
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by simply forbidding the production of certain torques, reducing the workspace of the
array to guarantee singularity-free operation.

One can also optimize solutions with a variety of methods and for a variety of goals
e.g. torque accuracy, energy consumption or time required for a maneuver. Some of
these optimizations might produce only local optima or not be able to guarantee torque
accuracy between points in a torque trajectory. These optimizations are research field
unto themselves. Leve et al. provide an an overview and selection of literature regarding
CMG steering laws and their optimization [26, Ch. 7].

3.3 CMG Workspaces

One important concept with CMGs is their workspace, also referred to as the momentum
envelope. A CMG array produces torque by changing the orientation of its momentum
vector. This vector is the sum of the momentum vectors of the gyroscopes in the array.
These individual momentum vectors of the gyroscopes maintain a constant magnitude,
but; depending on the orientation; they might cancel each other out. Together they create
a volume of possible momentum configurations of the array. This can be viewed as the
workspace of the array whose axes are angular momentum around the three cartesian
axes. Ergo, the dimensions of the envelope are in Nms.

The hull or envelope depends on the configuration of the array. If one imagines each
CMG as having a momentum vector that can be gimbaled 360°, the result is a circle lying
on the plane orthogonal to the gimbal’s axis. The workspace enclosed by the envelope is
then the set of points defined by the sum of multiple such vectors as they are rotated.

To develop a more intuitive understanding of the momentum envelope, one can picture
the gyroscopes being gimballed to move the momentum vector through the volume
enclosed by the envelope. Remembering that a change in momentum is a torque, we can
picture how the velocity of the point moving through the momentum space is the output
torque of the array.

Therefore, want to produce a certain torque, the point begins moving in a certain direction.
At some point the point reaches the envelope and the array simply cannot produce any
more torque around that axis. The time this takes, i.e. the duration for which a given
torque can be sustained, depends on the velocity of the point i.e. the magnitude of the
torque and the size of the envelope. Therefore, if the velocity in momentum space is in
Nm and the distance travelled corresponds to time, then it becomes understandable why
this envelope is measured in Nm:s.

Note that close to singularities, the gimbals will have to move greater amounts to achieve
the same travel in momentum space. This is akin to robots” axes having to rotate further to
travel a given distance in cartesian space when they are close to singularities. Hence, given
a limited gimbal velocity and acceleration, the torque dynamics will change throughout
the momentum envelope.

The envelope is not a convex hull i.e. it intersects itself and can have additional internal
surfaces. These are the internal singularities that a steering law must avoid or be able to
pass through them. See Fig. 3.1 for an illustration of singularities of different array types.
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3 Theory of CMGs

Figure 3.1: Momentum envelopes of different single gimbal CMG arrays, i.e. their inner and outer singulari-
ties. From left to right: box, roof and pyramid array [26]

Figure 3.2: Outer (green) and inner (orange) singularities for a four-CMG roof array with a roof angle of 45°.

Leve et al. also include a more in-depth discussion of the various types of singularities
and how they are taken into account by different steering laws.

The shape of the workspace is of relevance to this work as the requirements will not be
uniform in all directions. A pendulum will often swing around a single axis, robot tasks
might be dominated by torque around certain axes and part rotations will lie around
the axis of the crane’s rope. Therefore it is of note that the shape the workspace of an
array can be changed by altering its parameters. In a roof array, the critical parameter is
the angle of the roof. See Fig. 3.2 and Fig. 3.3 for a comparison of different roof angles
generated with the code provided in sec. 10.5.

3.4 Sizing of CMGs

Leve et al. provide a good overview regarding the sizing of spacecraft CMG [26]. For
terrestrial systems there is little literature available, but in their paper on a wearable
SPCMG Chiu et al. discuss their sizing process [51]. However, generally speaking, the
main characteristics of a CMG array are:
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3.4 Sizing of CMGs

Figure 3.3: Outer (green) and inner (orange) singularities for a four-CMG roof array with a roof angle of 30°.

¢ the torque it can produce (Nm)
¢ the agility of the torque production i.e. its acceleration (Nm/s)
¢ the amount of torque it can sustain i.e. its momentum envelope (Nms).

The magnitude of these requirements obviously depends on the application for which
the CMGs are being sized. This application will also pose constraints regarding torque
accuracy, weight, size, vibrations and power consumption.

Looking at the sizing methods used for spacecraft, the requirements usually stem from the
agility demanded of the spacecraft, also called slewrate. Given the moment of inertia of
the spacecraft, the slewrate requirement will provide a required torque and duration that
must be provided. The given slewrate also results in a base rate whose reaction torque
must be handled by the gimbal motors. From this, the sizing of the CMGs can proceed
and will subsequently be governed by the harsh constraints of spaceflight hardware.

This in particular is where the CMG sizing in this work diverges from spacecraft CMG
design. Weight, size, power and computational resources are of much smaller concern
when hanging the CMGs from a crane. For instance, some crane hooks have added
weights which are required to ensure that the unloaded hook can overcome the rope
friction in the pulley system. Furthermore, the slewrate or rather the rotation speed of
loads is only one concern. The compensation of the robot’s motion and oscillations of the
crane must also be taken into account. Hence, as already alluded to during the review of
existing applications, an understanding of the crane-CMG-robot system is required. This
is developed in the following chapter.

31






Modeling the Crane-CMG Application
Systems

“The problem is, we don’t understand the problem.” — Paul MacCready

Two types of models are needed to develop sizing guidelines for the crane-CMG system.
Their goals are, respectively:

1. derivation of abstracted inputs to the sizing
2. simulation of the designed system

Simulations of the system are needed to not only validate the sizing, but also to under-
stand the system behavior.

The models need to cover three application scenarios for the CMG-crane system:

1. compensation of process torques
2. rotation of loads being lifted by the crane
3. dampening of the pendulum motion of the crane

Overall these models should thereby provide the means to abstract crane parameters to
assist in the sizing of the CMGs. The requirements of the processes e.g. part rotation and
robot motion also need to be obtained. Then, to link crane and application, a suitable
model of the CMG system is required.

To understand the basic input parameters technical data provided by crane manufacturers
is used. The process loads produced by a robot will be determined using real robot
motions and a multi-physics simulation package. To understand the interaction of a CMG
array with a crane it is modeled as a double pendulum system. The formulation of CMG
dynamics (see Sec. 3.1) is applied to this model. Finally an interface for the application of
external forces is created.

4.1 Parameter Space of Construction Cranes

Tower cranes play a central role in construction. This work therefore focusses on the
parameter space of tower cranes. Fig. 4.1 shows a selection of tower cranes manufactured
by Liebherr. Going from the compact, bottom-slewing crane, to one of the highest load
cranes, two intermediate steps are also considered

From the data-sheets of these cranes the parameters relevant to the models can be
obtained(see Fig. 4.2). The parameters that enable an estimation of the base rate of the
CMGs induced by the motion of the crane are of particular interest, as this determines the
magnitude of the gyroscopic reaction torque that the gimbal motors need to compensate
(see Sec. 3.1). The translational movements of the hook/platform do not contribute to the
base rate, but the period of the crane-rope/pendulum is of interest. Since the period of a
pendulum depends on the length of the pendulum, the hook height is used as stand-in
for the (maximum) pendulum length.
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4 Modeling the Crane-CMG Application Systems

Figure 4.1: Cranes used to estimate parameter space of construction cranes. From left to right (increasing
payload): L1-24, 71 EC-B, 380 EC-B, 1000 EC-B.

Crane Height [m] Reach [m] Load [kg] Load at Tip [kg] Transl. Speed [m/min] Rot. Speed [rpm]
L1-24(230V) 19 25 2500 900 22 0.5
7T1EC-B5 45 50 4220 1000 63 0.8
380EC-B16 83 75 15660 3000 95 0.8
1000EC-B125 96 31.5 125000 24600 100 0.6

Figure 4.2: Key parameters of the selected example cranes L1-24, 71 EC-B, 380 EC-B, 1000 EC-B.

The oscillations of a crane tendon can be assumed to be sufficiently small to assume
isochronism i.e. that the frequency remains constant while the amplitude changes. Whilst
neither the amplitude of the oscillation nor the mass of the pendulum affect the frequency
of the oscillation, they do affect the maximum angular velocity. It is possible to grasp this
intuitively, if one considers the potential and kinetic energy of a pendulum.

In the zero crossing where the pendulum is aligned with gravity the potential energy is
zero while the kinetic energy and hence the velocity is highest (see Fig. 4.3) When the
pendulum is at its highest points, the inverse is true. As the potential energy is dependent
upon the mass of the pendulum, the maximum payload of the cranes is added to the
parameter list.

An estimate of the amplitude of the crane oscillations can be derived from the maximum
crane load, pendulum length and translational velocity caused by slewing the jib or
moving the trolley. To determine the translational velocity caused by slewing, the jib

777

Figure 4.3: Illustration of the velocity and acceleration of a pendulum. CC-BY-SA, Wikipedia User Ruryk
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Crane Vtrolley [M/S]  Wirolley [rad/s] v (m/s]  wjp [rad/s]  Omae [°]

L1-24 (230V) 0.37 6.97 1,31 24.87 5.49
71 EC-B 5 1.05 47.25 4,19 188.46 11.44
380 EC-B 16 1.58 131.42 6,28 521.41 12.64
1000 EC-B 125 1.67 160.00 2,29 220.12 4.28

Figure 4.4: Base rates and maximum excitation of the selected example cranes L1-24, 71 EC-B, 380 EC-B, 1000
EC-B from the above derivations.

length i.e. reach of the crane and the maximum load at the tip of the jib are also required:

Vtrolley :NT/60 (41)
27r

Vjib :NRE 4.2)
w=v-l (4.3)

2

mu

hmax =5 (4.4)

mg

l—h

Omax =cos 1 (lmax> (4.5)

With v being the translational speed of the hook, N7 the trolley speed in m/min, Nr
the jib’s rotational speed in rpm, r the reach of the jib, w = @ the angular velocity of the
pendulum i.e. base rate of the hook, [ the length of the pendulum, h the elevation of the
hook relative to its lowest position and ¢ the angle of the pendulum.

Note that all of the above assume a regular pendulum. As will be seen in the following
section, it can be necessary to model the crane as a double pendulum. In such models,
the hook and payload would be considered as separate masses. Note that some hooks are
purposely heavy to overcome the rope-drag of the crane pulley when no load is attached.

The estimations derived here provide a worst case oscillation which is most likely in
excess of physical oscillations in practice. The maximum values obtained above stem
from a case where the crane is lifting the maximum load possible at the tip of the jib with
the load at ground level. With such a load, the cranes rotates at maximum velocity and
then stops completely.

4.2 Modeling the Crane

Whilst a CMG model will always have to be three-dimensional due to the rotation of the
vectors involved, when it comes to cranes a 2D model will be presented before moving
on to 3D models. A 2D model is not only easier to develop, but more importantly also
easier to visualize, plot and understand. While simpler, it still helps to illustrate critical
parts of the crane’s behavior and to develop control approaches. Often the insights from
a lower dimensional model can help in the design of the higher dimensional ones.
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o Lo/

Figure 4.5: Sketch of the hardware prototype. The way it is suspended should ensure as close to 2D a motion
as possible without having to resort to rigid links and large bearings.

For this case a 3D SPCMG model can be attached to a 2D crane, as the SPCMG produces
its torque around a fixed axis. This illustrates the basic principles of the CMGs as they
interact with the crane, while keeping the model relatively simple. It is also possible to
study the effect of process torques and forces by constraining them to the 2D case.

This simplification was carried over to the hardware prototype. By building the crane
as a swing that hangs from two diagonally spanned ropes, the motion can be mostly
constrained to a single plane (see Fig. 4.5).

The essence of a crane, a hook/load hanging from a rope, is a pendulum. However, in
contrast to the basic point mass pendulum, a crane has several important differences.
Most importantly the suspension point of the rope exhibits its own dynamics, causing
excitation of the pendulum. These can stem from controlled movement of the trolley,
jib or gantry but beyond this the entire crane structure often exhibits significant flex.
Then the rope itself might actually be a set of ropes, is not rigid and also stretches under
load. The load hanging from the hook of a crane is also often so large that it possesses
significant inertia, leading to its own set of dynamic behavior that interacts with the crane.
And finally, of course, there are external forces such as wind as well as drag and other
dampening behavior.

This work makes several choices regarding what to include in the model. As the CMG acts
on the crane by exerting torque on its payload, it is necessary to model the payload /CMGs
as an additional distributed mass hanging from the crane. One of the applications is the
dampening of pendulum motion of the crane. While this is most often induced by crane
motions, nevertheless the pendulum’s suspension point will not be modeled as movable.
Instead the assessment of the dampening capabilities will induce a pendulum motion
through the initial conditions. The dynamics of the crane structure itself as well as the
flexibility of the crane’s rope will also be ignored at this stage.

4.2.1 Review of Available Crane Models

A review of the existing crane models (see [67] for a review until 2003) supplies a large
variety of models that focus on different aspects or crane types. It should be possible to
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Figure 4.6: Correspondence of crane/CMG/load components to the model.

copy, mix and adapt these to create a model suited for the current purpose. It also means
that this CMG-focused model could be extended relatively easily. The following sections
will develop this model from a two-dimensional double pendulum to a three-dimensional
double pendulum and subsequently go from two point masses to a point mass and a
distributed mass.

The Fig. 4.6 illustrates how the various parts of the crane, CMG, robot and load correspond
to the parts of the model. The model ignores motion of the crane’s gantry/jib, and
therefore the pendulum is suspended from a fixed point. The upper mass is a point mass
that includes the mass of the hook and crane rope. The lower mass is a distributed mass
that includes the CMGs, their platform and everything attached to it e.g. robot, load and
other kinematics.

