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Abstract

The process of laying deepwater pipelines requires the constant supply of pipe segments to the
pipe-laying vessel since downtime in operation is costly. A smaller vessel supplies these pipe
segments, where a crane transfers them onto the pipe-laying vessel. These crane systems are

required to be safe, yet efficient, even during harsh sea conditions. For this reason, a new crane
king of
vessel motions in 6 degrees-of-freedom. This potentially removes the need for humans to aid

has been developed by that should allow for the active compensation and tr

in grabbing a pipe segment. The problem is to find out how to properly control this crane

for this purpose. The main goal of this thesis is therefore to derive, identify and verify a
kinematically and dynamically aceurate model of the system and use it for system analysis,
controller design and testing in simulation.

From the analysis of the obtained model it is found that the system is mechanically limited to
controlling only 5 degrees-of-freedom, excluding roll. It further shows that negative tension
can oceur during operation depending on the configuration of the crane. A controller
designed of a

that handles tion and tracking in the controllable

comper

degrees-ot-freedom.

: trajectories that simulate the motions of the
vessels under different weather eircumstances. Results show that the controller performs far
within its requirements for calm weather conditions and just outside of the requirements for
worst-case weather conditions. Since the model has been validated to acceurately represent the
system, the proposed control strategy is deemed a viable candidate for solving the problem.

The controlled model is subjected to two realis

A rearrangement in cable configuration of the crane is lastly proposed that allows for the
control of roll motions.

The control of an offshore crane to compensate motions in 6 degrees-of-freedom in general
is beneficial to the safety and efficiency of payload transfer during harsh sea conditions and
the contents of this thesis can therefore likely be extended and applied to other applications
within offshore. This motivates to verify the controller experimentally in future work.
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Road map towards achieving the final goal of controlling the

, outlined in red. The black outlined blocks already exist. The dashed line
indicates the contribution that this thesis will be making. A controller will be
designed for the model, which in future work is then implemented on the test-bed
and adjusted until it _umlog._m Eoumq_x It can ::m__< be E_Em:_m_._nml on
and adjusted again.

are seen in operation on the left side. The relative
between both can be up to 50m. Courtesy of

tance

Worst-case scenario for motions where the wave
frequency is 0.33Hz, significant wave :m_mr._” 4,5m and angle of attack 225 ummamm
Note that this nmu_nﬂ the worst-case scenario for the real system

Simplified drawing of the subsystem. The movements of the
in all six Degrees Of Freedom (DOF) are sub-scripted by their frame conventions
U4 and Wy, respectively. A reference for name conventions is also drawn.

Simplified drawing of the test-bed consisting of two

and an external camera system for verification (Vicon). Frames are again drawn for

the . The relative distance between both can be about 4m. Another
frame is drawn for the measures the difference

between the motions of the

ematic model for the system. The red vectors indicate the vector

analysis for a single cable (cable 7). The

model for a single cable. Consisting of a
. The latter two cause a torque on the N AR DRt S e

Block diagram of the model with input

Kinematic model of the real system with all geometric parameters taken
from the test-bed set-up. Note that the hoist cables (blue) are drawn thicker that
the surge (red) and sway (green) cables. The surge cables in turn are drawn a bit
thicker than the sway cables, which are the thinnest .
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Chapter 1

Introduction

is equipped with two that
can pick up from another boat called the . The challenge when
ly in motion that is induced by o WAVES,
design has been developed that should allow for the automatic compensation
of the motions of . as well as the tracking of motions of the such that the

is fi and undisturbed

Yy ANy unwanted, UNNeeessary l_..—
potentially dangerons movements. Naturally, a controller is required for these purposes. Since

the operating costs for are high, limited time is available for the implementation and
testing of a controller for the actual . For this purpose, X-
laboratory has developed HIL

which can be used for system commissioning, improvement and R&D for new and better (semi-

Jantomatic control at little cost. Despite the low costs. implementing different controllers on
the test-bed is still a time-consuming process due to the comp stem. A model
of the test-bed system is therefore also desired that allows for easy and quick examination
of different cor
i

ollers. This thesis will be focusing on obtaining such o model. Furthermore,
ry eontroller will be designed to verify that the model can indeed be used for its
wded purpose. Figure 1-1 shows a block-diagrar
the contribution of this thesis towards achieving it.

of the road map to the final goal and

Figure 1-1: Road map towards achieving the
final goal of controlling the

, outlined in red. The black outlined
blocks already exist. The dashed line indi
the contribution that this thesis will be making.
A controller will be designed for the model,
which in future work is then implemented on
the test-bed and adjusted until it performs
properly. It can finally be implemented on

and adjusted again.

M.Sc. thesis CONFIDENTIAL Information. Property of X-lab Dabian Oosterloo

2 Introduction

The remainder of this chapter will further elaborate on the system components that have been
ntioned and provide the necessary background information for the proper understanding,
of the thesis in general, starting with a d iption of the :m. Then continuing with the
proper classification of stem and a review of their state of the art. Next, a formal
statement of the problems that need to be solved in this thesis and the goals that it sets to
found in the literature. Finally, the scope will be defined

1ch a

do so, follow trom the shorteomin

and the approach will be outlined.

1-1 System description

situation, environment and system is hrst given along with
This section will gradually converge on the specific part of
the system that will be modeled and controlled.

A top-down description of t

important tej

1S T::— coneeg

1-1-1

, according to . Figure 1-2
ve d

. The re
high as 50m. Note that figure 1-2 shows the old, purely manually operate
that is still manually operated in hoisting and low
for tracking.

n both can be

. This

tance betw

thesis shall focus on the ne

but can switch to an automatic moc

Figure 1-2:

are seen in operation on the left
side. The relative distance between both
can be up to 50m. Courtesy of

Environment specifications The weather conditions under which operates canse
it and the to exhibit motions in all six Degrees Of Freedom (DOF). They can be
mathematically defined by performing a calenlation based on the JONSWAP spectrum that
s typical for North sea waves |

reflection of these waves between the vessels, vessel shape as well as vessel me

| while also taking into account the angle of attack of waves,
The

| are given in

frequency range of these ocean waves and the maximum significant wave heig

Dabian Qosterloo CONFIDENTIAL Information. Property of X-lab M.Sc. thesis



H.m. System description ) 3

table 1-1. The worst-case scenario occurs when the ocean wa

uency for an angle of attack of 225 «

and highest fri

schematically.

1 it Table 1-1: Worst-case wave specifications

= = for the North sea

Figure 1-3:  Worst-case scenario for

motions
where the wave frequency is 0.33Hz, sig-
nificant wave height 4,5m and angle of
attack 225 degrees. Note that this de-
pict the worst-case scenario for the real
system

1-1-2
The

They can both be seen
1-2. The form a sub-system which will be referred to as

in operation in
the

The
g, shown schematically in figure 1-4. It

1 that

system s the part of the

allows motion compensation and tracl

mounted on the to measure the instantancous poses of the
simultaneously. It has
The
notations used in this thesis for cach of the 6 DOF in which both the can move

is given in table 1-2. Note that in figure 1-4, these notations are extended with a sub-seript

that corresponds to the frame to which they belong, where frame W 4 is the frame and
Py the frame.

M.Sc. thesis CONFIDENTIAL Information. Property of X-lab Dabian Oosterloo

4 ) Introduction

Table 1-2: Symbol notation for each DOF

Roll | Pitch | Yaw
degree of freedom as used in this thesis ~Gyinlol ) T &

2 | ¢ 0

Figure 1-4: Simplified draw-
ing of the subsystem.
The movements of the

in all six DOF are sub-
scripted by their frame con-
ventions ' 4 and Wy, respec-
tively. A reference for name
conventions is also drawn

1-2

test-bed. All dimensions, parameters and

we 1-5 shows schematically the s
environmental specifications are scaled with dynamic similitude by o factor of 12. The upper

will be referred to as the and its end-effector simulates the motions
of the tip of the e b will be referred to as the and its
end-effector simulates motion of the . The relative distance between both scales to about
4 A dynamically scaled version of the system is attached to the simulator

including the
asurements. .—.J__—._ _:‘H‘H::—.—..

is available to ve

that can be selected for

tions of wave

figure 1-3 shows the graphical interface for the dir

the

nulation,

The scaled version of the will be the main focus of this the:

a short classification and review on similar systems is now provided

1-3 System Classification and Challenges

The sub-system can be classified as a parallel mechanism, w a number of parallel

links are used to manipulate the end-effector. Perhaps the most famous example of a parallel
mechanism is the Stewart-Gough platform [2]. A sub-class of parallel systems, called Cable-
Driven Parallel Mechanism (CDPM) utilizes the basic idea of a Stewart-Gough platform but

Dabian Oosterloo CONFIDENTIAL Information. Property of X-lab M.Sc. thesis



1-3 System Classification and Challenges 5

Figure 1-5: Simplified draw-
ing of the test-bed con-
sisting of two

and an external camera sys-
tem for verification (Vicon).
Frames are again drawn for
the The relative
distance between both can be
about 4m. Another frame is
drawn for the

measures the
difference between the mo-
tions of the

on the actuators. In ecase of tl sub-

uses cables as the parallel links and winches

. the is the end-effector and is linked together by 8 kinematies chains. being the
.mrri The use of 8 cables for the control of 6 DOF further makes the a redundant
or ~actualed system. For the and as a

consequence, the only downward acceleration is obtained by gravity. Such systems are a sub-
class of CDPM commonly referred to as Cable-Suspended Parallel Mechanism (CSPM). T
use of ¢ pace and higher dynamic
pabiliti

uu._.i brit such as increased wor

s according to Goss

However, a significant drawback comes from the fact that cables can only operate in
tension, i.c. they can only pull, not push. This motivates the review of similar systc
and state of the art for those s that are either related to the specific application of
motion .c:::.:x.\:_c:\:m:r:_r in offshore systems, or to the control of CDPM/CSPM wher
the challenges that arise from using cables are addressed. [n other words, to find out ho
ited in offshore application and how the prevention of negative
cable tensions typically dealt with.

ter

motion is generally compen

1-3-1 Review of State of the Art

Motion compensation in offshor
liftin,
Compensation in these cases howeve

applications is a widely rc
purposes one can refer to Neupert et al. [4]

arched field, in particular for
Kuchler et al.