The generation of equations of motion and subsequent numerical integration are achieved
using Python. The code builds on the educational example of Christian Hill [68], the
three-dimensional model extends the work of O’Connor and Habibi [69].

This work envisions that the developed model can be extended by others, not necessarily
coming from engineering backgrounds. As such the following sections and appendix
offer an extended discussion and the full source code.

4.2.2 2D Double Pendulum

This section uses the most basic double pendulum (massless rods with point masses,
Fig. 4.7) as a starting point. For this the equations of motion are commonly known, see
e.g. [68]:

The Langrangian (£ = KE — PFE) is the balance of potential energy (PE) and kinetic
energy (KE) that describes our system:

L :%(ml + mg)l%Q% + %mﬂ%@% + mllllgélég cos(01 — 92) (4.6)
+ (mq + mg)l1g cos 01 + magls cos Oy 4.7)

! Also available at his website.
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0, /

Figure 4.7: 2D double pendulum as point masses on rigid, massless rods.

From the Lagrangian the following equations of motion can be obtained using the Euler-
Lagrange Equations.? This step can be performed using computer algebra systems (see
code in Sec. 10.2.1).

d /0L oL
o~ (o) ~ s o
él :TTLQQ sin 6o COS(91 — 02) — Mo sin(<91 — 92)([19% cos(01 — 92) + ZQQ%)—(ml + TI”LQ)g sin 64
ll(ml + mo sin2(91 — 92))
(4.9)
G, — (mq + mg)(llﬁ'% sin(fy — 63) — gsinfa+gsin Oy cos(0; — 63)) + mzlgég sin(fy — 62) cos(01 — 6)

lg(ml + mo sin2(01 — 92))
(4.10)

When these are solved through numerical integration (see code in Sec. 10.2.1) the familiar
chaotic motion is obtained, see Fig. 4.8.

In the crane-CMG scenario, angles and velocities sufficient to create such motion out-
side of catastrophic failure events should not be encountered. Nevertheless the double-
pendulum makes sense as a basis for the models for several reasons:

¢ large payloads and their motions
¢ CMGs control motion by exerting torque

The first point is obvious, but requires the extension of the model from a point mass
to a distributed mass model (at least for the second mass i.e. the payload/CMG plat-
form/robot). This will be covered in a later section since the stabilization and controlled
movement of payloads is one of the goals of this work.

The second point can be illustrated by the point mass model. In Fig. 4.9 and Fig. 4.10
it can be seen how for small angles and velocities the double pendulum’s position is

“See the Wikipedia entry and lectures by Michel van Biezen for a deeper introduction.
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his should be a video. Please see HTML-version of this document.

Figure 4.8: Chaotic motion of a double pendulum.

his should be a video. Please see HTML-version of this document |

Figure 4.9: Oscillations of a double pendulum at small angles and velocities.

close to that of a regular pendulum. However, the interaction between the two parts of
the pendulum can be seen by looking at the velocity and especially the accelerations.
The impact of the lower pendulum can be expected to increase as the move is made to a
distributed mass. As the CMGs exert torque on their platform, this impact of the lower
link on the upper link will have an even greater effect.

Until now the model has been using a point mass for both links. When the lower mass is
replaced with a distributed mass, it is necessary to add a term to the kinetic energy to
capture the rotational energy of the moving mass:

KW, = 31u? (4.11)
Since the point of rotation does not lie in the center of mass of our distributed mass
(picture the platform hanging below the hook), the rotational inertia is not simply that of

the mass. Instead the parallel axis theorem also known as Huygens-Steiner theorem must
be applied:

I = Icop +mr? (4.12)
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Figure 4.10: Oscillations of a double pendulum at small angles and velocities showing a) how the position for
such parameters comes close to a simple pendulum and b) how the two parts of the pendulum
interact.

Figure 4.11: Model of a point mass double pendulum in three dimensions with a fixed point of suspension.

With Iconr being the inertia of the mass around its center of mass, r the distance from
this center of mass to the axis of rotation and m the mass of our object. These extensions
are implemented in Sec. 10.2.2.

4.2.3 The 3D Model

If the point mass model is extended to three dimensions, two angles are required to
describe the location of each point. In the 3D model of the double pendulum (Fig. 4.11) 6;;
are the polar angles and 6,5 the azimuthal angles. This model can be extended to include
basic crane dynamics by making the zy and yy coordinates of the suspension point as
well as /1 variable.

To convert to cartesian coordinates:
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2o =0 (4.13)
Yo =0 (4.14)
20 =0 (4.15)
x1 =l - sin(611) - cos(012) (4.16)
y1 =l - sin(f017) - sin(b12) (4.17)
z1 =— 11 - cos(011) (4.18)
x9 =x1 + lg - sin(fa1) - cos(fa2) (4.19)
y2 =y1 + lo - sin(fa1) - sin(fa2) (4.20)
29 =21 — lg - cos(fa1) (4.21)

(4.22)

With this conversion the Langrangian can once again be formulated from the kinetic and
potential energies:

PE=mi-g-z14+my-g- 2 (4.23)
KE =Y/5-my - 33 4+ 9% + 23 (4.24)
+1 /o mg - @2 4 g2 + 22 (4.25)
L=KF — PE (4.26)

From this the Euler-Lagrange equations for 6;; can be obtained and subsequently solved
for 0;;. Given their complexity, this is done using a computer algebra system. See appendix
Sec. 10.3 for the resulting equations and SymPy code used to obtain them.

The use of spherical coordinates to describe the kinematic constraints of the system leads
to numerical issues during simulation. The issues arise due to the fact that the same
coordinates can be arrived at by rotating the azimuthal angle by 180° while also flipping
the sign of the polar angle (Fig. 4.12). While such jumps do not cause issues regarding
the position of the pendulum, the spikes in angular velocity represent the kinetic energy
in the system incorrectly. The effect of this can vary depending on the excitation/initial
conditions of the simulation (see Fig. 10.5 and Fig. 10.7 in the appendix).

To alleviate this, the description of the kinematic constraints can be changed to use
projected angles instead of spherical coordinates. This approach follows that of [69],
where the authors derive the equations of motion for a double pendulum with an attached
distributed mass that has two degrees of rotational freedom. The following extends this
to a full three degrees of freedom (see Fig. 4.13), not only to model realistic crane load
motion more closely but also to accommodate the load rotation use-case.

With the use of projected angles the cartesian expressions become:
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Issues with Use of Spherical Coordinate Description of Rotations
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Figure 4.12: 3D double pendulum using spherical coordinates under small 2D excitation illustrating the
issues of the use of spherical coordinates. Note how ;2 jumps in steps of 180° causing 61
to remain negative. It also causes the spikes in angular velocity. These cause an erroneous
dampening of the pendulum.

Figure 4.13: Model of a double pendulum in three dimensions with a fixed point of suspension and using
projected angles instead of spherical coordinates. Note that the lower mass is now a distributed
mass with three degrees of rotational freedom, while the upper mass is still a point mass with
only two rotational degrees of freedom.

42



4.2 Modeling the Crane

20 =0 (4.27)
Yo =0 (4.28)
20 =0 (4.29)
x1 =ly - sin(611) (4.30)
y1 =l - cos(011) - sin(b12) (4.31)
z1 = — 1y - cos(011) - cos(b12) (4.32)
x9 =x1 + lo - sin(fa1) (4.33)
y2 =y1 + lo - cos(6a1) - sin(fa2) (4.34)
29 =21 — lg - cos(fa1) - cos(fa2) (4.35)

(4.36)

Assuming a point mass pendulum, the Langrangian would be the same as before:

PE=mi-g-z1+ma-g-2 (4.37)
KE =)y -my - i + % + 22+ (4.38)
Yo my i3 + 93 + 4 (4.39)

L =KE — PE (4.40)

Since the intention is to model the lower mass (the platform and load) as a distributed
mass, the kinetic energy of the rotating mass has to be added to the Langrangian. For this
it is necessary to express the rotational velocities and inertia of the mass in a common
reference frame. This is defined as the center of gravity, hanging a distance Il from
our point mass m;. Should the center of gravity change due to e.g. robot motion, this
difference will be modeled as an external torque acting upon the platform. The inertia
tensor in this reference frame then is:

Ly 0 0
Ima= |0 I, 0 (4.41)
0 0 Lafyy,

The rotations required to transform the reference frame X,Y575 that is aligned with the
world axes to the reference frame X3Y3Z3 also enable the rotational velocities wx,y; z, to
be obtained from the projected angle velocities 6s;.

The rotations illustrated in Fig. 4.14 can be expressed as:

Ry .3 =Ry (021)Rx (022) Rz(023) (4.42)
cos(f21) 0 —sin(fe1)] [1 0 0 cos (f23) —sin(f23) 0O

== 0 1 0 ] |:O COS (922) —sin (922):| |:sin (923) COS (023) 0]
sin (621) 0  cos(021) 0 sin(f22) cos(622) 0 0 1

(4.43)
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Figure 4.14: Sequence of rotations to transform the world aligned reference frame to the reference frame of
the distributed mass.

Thus the required rotational velocities can be expressed as follows. Note that -6, is used,
as its rotation direction runs counter to the right-hand rule.

w3 =Ray3wx, + Rosswy, + wz, (4.44)
[ 0 0
=R |0 |+R |0+ |0 (4.45)
0 0 023
Wxy = — 921 (— sin 02 sin g cos O3 — sin Oa3 cos Ha) (4.46)
+ 922(— sin fa; sin a9 sin fa3 + cos Oa1 cos Oa3) (4.47)
Wy, = — 6?21 cos 99 cos a3 (4.48)
+ 922 sin fy3 cos 99 (4.49)
Wz, = — 921(— sin 021 sin a3 + sin Hag cos Oa1 cos Ha3) (4.50)
+ 699 (sin fa1 cos Oa3 + sin Oy sin Hag cos Oa1 ) (4.51)
+ 623 (4.52)
The Lagrangian then becomes:
L=(KE+ KE,)— PE (4.53)
KE, =Y/ w3 I ws (4.54)
=/o(Ixx - wk, + Iyy - wy, + 177 - w3,) (4.55)
(4.56)

The equations of motion can then once again be obtained using a computer algebra
system. Since the 3D plotting of Matplotlib is slightly limited, the following animation is
made using Rhino/Grasshopper (Fig. 4.15). For this the state-vectors of the simulation
are transformed to cartesian points for the masses as well as an X and Y vector for the
reference frame of our mass. See the appendix (Sec. 10.4) for equations of motion and
code.

This process can be continued to add further aspects such as wind or a movable point
of suspension. The following section covers how such aspects can be added relatively
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his should be a video. Please see HTML-version of this document,

Figure 4.15: Visualization of simulated 3D double pendulum with the lower mass as a distributed mass.
The lower mass begins with a small angular velocity around the link axis. Visualized using
Rhino/Grasshopper.

Figure 4.16: Rudimentary implementation of this model in Modelica. Note that this lacks connections to
input torque from the CMGs and uses a different angle description.

easily by modifying the state of the system. Other aspects such as a movable point of
suspension would require a new Langrangian, as they introduce new terms to the kinetic
or potential energy.

An alternative would be to use multi-body simulation tools as are available in Modelica
or Simulink. Here, individual blocks that contain e.g. a distributed mass or a rotary joint
can be connected with each other (see Fig. 4.16).

4.3 Adding External Torques

The torques and forces acting upon the system cannot be included in the above Lan-
grangian as energies, instead they must be added as source terms to the resulting equa-
tions of motion.

The torque generated by the CMGs (7) changes the angular acceleration of the lower
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link depending on its moment of inertia. For the two-dimensional model, the necessary
modifications to the equations of motion are straightforward:

0", =6, (4.57)

Gy =f + — (4.58)

mgl%

The three-dimensional model is slightly more complex due to the choice of angles. The
torque produced by the CMGs is expressed in the reference frame of the distributed mass.
The torque 77 is aligned with the link and therefore with the axis of rotation for 6,3, ergo
having no impact on 652[12]. To obtain 9.2[12} first 7 xy) is transformed into the reference
frame XY Z5 using the inverse of the rotation used above. The results are then projected
onto X5 and Y5 to obtain fy5 and g9 respectively. Once again note the sign change for 65;.

Rs_» =RI o (4.59)
det R3,, =1, making it a valid rotation (4.60)
TX 0
Ty > =Rs s | 0 | + Rsa |7y (4.61)
0 0
.. .. -0-
Oy =01 — 73y 72 1] - Iyy (4.62)
_0_
.. .. -1-
Oy =022 + T3y 22 |0 - Ik (4.63)
_0_
§é3 :égg + 71z (4.64)

The application of the CMG torques can then be added to the model as follows.

éél :égl — (TX (— sin fo1 sin fog sin a3 + cos B cos 923) + Ty (Sin 03 cos 022)) (4.65)
952 :égg + (TX (— sin 921 sin 922 COS 023 — sin 923 COS 921) + Ty (COS 922 COS 023)) (466)
(%3 Zézg + Tz (4.67)

This encompasses all torques produced by the CMG, thereby cleanly separating the crane
and CMG models and simplifying their respective development.

4.4 Adding External Forces

Following the above description of the torques, the forces will now be described. These
comprise the forces from the robot’s motion, process forces or disturbances such as wind.
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Given the way the equations of motion are constructed around the angular motion of
the links, the external forces need to be translated into torques. Subsequently they can be
added to the other external torques.

A force acting on a pendulum will cause both a translational acceleration of its center of
mass as well as a rotational acceleration around it. The magnitude of the translational
acceleration depends on the force and mass of the pendulum. The rotational acceleration
also depends on where the force is acting in relation to the center of mass. This leads to
the interesting phenomenon of the center of percussion (see Sec. 9 for explanation).

In this case, where a double pendulum is being used, this means that there is an additional
torque acting upon the lower link that depends on the force and its distance to the center
of mass of the lower link. The force acts on the pivot point of the lower link and thereby
on the upper link. Here it once again results both in an angular as well as translational
acceleration. As the pivot of the upper link is assumed to be fixed and is connected by a
rope, the translational acceleration has no impact. So for the 2D model the equations of
motion can be extended as follows:

P A

6 =6, + —22 (4.68)
mlll

0'y =0, + TE %o +IF2$b (4.69)
2

b being the distance between the force F», and the center of mass of the lower link. The
moment of inertia for the upper link is written explicitly, as it is always modeled as a
point mass. The moment of inertia for the lower link depends on whether it is being
modeled as a point or distributed mass.

Defining the external force as acting in the reference frame of the lower link, the forces F,
and Fy, are the components of the external force that act perpendicular to the respective
links. The force acting upon the upper link is then dependent upon 6, and 6, (Fig. 4.17):

Fiy = Fy, cos(01 + 02) + Fy, sin(6; + 62) (4.70)

It is important to note that the forces acting upon the system due to gravity are already
taken into account by the equations of motion derived from the Langrangian.

4.5 Payload Inertia

The payload inertia is of relevance to all three applications previously outlined. For the
models a set of example inertia derived from the parameter space set forth by the selected
example cranes will therefore be created (see Sec. 4.1).

For each crane a slab of concrete will be modeled, the weight of which matches the
maximum load of the crane. The proportions of the slabs will be constant at 5, 0.1, 2 in X,
Y, Z respectively. The density of concrete is assumed to be 2,400 kg / m?. Since the center
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Figure 4.17: Illustration of the external force acting upon the 2D model

Crane Weight [kg] X [m] Y [m] Z[m] Iy kg/m?] Lyy [kg/m?] 1.7 (ke/m?]
L1-24 (230\/) 2500 5.1 0.1 2.0 11134 16484 5354
71 EC-B 5 4220 6.0 0.1 2.4 26645 39448 12813
380 EC-B 16 15660 9.3 0.2 3.7 237001 350877 113967
1000 EC-B 125 125000 18.7 0.4 7.5 7555818 11186271 3633359

Figure 4.18: Example payload inertia assuming constant density (2,400 kg/m?), proportions (5, 0.1, 2) and a
weight stemming from the max load of the associated crane. It is also assumed that the CoG is
to be offset by the Z-size from the point of rotation.

of gravity of the payload will not lie in the point of rotation (the hook), the following
assumes an offset equal to the size in Z. Using the parallel axis theorem, this results in
the inertia listed in Fig. 4.18.

4.6 Process Torques and Forces

Given the initial motivation of this work to stabilize an industrial robot hanging from a
crane, a six-axis serial link robot is used as the model for a process generating torques
and forces to be compensated by the CMGs. Since a robot is a generic motion provider
that can provide a wide set of movements, several paths were created in an attempt to
provide a representative set. These paths are:

¢ random motion in a plane below the robot
e vertical rectangle next to the robot
* points next to the robot incl. approach and retraction

See Fig. 4.19 for animations of the toolpaths. These should roughly correspond to posi-
tioning/compensation, a continuous task (e.g. spray-painting) and a joining task (e.g. nail
gun) respectively. The tasks were programmed using the Rhino/Grasshopper plugin
KUKA | prc for a small KUKA KR3 R540 industrial robot (see Fig. 4.20). Since the pro-
grams are parametric they can easily be scaled to larger robots.

The KUKA | prc plug-in can output the required axis values for a programmed path.
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his should be a video. Please see HTML-version of this document,

Figure 4.19: Three robot paths used in these experiments.

This inverse kinematic simulation is useful for solving singularity issues in the paths
but does not limit the axis accelerations. This is obvious when looking at the axis values
produced by KUKA | prc in Fig. 4.21, which have very sharp corners where the robot
changes direction.

While more realistic robot simulation packages exist, for this project real axis values can
be used to simplify matters. These can be obtained using the mxAutomation option of the
plugin-in, mxAutomation being a protocol intended for interfacing programmable logic
controllers (PLC) with KUKA controllers. The KUKA | prc software uses this protocol via
UDP over a conventional Ethernet connection with the controller. Using mxAutomation,
the robot path can be streamed to the controller and actual axis values are sent back.
Time-stamped recordings of these can be used as input for a multi-body simulation.

The multi-body simulation is set up using the Simmechanics package in Simulink. The
CAD files from the robot manufacturer are imported into SolidWorks and rotational joints
added to the assembly. From this a Simmechanics file can be exported using the export
plug-in provided by Mathworks and subsequently adapted to receive the recorded axis
values and output the torques and forces experienced at the robot base (see Fig. 4.22).
The inertia of the robot’s axes are estimated by distributing the robot’s mass according
the volume of each link, which assumes a homogeneous density of the robot.
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Figure 4.21: Axis values simulated by KUKA | prc. Note the sharp corners resulting from unlimited accelera-
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tion/jerk values making these values ill-suited to simulate the forces and torques at the robot
base.
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Figure 4.22: Body simulation of the KR3. The masses of the axes have been estimated from the total mass of
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Controller Design

To design a control system for this crane-CMG robot system, first the flow of information
will be described for the three application scenarios previously mentioned. The interde-
pendencies of the systems are analysed to create an integrated control approach. Finally
existing dampening control strategies for cranes are discussed and one suited to the
selected for evaluation.

5.1 Overall Flow of Information

These are the three applications in ascending order of control complexity:

1. part rotation
2. dampening
3. process compensation

In Fig. 5.1 there is a simple control loop for rotating a part with the CMGs, assuming
that the crane is standing still. The desired state is a certain rotational position around
the yaw-axis of the platform/load. This would be the case e.g. when the rotation of the
part is a programmed action. Alternatively a certain rotational velocity could also be
used as the desired state (A53). This would be the case in a remote control scenario, where
an operator would control the rotation manually. The controller sets a desired torque
(tw) which the CMG controller tries to achieve. The resulting torque (7y) then affects the
pendulum resulting in the pendulum state Py-. Any difference (Pg) from this is measured
by the sensor (Pys) and fed as input into the controller.

As also pointed out in [64], the inertia of the part to be rotated obviously has a major
impact on the torque required to perform the rotation. Therefore this control loop utilizes
acquired knowledge regarding the torque output of the CMGs and the measured rota-
tional acceleration to estimate the inertia of the part. This should improve the performance
of the controller when used for programmed rotations but also ensure a consistent remote
control experience for the operator, as their speed control will be similar, regardless of
the part being handled.

Pyt | Pp Rotation W CMGs Y Py
) . Pendulum
Controller incl. Controller
[ Inertia
Estimator =
023
Py Sensor

Figure 5.1: Control flow for part rotation
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Par Sensor

Pw ~_FE |Rot. & Damp.| ™W CMGs Y Pendulum Py
O3 = Oo3, Controller incl. Controller
Oin2) = 0,
0112 = 0 Inertia
Estimator -
02[123)
Py Sensor
Figure 5.2: Control flow for pendulum dampening as well as rotation of parts.
Ry Pendulum + Robot Pendulum |
Coordinate Model Sensor
Robot Rw Rp Robot Ry
Path Planning Controller \;
Robot F Force
Par Model e ‘ Comp. W T Robot
B Pe Rot. & Damp. ™w Py
e oO— e

B3 = a3, Controller - Pendulum

Giiz) = 0,

Oif12) =0 Inertia

Estimator =
Os[123) l
Pendulum

Figure 5.3: Control flow for the compensation of process torques

If one no longer assumes that the crane is standing still, the next matter to consider is
dampening control loop (Fig. 5.2). This loop is actually nearly identical to the rotation
control loop, the only difference being that the desired state of the pendulum (Pyy) is
extended so that all angles are zero, except for 623, which is set to the desired rotation of
the part. The challenge in this loop is finding a suitable controller as, unlike the rotational
control loop, these CMGs do not have direct control over all state variables. If the crane is
modeled as a double pendulum, the loop is underactuated due to the CMGs only having
indirect control of the state of the upper link. This will be covered in greater detail in
Sec. 5.3. It will be seen in the experiments performed with the physical prototype that
sensor noise and delays in the actuation of the CMGs add further challenges.

As the rotational inertia previously mentioned also scales the impact of our CMG torques
during dampening, it becomes clear that an estimation of the rotational inertia is beneficial
to any dampening control.

Finally Fig. 5.3 shows the more complex flow of information for the compensation of
process torques. At its base lies the dampening/rotation controller, which is needed to
dampen any oscillations that result from torques and forces that the CMG was not able to
compensate.

In addition to the desired pendulum state Py, there is now also a desired robot state Ryy.
The robot could be an actual industrial robot or any other form of kinematic attached
to the CMG platform. The robot has its own motion controller that outputs motion
commands (Rs). These cause the robot to move, which results in forces (Fy') and torques
(1y) that are experienced by the platform and hence the pendulum.
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The torque created by the robot acts in addition to the torque created by the CMGs.
Therefore the robot’s motion commands are also piped into a model of the robot that
simulates the torques and forces produced at the base of the robot. The forces acting at
the base of the robot result in additional torques to the lower link, which can also be fed
forward to the dampening controller. This value is subtracted from the torque target set
by the dampening controller and the CMGs should therefore ideally fully compensate
any torque produced by the robot.

The torque on the upper link that results from the forces acting at the base of the robot
cannot be directly compensated using the CMGs. The only way to counteract the effect
of this torque is to cause a rotation of the lower link. Therefore rotation and dampening
controller ought to be extended, with goal being to balance the error produced by the
upper link with the error caused by the lower link moving to dampen said error in the
upper link.

Since the real CMGs will not resemble their idealized model counterparts and in any
case cannot fully compensate the impact of external forces, it has to be assumed that the
robot’s motion will cause the pendulum to swing. This is why the measured position of
the robot (R,/) and pendulum (P;},) are fed into a second simple model that provides
an actual position of the robot end effector (R’,). This position is subtracted from the
target position coming from the path planning, so that the robot controller may attempt
to compensate the error. Additional sensors could also be added to measure directly the
error of the robot end effector. Since part of the torque at the robot’s base stems simply
from the pull of gravity on the robot’s joints, it is also necessary to pipe the current
platform angle into the robot model.

Once this is applied to an actual crane, the state has to be extended to include the position
of the crane hook in addition to its orientation. A central controller would then set targets
for both the cranes winches/gantries as well as the CMGs. Depending on how the robot is
used to compensate path deviations, this central controller might also inform the robot’s
controller. Note that other external forces such as wind may also act on the platform and
introduce additional errors. The sensors and controllers might be sufficient to deal with
such influences, but it could also be that additional sensors and predictive models that
modify the target torques of CMGs could further increase system performance.

What remains is the challenge of finding and implementing suitable controllers. For cer-
tain parts of the system conventional PID controllers, Kalman filters etc. will be sufficient,
while other parts will require more work. The following discusses the underactuation
problem and a suitable controller for the dampening task.

5.2 Review of Controller Designs

Control of cranes has been a long-running endeavor, which is obvious from the amount
of publications and commercially available systems for gantry and harbor cranes in
particular (see e.g. Fig. 5.4). Given the price and complexity of sensors capable of tracking
the position of a hook, these mostly use predetermined actuation paths to reduce the
creation of oscillations. This of course is particularly well suited to cranes that perform
programmed motions, but can also benefit manual control of cranes.
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This should be a video. Please see HTML-version of this document.

Figure 5.4: Sway control in a gantry crane by SWF [70].

Given the flexible connection (ropes) between actuators (winches) and end effector (the
hook), lack of sensors and inherent flex of the crane’s structure, they make for interesting
control engineering problems. The review by Abdehl-Rahman et al. [67] is a good starting
point into the literature. One can find work focussed on improving the control of cranes
without a feedback loop such as that by Singhose, Kim and colleagues [71]-[73] who also
evaluated the improved performance of operators using such systems [74]. Others have
extended input shaping methods to make them more robust towards parameter changes
and disturbances [75].

Once the crane and its payload are modeled as a double pendulum, the problems become
even more interesting, as it becomes highly underactuated. Underactuation simply means
that we have fewer actuators than degrees of freedom (see Fig. 5.5). This makes such
crane models interesting to researchers dealing with underactuated systems. Controllers
for other underactuated systems are also relevant for further investigations.

Many different approaches to crane control have been proposed and studied, covering
a whole range of methods (e.g. linear, non-linear, sliding mode, fuzzy logic etc.). An-
other approach to controlling cranes and underactuated systems in general is to use
energy-based controller design techniques. These approaches model the energy of the
system and changes due to control inputs. By applying various techniques and theorems
(i.e. Lyapunov, LaSalle invariance) controllers can be constructed that are proven to be
asymptotically stable. The work by Sun et al. applies this approach to the control of a
gantry crane in a small lab setup that emulates a double pendulum crane [76]. In this work
they show how the derived controller is robust with regard to parameter changes and
external disturbances. An earlier paper by Hoang and Lee shows how such controllers
perform on a generic underactuated system and compare it to conventional methods
(traditional PD, LQR) as well as more complex approaches (sliding mode control, partial
teedback linearization) [77]. Their results indicate that the control approach outperforms
conventional methods and comes close to the performance of more complex methods.
The authors have subsequently also published a comparative study of several controllers
for overhead cranes derived using energy-based methods [78].!