Xiangling et al. [6].
only done for a single DOF, namely he:

ve, Compen-
[8] and Ki

sation for multiple-degrees-of-freedom is also researched by Ngo and Hong
and Lee [9]. These studies considered systems that are
but still lack certain DOF. Furthermore, there is no men

nsion or how

n on negative cab

ions where this

icates that the authors have assumed weather cond

does not oceur. Since the worst-case scenario for is likely to induce a relative motion

to prevent

between that will canse negative tensions, the control approaches of

these systems are not likely to be suffie
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For studies that do address the
using parallel cable configurations, refer to Gholami et al [10], Laroche et
et al. [12]. The s however are as th
CDPM class defined above. In other words,
This allows for large internal dynamics which can be used to control the tension
as desired, which is generally not possible for CSPM. The same method has nevertheless
been found in literature for CSPM such as Lamaury et al. and [14], but with limited
cffect. Other studies on CSPM systems have been found to adopt an algorithm that limits
the reference when negative tensions ocenr, in Ol et al. [15] or methods of wirtually removing
ibination with force control as in Meunier et al. [16] to ensure positive tensions

ble tension problem and can move the end-effector in 6 DOF
[11] and Chellal
belong

stern

wround the end-effector in all

the cables

in ¢o

throughout. operation. The stems, as well as most of the ones mentioned before, only

assume the end-effector as moving and the frame to which the actuators are mounted as
fixed.

It is apparent that all of the above mentioned studies fall short in providing a complete
tr oblem at hand, which can now properly be defined

timent or solution to the

1-4 Problem Statement

In summary, the specific problem is that of picking up s from the
Both the hibit motions induced by the environment,

i worst-case specifications for which the process of picking up

-Suspended Parallel Mechanism (CSPM) called the

ed for tl It can be manually ope

should still be

with sp
possible. A Cal

ted wh

will be uti purpe

hoisting and lowering and can switch to an antomatic mode where it will start to
track the motions of the whilst still compensating for motions of
Therefore, the problem that arises from the specific problem and from the shortcomings

the literature, can be fo al problem:

wilated as a gen

How to control the end-effector of a .__.:_:si:_._._ CSPM system for offshore application that
n tracking for all 6 DO, seeks to keep cable
wlor frame?

compensates motions and allows good posil

tensions positive al all times and has o mowving o

Sub-problems The sub-problems relate to the general problem defined above. They are
therefore specifically problems related to control.

h control structure can be used?

(a) How to design and tune this controlle

(b) How to ensure positive cable tensions
(¢) How to deal with over-constrained actuation?
2. Which error margin defines good trackin,
(a) For wh

(b) How to ensure stability

1 conditions does the controller still yield good tracking?
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1-5 Thesis goal and Scope

The contribution of this thesis towards solving the specific problem is to derive, id

verify a kinematically and dynamically accurate model of the system and use it for system
i reh questions that follow
from the general problem statement, sub-problems and thesis goal are now given.

analysis, controller design and testing in simulation. A list of r

ons relate to the thesis goal defined in this section.

Research questions the rescarch que
They are therefore specifically questions related to modeling

1. Which modelling approach balances performance and computation time?
(a) Which dynamies need to be captured by the model?

(b) Does the model include all the challenges of the system? (Moving WF in 6 DOF:
s)

over-actuated; oceurrence of negative tension; non-linear effe

{¢) What is the computation time of the simulation?
2. How to verify the model?

(a) How accurate does the model need to be?
3. What are the limitations of the system?

(a) How can the limitations be mathematically or numerically analyzed and predicted?

(b) How do these limitations depend on the chosen cable configuration?

1-5-1 Limitations, exclusions and requirements

blish

This section will define the constraints that are in effect on the system set-up and
the boundaries of the research to derive the scope of the thesis.

Practical constraints No open-loop measurements that includes the

Firstly becanse the parallel nature of the system can
casily cause instability which in turn can cause one of the cables to break. creating a dangerons
environment. Secondly becanse the set-up is already in use and a controller is running on
the system for testing during the time of executing this thesis. Therefore, verification of the
model cannol include actuator dynamics.

Since the dynamics cannot be verified and because it would be a highly ti
suming undertaking to properly identify, the actuator frictions shall be neglected throughout
this thesis. However. it will be shown how to include them in the model for future inclusion.

The same goes for any disturbances, e.g wind.

Scope This thes
of the workspac

shall limit the controller design to only one operating point at the centre
The design of the controller then becomes trivial for the other operating
ALY are —.—.n_::

points, howe
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t specifi-

Controller requirements The controller requirements are based on the environn
cations of table 1-1 and the worst-case scenario that was presented in figure 1-3. From these
caleulations, minimum and maximum values for each DOF of both are
obtained relative to their own respective frames. These values are given in table 1-3. Note
that these values are scaled for the test-bed set-up.

Table 1-3: worst-case motion for each DOF and frequency band, relative to
their own respective frames. Note that these values are for the test-bed.

Ampl. [m/rad] | Freq. [Hz] Ampl. [m/rad] 7 Freq. [H
-0.0188 to 0.0188 0.21-1.16 -(.1105 to 0.1106 0.23-1.16
-(LOOKRT to 0.0088 0.21-1.16 -0.0863 to 0.0865 0.23-1.16
-0.0248 to 0.0247 0.22-1.16 -0.3179 to 0.3173 0.23-1.16
-0.0067 to 0.0067 0.21-1.16 -0.0270 to 0.0269 0.23-1.16
-0.0065 to 0.0065 0.22-1.16 -0.2164 to 0.2164 0.23-1.16
-0.0033 to 0.0033 0.22-1.16 -0.1068 to 0.1066 0.23-1.16

The bandwidth of the motion controller is therefore required to be at least 1.16  2m = 7.3
rad/s as a frequency-domain requirement. For time-domain requirements, proper tracking is

here defined by the minimal

1-6 Approach and Outline

In part I a kinematic and dynamic model of the system is obtained by Newton-Euler
and Lagrange methods where the parameters are obtained by measurement of the
m identification of the entire
set-up. The model will then be verified with respect to the actual system. Finally, the mc
is linearized for analysis and controller design purposc

stem,

cable stiffness identification using a dedicated set-up and

In part II, the general control strategy is first given based on knowledge gathered thus far.
This gives rise to a formal description for the occurrence of negative tensions. Next. the
linear model is used for the dynamic analysis of the system and the kinematic model for the
. The linear model further allows for the design of a motion controller and

analys

kinema

a force controller.

Part III pr ario. The
final chapter of this part will then discuss the results and answer the sub-problems, research

istic test s

ents the simulation results of the controller on a r

questions and problem statement. A list of recommendations is then given to further improve
results. A concluding chapter follows that will list all of the conclusions that can be drawn
from this thes

Dabian Oosterloo CONFIDENTIAL Information. Property of X-lab M.Sc. thesis



Part |

Modeling

M.Sc. thesis CONFIDENTIAL Information. Property of X-lab Dabian Oosterloo



Chapter 2

General model

It has been established that the is a parallel robot. Two types of models are required
to fully describe the motion of a robot, namely a kinematic model and a dynamic model.

The kinematics of a robot is understood as all the allowed movements that the robot can adopt
without regard of the forces or torques that cause it. It is solely concerned with how the robot
can be deseribed in terms of position, velocity and acceleration [17]. There are two distinet
ot

ways in which the pose (position and orientation) of a 1 s end-effector can be described;

known as

ither in Cartesian coordinates known as the Task-Space (TS). or in joint variabi

the Joint-space (JS). Kinematic modelling comes down to finding a mapping between these

ates and

two spaces where the Inverse Kinematics (IK) is the mapping from TS to JS coorc
the Forward Kinematics (FK) is the mapping from JS to TS coordir

S,

Dynamic modelling of a robot means to obtain the equations of motion that govern its dynamic

(fore

behavior under the influence of wrenel s and moments) acting on it. For robots, these

are typically the forces supplied by the actuators, forces due to friction and due to interaction
with the environment, i.e. disturbanc For the ’ dynan ponents
consist of a rigid body that is the ., the cables and the actuators/winches.

The following sections shall derive these models for the . starting with kinematic
modeling. Then, a general dynamic model for the | cables and actuators/winches is derived.

its of its geometry
nt. The model

btained by simp sure

The specific parameters of the model ar
and by an identification of the cable stiffness and damping th

ngh experir

is also verified by using a motion capture camera system on the test-bed set-up.

2-1 Kinematic Modeling

in practically all cases is done by vector a

Stenn

For parallel s; kinematic mode
of the robot. It obtains the link/cable lengths as a function of the end-effector pose by

looking at the vectors that describe the attachment point positions and the end-effector

position. The frequent use of this method is apparent by looking at studies that apply it.
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. the base

e.g. [10,11,14,16,18,1¢
frame is fixed and the cables ar

For the general kinematic modelling used in these studie

msidered as rigid links. Figure 2-1 shows graphically

the vectors that are used for this analysis. For the
gives rise to

ed in the literature. However,

del that has not been found addre

complex n

a slightly mor
the
which simplifies its influence on the system.

Figure 2-1: Kinematic model for the system. The red vectors indicate the vector analysis
for a single cable (cable 7). The

pose with Euler angle convention where
T

-
s
coordinates of SB pose with Euler angle convention where

and 0,y =

z __.. and oy =

Pu = [
JS coordinates of eable lengths (stretched)

Un-stretched cable lengths
Vector of wrench (force and moment)
ly Vector of cable tensions
[ g2 Vector of angles
T=[n n Vector of
2.1)
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2-1 Kinematic Modeling 13

2-1-1 Inverse Kinematics

The vector analysis results in an expression for the cable vector as a function of the
poses, expressed in the fixed reference-frame ¥,

= Pui

= (py + Rpbi) — (pa + Rjai)
p+Rpb; — Rja

for i=1,2,...8

(22)

is the cable vector for the i'" cable expressed in the ref
or from the origin of the -frame to the i
frame W 4; b, is the vector from the frame to the
in the  -frame Wp; py is the vector for the translation from reference-frame to -frame

nee-frame W, a, is the
attachment point expressed in the -

i attachment point of the expressed

expressed in frame W5 pg is the vector for the translation from reference-frame to -frame
expressed in frame W0 Ry is the rotation matrix of frame ¥ with respect to frame ¥, It
can be obtained in several ways by rotating along certain different axis. In most literature
however, the matrix is found by rotating subsequently along the three axis of the inertial
frame [14,18,19]. The rotation matrix can then be derived by a pre-multiplication of these
three basic rotation matri

IS AS!