!This paper appears to be a reworked conference proceeding [79]. Both the proceedings and paper are
published by predatory publishers. The peer review of the work might therefore be of questionable
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Figure 5.5: Illustration of the underactuation of a crane. Modeled as a double pendulum of a point mass and
distributed mass, adjustable rope length and a suspension point movable in a plane, the crane has
eight degrees of freedom. Conventionally there are only three actors to control this. By adding
the CMGs the underactuation is drastically reduced.

his should be a video. Please see HTML-version of this document. ]

Figure 5.6: Comparison of various control regimes for a double pendulum with a control torque applied to
its lower link. From left to right: a) no control torque b) kp = 10,kp = 0c) kp = 1,kp = 4 d)
kp = l,kD :4,0L =0.5

5.3 Dampening Controller

Having reviewed the existing research, a controller is designed for the basic 2D pendulum
model (see Sec. 4.2.2) emulating the energy based controller designs discussed in the
previous section. These can be described as PDa controllers, where the PD part is akin to
those parts of a conventional PID controller. The « indicates the weighted combination
of two state variables of the system. In this case these are the two angles of the two
pendulum links. With the target of both of these hanging vertically (6}, = 0) this means
creating a PD-controller where the error of the two angles is combined:

E =05+ af, (5.1)

The efficacy of this approach can be seen in Fig. 5.6 and Fig. 5.7 where an uncontrolled
system, proportional control, PD-control and PDa-control that is informed by the state of
both the upper and lower link are compared.

quality. Nevertheless the work is valid and useful.
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Figure 5.7: Swing angles (in degrees) of the two links (f: and ) of double pendulum with various control
regimes applied. See Fig. 5.6 for animation.

5.4 Inertia Estimation Controller

As the rotational inertia of an object cannot be measured directly, the goal is to use values
from the inertial measurement unit (or other sensor tracking rotation). Together with
the current speed and position of the gimbals the rotational acceleration and torque
experienced by the system can then be obtained. Thereby all parts needed to calculate
the rotational inertia can be ascertained:

wr =1 (5.2)

Sensor data is often noisy, which can lead to unwanted jumps in the controller response.
It therefore makes sense to use a state observer for the inertia estimation. These come in
various forms, but generally take an estimate of the measurement variance as well as the
variance of previous estimations into account.

The above calculation of inertia assumes that the inertia of the payload and platform
around the Z-axis are to be measured while the pendulum is hanging still. As soon
as the pendulum is not still, adjustments have to be made to the way the inertia is
estimated. This is because when the pendulum’s kinetic or potential energy are not zero,
the acceleration it experiences also depends on those energies in addition to the torque
exerted by the CMGs. Fortunately we already have a model of the system that can provide
us with an estimate of the amount of acceleration caused by these energies. This estimate
can be utilized by certain types of estimator more complex than the ones suited for the
estimation at rest.

The benefits of including an estimator are twofold: Firstly it allows for a unification of the
dampening and rotation controller. More importantly it would make the controller robust
to changes in the inertia of the platform/payload. This is critical to making such a system
useful and usable in the real world, as it creates a flexibility in application. Furthermore
it creates a more consistent user experience, as operator inputs result in similar motions
as the estimator adjusts the control response. It should be noted that estimator introduce
their own complexities and issues.
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5.5 Considerations for the 3D Case

The move from a 2D model to a 3D model brings many challenges. While most of these
lie outside the scope of this work, there are a few considerations that can already be made
at this stage.

One of these is how to move the dampening controller from 2D to 3D. While the principle
control approach will most likely hold true for the 3D case, the question arises as to the
target and calculation of the error. For the 2D case the target and error are simply 6; = 0
and —0;, respectively. In the 3D case there is the reference frame/coordinate system at
the center of mass of the payload which is also the reference frame for the CMG’s torque.
Given the current reference frame as determined by the sensors and a target reference
frame (and maybe rotational velocities at that frame), it is necessary to find a measure of
the error between the two and how to process them in the controller.

This is covered by what is known as attitude control for aircraft and spacecraft. Given
that CMGs are not uncommon in spacecraft, attitude control systems (ACS) often take
the limitations of CMGs into account. It will be interesting to see how attitude control
techniques can be combined with those for crane control, especially since certain issues
in ACS, such as singularities arising from the chosen error indicator, disappear given the
kinematic constraints of the crane-CMG system [80]. Furthermore, since the inertia of
spacecraft might also vary with time as they e.g. deploy their solar panels, a considerable
body of work exists that deals with the estimation of inertia and design of inertia-free
controllers.
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Experiments

The majority of experiments discussed in this chapter revolve around simulations of the
combination of a crane (modeled as a double pendulum) and a CMG array. The simula-
tions reveal the various interactions between the systems and the challenges that arise
from them. Prior to this, the first section covers the validation of the 2D and 3D double
pendulum models as well as the chosen P Da controller’s performance in dampening the
2D model. The latter three sections of this chapter cover the simulated robot tasks, their
integration into the pendulum-CMG simulations as well as the preliminary hardware
prototype. Apart from the 3D double pendulum model, the experiments utilize a setup
limited to a single axis of pendulum motion (see Fig. 4.5).

6.1 Pendulum Simulation
6.1.1 2D Model

Some of the interaction that occurs within a double pendulum has already been shown in
Sec. 4.2.2, with the lower pendulum causing an overlay of higher frequency oscillations.
The Fig. 6.1 and Fig. 6.2 show how the rotational inertia of the lower mass changes the
interaction of the two parts of the pendulum.

It is significant that the lower link pushes the upper link considerably more, instead of
only hanging below it. This is important, as a rope cannot transmit such a force. This
means that the CMG platform should use stiff links instead of ropes to attach to the hook
of the crane. This also points to a limitation of the model, as the upper link is modeled
as a rod, not as a flexible rope. Therefore, in strong oscillations a difference in behavior
between our model and the real world should be expected.

G Point Mass (no rotational inertia) G Point Mass (upper), Distributed Mass (lower)
time = 29.0s time = 29.0s

0.8 0.8

0.6 0.6

0.4 0.4 4

0.2 4 0.2 4

0.0 T T T T 0.0 T T T T

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

his should be a video. Please see HTML-version of this document.

Figure 6.1: Difference between a double pendulum with two point masses and one where the lower mass is
modeled as a distributed mass.

59



6 Experiments

Double Pendulum with different Inertias
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Figure 6.2: Angles and angular velocity comparison of point mass and distributed mass pendulum.

Figure 6.3: Large excitation of double pendulum modeled with equations of motion derived using projected
angles. From left to right: front, side and top view. Note how the path begins to differ strongly
when compared to the simulation using the 2D model. This is a prime example of how minor
changes can cause large differences in chaotic systems such as a double pendulum.

6.1.2 3D Model

The following are simulations of the 3D pendulum aimed at validating them through
comparison with the 2D model. By exciting the 3D model in a single plane, the results
become comparable.

In fig. 6.3 it can be seen that the motion remains in the plane of excitation as would be
expected. It should be noted that the movement is not identical to that of the 2D model,
due to the fact that minuscule numerical errors lead to noticeable changes in a chaotic
system such as a double pendulum (see discussion in appendix sec. 10.2.1). This is also
most probably the reason that once the plane of excitation is rotated (Fig. 6.4), the motion
breaks out of the plane at some point.

In the case of the 3D model with distributed mass, another effect occurs. In Fig. 6.5 the
pendulum was given a 2D excitation but the mass was also given an angular velocity
around the axis of suspension. The break from the 2D plane occurs immediately, which is
most likely due to the impact of gyroscopic reaction from the interaction of pendulum
motion and inertia around the axis of suspension.
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6.1 Pendulum Simulation

Figure 6.4: Large out of plane excitation of the same pendulum. From left to right: front, side and top view.
Note how the small inaccuracies cause motion outside of the original plane of excitation. These
deviations quickly become chaotic for larger excitations.

Figure 6.5: Simulation of a distributed mass hanging from a point mass. Initial excitation lies in a plane, but
the mass is also given an angular velocity. Note how the pendulum breaks out the of the plane,
most likely due to gyroscopic effects.
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Lab Setup (5m, 10kq) L1-24 (19m, 2400kg) 380EC-B16 (83m, 15660kg)

24.0s 24.0s 24.0s |3m

3m

3m ®

Figure 6.6: Dampening of three different model cranes using the same PDa controller. From left to right:
approximate dimensions of the lab setup, a small fast deployment crane and a large tower crane.
The parameters are taken from Fig. 4.2 and Fig. 4.18. Controller setting: kp = 1.0 - I2,kp =
4.0 - Iz, a = 0.5. Initial excitation is 10°, approximating the determined base rates (see Fig. 4.4)

6.1.3 Dampening Controller

In Sec. 5.3 it was seen that a rudimentary PDa controller was able to dampen the double
pendulum. Now the same controller was applied to a selection of models whose param-
eters have been set to reflect the given laboratory setup, a small fast deployment crane
and a large tower crane. The lower links are modeled as having a load attached to them
according to the inertia estimates in Fig. 4.18. Note that this is a worst case scenario, as
it assumes the maximum crane load and also the largest excitation. The largest excita-
tion estimate does not stem from the maximum load, but instead from a jib rotation at
maximum speed with the load hanging from the very tip of the crane. In reality, the load
capacity at the tip is significantly lower than the maximum load (see Fig. 4.2).

These models are then each excited by 10°, which roughly fits the various base-rate
estimates (see Fig. 4.4). In Fig. 6.6 and Fig. 6.7 it can be seen how the controller works for all
cranes, dampening the motion over the course of a few oscillations. This is predominantly
due to the fact that the control gains are being scaled with the inertia of the lower link (see
Fig. 6.8). This results in up to 50.000 Nm of torque being applied to dampen the largest
crane. While technically possible, it is questionable whether this is economically sensible.
It can also be seen that the requirements with regard to torque dynamics and workspace
scale with the torque requirements.

Were one to use a CMG-array incapable of providing the desired torque the dampening
would take longer to stabilize the crane, but importantly it would still work. This is due
to the oscillatory nature of the dampening problem. As the crane oscillates back and forth,
the torque required to dampen it changes direction. So recalling the nature of the torque
workspace of a CMG array, it can be seen that the CMGs will try to provide the desired
torque until they reach the edge of the workspace i.e. saturate. As the pendulum begins
to swing back, the direction of the target torque reverses and the CMG array has its entire
workspace in front of it and can once again provide torque. This is part of the behavior
that will be investigated in the following section.

The code used for the above simulations can be found in the appendix in Sec. 10.2.3.
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6.1 Pendulum Simulation

Dampening of Selected Cranes
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Figure 6.7: Angles and velocities of the cranes during the dampening comparison.
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Figure 6.8: Torque used in dampening of the above cranes.
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51 52

Figure 6.9: Abstract model of a scissored pair control moment gyroscope.

6.2 Pendulum-CMG Interaction

As the 2D model only requires torque production around a single axis for stabilization, a
model of this array will be attached to the double pendulum to investigate the interactions
between CMGs and the pendulum. The following section therefore briefly introduces the
steering law and singularity avoidance for the SPCMG. Subsequently the interaction of
said singularity avoidance with the dampening controller is simulated.

6.2.1 Scissored Pair CMGs Steering and Singularity Avoidance

The SPCMG is tasked with producing the torque that is to be applied to the lower link of
the double pendulum. Since the control input of the SPCMG is the speed of its gimbal
motors, a steering law is required to translate the desired torque into a gimbal speed.

Looking at an abstract view of the SPCMG (Fig. 6.9) and given that the design of the
mirrored pair dictates that § = 6; = d2 and h, = hy = h2, the torque produced by the
array can be easily determined:

hnet = 2h,-sin(9) (6.1)
T = hpet = 20h, cos(0) (6.2)

Ergo, the steering law is (W denoting a target value):

W

= 2h, cos(0) (63)

O
From this steering law, it is obvious that —90 < § < 90 must be ensured to avoid dividing
by zero and hence also avoid the singularity of the array. Since in reality the gimbals have
limited acceleration (9,,42), dw = 0 must be overridden with sufficient breaking distance
(0Bp) to the singularity. In the following Y denotes the current state of the gimbals.
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6.2 Pendulum-CMG Interaction

b =551 (649)
b 2(.S.max :
§ if Omaz — < i >
Sty = {07 it o : (0Bp + |0y]) <0 and dy -dw >0 65)
ow, otherwise

The conditional tests for two factors:

1. Does breaking have to be initiated given the current speed and position?
2. Is the desired gimbal speed causing movement towards the singularity?

The latter condition is important, since there might be a case where the gimbal speed set
by the steering law moves away from the singularity and it would not make sense to
override this speed with zero.

6.2.2 SPCMGs Steering during Dampening

First the steering law and singularity avoidance must be validated. In Fig. 6.10 there is a
double pendulum approximating to the given lab setup. The difference between the two
simulations lies in the velocity of their gyroscopes (1000 rpm and 5000 rpm respectively).
It can be seen that the dampening is effective for both cases, but the lower gyroscope
speed leads to the CMGs having a smaller torque workspace. So the behavior outlined
in the previous section on the dampening controller can be clearly observed here. As
the pendulum oscillates, the SPCMG alternates between its two singularities, repeatedly
producing torque in between, to dampen the oscillation.

The difference in final gimbal angles (see Fig. 6.11 and Fig. 6.12) once the respective
models have come to rest is of note. The slow gyroscopes result in an end state closer to
the center of the SPCMGs workspace. This is due to the asymmetric torque targets that
result from the much faster dampening in the model with the faster gyroscopes. This
points to some interesting questions regarding control optimized to position the CMGs
in an advantageous position within their workspace.

6.2.3 Dynamics of CMG attached to Pendulum

Recalling the various components of the CMG’s torque discussed in Sec. 3.1, these com-
ponents (Fig. 6.13) and totals (Fig. 6.14 ) can be plotted for the 2D pendulum simulations.

There are several observations that can be made from the above plots. First, there are a few
SPCMBG specific behaviors. In this model the desired torque output should be produced
around the Z-axis. As the two gyroscopes rotate in opposite directions, the output torque
in Z is the sum of the respective output of the two CMGs. The gimbal rotates around
the Y-axis, ergo this is where the gimbal motor torque acts. As the CMGs move from
their center position towards the singularities, the torque being produced increasingly
acts around the X-axis instead of the desired Z-axis. This is why as the singularity is
approached, the gimbals speed up to maintain the output around the Z-axis. Inversely,
the reaction torque stemming from the base rate of the lower link interacting with the
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his should be a video. Please see HTML-version of this document|

Figure 6.10: Comparison of SPCMG singularity avoidance with different gyroscope speeds (1000 rpm and
5000 rpm). The narrow cylinder pointing out of the disc indicates the direction of the angular

momentum vector of the gyroscope.

SPCMG Singularity Avoidance w. 1000 rpm Gyros
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Figure 6.11: Behavior of the singularity avoidance mechanism for the scissored pair configuration

. Note

that the speed of the gyroscopes and the maximum acceleration of the gimbals have been set to

extremely low values to better illustrate the singularity avoidance.
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SPCMG Singularity Avoidance w. 5000 rpm Gyros
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Figure 6.12: Singularity avoidance mechanism for the scissored pair configuration at higher gyroscope speed.
Note that the maximum acceleration of the gimbals is lower than the maximum attainable
with the prototype. This not only helps illustrate the singularity avoidance mechanism but
also reduces the axis torque introduced by the gimbaling motion (see discussion in following

section).
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Figure 6.13: Components of torque produced by a single CMG in a SPCMG array dampening the motion of
a double point mass pendulum.
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Figure 6.14: Total torques experienced by the platform and gimbal motor due to a single CMG in a SPCMG
(same simulation as Fig. 6.13).
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gyroscopes inertia is strongest when the CMGs are in the center position and goes to zero
as they approach the singularity. Note how the maximum reaction torque occurs as the
pendulum passes through the vertical for the second time, as here the base rate is highest
and the CMGs are also roughly in their center position.

In the case of the SPCMG, both the motor torques and reaction torques cancel out, which
is why the above figures plot an individual CMG. In other arrays the interactions will be
more complex, but similar in principle.

Several observations can be made that are relevant for sizing and arranging these CMGs:

1. Regarding the gimbal motor sizing, the reaction torque due to the base rate domi-
nates the torque requirements for the gimbal motor.

2. The torque required to overcome the inertia of the gimbal assemblies might be
on the low side. This is firstly due to bearing and gearing friction not being taken
into account, but more importantly the dampening control does not require highly
dynamic gimbal motions.

3. As previously noted, the reaction torque due to gimbal rotation in negligible, so it
will not be included in the sizing considerations.

6.2.4 Impact of Reaction Torque on the Gimbal Motor

As the reaction torque dominates the gimbal axis, the interaction of the base rate with the
dampening motions of the gimbals requires a deeper discussion. The interaction is visu-
alized in Fig. 6.15 and Fig. 7.6. The intricacies of this interaction stem from simultaneous
oscillations of both the pendulum and gimbal.

When the dampening control causes the zero crossings of the pendulum and the gimbals
to align, it creates the maximum reaction torque around the gimbal axis. This is illustrated
in Fig. 6.15. However, the direction of the reaction torque is in line with the desired
gimbal rotation, as it produces a torque that counters the pendulum’s motion. The Fig. 7.6
illustrates how control is maintained over the experienced reaction torque via control
of the gimbal position. In the extreme case of the gimbal aligning the gyroscope’s axis
with the rotation of the pendulum, the reaction torque will always be zero, regardless of
the magnitude of the base rate. The consequences of this interaction are discussed in the
sizing section (Sec. 7.2.2).

6.2.5 Gimbal Motor Model

The performance of the SPCMG, or any CMG array, is dependent upon the characteristics
of the gimbal motors. To ensure realistic torque production, the model limits both velocity
and acceleration of the simulated gimbals. Their jerk is not limited.

6.3 Robot Tasks

As described in the modeling chapter, a set of robot paths and both the inverse kinematics
as well as a real robot can be used to obtain axis values for the paths. Having run the
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his should be a video. Please see HTML-version of this document,

Figure 6.15: Interaction of the pendulum motion with the CMGs can lead to strong reaction torques depend-
ing on the gimbal angle. The blue arrow is the angular momentum of the gyroscope, it therefore
remains constant. The green arrow is the angular velocity that the CMG experiences due to
the pendulum’s oscillations, i.e. the base rate. The red arrow is the cross product of these two
vectors, i.e. the reaction torque around the gimbal axis. The magnitude of the reaction torque
experienced by the gimbal assembly is denoted by its color (green being zero, red being the
maximum). The semicircular bar denotes in color the reaction torque that the gimbal axis would
experience at the other gimbal angles given the current base rate.

paths at several speeds, the axis values can be fed into the multi body simulation of the
robot to obtain the torques and forces acting at the base of the robot.

Fig. 6.16 shows the axis values, base forces and torques as well as the torque dynamics
and workspace for a simulation using the axis values from KUKA | prc. As previously
noted, the axis values produced by KUKA | prc produce unrealistic values as they assume
unlimited acceleration. Moving to the simulations based on the real axis values (Fig. 6.17),
the much smoother axis values are obvious. It should be mentioned here that more
realistic robot simulation tools exist.

Comparing the values of the same path run at different speeds (Fig. 6.18) several observa-
tions can be made. Two types of torque from the robot have to be dealt with: the torque
caused by its movement and that caused by its center of mass moving out from under-
neath the base. The latter lower results in the angular momentum values (Nms) that can
be seen for the faster robot, as it spends less time out of balance. On the other hand, the
faster robot motion leads to higher torques and more importantly higher torque dynamics.
This is one area where it might be possible to optimize robot paths to accommodate the
capabilities of the CMGs (see discussion of space robots in Sec. 2.2.1).

Should processes cause the robot, load or kinematic system in general hanging from the
platform to be out of balance for a longer period of time, adding a sliding or pivoting
weight to the platform could be beneficial. This would not only reduce the workspace
requirements of the CMGs, but could also be used to desaturate the CMGs, as it would
provide a low agility but infinite source of torque.

Note that the CMGs cannot directly compensate the forces acting at the robot’s base (see
Sec. 4.4). Also, the above model and simulations to do not include forces and torques
produced by the process itself. So, for example, the force needed to press a drill into a
wall is not included.
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Figure 6.16: Multi-body robot simulation of the four corners task using values from KUKA | prc. Note how
the unlimited acceleration in the inverse solution leads to unrealistically high forces and torques.
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Figure 6.17: Multi-body robot simulation of the four corners task using values of a real robot obtained via
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Figure 6.18: Comparison of the base torques for the same path performed at two different speeds. At low
speeds the longer time spent out of balance requires a larger momentum envelope while higher
robot speeds require greater gimbal agility to achieve the momentum dynamics.
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Figure 6.19: Simulation a robot hanging from the SPCMG platform. The left shows how robot deviates
from the desired path (transparent robot) as its motion causes the pendulum to swing. The
right shows the active compensation by the SPCMGs. Their torque output is informed by a
simulated robot model in addition to the pendulum angles. Note how the limited acceleration
of the gimbals prohibits the CMGs from perfectly compensating the robot.
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Figure 6.20: Comparison of the robot’s endeffector position while hanging from the pendulum with the
programmed target value for simulations with and without compensation by the CMGs.

6.4 Simulated Process Compensation

To ascertain the principle feasibility of stabilizing a robot with CMGs, the robot model is
attached to the pendulum-SPCMG model. The base frame of the robot model is attached
to the frame in the center of the SPCMG platform so that it moves with the platform.
A second copy of the robot model is placed in the same position, but with its base
fixed in space. The torques simulated at the base of this latter robot model are fed into
the equations of motion of the double pendulum. They therefore act in addition to any
torques produced by the CMGs. The same robot torque values are also fed into the control
loop for the CMGs as described in the previous section on controller design (Sec. 5). As
such a simulation does not include any external forces, it should ideally lead to the CMGs
perfectly compensating the torques produced by the robot and lead to a static platform.

The Fig. 6.19 and Fig. 6.20 illustrate the impact of the CMG stabilization on the robot’s
path accuracy. In the animation, the fixed robot is displayed as a transparent overlay. It can
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be observed that the CMG stabilization significantly improves the accuracy of the robot,
but does not succeed in maintaining perfect stability. This is due to the limited gimbal
acceleration, which prohibits the CMGs from perfectly following sharp accelerations of
the robot arm.

A further challenge to CMG stabilization of the robot’s motion can also be seen in the
above simulations. As soon as the robot arm moves its center of mass out from under
the center of mass of the pendulum, the CMGs have to constantly rotate to produce the
necessary torque to compensate this. Even in the relatively short path simulated here, the
CMGs move close to their singularity, where they would no longer be able to produce
the torque necessary to maintain the stable position.

These simulations therefore aptly illustrate both the potential of CMG stabilization for
robot motion as well as its challenges. Robot stabilization necessitates careful matching
of robot trajectories to the gimbal agility and momentum envelope of the CMGs. For
instance, in the case above, path optimization could reduce the acceleration spikes in
the robot’s movement, thereby improving the path accuracy without requiring stronger
gimbal motors. Likewise, by moving the robot arm to the left side between targets the
CMGs would be moved away from the singularity, thereby providing greater momentum
workspace for subsequent operations.

Limited gimbal acceleration, forces from the robot and other external sources as well as
sensor and model inaccuracies will ensure that perfect stability will never be attainable.
Additional compensation mechanisms for processes should therefore be considered.
Aside from adding thrusters to create compensating forces, the process path accuracy
might be able to be improved by using the robot or other kinematic systems to compensate
the error. This would take careful control engineering so as not to exacerbate the error by
introducing further forces and highly dynamic torques. Given the availability of the crane
and robot model, it could be possible to create a predictive controller that compensates
the pendulum motion in coordination with the dampening control of the CMGs or even
the crane.

6.5 Hardware Experiments
6.5.1 Prototype Setup

Development of the first hardware prototype began early on and ran alongside the
remaining project. The goal was to validate the theoretical work rapidly to avoid unprof-
itable efforts. The size of the prototype was intended to be large enough to handle the
torques of the smaller robots of the lab while requiring only a modest hardware budget.

The plan was to begin with a SPCMG array that could be suspended so as to limit the
motion to a single plane i.e. 2D motion (see Fig. 4.5). Later the intention was to extend
the array to a four CMG roof array. Given the limited manufacturing facilities, the design
uses as many readily available and low cost components as possible.

Fig. 6.21 shows the completed SPCMG prototype with the KR3 robot hanging underneath.
The gyroscopes are housed in the aluminum cases and have their motors attached to the
side with risers to accommodate the couplings. The gimbal assembly consists of a single
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Figure 6.21: Hardware SPCMG prototype with attached robot. Gyros are in the aluminum cases with the
gyro motors mounted on their sides. The gimbal motors hang underneath the gyros. The motor
controller and power supply are mounted underneath the platform. The gyro controller, IMU

and communication interface for these are mounted on top. Note that the rope suspension was
rotated by 90° for the picture.

Figure 6.22: CMGs used in the hardware prototype. The design has only two custom parts (gyro wheel,
mounting flange) with the rest being catalog components (incl. made to measure shafts).
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Task Component
Gyroscope Motor maxon EC-i 40 ¥40 mm, brushless, 70 Watt, with Hall sensors
Gyroscope Controller maxon DEC Module 50/5, 1-Q-EC 50 V / 5 A
Gimbal Motor maxon EC-i 40 @40 mm, brushless, 70 Watt, with Hall sensors
Gimbal Gearing maxon Planetary GP 32 C ¥32mm, ceramic, 299:14 (21:1) ratio
Gimbal Encoder maxon Optical HEDL 5540, 500 pulse
Gimbal Controller maxon EPOS2 70/10, 10 A, 11- 70 VDC
Power Supply Meanwell 200W 48V (one per Gyro-Gimbal combination)
Inertial Measurement Unit BNOO055
Microcontroller Teensy 3.5
CAN Bus Adapter PEAK PCAN-USB

Figure 6.23: Main hardware components used in the prototype.

Figure 6.24: Custom PCB holding the microcontroller, gyro speed controllers, CAN and Ethernet jacks.

bearing block that holds the axle that is clamped into a block attached to the inside of the
gyroscope case (see Fig. 6.22). This setup leads to only two parts per CMG having to be
machined: the gyroscope’s rotor and the mounting bracket for the gimbal.

The gimbal motors are the same as the gyroscope motors, but geared down to provide
higher torque. The gimbals require position readings and accurate velocity control. There-
fore the gimbal motors have optical encoders attached and are attached to EPOS-70
controllers. The controllers are programmable via a USB interface and are controlled via
CAN bus from a PC running Simulink Desktop Realtime using a USB-CAN adapter. See
Fig. 6.23 for the main components used in the prototype.

The gyroscopes require a simpler speed controller as they should not experience any dy-
namic loads. Therefore DEC-40 development boards were used attached to a custom PCB
with an ATTiny microcontroller (see Fig. 6.24) that provides a serial interface for speed
and direction of the gyroscopes. The same PCB and interface provide communication to
the BNOO055 inertial measurement unit.

The CMGs are attached to a welded steel frame that was sized to also later accommodate
four CMGs. The controller and power supplies are mounted to a board inside the frame.
The frame is suspended from two hooks in the ceiling.
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This should be a video. Please see HTML-version of this document.

Figure 6.25: Dampening experiments on hardware prototype.

For the SPCMG to work as intended, it is necessary to maintain symmetry between the
two gyroscopes. This is generally achieved by linking the two gimbals mechanically
and using a single actuator to drive them. The use of a mechanical linkage is simple to
implement and offers the added benefit of dealing with the reaction torque caused by
motion of the base system (see discussion in Sec. 3.1).

Given that it was intended that the prototype should later be extended to a four CMG
roof array, it was decided to enforce the SPCMG symmetry with a control loop. The
controller applies a proportional gain of the difference in angle between the two gimbals
to the desired gimbal velocity. By enforcing the symmetry with a control loop it is also
possible to perform experiments regarding zero-torque maneuvers to align the gyroscope
axes with the axis of rotation. This is of interest for applications where a manual rotation
of the platform should not result in a reaction torque and interference by the CMGs.