) = Rz (1) Ry (0. ) R ()
cp —sp 0 el 0 sl 1 0

= |s¢p ep 0 0 1 0] 0 ey

0 0 1| |=s60 0 eff [0 s1p

coell  cpslisthy — s eostley) + sisip

= |spel)  sipslhs + cd sslc) — cosi)
—sf s cfle

3 (Dstr Ot

Where s and ¢ represent the sine and cosine function and the subscript “sb’ has been left out
for brevity; ¢ is the angle of rotation around the x-axis, ¢ is the angle of rotation around the
y-axis and 1) is the angle of rotation around the

Xis.
Ry is the rotation matrix of frame ¥4 with respect to frame W,. It can be obtained by
another set of rotations abont cach axis for the -movenients:

R (s g hug) = R (thung )Ry By )R () (2-4)

By taking the norm of (2-2), the actual length of the cables can be obtained. giving an
expression for the IK:

=2 =1

+\/pTp + b/b, +ala + 2pRjyb, - 2p" Rija, - 2b/ RIRYa,

for i=1,2,..,8
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Hence, for a given pose of the there generally exist 2 real solutions for each eable length,
However, the negative solution is not physically feasible and only the positive solution remains.
When the solution is instead a complex number, the given pose of the is not reachable.
This derivation is almost identical to that of a Stewart platform and is described by Tsai
in [17), with the addition here of a reference frame to include WE motion.

2-1-2 Jacobian Analysis

The IK of (2-5) provides the mapping for the positions in TS coordinates to JS coordinates. To
obtain the mapping between these spaces for the veloe
(TS) and in joint coordin (JS), i.e. change in cable length over time, the time derivative of
the IK can be taken. Differentiating 2-5 with respect to time yields (from Jacobian analysis,
Appendix 77):

s of the in Cartesian coordinates

cw (Rpby x :;“.
§ u; bo % uy
i=Jx, £ (B3 u

(Rbs x ux)”

In which 1 = T__ Iy

of TS velocities and u; = ﬁr: the unit vector for each cable. The matrix J,, is the mapping
i

from Euler angle derivatives 6 to angular velocities w, as seen in Lamaury et al. [14]:

|” the vector

"is the vector of JS cable length changes, x = [v o

1 0 —sind
w=J,0, Where J,= [0 cos¢ cosllsing (2-7)
0 —sing cosfcoso

2-2 Dynamic Modelling

Dynamic modelling of the end-effector for these type of systems is most often done by
Newton-Euler, like in [10], [11], [18] and [14] or by applying the Lagrange equations, like in [19]
and [8] Dynamic modeling is here proposed to be be done in a three-fold manner using these
methods where the are first considered separately
and are then combined.

2-2-1

The dynamics can be derived by means of the Lagrange equations, given b

d ﬁ_.___.ﬂv ar oV
ox

| |||HE,_..; w.x
dt % * ix @ o

Where T and V are the kinetic and potential energy of the system, respectively. The ve

reons

x contains the coordinates that deseribe the pose of the end-effector in task-space and
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2-2 Dynamic Modelling 15

are the non-conservative forces of the system ( wrench due to cable forees, disturbances).
With kinetic energy:

1 (. .
T = Smvlv+ So RiIp(Ry) o (2-9)
Where v = [i .‘.._,_: and 6 = T_m.. f 4): m is the mass of the and Ip is the inertia
matrix for the and is transformed to the reference-frame throngh Ry by the parallel axis

theorem as seen in Zi et al. [19] and Lamaury et al. [14]. where

(2, + w?,) 0 0
Ip= 0 s (h2, + 13) 0 (2-10)
0 0 Hm(wd, + 3

From the perspective of the | the cables can be regarded as force elements, the potential
energy will therefore only be dependent on gravity and is given by:

V= mygzy, (2-11)

equations of motion

where g is the acceleration due to gravity. This now allows to derive tl
by filling in for T and V in (2-8) and computing cach term. This results in as many equations
as there are generalized coordinates that describe the dynamic behaviour of the system, This
means that there are six equations of motion. An often used convention in robotics is to
rewrite these equation in matrix form in the following way:

M(x)%k + c(x. %) — g(x) —wp =w (2-12)

M is the positive-definite symmetric inertia matrix, ¢ is the vector containing the
centrifugal and Coriolis terms, g is the vector of gravitational force and wp = [£], mj|"
is the disturbance wrench vector of disturbance forces and moments acting on the . The
wrench vector wis the vector of forces and moments acting on the due to cable forces and

can be obtained through the Jacobian (from the principal of virtual work, Appendix 77):

w=-J"t (2-13)

The negative sign in (2-13) comes from the frame convention, which is pointing downward. In
other words, positive tensions t should result in an upward for
value in the downward pointing frame.

esponding to a negative

2-2-2 Cable model

The cables are modelled as

11 . the cable model derives the un-stretched
length from the payload position and tension by recognizing from Hooke's law that (first
neglecting damping):
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t; = EApics (2-14)

tional

Where £, is the i cable tension, F is Young's modulus of the cables and Ay, the cross
area. The elongation ¢; is given by:

It is assumed that the cable is wound without slipping. During the winding process, a
rotation of angle dg; winds a portion of the stretched cable dl;, even if the cable length
remains constant:

dl; = —ridg; (2-16)

Where r; is the radius of the #** winch. The corr
can be established by rearranging (2-15) as:

yonding decrease of the un-strete

dl;
A N 2.17
dly; Tt (2-17)

Now substituting (2-16) into (2-17) and dividing both sides by df yields the differential equa-
tion:

(2-18)

Next, with damping included, the tension in the cables is assumed to be the summed result
of its stiffness and damping components, seen in literature by Garcia-Fernandez et al. in [20],
ien

i = ki(li = bod) + bi(li = lo:)

= ki(l; — loe) + balli + ._._ﬂ.i

(2-19)

This gives the cable model for each cable that relates motor angular velocity ¢; to cable

tension f;. The equation can be written in matrix form for all eight cables:

t=K(1-1y) +B(i + L '"NyR.,Loqg) (2-20)
"

The matrix L = diag(l) is
diagonal. The same holds for

Where 1y = [lo1  lo2 and 1y time derivat
a diagonal matrix with the cable lengths [, -+ ,ls on
the matrix Ly = diag(l)). The diagonal matrix R, contains the winch radii and Ny =
diag(ln » 1 1 1 1 1 1])is a diagonal matrix where the first 2 entries are the gear-
ratio n = 10 for the hoist cable actuators which use gearboxes. The next section will further
claborate on this point. The stiffness matrix K and damping matrix B are to be determined

experimentally, which is done in section 3.
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2-2 Dynamic Modelling 17

Figure 2-2: model for a single ca-
ble. Consisting of a

The latter two cause a
torque on the

2-2-3
For the dynamics, consider a single cable as shown in Figure 2-2 with the
. The are fixed to the and thus only their inertia needs to be modeled.
An external which results in an angular acceleration §. The
is being counteracted by the torque that Its from the cable tension 7. = 7l
where ¢; is given in (2-19). this yields:

Where [,,;

is the combined inertia of the

spectively.

The ho

res the

the payload. This rec

a . This changes the dy the following

way (sce appendi

7?7 for derivation):
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Where [ is the inertia of the

The full 1ation can be written in matris

as

g all the motor and gearbox ine

Where I is the diagonal matrix contai 3
tion. The matrix R,, is

of motor angles and its derivatives their angular veloeity and accele
the diagonal trix of radii of the winches. The
damping of the cables and the matrices F,, and Fy are diagonal matrices containing the dry
s friction terms of each actuator.

and

sion t is a function of the stiffne

and vis

2-3 Final non-linear model

The full robot dynamics are given by substituting (2-13) and (2-23) into (2-12) and (2-6) to
obt

M(x)% + c(x,%) — g(x) — wp = SR (1 + Foq + Fsun(a) - Nr)

The model of 2-24 is rather sophisticated. For the remainder of this thesis, the model sh
cd somewhat by negleeting fi on and not including disturba Theref
2-24 simplifies to (also leaving out the dependencies):

forc

Mk +c—g=J"R; (1§ - Ny7) (2-2

This finally
and cables t¢

ws to bring the kinematic model and all dynamic models of the . winches

her. Figure 2-3 shows a block diagram of the final model with motor torques

T and 110!
and velocity xgp. Xgp and cable tensions as the outpuls.

on Xy as inputs and actuator angle and angular velocity q.q. position

Figure 2-3: Block diagram of the model with input

The three system blocks are denoted by

and their input-output relations are given by their

dynamics as derived

1 this chapter:
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2-4 State-space model and Linearization 19

SB: kgp=M'(w-c+g) t=K(l-1l)+B(l-1)
w=-JT¢ i=Jx (2-26)
Act: §=T1""(Ny7 — Rut) Iy = -L™'NyR, L

2-4 State-space model and Linearization

The non-linear model that has now been derived will be used for simulation purposes to test
the performance of a controller. For model analysis and for the controller design however, it
is useful to also derive a linear model as there exist many tools for these purposes for linear
models that do not exist for non-linear models. The limitation is that a linear model is only
an approvimation thal is velid around o certain operating point of the system. First, the

model shall be written in state-space form. Let x denote the state vector.

x= y 2z ¢ 0 g i o 0 qioocgs Gieocgs o T (2-27)
X1 X2 X x4 x5
Hence, the non-linear model of (2-26) is of order 36. The inputs u are the de-
noted by 7 = |7 - - ﬂx_& . the pose given by xy = [xwp ywr  zwr dwe Owr dwr

and the gravitational constant g:

T !
u=[r xwp g (2-28)
Finally, the outputs of the model are the measured positions x; and velocities xa and the
cable tensions t = [t :._.x_H. measured by .
y=1[x1 x t7 (2-29)

In state-space form, the equations of motion of (2-26) can be written as:

X
M (o ) (I (e w061 X 3w ) — e(x1, %) + g(%1)) X
X4 y Y= X2
I} (N1 — Ryt(x).%5. Xuw ) t
—L (% % o )Ny R, X5 _..n(uﬂ._ﬂmu_v
J(xu.@)
(2-30)

Where @ is the vector of robot parameters, This model can be linearized around equilibrium
point k by taking the derivatives of (2-30) such that:

x=Ax+Biu, y=Cix+Dru (2-31)
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Where Ay € R B, ¢ RS Cp € B2 and Dy € R**'". As seen in Laroche et
al. [11], they are computed by:

aof

.‘.
A= By = (%, 011 9] . ©)
ou (2-32)
Cy= Dy = (xp. 01 97, ©)
ou
Note that the linearization is performed for input pose equal to zero and that
the robot parameters are independent of the operating point X = [X1,0q4 X0 Xaeq Xieq X5 ;. .

Therefore, the system can be linearized around any arbitrary operating point defined by
J(x. 1. ®) = 0 and solving for states x:

=00 0 z4 0 0 0F
=0 00 0 0 0F
X30p = — (NgRu) ™" %504

Xdeq =

Xoeq =

Where t,, and L., are the cable tensions and lengths at the operating point obtained from
(2-13) and (2-5) respectively and substituted into (2-18) and rearranged to an expression for
the un-stretched cable lengths x5 0,.

The stiffness matrix K, is obtained by evaluating the stiffnes
lengths and tensions of the equilibrinm point. The stiffness model is yet to be det
but its cvaluated value around an operating peint will simply resull in o diagonal maotr
stiffness values that are valid for that specific point. Linecarizing around the operating point
will yield the linear model of the that is valid for configurations close to this operating
point, which can be ' for the design of the controller

-x
)
;
3
&
-

For the remainder of this th ar model that will be used is obtained for the opera

point &g =0 0 2m 0 0 017 as this is the physical centre of the system.
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Chapter 3

Identification

For the derived model of (2-26) to repr

nt the test-bed, the specific parameters of the
system will need to be determined. Some of these can be measured, such as the geometric
paramete others are to he found by system identification. such as the cable s
damping. This chapter shows how these parameters have be
how the cable dynam ificd separate

and
obtained and in particular

have been ide

3-1 Geometrical and measured parameters for kinematic model

The geometry of the system is defined by the sizes of the and attachment
points on both. In the test-bed set-up. these parametc gathered by
design or manufacturer data and are given in Appendi
containing all dimensions and a table with their values.

imple measurement,

in the form of a schematic drawi

In figure 2-1, are not drawn.  Ralher, only the points where the
cables exit the are shown as the attachment points. In reality, the cables are first guided
by pulleys to deal with the angles of the cables during ope

ength. Furthermore, there is a small region from the attachment point where the

are mounted that is considered rigid and thus is to be subtracted from the cable length
that defines its stiffne
by a fixed valu

This means that the actual cal
i.g. for the hoist cabl

lengths for cach cable are of

s Ioa = li + (I — liene). The same holds for the
e ——

the load cell region. The values for Iy are shown in table 3-1.

Table 3-1: Cable offset
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full kinematic model, using the geometrie data, can now be derived for the

lier derived
awtions for the . In the figure, the cables are drawn using the kinematies by

and it is shown drawn in Figure 3-1 using the «

taking the unit vector w; for each cable and multiplying it by its length [;, obtained from
(2-5). i.e. 1 = Ly

Figure 3-1: Kinematic model of the real

system with all geometric parame-
ters taken from the test-bed set-up. Note
that the hoist cables (blue) are drawn
thicker that the surge (red) and sway
(green) cables. The surge cables in turn are
drawn a bit thicker than the sway cables,
which are the thinnest

3-2 Cable identification for dynamic model

Since the cables in the tem most prominently define the dynamic behaviour of the
system, an identification of their dynamic properties is performed with the goal of obtaining

an accurate model to capture these dynamics.

3-2-1 Cable stiffness identification method

Tl
a single motor with a

measurement set-up for the experiment is shown in figure 3-2 on the left. It consists of

arbox to achieve up to 100N of tension in the cable that is wound on

a winch that is equipped with a torque sensor on one end. The motor itself is equipped with
an encoder for the angular position and velocity, The other end of the cable is attached to

a force sensor. A scher

tie representation of the set-up is shown in figure 3-2 on the right.

This model will later be used for the optimization of the dynamic parame

For this set-up the gravity acting on the cable is neglected and the model of the cable and
the actuator are derived from (2-18) and (2-21) respectively:

g {
o i

(3-1)

j+rt T

Dabian Oosterloo CONFIDENTIAL Information. Property of X-lab M.Sc. thesis



3-2 Cable identification for dynamic model 23

Force
5ensol

Figure 3-2: Left: Actual set-up for cable identification consisting of a position controller
motor, the cable to be identified and a force/torque sensor. Right: Model of set-up used for
optimization of parameters.

tia of the motor, gearbox and wineh combined, r is the radius

Where [, is the equivalent it
of the winch and f is the tension of the cable. The input for this set-up is a motor torque
7 and the outputs are the cable tension f, the motor angle g and angular velocity g. The
tension £ of (3-1) is equal to the magnitude of the force shown in figure 3-2 and is measured
by the force tly. Therefore, the motor inertia and torque are not required to be
known for the identification of the stiffness and damping. As shown in (2-19). the tension of
the cable is determined by its stiffne

ensor dir

k and a damping factor b

= k(L= ly) + b — o) (3-2)
Where [ = 0 since the cable is fixed. First, the stiffuess of the cables will be identified. To
isolate only the contribution of stiffness to the tension, all dynan
that ly is negligibly small. In this case, according to (3-1), also ¢ is negligible and therefore §
as well. This simplifies (3-1) to:

ies should be suppressed such

T=rl

k(] = 5] ()

is achieved by defining a proper input signal for this experir

Suppressing the dynamic B
i.e. one with little to no dynamic behavi
signal and will be used for the cable stiffness identification. The s
position controlled since the encoder has a high resolution and can therefore acenrately be
controlled. This means that the motor will move a certain angle in one direction, stretch the
cable and then move back in the other direction where the cable is slowly un-stretched again.
Naturally. the motor needs to be limited in its movement as to not stretch the cables past
The cables used in the

mr. A low frequency trapezoidal signal is one such
e of figure 3-2 will be

their breaking forc

. Diff
tensions to hold. Table 3-2 shows the parameters of the cables that are used, including their

ent diameters are used for hoist, surge and sway cables based on their required

diameters and breaking force according to the manufacturer:
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Table 3-2: Maximum allowed forces of the cables with a Safety Factor (SF)

The breaking forces given by the manufacturer are maximum values. The eables will not
be equally strong at every point and especially at those points where they are mounted or
deformed can they break at lower forces. For this reason, a safety factor is often applied to
ystems. A common value for this factor for running
of which the results are also shown in table 3-2. These values are further rounded
and performance and are also given in table 3-2, along with
factors are still higher than 3, which is
ns. The hoist cable forces are limited

the maximum allowed forces in cable sy:

wires is
such that they balance sa

the actual safety factors. Note that the actual safe

generally found to be a minimum for cable applica
even further since higher forces are not required for the purposes of the system.

The motor angular position and the cable force are measured during the experiment. This
data is first filtered using a butterworth filter with a cut-off frequency at 2Hz. The filtered
' to calenlate the stiffness at each time-interval (1000Hz sample rate) by
taking the ratio of the change in force with respect to the change in cable stretch, where the
latter is obtained from the motor angular position ti
where 7 = 0.025m, in the following wa;

data is then 1

the radius of the winch, i.e. Iy =rq

— ) (3-4)

Where 1 is the cable tension measured by the force sensor, ly is the un-stretched length of the

cable measured by the encoder and j is the time-step index.

3-2-2 Stiffness identification results

The responses shown in the figures of are the mean result of 4 trapezoidal cycles of
stretching and un-stretching the cables when applying (3-4) to the measurement data. A
small hysteresis effect can be observed in the responses between the cable being stretehed
(up) and un-stretched (down). This effect is neglected for the purposes of this study and the
two is assumed for both direction

mMEAI response Hw-.ﬂ.s‘a.a.: t

The figures clearly show that indeed the cable stiffness is inversely proportional to its length
as given by Hooke's law (2-14), i.e k(lp) = 5. The Young’s modulus F that is given by the
manufacturer however (table 77), is only that of the material. It does not take into account
reason it can be seen that there is be a significant

the construction of the cable and for thi

deviation from this value. Hence, instead of FAg, a parameter a will be used.

surements shown in the figures above, and from other literature such as Mier-
meister et al. [21], it is also found that the stiffness of the cable changes as the cable is
stretched. From observation there are a variety of potential functions that could fit the re-
lation between tension and stiffness. Six of these functions have be

From the me

applied to the data
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Sway cable mean Stiffness over 4 cycles ., Surge cable mean Stiffness over 4 cycles . Hoist cable mean Siiffness over 4 cycles

Tenaion (N]

Figure 3-3: Sway, surge and hoist cable stiffness plotted for four different lengths as a function
of tension. A distinction is made between stretching the cable (up) and un-stretching the cable
(down). For further analysis however, the mean value is taken and assumed for both up and
down, also shown in the figure

in order to determine which fits best. The process of determining this function is given in
Appendix 3-6 and it is found that the data adheres best to an exponential function of the
form:

k(1) = be™ + de

Where { is the cable tension and b, e,d and e are scalars. Note however, that for higher
s, the dependency of the stitfness on the eable tension is of a more linear nature, this
is especially apparent for the hoist cables. For this reason a final parameter [ is introduced
as an exponent to the length [y that counters the exponential behaviour of (3-5) for higher
tensions, The goal now |
length and cable tension for the stiffness. Combining Hooke's law and (3-3) with the added
parameter f yields such a two-dimensional function:

fore

to obtuin a two-dime

ional function that depends on both the cable

13

k(lo, 1) = bet 4 de®t 36

(l0.1) = 7 ( ) (36)

The measurements further show that the stiffuess is zero when the tension sero.  This
is equivalent to stating that b = —d in (3-6). Filling in this constraint and simplifying,

rearranging and renaming terms, (3-6) becomes:

k(lo,t) = 75 (e — ™) (3-7)

It remains to determine the values for a,b, ¢ and d that provide the best fit for this function

with respect to the measurements. This is done by minimizing the follow function.

min || K,, - K||

a,h.e

(3-8)
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¢ K is the estimate for the stiffness for each combination of length and tension
that have been measured and the matrix K, contains the actual mea:
A minimization is done of the Euclidean norm of the difference between these two
matrices by using the matlab function frmincon. The initial values were taken approximately
until proper results emerged. The following values were found after the optimization was
performed.