6.5.2 Initial Experiments with the Prototype

The Fig. 6.25 shows some first dampening experiments with the hardware prototype. The
top of the video shows the system being excited with the gyroscope axis oriented parallel
to the axis of rotation and the control loop deactivated. The lower half of the video shows
the system given a similar excitation, but with the PDa controller active. It can be seen
how the motion of the gimbals dampens the initial pendulum motion.

Yet, also a multitude of problematic issues can be observed. Firstly, the initial pendulum
motion is dampened, but an out of plane pendulum motion is created. There are several
reasons for this:

¢ points of suspension are too close together to prevent out of plane motion
¢ SPCMGs cannot compensate out of plane motion
* the control loop is not precise/agile enough to maintain perfect gyroscope symme-

try

The asymmetric motion of the gimbals produces minor torques out of alignment with
the in-plane pendulum motion. The inability of the SPCMG or method of suspension to
compensate these torques leads to the behavior seen in Fig. 6.25. The dampening also
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Figure 6.26: Redesigned mount for the gyroscope. Note how the motor can be removed without affecting
the alignment of the mount, making it easier to align the gyroscope’s shaft with the motor. The
coupling is also 3D-printed, since the original broke, most likely due to misalignment.

takes considerable time and once it is completed slightly erratic gimbal motions can be
observed.

While these initial results are somewhat disappointing, they show the fundamental
validity of the approach. More importantly, they highlight some of the hardware issues
that still need to be overcome. These are discussed in the subsequent section.

6.5.3 Hardware Issues and Recommendations

The following is a list of issues encountered as well as recommendations for improving
the setup.

The attempt at creating a fast-spinning piece of hardware with little to no machining
was for the most part successful. Nevertheless the CMGs are very loud and a recent
reassembly showed that some of the gyroscope bearings have suffered and started to
stick. This is partially due to the axle having the wrong thread, leading to standard
locknuts not fitting. Should one manufacture/order new axles, slight changes could also
create more space in the case, which would ease assembly.

Furthermore, during tests two of the gyroscope couplings broke. This was probably due to
misalignment of the motor and gyroscope. Having acquired a 3D-printer, it was possible
to rework the gyroscope motor mount to improve the alignment process (Fig. 6.26). The
sticky bearings and misaligned axis are also likely reasons for the gyroscopes taking
different periods of time to reach their set speed.

The integrated speed readout via the microcontroller has proven very useful. The custom
PCB has also increased the reliability of the prototype by introducing high quality plugs.
These not only make disassembly much easier, but also reduce the uncertainty from
loose/unreliable connections, making debugging easier.

The speed controllers are not able to bring the motors to their maximum velocity ex-
pressed by the datasheet. It was also necessary to adjust their velocity measurement by
validating the velocities with a tachometer. Both of these issues deserve deeper investiga-
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tion.

The CAN communication with the gimbals works well, but took a long time to set up. The
required commands were extracted from the datasheets and implemented in Simulink.
One major issue is the ability to interface with CAN from Simulink. The various CAN
adapters supported by Simulink do not have driver support for all modes of Simulink
(Desktop Realtime, Realtime) and can be quite expensive or require a dedicated target PC
if sensor values are to be monitored simultaneously.

Given these issues and price points of the industrial grade motors, interface cards and
software products, it might make sense to look elsewhere for solutions. Since the start
of the project, open-source hardware solutions such as the ODrive have emerged. The
ODrive can combine lower cost hobby brushless motors, that have become very powerful
due to drones, e-scooters etc., with encoders to create much more affordable servos.
Together with belt drives or cycloidal gears, backlash free drives could be produced using
mostly 3d-printed and off-the-shelf low-cost parts. Generally speaking, the prototype
could probably be replicated at lower cost if greater use were made of printed parts and
consumer grade hardware.

Alternatives to Simulink and specialized target PCs for projects such as this one are also
emerging. The microcontroller on our custom PCB is probably sufficient to create a UDP
to CAN bridge. As such our reworked PCB also accommodates ethernet as well as CAN
hardware. The interested reader is pointed towards:

e Modelica, xcos and X2C
¢ OpenRTDynamics
¢ GRIiSP and Nerves
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Sizing CMGs for Cranes

The models, simulations and experiments of the previous chapters provide a basis for
understanding the behavior of the crane-CMG-robot/process system. This chapter at-
tempts to summarize the insights gained regarding the sizing of the CMGs for such a
system. Its first section covers sizing considerations for the three application categories
set out earlier (dampening, rotation, process compensation). The section first discusses
the relationships between the requirements and system parameters before covering the
sizing considerations specific to the crane-CMG system.

7.1 Requirements

Recalling the properties of a CMG array, there are three main requirements:

¢ maximum torque produced (Nm)
¢ dynamics of the torque (Nm/s)
¢ torque capacity i.e. momentum envelope (Nms)

The created envelope does not have to be symmetric and the dynamic performance is
not homogenous within the envelope. The steering law for the array will also change the
torque availability depending on the chosen singularity avoidance techniques.

7.1.1 Dampening

The performance requirements for dampening depend on the specific need for dampen-
ing. Generally, however, the sizing will be informed by:

¢ amount of excitation to dampen
¢ crane and load parameters
¢ max duration/swings until dampened

The section on modeling cranes and loads (sec. 4.1) covers a model to estimate the
relevant parameters, including the amount of excitation to be expected. The chaotic
interaction inherent to a double pendulum makes it difficult to create a way of determin-
ing/estimating the time it will take a given CMG array to dampen an excitation. Looking
at the dampening simulations of different capacity CMGs (fig. 6.10), the basic behavior
during dampening can nevertheless be understood.

The dampening controller will generate torque until the CMGs saturates i.e. its capacity
(Nms) is consumed in one direction. As the pendulum reverses direction, the CMGs
move out of saturation as the commanded torque also reverses direction.

This indicates a potential to estimate the number of oscillations a CMG array requires
to dampen a given pendulum. The estimation will probably relate the momentum en-
velope of the array to the angular momentum of the two links. This momentum in turn
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h-max: 2.5 Nms h-max: 5 Nms h-max: 10 Nms

24.0s 24.0s 24.0s

3m ® 3m ® 3m ®

Figure 7.1: Simulation of dampening with differently sized momentum envelopes i.e. CMG workspace sizes.
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Figure 7.2: Lower link angle, torque used and position in momentum envelope for dampening with different
sized momentum envelopes i.e. CMG workspace sizes.

depends on the moment of inertia and maximum rotational velocity of the two links. The
developed models nevertheless permit the estimation of the dampening performance by
varying the momentum envelope and observing dampening performance (Fig. 7.1 and
Fig. 7.2, for code see sec:2d-dp-wcontroller-limit) and thereby derive the necessary re-
quirements for the subsequent sizing of the CMG array. These simulations also provide a
useful rule of thumb for the dampening performance: doubling the momentum envelope
halves the number of swings it takes to dampen the crane.

Depending on the cause of excitation, it might be necessary to further increase the momen-
tum envelope. In the discussed dampening simulations, it can be seen that dampening
can leave the CMG array in a state away from the center of its momentum envelope. If
the process-compensations require a certain volume of momentum, the envelope could
be increased to ensure sufficient volume remains after dampening. Alternatively, as
discussed in the controller design section, it should be possible to develop dampening
control that extends the dampening duration but leaves the CMG array closer to the
center of its momentum envelope.
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7.1.2 Part Rotation

Rotating a load around the axis of the lower link is similar to the reorientation of a
spacecraft using momentum control devices. Therefore spacecraft literature provides
useful approaches.

For satellites neither part rotation nor the speed of rotation are usually the main concern.
Instead most interest is in determining how long it will take to rotate to the desired posi-
tion. This of course depends on the rotation speed, but also on the maximum acceleration
and jerk (derivative of acceleration). This is particularly true for short rotations where
the maximum speed might not be reached before decelerating. See [26, Sec. 3.1] for an
in-depth discussion of this and how the duration of the jerk and acceleration-limited
regime can be derived from the relationship between maximum jerk, acceleration and
velocity.

Whilst the optimization of these relationships is of great relevance to spacecraft design,
for the part rotation on cranes it can be assumed that rotation performance is mostly
concerned with large rotations. Therefore, the sizing requirements can be simplified to:
h
w = — 7.1
- 7.1)

where w is the desired rotation speed of the platform/load/part, I its moment of inertia
about the axis in line with the lower link and % the combined angular momentum of the
gyroscopes in the CMG array.

7.1.3 Process Compensation

Process compensation brings with it the most complex and demanding requirements.
As discussed in the simulations of the robot paths, it is necessary to look at the peak
torque, torque dynamics and total torque consumption. By optimizing the robot paths or
trading dynamics for consumption, the design of the process can change the requirements
significantly. It will therefore be beneficial to develop tools that provide a short feedback
loop for the process designers.

This work provides an example of such a tool with the ability to evaluate the requirements
of a parametric robot path made with KUKA | prc. Currently this is still a multi-step pro-
cess that could certainly be more tightly integrated. The simulation of the obtainable path
accuracy through the use of process compensation currently does not take into account
the ability of the robot to adapt to deviations of its base. Nevertheless an estimation of
the path accuracy without such additional compensation techniques has been shown
in Sec. 6.4 and the existing tools can already provide the fundamental requirements
of Nm, Nm/s and Nms for the process compensation. The interaction with additional
robot-based compensation might lead to an increase in the torque dynamics requirements,
but the torque and envelope requirements should remain similar.
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Figure 7.3: Illustration of the requirements stemming from the different CMG tasks.
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Figure 7.4: Illustration of the relationship between the parameters of a CMG array and crane.

7.2 Sizing of CMGs
7.2.1 Parameter Relationships

The various requirements discussed above are illustrated in Fig. 7.3. Having determined
the requirements the next step is to understand the relationships between the various
parameters of the CMG array. These are illustrated in Fig. 7.4.

Beginning with the gyroscopes, there is the moment of inertia of the rotor. This can be
affected by the density of the material as well as by the shape and size of the rotor. The
simplest forms are cylinders with cylindrical shells providing better mass utilization.
Another common design are spherical rotors which have the added benefit of causing
less changes to the moment of inertia in the array/platform/spacecraft when rotated
about their gimbal axis. At high velocities rotors can experience significant forces, and
this needs to be taken into consideration when selecting the material and sizing the rotor.

The moment of inertia and rotor speed provide the momentum for each gyroscope in
the array. A rudimentary approximation of the size of the momentum envelope can be
obtained by summing the moments of all gyroscopes of the array. The actual envelope
shape depends on the chosen array type and parameters. As discussed in the section
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on CMG envelopes, asymmetric envelopes can be utilized to match asymmetric torque
requirements. An array tasked predominantly with large-part rotation could be designed
to have its largest extent in the Z-axis, whereas an array tasked with dampening would
prioritize the other axes.

The size of the gyroscope motor is governed by the required velocity, desired spin up time
and amount of friction in the system. If slower spin up is acceptable and the gyroscope
exhibits little friction (large gyroscopes often run inside a vacuum to reduce drag), the
gyroscope’s motor can be very modest.

The moment of inertia of the rotor around the gimbal axis can also be used as an ap-
proximation for the sizing of the gimbal motors. Whilst the gimbal motor also has to
overcome the moment of inertia of the housing etc., the gyroscope’s rotor will be the
major contributor to the gimbal’s inertia. As seen in the simulations of the SPCMG, during
dampening the sizing of the gimbal motor’s torque is dominated by two factors:

* required torque agility
* reaction torque caused by the base rate

The required torque agility 75 depends on the momentum of CMG array, the inertia of
the gimbal assembly and the torque of the gimbal drive:

IGimbal (7 2)

TR~ hArray : TGimbal
imba

The reaction torque depends on the momentum of the gyroscope and base rate i.e. the
angular velocity experienced by the platform. Since the CMG arrays should operate in
three dimensions and under diverse loads, the worst case must be assumed i.e. that the
momentum vector of the gyroscope will lie orthogonal to the angular velocity. Both the
desired output torque produced by the CMG as well as the reaction torque depend on the
momentum of the gyroscope. But while the output torque depends on the gimbal velocity
the reaction torque depends on the base rate Therefore, the following relationship holds
true [26]:

Wgimbal __ Tsystem (7 3)

Wsystem Tgimbal

In spacecraft this relationship is highly critical, as the torque of a motor is strongly
linked to its weight. As previously noted, for crane-CMG systems weight will be a lesser
concern, certainly much less so than with space applications. Furthermore, unlike space
applications, in our case the base rate is (except for part rotation) not the desired result of
the CMGs actions. Instead the dominant base rate originates from the oscillatory nature
of the crane as a pendulum. The relevance of this difference will be discussed in the
following section.

To make sizing easier, all equations involved can be entered in a spreadsheet (see Fig. 7.5).
Using this method, various parameters can be run through quite quickly.

The spreadsheet makes a distinction between torque dynamics at rest and those during
the worst case. In such a case the momentum of the gyroscopes would be aligned with the
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Gyroscope
Density 8,050 kg/m”™3 On Axis Inertia 0.55 kgm~2 m~3 kg kgm~2 kgm~™2
Inner Radius 015 m Off Axis Inertia 0.28 kgm~2 Shape = Volumer;  Mass On Axisg Off Axisg
Outer Radius 020 m Momentum 663.86 kgm~2rad/s Cylinder 5.03E-034.05E+01 8.09E-01 4.10E-01
Width 0.04 m Weight 18 kg Hollow Cylinder 2.20E-031.77E+01 5.53E-01 2.79E-01
Shape Hollow Cylinder Spin Up Time 35 s Hollow Sphere  1.94E-02 1.56E+02 HEH HHH
Motor Speed 1,200 rpm
126 rad/s
Motor Torque 2.00 Nm
CMG / Gimbal
Motor Torque 500 Nm Degrees to max Speed o -
Max Speed 10 rpm Output Torque 695 Nm
1 rad/s Dynamics at Rest 1,189,847 Nm/s
Torque Dynamics -14,607,933 Nm/s

Reaction Torque 6,639 Nm
Array Requirements
Count 4 Momentum Envelope 2,655 Nms 2,500 Nms

Torque 2,781 Nm 2,000 Nm
Dynamics at Rest 4,759,387 Nm/s 2,000,000 Nm/s
Torque Dynamics -58,431,731 Nm/s 100 Nm/s

System
Max Baserate 10 rad/s Weight 71 kg

Figure 7.5: Spreadsheet of the most relevant CMG parameters including the equations that link them together.

axis of rotation of the array/base and the controller would be trying to move the gimbal
in the opposite direction of the precession caused by the gyroscopic reaction. This would
lead to the gimbal motor having to overcome the entire reaction torque prior to being
able to produce any of the desired torque. To illustrate this, the spreadsheet subtracts the
reaction torque from the maximum torque of the gimbal motor. The following section
will discuss why this scenario overestimates the worst case reaction torque and how it
me be further reduced.

To provide a better intuition of the characteristics of the CMGs, the spreadsheet also
calculates the angle of rotation required by the gimbal motor to reach its maximum speed
from a standstill. In an SPCMG array a singularity will be encountered after rotation
of the gimbal through 90° when starting from a neutral position, therefore this value
gets highlighted yellow once it goes above 90°. In other arrays the singularities will be
different, but it will probably be difficult to achieve the maximum gimbal velocity if more
than 90° are required to reach it.

The spreadsheet does not take friction or the exact shape of the momentum envelope into
account. The actual inertia of a gimbal assembly will also be higher than the inertia of
just the gyroscope’s rotor. All of this can most likely be taken into account with scaling
factors, once some prototypes are providing data points.

7.2.2 Sizing CMGs for Cranes

The challenge of sizing CMGs for cranes is the unique combination of requirements
arising from the three application cases of damping, rotation and process compensation.
Whilst commercial applications and sizing experience exist for spacecraft control (similar
to part rotation) and roll stabilization (similar to dampening), the addition of process
compensation as well as the need to operate around three axes creates novel challenges.
The core challenge is the high base rate that our CMGs experience when they are attached
to a swinging crane.

In a spacecraft the base rate is dictated by the agility requirements, which in turn leads
to requirements regarding the output torque of the CMGs. The relationship of torques
and velocities in a CMG (see Eq. 7.3) the sizing of the gimbal and gyroscope motor.
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Unlike the case of crane dampening, the reaction torque here is self-inflicted. Also, since
most maneuvers will produce a net change of zero in the CMG array’s momentum, the
size requirements regarding the envelope are much smaller than in these cases, where
asymmetric external influences have to be compensated.

While the base rate in ship stabilization is more similar to our base rate, it is not possible
to imitate their sizing approaches. In ship stabilization the base rate i.e. the roll is in fact
utilized, as the precession causes exactly the gimbal movement necessary to produce
torque counteracting the roll of the ship. Gimbal actuation is only used to assist the
gyroscope in overcoming friction, to limit the response and avoid hitting the singularities.
In this work, however, the same CMGs have to be used to provide torque compensation
while simultaneously dampening oscillations.

Given the requirements for dampening and process compensation previously discussed,
the size of the momentum envelope is paramount to the usefulness of the CMGs for crane
applications. Obviously, the size of the envelope is governed by the momentum of the
gyroscopes. Therefore, given a certain base rate, reaction torques will always have to be
dealt with that outweigh the gimbal torque requirements resulting from torque dynamics
requirements (see discussion in Sec. 6.2.3 and Sec. 6.2.4).

To make CMGs feasible for an application in cranes, ways to alleviate the base rate or
to be more precise: its impact on the gimbal motor sizing must be found. This is the key
issue facing the crane-CMG-robot system and the following solutions come to mind:

¢ limit CMG operations to certain wind loads and crane movement speeds
¢ introduce a clutch mechanism to the gimbals
e align the gyroscope’s momentum with the axis of the base rate

As can be seen in the simulations of the SPCMG during dampening (Fig. 6.10), the
momentum vector of the gyroscopes passes through a configuration parallel to the axis
of rotation of the platform as it is dampened. It should therefore be possible to add
a switching behavior or otherwise modify the controller to ensure a certain amount
of alignment in relation to the current base rate and its acceleration. It is hoped that
the animation in Fig. 7.6, helps to illustrate the challenge. In the current configuration,
the gimbal experiences zero reaction torque through the entire swing of the pendulum.
However, as the gimbal is not moving, there is also no torque produced to dampen
the oscillation. Assuming that yellow denotes a reaction torque harmful to the gimbal
assembly, the challenge is to rotate the gimbal past the midpoint prior to it turning yellow.

It is also important to note that the direction of reaction torque is in line with the desired
rotation of the gimbal. Under a well-designed control regime, the maximum allowable
reaction torque might lie above the maximum torque rating of the motor and other
parts of the gimbal assembly. As the motor and reaction torque are pushing in the same
direction during the dampening process, the limits might actually lie within the current
limits and electronics design of the controllers and not the torque limit of the motor.

All of this could lead to a stark reduction in the impact of the reaction torque as com-
pared to the worst case scenario assumed in the sizing spreadsheet. Nevertheless, it is
recommended that dedicated points of failure for gimbal motor couplings be added and
perhaps even means to mechanically arrest the gimbals” motion should a failure of the
coupling occur.
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his should be a video. Please see HTML-version of this document.

Figure 7.6: Illustration of the potential reaction torque acting on the gimbal, depending on the current base
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rate and gimbal angle. Note how, as the gimbal axes are held parallel to the axis of rotation,
no reaction torque is produced. The blue arrow is the angular momentum of the gyroscope, it
therefore remains constant. The green arrow is the angular velocity that the CMG experiences
due to the pendulum’s oscillations, i.e. the base rate. The semicircular bar denotes in color the
reaction torque that the gimbal axis would experience at the various gimbal angles.



Outlook and Conclusion

Prior to summing up this work, I would like to discuss the assumptions and associated
limits of the models currently in use. Given these limits and some of the insights gained
through the experiments, I will then make recommendations regarding the most urgent
developments needed to further the goals of this work. I will also cover further questions
and areas of research that need to be addressed to make CMGs a useful tool for cranes in
general and the construction site in particular.

8.1 Assumptions of Current Models

The most significant simplifications in the models are, (not in order of importance) :

¢ use of stiff links capable of transmitting torque
(possible for lower link, unrealistic for upper link)

* no drag or friction

* no process forces or torque in robot simulations

* no sensor noise or control loop delay

The sizing calculations also do not include any considerations concerning the specific
shape of the momentum envelope, its singularities and changing dynamics as one moves
through it. Most of these assumptions do not limit the conclusion made from the sim-
ulations, but they do limit further understanding of the system and in particular the
development of controllers.

8.2 Next Steps for Development

With the goal of moving towards a 3 DoF CMG system suited for real world crane
stabilization experiments, several parts of this work need to be transferred to 3D cases.
Nevertheless the 2D models and prototype should be of continued use. Both controller
and hardware design as well as validation can more easily be understood and performed
on the 2D case.

A priority for the development of the 3D controller should be the inclusion of the reaction
torque limiting strategy discussed at the end of the previous chapter on sizing (sec. 7.2.2).
Limiting the reaction torque experienced by the CMGs through alignment of momentum
and rotation axis is the critical component required to make CMGs useful for crane-based
applications beyond load rotation. The development described in this section therefore
mostly outlines the critical path to a state where the efficacy of such a strategy can be
validated through simulations.

It is to be hoped that the existing explicit equations of motion together with the SymPy
code used for their derivation will prove useful in the design and stability proofs of the
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required controllers. To be able to develop and also validate the steering and control of the
four-CMG roof array (required for the move to 3DoF hardware prototype), either a new
modular model or the existing 3D equations of motion could be used. The existing model
will already allow developments regarding the dampening and rotation applications. One
thing currently not included in the 3D equations is the translation of external forces into
additional torques on the upper and lower link. This has so far only been implemented
for the 2D model.

To move the controllers (and subsequently the hardware) to 3D, one will have to translate
the error about three axes into a 3D target torque. This in turn necessitates the extension
of the SPCMG model to a four-CMG roof array with the implementation of a suitable
steering law. Once these components are in place, it will become possible to analyze the
controller’s performance under the limitations resulting from the agility and singularities
of the 3D CMG array in combination with the chosen steering law.

The biggest challenge in limiting the reaction torque through control of the gimbal angles
will be that it will probably require a novel steering law for the CMG array. While many
steering laws and steering law design strategies exist, (see [26, Ch. 7]), none deal with
this very crane-specific constraint.

Apart from the reduction of reaction torques, the other major question is how well a CMG
array is able to provide a stable platform for robotic and other processes. While torques
acting upon the platform itself can be compensated by the CMGs, forces acting on it end
up acting on its pivot point and therefore on the link from which the platform is hanging.
This can only be compensated by the CMGs indirectly i.e. by tilting the platform. This is
not taken into account in the controller currently implemented. A controller that reduces
the error produced by the force acting on the upper link by introducing an error to the
lower link might improve platform stability.

Furthermore the forces and torques applied to the pendulum during the simulated com-
pensation assumed a fixed robot. The motion of the robot’s base due to oscillations of the
platform are therefore not taken into account in the forces and torques. To address this
issue, the robot multibody simulation needs to be integrated into the pendulum model.
Through the addition of either more realistic inverse kinematics that take axis accelera-
tions into account, or a hardware-in-the-loop setup that uses the actual robot controller,
robot-based compensation strategies could be developed, enabling these strategies to be
validated as they work in coordination with the dampening controller.

Given that it will also be desirable at a later date to extend the model to include the
remainder of the crane, my recommendation would be to implement a modular multi-
body simulation into which the model of the CMG dynamics can be integrated. This
should be possible in Modelica, Simulink Simmechanics or other toolkits. While the CMG
array could also be modeled using this approach, I would recommend the use of the
explicit model used in this work, as it makes it possible to distinguish the various torque
components. This proved to be of great value in understanding the gyroscopic system.
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8.3 Future Work Required

Beyond the critical next steps outlined above, there is a plethora of research and engineer-
ing challenges.

Once the pendulum, CMG and robot multibody models as well as the inverse kinematics
have become more tightly integrated, optimization strategies to increase process accuracy
through changes to robot paths and execution speeds/accelerations could then be studied.
Similarly, by extending the models to include motion of the suspension point i.e. gantry
motion or trolley and gib motion, control systems become possible that utilize information
and actors of both the crane and CMG array. This should open up novel control techniques
for the controlled movement of cranes as well as better input to the reaction torque
reduction and ways to desaturate the CMGs. Desaturation goals could also be met by
adjusting control during the dampening of large oscillations. Furthermore the use of an
adjustable weight as a source of low agility torque would require further extensions to
the CMG steering laws.

Such adjustable weights would be added to the list of engineering challenges involved
in bringing CMGs to the construction site and other cranes. Prior to achieving on-site
suitability, there is also some work to be done in extending the lab prototype from
one to three degrees of freedom. The gyroscopes should be improved with regard to
their rotational accuracy and mounting so as to reduce wear, spin up times, noise and
vibrations. The issues with the maximum gyroscope speed and accuracy also need
to be investigated. To ease and accelerate the controller design process, the realtime
capabilities need to be increased to allow for signal analysis during experiments and
rapid modification of parameters without recompiling. By moving the control loops to
an embedded target, the round trip times from controller to motors and back should
also become shorter and, most importantly, more reliable. Given the risk of high reaction
torques, stronger gimbal motors and couplings or dedicated points of failure should be
investigated.

The current sole IMU should also be extended to allow for measurement of the upper
link. It might also be useful to add external optical tracking to allow for validation of the
onboard sensors. It is to be expected that the implementation of the inertia estimation
should be straightforward, but it is also a required development.

Looking towards more realistic implementations of the CMG array, the power use needs
to be taken into account. While it is possible to provide power at the crane hook, given the
advances in battery technology, models and experiments regarding the power consump-
tion of the array during operation will be of interest. As previously noted, gyroscopes
in CMGs have been used as additional energy storage to handle load spikes in marine
applications. The use of such storage in spacecraft was abandoned due to batteries having
a similar energy density while posing less engineering challenges.

Continuing and ever more extensive validation will also be required. The collection of
real crane motion data would be highly valuable for the validation of the crane parameter
estimations and dampening requirements. As the simulation tools are improved, more
realistic and diverse processes will emerge that utilize the crane-CMG system and provide
valuable input regarding the compensation and rotation requirements.
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8.4 Conclusion

This work was motivated by the desire to bring more robotic capabilities to the construc-
tion site. Given the limited reach of conventional robot arms, the idea was to combine
them with the reach of construction cranes to be able to service the large workspace of
construction sites. To ensure a stable work platform for the robot arm, the strategy was to
begin with a parallel tendon kinematic, iteratively remove tendons and add other form
of compensation mechanisms to maintain stability for the robot. My initial research into
potential compensation mechanisms led to spacecraft momentum control devices and the
large torque capacities of control moment gyroscopes. The focus of this work therefore
became to ascertain the potential of CMG stabilization of crane hooks.

The review of the general principles of CMGs, their use in spacecraft, ships and other
applications including cranes shows the knowledge gap that this work hopes to begin
to fill. There is a large amount of literature regarding the design and control of CMGs
for spacecraft attitude control. The same is true of crane dynamics and control theory.
Up to now there have only been a handful of research efforts regarding the use of CMGs
in cranes, none of which provide models of crane-CMG dynamics or guidelines for the
sizing and design of such systems.