Table 3-3: Cable stiffness model parameters for each cable

Figure shows the resulting surface plots for cach cable using the stiffness model of (3-6)
with the parameters found in table !

for refe

). The measurement data is also included in the plot

Figure 3-5 gives a better view of this plot for the fit between each measured length and
the model. Furthermore, table 3-4 gives the Variance Accounted For (VAF) values that

correspond to the fit between the identified stiffness function and the measured stiffness over

the specified tension ranges. The VAF can be derived as a measure of accuracy of the model

as compared to the actual measurements. The VAF score is obtained by:

(3-9)

VAF = :__A < Ev

var(y)

Where y is the vector of measured values of the signal and y the vector of estimated or
modeled values of the signal. The VAF gives a value between () and 100 % which indicates
how much the estimated signal corresponds to the actual signal, where 100% is an exact
overlapping between the two signals.

Sway Cable Stiffness over Length and Tension Surge Cable Stiffness over Length and Tension s over Length and Tension

£

Stiffness [Him]

Cablo length [m} 4

Figure 3-4: Surface plots of the sway, surge and hoist cable stiffness as a function of their length
and tension. The measurement data is included in the figures, shown by the red lines.
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Sway cable stiffness model fit Surge cable stiffness model fit 3 Hoist cable stiffness model fit

mensured for

Figure 3-5: Measured stiffness and the model fit at each length for each cable. Note that the
stiffness model is optimized for the specific tension range defined for each cable

Table 3-4: VAF values for the stiffness model fit with respect to the actual measured stiffness
at each length

VAF (%) || 125 [em] _ 210 [em] | 300 [em] % 350 [cm]

Hoist 0830 | 05.425 | 97.248 | 97.526
Surge 98.28 97.713 97.865 97.636
Sway O8.83 97.75 99,18 09.22

3, 3-4 and 3-5 further only show the cable stiffness functions up to their defined
maximum values and in fact, the identified stiffn
these tension ranges. For higher tensions, the function starts to no longer captures the cable
s starts behaving linearly.

Figures

55 funetion of (3-7) is only optimized for

stiffness acenrately because the stiffn at higher tensions the

stiffness remains constant. This can be observed in the figures by the asymptotic behaviour of

the measured stiffne
nical specification document where two types of elongation are distingunishe
The cables first exhibit constructional clongation
where the wires and strands move closer to each other. When the cables are further tensioned
ons. the cable themselves clongate based
on the material they are made of. The constructional elongation is different for each cable

. This is further explained by the manufacturer in the tech-
constructional

clongation and material elongation (2

and the

and strands are in their optimal pe

and 1ear over the elongation while the material elongation is equal and almost linear for

cach cable (at a specific length). The identified stiffness functions capture the constructional

clongation and the asymptotes that can be observed is where the material clongation starts,

From here. the stiffne

remains constant until the cable breaks.

The model of (3-7) therefore needs to be expanded to include this behaviour such that when
s limits it will still acenrately be described by the model. This is
stiffness values for each cable for these linear sections of the cable. In

the tension does exceed
done by finding t!
fact, since all cables are made of the same material and constructed in the same way, the

Young's modulus F can be identified and applied such that the final stiffness model is:
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(3-10)

The value of the Young's modulus E is obtained by looking at the asympotes of the sway
and surge cables in particular and applying Hooke’s law. The hoist cables are much thicker
and can be stretehed further before reaching the and can therefore not be used.
Note that the stiffness values at the asymptotes, given in table 3-5, are an approximation.

/ptote

Table 3-5: Approximated cable stiffness and corresponding Young's modulus for sway and surge
cables at the asymptotes, for each measured length

By taking the mean of all the values found for the Young’s modulus F in table it is found
that E = 8721 ", Note that this is a different value than given in table 77, The value
found here is obtained from measurement and will therefore be deemed more accurate. Thus,
the final stiffness model is that of (3-10) where the parameters for each cable are given in
tables 77 and 3-3 and the Young’s modulus is obtained from table 3-5

3-2-3 Cable damping identification method

T} 5 of the dynamic
behaviour since damping acts on the velocity of the cable lengths. The input signal will
therefore be a multi-sine current to the motor with frequencies up to 10Hz that will result
in a tension in the cable. With the stiffness now known, the damping can be identified by
optimization, using the tension model of (3-11) where b is the unknown parameter of the
be in tension for the model to be

identification of the damping term of each cable requires measurem

damping ratio. Note that the cable still needs to alwa
valid and that the mult
offset results in a tension offset that will also be fitted and is included in (3-11).

enal is therefore applied with a torque offset ty. This torque

t=k(l—Iy) - \.c_h_,q + 1ty (3-11)
The matlab function [sqnonlin is used to obtain the damping ratio and the tension offset
by using the actual velocity data measured by the encoder as an input to the model and
changing these parameters to fit the data as well as possible. The objective function for this
optimization is given in (3-12) and is done for all three cables and for each of the four cable
iffness has also been identified.

lengths for which the

in [t — t| (3-12)
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Where t,, is the measured cable tension and t the estimate from the model. Figure 3-6 shows

the model that is used for this optimization process.

Figure 3-6:
Block diagram of

e

|

the model used for
damping identi
cation. Both the
damping and the
tension offset are
identified, shown
in bold outlines,
by
the norm of the
difference between
the measured ten-

ication results

sion and modeled
tension

Figure (3-7) shows the plot of the measured and optimized damping values for each length
along with a linear functions that is fitted on the data by means of feast squares. The three
lincar functions of the cable damping are given in (3-13). Note that no dependency on tension

is included for the damping

Damping over cable length for each cable

| = Sway Cabka MOASUIeMEnts
| =dle= Surge cabie measurements
| =#= Hoist cabla moasurements
| = = Sway catla inear fit

Surge cabia linear fit
| = — Hoist cablo knear

bra(lo) = 22.5 — 3,444
4.217 — .34
baw(lo) = 3.55 — 047l

bu(lo)

Figure 3-7: Damping values obtained
from measurement and fitted to a cable
tension model for each cable at four dif-
ferent lengths. A linear function is fitted
for each cable using linear least-squares.

(3-13)
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Chapter 4

Verification

This chapter serves to verify that the model and parameters that have been derived and
identified in the previous two chapters, correspond well to the test-bed set-up. Two
measurements will be be performed. First, the cable model will be verified separately. Then,
the full system is verified.

4-1 Cable model verification

fication of the cable model is to ensure the validity of the cable
model, which is the most important aspect of the entire model since it dictates most of the

The goal of the separate ve

dynamics of the system.

4-1-1 Cable verification method

A final measurement on the same dedicated cable set-up from figure 3-2 is done for each
cable at a different length of 180cm. The actual measured tension is then compared to the
tension obtained from the model. Again, for the measurement, a multi-sine signal is used of
frequencies up to 10Hz for 200 seconds. The tension offset (see figure 3-6) is assumed to be
the first value of the measured tension.

4-1-2 Cable verification results

4-2 shows the measured tensions and modelled tension for each cable. For the modelled
ension, the functions for the stiffness and damping that have been identified are evaluated
at this length and the same multi-sine input is used.

The plots clearly show that the model fits the data well. It can be observed however that
for all cables, but especially the hoist cable, the model falls somewhat short for the lower
tension range. This can be explained by a variety of reasons, namely the stiffness model
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mm._c.mn cable verification 180cm Surge cable verification 180cm Sway cable verification 180cm

Zoom | % Zoom o 2 1 Zoom

15

Real tension
Modelled tension

I

Tension [N]
Tension [N)
S

0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time [s] Time [s] Time [s]

Figure 4-1: Verification of the cable model for the identified stiffness and damping functions.
Each plot shows the actual tension and modelled tension for the same applied input of motor
angular velocities.

s effect that is more

not being completely accurate at this lower tension range: the hyst
significant for shorter cable lengths; the force offset could be slightly different or the winch
radius deviates a little because of the way the cables are mounted, or a combination of these
reasons. Nevertheless, the model accurately represents the real data, as is evident when the
VAF is computed between each signal for each cable, given in table 4-1. [t should be ed
however that there could be systematic errors in the measurement since the same set-up is

ication.

used for the identification as for the ve

Table 4-1: Variance Accounted For (VAF) between measured output (cable tension) and modelled
output for each cable at 180cm cable length

Cable : Hoist 7 Surge 7 Sway
VAF || 93.987% | 98.4936% | 98.5434%

4-2 System model verification

It is finally left to verify the full model. The goal of this verification is again to ensure validity
of the model. The entive model is verified apart from the actuators. First, the method of
verification is outlined and then the results are given. Based on the results, a final adjustment
to the damping parameters is done as it was found to deviate from its identified value.

4-2-1 System verification method

med that
a motion

it was already mc
an external camera system is available for measurements, called

In the schematic drawing of the test-bed set-up in figure 1

capture system that can track objects in 3D space with a maximum frame-rate of 2kHz by
detecting markers that are attached to the object by using a multitude of cameras. Here, six
cameras with a 5 megapixel resolution have been used to track both the at
a frame rate of 100Hz such that their coupled behaviour can be identified.
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Figure 4-2: Set-up for verification measurements using . Two cameras can be seen in the
picture on the left of the set-up (out of a total of six). The robots are shown on the right with
the system suspended to the simulator

The model takes two inputs as seen
measurement will only

figure 2-3,
of the as an input. The actuator speed it
This means that the verification does not inelude as they are not mo

> ——Cu:. for moti

Furthermore, the movement is li
the latter is actually slightly
and surge and

ted to moving cither in sway or in the surge whe
ular such that there
ill therefore be used for t

s a coupled movement between sway

verification shown here. The measurer

nts are

carried out at three different lengths of the

4-2-2  System verification results

Figure 4-3 shows the
the model using the san

sponses of the translational movement of both the measurement and
nput of all three lengths. The rotations 1re difficult to verify
nee the input does not excite these DOF as much, any ervor between these signals can
due to numerical iss nearities that are not captured by the model. For this
cen in Appendix
ns between frames that were

o

1es or small non-

reason and for brevity, the rotations are not shown in figure 4-3, but can be

77 along with an elaboration on the nec

required to compare the data with the model.

Note in figure 4-3 that the identified damping of the cables from section 3-2-3 does not yield

the results from measm ts that are observed. The most ly son for this is that the
cable identification has only taken into account the damping in the direction along the cables.
in the direction of heave of the . The measurements here are of mover s in

the surge and sway direction, presumably

the orthogonal direction, for which otl

ting the other modes of the cable that are in

s damping ratios apply. Damping in these direc
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howe

is not straightforward. It will depend on the configuration of the
depends on the cable tensions, and possibly on the velocity of the

Measurement vs Model comparison at 3.0309 m

X Y
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Figure 4-3: Comparison between measured and modeled data for

in the negative surge direction. VAF scores are (VAF, = ;U
and VAF, =0), (VAF, = 99.38, VAF, = 98.78 and VAF, = 55.9) and (VA
VAF, =994 and VAF. = 83.412) respectively
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More important is the stiffness of the system, which dictates the resonance frequency of the
rom figure 4-3 it capture this well for the translations.

clear that the model do

The damping is finally adjusted to better fit the data by manually increasing it by a certain
factor for all cable
is expected to be more complicated, but is of no significant importance for the remaind
the tl It only matters that there is at least some damping in the model for simulation
purposes. The controller design does not heavily depend on it and it is assumed that with a
tem is sufficiently captured. Figure 4-4 shows

No optimization is carried out because the actual damping in any case

correcting factor of G, the damping of the
finally the measurement data and the modeled data for the same input with the adjusted
damping for all three lengths in only the direetion of surge for brevity (plots for all 6 DOF
are found in Appendix 77). It can further be observed that the VAF scores have significantly

increased for each DOF at all lengths. which are given in the figure caption for all translations.
X
04 , . . 0.4 A . X
~—- MarkerReal ——MarkerReal | 025 | MarkerReal |
| MarkerModel| 045t | MarkerModel| | il MarkerModel
05! | , . . [
E £ _ (B
= = 05 | 1 E | |
| =-035¢ |
5 § 5 | |
= = | B 04t | {
I H_, | %045
06 P —
oo | osf |
065 - e e
4] 1 2 3 o 1 2 3 4 5
Time [s] x10% Time [s] x10% Time [s] «10*

Figure 4-4: Comparison between measured and modeled data with adjusted damping. Only the
surge direction is shown for brevity.

VAF scores for all translations are (VAF, = 91.41, VAF, = 70.4 and VAF. = G :
0982, VAF, = 99.78 and VAF. = 83.82) and (VAF, = 99.988, VAF, = 99.55 and VAF, =
95.2) respectively

Since the in this experiment moved in the surge direction. the VAF scores for @ are most
important as this DOF is the one that is mostly excited. The VAF scores here are well above
90% at cach length. In the sway and heave direction however. there are some VAF scores
ince this DOF is almost not excited,
even small non-linearities in the system that are not included in the model can cause different
behaviour on the millimeter level of motion. The sway direction is excited a bit more, and
this is immediately noticeable in the VAF scores (and figures in Appendix ?7?)

that are relatively low, mostly in the heave direction.
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Chapter 5

Control strategy

Having now obtained and verified the model, a general control structure can be devised.

MC

TD
16 The general control strategy that

includes these control is given in figure 5-1.

Figure 5-1: High-level block diagram of the

TD
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5-1 Tension solutions

proposed control structure of figure 5-1 requires the transformation of desired wrench
s denoted by the Tension Distribution block.

to desired cable tensions. In the figure this
From (2-13). a relation between wrench and cable tensions is already derived. For the
controller the cal
In other words, this relation needs to be inverted. Since the Jacobian is not a square matrix

tensions are needed while the desired wrench is obtained from the MC.

however, it is not directly invertible as this would require to find a unique solution to an over-
determined system. One remedy for this problem is to find the minimum norm (Euclidean)

solution, which is known as the psendo-in Thus by taking the pseudo-inverse of the
transposed Jacobian, the cable tensions can be obtained by the pseudo-inverse tension

solution:

o
taes = = (I7) Waea (5-1)
Where the super-script t represents the pseudo-inverse. Since the system of (2-13) is over-
mined, the right pseudo-inverse should be taken provided that J7 is full rank [2
(37)" =737y
To check whether the Jacobian is indeed full rank, a configuration of the is

filled into the analytically derived Jacobian of (2-6) along with the identified parameters
of the tem. The centre configuration for the will be used for this computation. i.e.
Xabeg = [0 0 2m 0 0 0]”. The coordinates will all be zero. This yields a numerical

Jacobian for this specific configuration:

¢ dependent on

It is immediately clear that the second and fourth column of JT are lincar
one another. In other words, the Jacobian J7 is not full rank but has a rank of 5. This means
that only 5 DOF can be controlled. Morcover, since 8 eables are used for the control of these

5 DOF. a minimum of only 5 cables are required to fully constrain the movement of these 3
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DOF (gravity acts as the sixth cable to s

n the DOF, from Berti 1. [24]).
for a rank deficient matrix requires a different approach than the
tlar

sty m = n + 1 with m the amount of cables and

Taking the psendo-inver
one given in (5-2). The pseudo-inverse i
Value Decomposition (SVD). according to Skogestad in [2
column corresponds to the sway motion of the and the fourth colun
This sugg,
furth
provide an in-depth analy:
explained.

is best computed using the Si

S

ore, in (?7), the second
to the roll motion.
s that the two DOF are coupled and that one or the other is not controllable. To
analyze this behaviour, again the SVD can be used, The next chapter will therefore
of the model using the SVD where the concept will be fin

ed in terms of its lim-
ason is that, as stated, the pseudo-inverse tension solution

Before that however, the tension solution will first be further

itations. The r

not the only
solntion to this problem and it disregards the constraint of positive tensions. In other words,

tl

mininmum Euclidean norm solution of the tension might include negative values for the

es of t

this relation is used
to the
tand this, the causes for

s for certain configurations of the . In such a case, wh
to obtain the de
stem if no pre

ed tension for the | it will attempt to apply negative tens

iive

res are implemented. To better unde

negative tensions are id ed.

5-1-1 Causes for negative tensions

system will be discussed individually.

several reasons. The conditions for all modes are first give

negative tensions arise.
Mode 1 (Zero actuator angular velocity, i.e. q = 0 and zero velocity, ie. x = 0)

In this mode both the are not and as a r

it, only gravity acts
mpensate for gravity is obtained by taking
= —g, Where

'nal force. The tension solution to
as the desired wrench the opposite value of the gravity vector,
0 mg 0 0 0], Substituting into (5-1), this become

3 all ¢

5-4)

Which will ;

detern

itive tensions for certain configurations of the L is yet to

ions these are.

ch config
Mode 2 (Non-zero

uator angular velocity, i.e. q # 0 and zero velocity, i.e. % = 0)

This is a mode where the actuators are moving, but the is not. It can occur since there
are multiple solutions to the tension distribution for any configuration of the . Th

which the cable tensions can change such that they do not affect the  pose is ref

the null-space of the transposed Jacobian and shall be denoted by N = kernel(J”), where N
is an 8x3 matrix. As seen in Laroche et al. [11], Lamaury et al. [14] and Khosravi et al. [25],
fie term which lives in N to t
move while the does not. (so only gravity is acting as an external forc

by adding a spc

1), the actuators can
i 4

S ¥
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taes = Tﬁ _u_ g+ NA

Where A is a 3x1 vector which scales N. To see that the pose is not. affected, 4., can be

ituted back into (2-13) such that t1 iting wrench on the is written as:

i .qsmTJ..r. ; Zyv (5-6)

Wies = —8

Where, by expanding the equation, the second term cancels out since N lives in the null-
space of the transposed Jacobian, and the first term again leaves only g due to the Ja-

cobian multiplied by its (pseudo-)inverse being the identity matrix. To visualize this ef-

a side-by-side comparison of the tem in the configuration

fect, fgure 5-2 show :
x=1[0 0 2m 0 0 C_H where two different tension distributions result in the same pose
of t

Figure 5-2:
Different  cable
tension  distribu-
tion for the same
configuration.
The tension in
each cable s
shown by the
black lines where
an upward line
means  positive
tension. Left:
Tensions  result-
ing from (5-4).
Right: Tensions
resulting from
(5-5), with an
arbitrarily chose
A=[6 0 2T

In this case, negative tensions can result when A is poorly chosen, on top of certain confign-
rations. Note that in fact the addition of the tevm NX is not limited to t
be applicd in the first mode and in the last mode where both the actuators and are moving.

maode; il can also
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Further note that zero velocity (& = 0) is with respect to the reference frame W, This
means that also when the is moving, this case holds. As a consequence, this case is
not only valid for movements in the null-space, but is a common mode of operation. It will
actually become clear that it is just a special case of the last mode (for non-zero actuator
angular velocity and non-zero veloeity). Therefore, it needs no special attention in terms
of operation, but serves well as an introduction to the concept of the null-space