This work therefore provides suitable models of the crane and platform/load as a double
pendulum with a distributed mass hanging from a point mass that in turn is hanging from
a fixed pivot. Given the relevance of the base rate on the sizing of CMGs, the work also
includes an estimation of the base rate for cranes that uses parameters from crane data
sheets. This in particular will require validation, as the base rates will change depending
on the control of the crane and excitation sources present during operation.

To understand the interaction of the crane-CMG system, I chose to limit the crane to a 2D
model but left the CMG model 3D. This is necessary, due to the cross product involved in
gyroscopic systems (eq. 2.1). By implementing the equations that describe the dynamics
of a scissored pair CMG and attaching it to the obtained equations of motion for the
crane/pendulum, I was able to develop an understanding of the system much more
quickly than with a physical prototype. In the physical prototype, our view into the
system is limited by the sensors, noise, signal delay and of course bugs. The simulation
models also include the implementation of a steering law for the SPCMG with singularity
avoidance and a model of the gimbal dynamics that limit acceleration and velocity of the
gimbal.

The simulations and subsequent development of control as well as sizing approaches were
systemized through the definition of three-crane-CMG applications: dampening, part
rotation and process compensation. This definition helps to distinguish the requirements
and interactions of the system. While the part rotation is akin to CMG applications in
spacecraft, dampening is more related to the roll reduction systems in boats. The addition
of process compensation means that while we can borrow from certain parts of spacecraft
design and particularly from the engineering of ship gyroscopes, novel control and sizing
approaches are required to fully utilize the CMG'’s potential for cranes. The combination
of applications also sets apart this work from prior crane stabilization efforts, which only
focus on stabilization and limit themselves to a single CMG.

The chapter on controller design develops an integrated control approach for the combi-
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nation of the three applications. From a review of existing crane dampening controllers,
and control of underactuated systems, I chose to implement a simple PDa controller. Sim-
ulations and preliminary experiments on the physical prototype show that this approach
is capable of dampening the double pendulum using torque produced by the CMGs.

The process compensation utilizes the fact that the process is known in advance and
controlled in a programmed manner. By simulating the torques produced by the process
in advance, it should therefore become possible to compensate these torques which
would otherwise excite the pendulum. The rotation controller arises naturally from the
dampening controller, once the system is extended to three dimensions. All of these
controllers require an understanding of the moment of inertia of the platform and load.
This might be estimated using conventional techniques (e.g. a Kalman filter) that utilize
the understanding of the torque being produced and the observed accelerations of the
system.

The simulations created the understanding required to develop the sizing of CMGs for
cranes. The interaction of the applications’ requirements and various parameters of CMGs
are discussed in the chapter on sizing. The chapter provides a workflow through the
sizing parameters which was also translated into a spreadsheet that should assist in
sizing CMGs for crane applications.

Together with the simulations, the sizing workflow validates the feasibility of the CMG-
crane system. More importantly, the work has also led to the identification of key chal-
lenges for the development of CMG-crane systems.

We can see that CMGs capable of producing the torque with an agility suited for process
compensation and part rotation are feasible. The issue of the gimbals having to sustain
gyroscopic reaction torques caused by rotation of the system is sufficiently limited or
controllable in these cases. Processes compensation ideally results in a static platform,
and ergo low base rates. During part rotation the base rate is governed by the desired
rotation speed. During dampening, however, the base rate is governed by the crane’s
parameters and easily reaches velocities similar to those of our gimbals in the other
applications. Given the relationship of torques and velocities in a CMG system, this leads
to high reaction torques, which in turn cause high gimbal motor torque requirements.
This is exacerbated by the fact that dampening performance is highly dependent on the
size of the momentum envelope, which in turn necessitates high angular momentum in
the gyroscopes which in turn increases reaction torques.

Therefore, the challenge of reducing the reaction torque during dampening is the key to
the further development of this work. An in-depth explanation is given in the simulation
chapter (Sec. 6.2.4) as well as the subsequent chapter on sizing (Sec. 7.2.2). From the
simulations it seems possible to extend the CMG control and steering laws so as to limit
the reaction torques by forcing the momentum vectors into alignment with the axis of
rotation during the periods of high velocities. The previous sections on future work
lay out how the existing models and hardware should be extended so as to allow the
development of such CMG control.

The recent arrival of a commercial CMG based system for crane load rotation proves
the potential impact of CMGs on crane operation. The development of more advanced,
crane specific CMG control for 3 DoF CMG-arrays should extend their utility beyond
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rotational control during critical lift operations. Their dampening capabilities could lead
to high speed, stable crane movements and also allow entirely novel crane-application by
providing a stable process platform.

Controlled motion is the foundation for automation. With the addition of CMGs, cranes
could become a motion provider for workspaces of unprecedented size and payload. It
is my hope that the explanations, models, code, tools and discussions of this work will
prove a useful for others pursuing this potential.
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Glossary

CMG Control Moment Gyroscope. A momentum control device consisting of a gyroscope
mounted on a single gimbal (SGCMG) or dual nested gimbals (DGCMG). The
distinguishing differences from the other common momentum control device, the
reaction wheel, is that they utilize the effect of gyroscopic reaction torque for
produce their output torque instead of relying on the gyroscopes motor. See Sec. 2.1
more information.

SPCMG Scissored Pair Control Moment Gyroscope. A specific arrangement of two
CMGs that results in their combined output torque being aligned along a constant
axis. This simplifies their steering laws when compared to other array types. Their
downside is that it requires three SPCMGs and hence six CMGs to create torque
around all three spatial axes. See Sec. 6.2.1 for more.

Singularity In the context of mechanisms a singularity is a certain configuration or state
of the moving parts where the control or modelling of the system breaks down to a
certain degree. This can mean that the behavior after reaching the singularity is no
longer predictable or that certain values become infinite or nondeterministic. An
example of this for in an industrial robot can be seen in Fig. 9.1.

Null Space Motion The term stems from the concept of state space describing all pos-
sible states of a system. Null space is then the subspace in which changes of the
state don’t affect the output of the system. In robotics this means the end-effector
remains motionless even though the robot axes are moving. In CMG arrays this
means the output torque isn’t affected by the motions of the CMGs. Another way
of describing it, is that given a desired target e.g. torque, position, path there exist
multiple solutions. This redundancy can be used to optimize motions of the system
while still producing exactly the desired output.

Error Torque In the context of momentum control devices any deviation of the output
torque from the target i.e. desired torque.

Jacobian In the context of engineering the Jacobian matrix is the matrix of partial
differential equations that describes the relationship between changes in a systems
state and the systems output i.e. with J as the Jacobian, « as the output vector and
q as the state vector:

de =J -dq

Pseudo-Inverse A generalization of the inverse of a matrix that accommodates non-
invertable matrices. The most common example of this is known as the Moore-
Penrose inverse. See [26, Ch. 7] for a discussion of how alternative pseudo-inverses
are designed to optimize CMG steering laws in different ways.

Center of Percussion The point on a pendulum where a perpendicular force leads to
zero reaction force at its pivot point, due to the angular and translational accelera-
tion cancelling each other out.
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““This should be a video. Please see HTML-version of this document.

Figure 9.1: Illustration of a singularity in a six-axis industrial robot. Once the two axis are in line they can in
theory rotate an infinite amount with producing a lateral movement. The speed at which they
have to rotate to maintain a constant lateral motion therefore also goes to infinity. Animation by
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Figure 9.2: Illustration of the center of percussion and how it relates to the reaction of a pendulum given the
location of a force acting upon it. CC-BY-SA 4.0, Wikipedia user Qwerty123uiop
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Appendix

10.1 CMG Variables
Fig. 10.1 lists the properties of the SPCMG used in this work.

The angular momentum of the gyroscope can be determined as follows:

h=Iw (10.1)
= #(r% —r]) *w (10.2)

Some useful conversions to SI-Units:

T
Ipm - o5 = rad/s (10.3)
g/cm?® - 1000 = kg/s (10.4)

10.2 Equations of Motion and Simulation using Python
10.2.1 2D Point Mass Double Pendulum

Prior to obtaining the equations of motion for more complex cases, I obtained those of a
point mass double pendulum. The following code uses the SymPy Python library which
allows us to perform symbolic calculations. The code also validates our results against
known equations of motion.

CODE LISTING REMOVED FROM PDF - AVAILABLE IN HTML FILE

Property Symbol  Size  Unit
Density of Gyroscope Disc  pgyro 79 g/cm?
Gyroscope Speed Wyyro 5000 rpm

Inner Gyro Radius 4 cm

1
Outer Gyro Radius T2 7 cm
Gyro Thickness d 3 cm
Max. Gimbal Speed e 400 rpm
Max. Gimbal Acceleration s 42494  rpm/s

Figure 10.1: Properties of the SPCMG with associated symbols and units.
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Equations of Motion from Computer Algebra System and Literature

EoM from CAS
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Figure 10.2: Validation of the equations of motion generated using the above SymPy code against those taken
from [68]. Note how symbolically equal equations can lead to different result due to numerical
inaccuracies in computers.

Subsequently we can copy the resulting equations into a second program to simulate
the pendulum. Note how even though we are using symbolically identical equations,
the simulation results begin to differ after a while. This is a lovely example of numerical
inaccuracy in computers and also how minimal changes in a chaotic system like a double
pendulum can cause increasingly large differences in behavior.

CODE LISTING REMOVED FROM PDF - AVAILABLE IN HTML FILE

10.2.2 2D Point Mass and Distributed Mass

The following code derives the equations of motion for a double pendulum where the
second pendulum is a distributed mass. Note that this assumes that the rotational inertia
I2 is provided relative to the axis of rotation lying in m1.

CODE LISTING REMOVED FROM PDF - AVAILABLE IN HTML FILE
CODE LISTING REMOVED FROM PDF - AVAILABLE IN HTML FILE

10.2.3 2D Double Pendulum with Controller

The following code extends the python simulation to include the PDa controller by
including it in the equations of motion. It also allows for the visualization of the load
as a moving and rotating box. The code was also cleaned up in comparison to the other
simulation code.

CODE LISTING REMOVED FROM PDF - AVAILABLE IN HTML FILE

10.2.4 2D Double Pendulum with Controller and Momentum Limit

The following is a crude extension of the equations of motion to include a momen-
tum envelope limit. This is useful for simulating the effect of different sized CMGs on
dampening. Note that these equations do not limit the torque dynamics.

CODE LISTING REMOVED FROM PDF - AVAILABLE IN HTML FILE
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10.3 3D Point Mass Double Pendulum

Comparison of 2D- and 3D-Pendulum (Small Exitation)

2D Model

10 FN 0y — 0y
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T T T 1

T T T
0 5 10 15 20 25 30
Time [s]

Figure 10.3: Comparison of 2D and 3D double point mass pendulum given a small 2D excitation. As also
discussed in Sec. 4.2.3 the description of the kinematics using spherical coordinates leads to
the model flipping between nearly identical solutions that cause major steps in the azimuthal
angle. While the position of the pendulum is not visibly affected this does lead very high
azimuthal angular velocities. The kinetic energy associated with these leads to the dampening
of the oscillation we can observe in this plot. Note that the signs of 6;; have been flipped where
|625] > {5 to ease comparison of the two models.

10.3 3D Point Mass Double Pendulum
CODE LISTING REMOVED FROM PDF — AVAILABLE IN HTML FILE

10.3.1 Spherical Coordinates
CODE LISTING REMOVED FROM PDF - AVAILABLE IN HTML FILE
CODE LISTING REMOVED FROM PDF — AVAILABLE IN HTML FILE

10.3.2 Projected Angles
CODE LISTING REMOVED FROM PDF - AVAILABLE IN HTML FILE

Figure 10.4: Large excitation of double pendulum modelled with equations of motion derived using spherical
coordinates. From left to right: front, side and top view. Note how the issues of spherical
coordinates cause disturbances that quickly lead to chaotic out of plane motion.
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Comparison of 2D- and 3D-Pendulum (Large Exitation)

2D Model
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Figure 10.5: Comparison of 2D and 3D double point mass pendulum given a large 2D exitation. Note how
they are identical until for roughly the first five seconds and then begin to strongly deviate as
the 3D pendulum begins to leave the plane of exitation. This is due to the issues discussed in

Sec. 4.2.3 and illustrated in Fig. 4.12.

CODE LISTING REMOVED FROM PDF - AVAILABLE IN HTML FILE

10.4 3D Distributed Mass Pendulum

CODE LISTING REMOVED FROM PDF - AVAILABLE IN HTML FILE
CODE LISTING REMOVED FROM PDF — AVAILABLE IN HTML FILE
CODE LISTING REMOVED FROM PDF — AVAILABLE IN HTML FILE
CODE LISTING REMOVED FROM PDF - AVAILABLE IN HTML FILE
CODE LISTING REMOVED FROM PDF — AVAILABLE IN HTML FILE

10.5 Roof Array Workspace

The code below has been exported from an interactive Jupyter notebook that was used to
generate the plots of the roof array momentum envelope for different roof angles.

CODE LISTING REMOVED FROM PDF - AVAILABLE IN HTML FILE
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10.5 Roof Array Workspace

Projected Angles avoid Ambiguity of Spherical Coordinates
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Figure 10.6: 3D double pendulum using projected angles under small 2D exitation. Note how we no longer
have the jumps in the second angle observed in the simulations using spherical coordinates. The
motion remains entirely in the XZ-plane. Note that this is no longer the case when the planar

exitation lies in a plane outside of the XZ- or YZ-plane (see Fig. 6.4).

Comparison of 2D- and 3D-Pendulum (Small Exitation)

2D Model

T
0 5 10 15 20 25 30
Time [s]

Figure 10.7: Comparison of 2D and 3D model (projected angles) of double pendulum with small planar
exitation. Note the stark decrease in difference and lack of dampening when compared with the

spherical coordinate model.
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