Mode 3 (Zero actuator angular velocity. i.e. g = 0 and non-zero velocity, i.e. % # 0)

This is a special mode where now the actuators are locked, but the is moving. This mode
in motion and the actuators suddenly stop. Clearly, this is
ted at all times and it only oceurs when there is something
wrong with the actuators. Such a mode falls outside the scope of this thesis and shall be
assumed not to occur from this point forward.

can oceur when the system

a mode that needs to be preve

Mode 4 (Non-zero actuator angular velocity, i.e. g # 0 and non-zero velocity, L.e. x # 0)

system as both the actuators and the will move
during operation. In this mode, gravity is no longer the only foree acting on the

will start playing a role. Although, as has been mentioned, mode 2
is also included in this mode and as such it could happen that gravity ds the only external
force acting on the for some period of time during operation. The cable tensions can be
obtained by again rewriting 2-13 and the null-space term can immediately be added to obtain
a general tension solution that reads:

This is the most common mode for this

b = NA = (37) wae, (5-7)

In this case, not only can the configuration cause negative tension but also the acceleration and
velocity at that instantancous pose according to (2-25). In fact, for certain accelerations and
velocities it could easily happen that a pose of the that would otherwise result in negat
tension according to (5-4), now results in positive tensions. Conversely, negative tension can
arise at positions which would be positive if the was not moving. For example, it the

in figur
in negative tensions. To summarize, negative tensions occur when:

7-2 would a te downwards with an acceleration greater than g, (5-7) will result

+ The are in poses that results in (5-4) giving negative tensions as the desired
tensions for the foree controller when there is no movement.

« The moves such that (5-7) results in negative tensions as the desired tensions
for the force controller. Note that these movements are relative to the reference frame,

« The vector X is chosen such that (5-T) results in negative tensions as the desired tensions
for the
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Chapter 6

Model analysis

For the analysis of the model, the linear model of (2-31) is used. First, a dynamic model
analysis is performed since this can provide insight into the rank deficiency of the Jacobian
that was observed in (??7). A key concept for this analysis is the Singular Value Decomposition,
or SVD. that was briefly mentioned in the previous chapter. Additionally, because the system,
and therefore model, is a Multiple Inpnt Multiple Output (MIMO) system, it is crucial to
understand how the inputs are related to the outputs. For the design of the controller, an
needs to be performed that can shows the coupling between inputs and outputs
and the overall controllability. From Skogestad in [23]. two such methods for analysis are
presented, the SVD and the Relative Gain Array (RGA) The SVD and RGA can be used to
quantify the degree of directionality and the level of (two-way) i

teractions in M

Secondly, a kinematic model analysis is performed that provides further information on issues
like singularities, where control over one or more DOF is lost either due to a specific config-
uration or negative cable tensions. and the j
a workspace of the is derived.

do-inverse solution limitations, Furthermore,

6-1 Dynamic model analysis

The lincar model of (2-31) has three inputs, namely and the
gravitational constant as shown in (2-28). The pose and the gravitational constant
however, are not control inputs but can rather be seen as disturbances. Therefore. for the
maodel analysis the input can be selected to only consist of the . The outputs
of the model are the positions and velocities and cable tensions as shown in (2-29). With
the proposed cascaded control structure of igure 5-1, both ontputs are separately used for a
different controller. Therefore, two sub-systems can be defined: The tension sub-system and
the motion sub-system. For the tension sub-system. the cable te
output whilst for t
sub-systems will be analyzed separately.

sions are selected as the

motion sub-s the positions and velocities are selected. These
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6-1-1 Motion sub-system

stem isthe  wrench w and the ontputs

From the point of view of the MC, the input to the
are the position and velocity xgp and xgp. Since the linear model of (2-32) is defined
for actuator torques 7 as the inputs, a conversion from torques to wrench is required. To
siplify this conversion, it is first assumed that the cables are rigid, i.e. a wrench on the
is directly related to a tension distribution in the cable through the Jacobian according to
2-13. Furthermore. the cable tensions are assumed to be directly proportional to the

through the winch radii including gear-ratio. The conversion is then obtained by:

r=-N;'R., ?J{ (6-1)

where the input to the new linear

outputs the position and velocity, the model that is used to obtain the transfer function
between w and Xgp is given by:

i
- B, = —B(:,1: 8)N7'R,, (I}
An=A; k( N, R, L (6:2)

= <R . SN
Cou=Cil1:6.)  p, = -Dy(1:6,1:8N;'Ry, (37)
Such that the motion sub-system can be written as:

x=Ax+Buw, xgp=Cux+D,w (6-3)

Where A,, € R B, ¢ R** C,, € R¥%" and D,, € R"™> Refer to Appendix 27
for further details on obtaining these matrices. Note that the subseript A& still denotes an
operating point around which the model is linearized and that the Jacobian depends on it as
well, Further note that the model inputs are only the (converted to wrench)
since these are the only inputs that can be controlled and that the output is only the pose
since the veloeity can be obtained by differentiation in the controller. This model ean now
be used for analysis.

Singular Value Decomposition The main difference between a Single Input Single Output
(SISO) system and a MIMO system according to Skogestad (23] is the fact that the latter
exhibits directionality in its inputs and ontputs since they are vectors instead of scalars. The
SVD is a tool that is able to quantity this directionality. The SVD states that for a matrix
G € R™*", there exists orthonormal matrices U € R™*™ and V € R"*" such that the
matrix G can be decomposed as G = UEV! where T is a diagonal matrix with singular
values on the diagonal in descending order, U is a unitary matrix of output singulor

clors

tem gain G

the system, the SVD is computed for low frequencies (steady-state gain). The s;
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is obtained from (6-3 since the system conlains integrutors
q

and the actual steady-state guin is infinity. The following matrices are obtained:

Note that the values are rounded and that the actual values do give a unit norm for the
columns of U and V. T1 the gain of the system that corresponds
to the input and output directions given by V and U respectively, From the fact that t}
ronding dire

singular values represe

is a singular value of zero, it is immediately clear that the cor ion cannot
controlled. The input direction is obtained from V and the direction whose gain is zero is
The highlighted input direetion shows

an almost pure moment on roll (the fourth entry being 1). This suggests that any input in

highlighted. The same applies for the output direct

this direction is not visible at the output. Conversely, the largest singular value corresponds
to an input force in sway that translates to mostly roll movement and a little movement in
sway itself. In other words, the system is not capable of directly controlling its roll motion,

is Lo be

a for ven in sway. This means that when

ited wh

but the roll is ¢

conlrolled, a rolling motion of the will inewvitably occur that cannot be controlled without

maolion.

Another quantitative measure that can be derived from the SVD is a condition number as

the ratio between the highest singular value and the lowest. For this computation, the second

lowest singular value is taken sin

the lowest is not of interest anymore when the control

of the corresponding DOF is removed. Thus the condition number is obtained by v = 2 =

a
1719

11
problems and therefore the system is said to be ill-conditioned. Luckily. the stability problems

te control

= 156. According to Skogestad, a condition number higher than 10 may ind

related to an ill-conditioned system arise more from small minimum singular values than from

large maximum singular values. This does however definitively mean that roll cannot be

controlled since the system will quickly lose stability if it is.

Lastly. the singular values for a range of frequencies can be plotted, as shown in figure G-1. A

singular value plot shows the mazimum gain of the systemn oulpuls at o frequency range for all
lincar combinations of the inputs. The figure shows clearly how one output is not amplified

at all, whatever input is given. This output has now been determined to be the roll of the

All other directions show a similar behaviour for their singular values. The system exhibits
Hexible modes at frequenc

s between 20 and 100 rad/s, although highly damped. It behaves
like a double integrator for low fi

equencies and a triple integrator for high frequencies.

Relative Gain Array The RGA, usually depicted by matrix A € R'™/, is a matrix that

contains elements A;; where each clement denotes the ratio of ‘gain between input j and
output i when all other inputs are kept constant’ and ‘gain between input j and output i
are kept constant’, according to Skogestad [23]. It can be computed
by the element-by-element multiplication (Hadamard or Schur-product) between the system

y.
measure of how much the inputs and outputs are coupled or, otherwise put, it shows which

when all other outpu

gain matrix G and its transposed (pseudo-)inverse at a specific freq
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Singular Values for Motion sub-system

Figure 6-1:  Singular
values for the model of
(6-2) showing the maxi-
mum gain of the system
of each output for a
ear combinations of the
input in a certain fre-
quency range. The bot-
tom plot corresponds to
the singular value of
zero in (?7) which is
known to be the roll of
the Frequency (rad/s)

Singular Values (dB)

is, the more

inputs should ideally be paired with which output. The closer to 1 an entr
influence the input has to the corresponding output and hence should be paired with. For its

computation, a frequency of w = (.1 rad/s will again be used.

The values closest to 1 are given in bold. It can be observed that there are 4 input/ontput
that are perfectly decoupled, namely those for surge, sway, pitch and yaw (x,2,0,4)).
The input moment on the roll can again be seen to not be coupled to any output and the

is strongly coupled with the roll output motion. Note that these 1

/ input forc bers
are relative to each other and that the large effect on the roll for input forces on sway does

not mean that there is no effect on the sway motion. Hence, if the control for roll is neglected,

the system can be said to be perfectly decoupled and controllers can be designed based on the

same methods as for SISO systems. This means that 5 controllers need to be designed that
determine the desired wrench w,., based on the error signal. This is done in section 7-1.

6-1-2 Tension sub-system

From the point of view of the FC, the input to the system are the actuator torques T and the
output the cable tensions t. The linear model of (2-32) is already defined for actuator torques
as the inputs, therefore no conversion is required. The state-space model for this sub-system
is obtained b

A= A W\Hm»ﬁ“_uuxv
C; = Ci(13:20,:) D; =D(13:20,1:8)

Such that the force sub-system can be written as:
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x=Ax+Bir. t=Cx+Di7 (6-7)

Where A, € R, B, € R8¢, € RO*¥ and D, € R9¥. Refer to Appendix ?? for
further details on obtaining these matri

Singular Value Decomposition In the same way as for the motion sub-system, the SVD for
the tension sub-s,

in{?7).

tem is computed for a frequency of w = 0.1 rad/s. The matrices are given

The U and V matrices show that in fact the input and output directions are similar to a large
extent. Which me 1, a similar output direct
This already indicates that the inputs and outputs ave at least to some extent decoupled, even
thongh it is not perfect as the  motion was for the input wrench. Furthermore, the singular
values show that the condition number for this sub-s)
that the
Figure 6-2 shows also the singular values for each frequency for the te

ns that for a certain input direc

misy = g5 =1T.

em is well-conditioned in this case, and therefore controllable for each output.

The system has flexible modes between 40 and 90 rad/s. It behaves as a static gain up to
these frequencies and as a single integrator at higher frequencies. Note that because the

system behaves like a static gain for the lower to mid-range frequenci

. the corresponding U

and V matrices do not change either for these frequencic

. Singular Values for Tension sub-system

o

2

@

$20

3 ) ,

' Figure 6-2:  Singular
3 0 values for the model of
.cm 6-6 showing the maxi-

mum gain of the system
of each output for al
ear combinations of the
input in a certain fre-
Frequency (rad/s) quency range.

10

Relative Gain Array To verify that the inputs and outputs are close to being decoupled, the
. On

RGA can again be us wre, a frequency of w = 0.1 rad/s is used for its computation:
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For ease of reading, the values closest to 1 are presented in bold. As they are all on the

diagonal of the RGA, the inputs and outputs shall be assumed as decoupled for the de;
the controller. In other words, input 1 will be a y affect output 1 and so forth.
Note that this is not actually the case however and that any controller design that results

sumed to or

from this analysis might be subject to changes depending on its performance. These
are not expected to be large and are more likely to oceur for the hoist cables than the others
RGA. Furthermore, the RGA is cor
it only gets closer to identity.

anges

as well where

based on tl

uted for higher frequen

6-2 Kinematic model analysis

In the preceding half of the analysis of the model, it was found that that the Jacobian was
of rank 5 and that the associated DOF of roll means that the system is not capable

of applying a moment on the roll using the 8 cables. In this half of the model analys

S,

on kinematics, the Jacobian will therefore be reduced by omitting the row that corresponds

i
indicates for which configurations the system loses control over a certain DOF, as it does for
roll. In this section it is researched, among other things, if there exist more configurations
that cause loss in rank. This information is then used to construet a workspace of the

and

robot

to roll, i.e JT & R¥*®, In fact, the loss of rank is referred to as a singular

that shows the extent of possible poses.

6-2-1 Singularities

The phenomenon of a singularity is an important one in robotics. In serial robots this typ-
ically occurs when two or more joints align, making them redundant in that configuration.
Mathematically, the Jacobian loses rank when the robot is in

s singular configuration and
this can occur for serial robots as well as parallel robots. In parallel robots however, the
singular configurations are less intuitive since the joints are coupled. Furthermore, there are
two different types of singularities for CSPM in particular. Type I is the Jacobian rank defi-
cient singularity just mentioned, or Jacobian singularity

A type I1 singularity oceurs when

sion solution gives negative tensions. as described in the
seetion. This is referred to as a force-elosure singularity by Diao in [26].

the Jacobian is full-rank but the t
previ

Jacobian singularities To find the type I singularities of the . one must find the
configuration where the Jacobian s rank. This means that for any such configuration
the projected image of the joint-space onto the task-space results in a lower than full-rank
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dimension, i.e. there exist no combination of cable movement that results in the movement
of the associated degree-of-freedom to the drop in rank. To check for these configurations,
normally the determinant of the Jacobian is checked for when it becomes zero, i.e. det(J) = 0.
However, since the is a redundant system and the Jacobian is non-square, instead it
should be checked when:

det(JTT) =0 (6-10)

This can either be done analytically or numerically. An analytic approach in this case is
a highly tedious task since it requires to solve (6-10) for the pose x. A numeric approach
needs only to evaluate the equation and can show for a mesh of poses where it approaches
a singularity. This can either be done by checking whether (6-10) approaches zero, or by
defining a condition variable & as the ratio between the largest and smallest singular values
of J¥, as in Pusey et al. [27] and section 6-1. such that when the smallest singular value
approaches zero (which is equivalent to (6-10)). s approaches infinity.

K= finiz (6-11)

Tnin

. one must find the configurations
live tensions. Since the wrench
and tension are related by the transposed Jacobian as shown in (2-13). this comes down to
verifying if the desired wrench lays within the positive span of J*. The positive span of Jr
is the conie subspace that is formed by any basis of JT sealed with only positive values for
t, as adapted from Regis [28]. For this analysis, the Jacobian is assumed to always be full
rank (i.c. the configuration is not in a Jacobian singularity). This means that a basis Jp
of J7 that spans R® can always be found. This method has been proposed by Diao et al,
in [29]. To illustrate this idea further, consider that the desived wrench can be written as
the lincar combination of the columns of J7 = [j, j, - js] and the tension entries of
t=1[t t2 - ts]” to yield:

Force-closure singularities To find the type IT singulariti
where the desived wrench can no longer be achieved by only pos

Waew = 11+ Jata + -+ + Juls (6-12)

Any five linearly independent vectors of J7 form a basis. If the desired wrench wi,., lies within
the positive span of one of these basis, it is feasible. To test if a wrench lies within the positive
span, the basis Jp is transformed to the identity matrix such that when the desired wrench
is transformed by applying the same transformation matrix, it can be achieved by positive
cable tensions if and only if the result is strictly non-negative, Note that this transformation
matrix is simply the inverse of the basis of the transposed Jacobian, ie. J m.w ., where Jp,

denotes the i basis of J7.

To get a clearer intuition of this method, a two-dimensional example is shown in figure 6-3,
where the Jacobian is only a 2x3 matrix. Note that the positive span is further limited to
only include tensions lower than the maximum allowed tension ty,4,. In fact, for any specific

configuration, when the desived wreneh is feasible, i.e. is a member of the positive span, il
can always be achicved by some Lension derived from the general tension solution:
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Figure 6-3: A two-dimensional example of the positive span of J”. The three possible basis here
(I = span{jy.jo} g2 = spandj;.js}dps = span{js.j,}) are multiplied by the maximum
tension for each cable t,,., and then transformed to the identity matrix by their inverse, i.e.
ii= .-m:. 2(t,qr). This way, the positive span only includes strictly non-negative vectors
with entries less than one. Three possible desired wrenches are shown where w is a feasible
wrench and wy and wy are not feasible. It can be observed that for all possible basis, the positive
span includes w; in two cases but does not include wy nor wy in any case. Thus, wa and wy can
be said to fall outside of the positive span of J. In fact, the specific configuration that defines
the Jacobian is said to be force-closure singular for all desired wrenches that fall outside of its
positive span.
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o
ties = NA = (37) Wy Where 0 < iy < tyuar (6-13)

6-2-2  Analysis of static workspace

Using information about the tension solution of section 5-1. the limitation on roll found
s defined in the previous section, a final

in seetion 6-1-1 and the oceurrences of singulari
analysis of the possible configurations of the will be carried out known as the Workspace
(WS) of the system. This is often done for such systems as s it al. [27], Arsenault
et al. [30] and Berti et al. [24]. The goal of this analysis is to obtain the set of poses that
the can assume for which no negative cable tensions are required. A distinction is made
between the workspace that is obtained using only the pseudo-inverse tension solution of
(5-1). which is a single solution, and the workspace that is obtained using the general tension

1), where all possible solutions are considered.

solution of (G-

Method of workspace computation The workspace is a purely static analysis which only

takes into acconnt gravity as an external force on the . The desived wrench is therefore
opposite to the gravity force iewy, = [0 0 —mg 0 0 :_f The workspace is computed
only for poses, the is fixed to the reference frame. First, the workspace using only the

psendo-inverse solution is computed by evaluating (5-1) for a mesh of poses and ineluded only
those poses that can be achieved using all positive cable tensions. The algorithm is stated in
psendo code in Algorithm 1.

Algorithm 1 Workspace algorithm for Psendo-Inverse Tension Solution

D Wy = _c 0 —mg
2 for x = 0: 0.02
3 for y = 0: 0.025 : 0.35 do
forz=04:02: 4do
for # = -1.3: 0.04: 1.3 do
for ¢ = -0.8 : 0.02: 0.8 do

T xsp=[r y z 0 ,..\__q_
i

N t=- A-Hﬁun.f.:v v W,

9: ift>0&&t <

10: WS =xgp

11: end

12:

13 end

Where WS contains all poses that can be achieved with positive cable tensions. Notice in
algorithm 1 that the WS is only computed for positive values of each of the translation DOF
(#,4.2). The reason for doing this for heave (z) is clear since the  only operates below the

. For surge () and sway (y), the reason is to decrease computation time of the workspace.
This is possible because the system is symme

stions. Therefore, the algorithm
only needs to compute a quarter of the workspace in these directions, which can then simply
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be copied for the other 3 quarters of the entire workspace. Naturally, the rotations need to
be computed fully. Next, the workspace using the general tension solution of (6-13) can be
computed using the algorithm on force-closure singularities presented in 6-2-1:

« Define a new 5x5 matrix J that is obtained from linearly independent columns of J©
and multiply by a diagonal matrix of maximum tensions diag(t,..,). This is always
possible since it is assumed the configuration is not in a Jacobian singularity.

« Define the transformation matrix that transforms the basis J i3 to the 5x5 identity matrix
as the inverse of Jp.

« Apply this transformation to the desired wrench, i.c w' = .u._l.._a.c.:..;

« The desired wrench is feasible if and only if w' has strictly non-negative entries for any
by of JT and values less than one for each entry, e, 0 <w' < 1. If negative entries
or entries larger that one oceur for all basis, the confignration is said to be force-closure

singular for that specific wrench.

The algorithm is given in pseudo code in Algorithm 2. Note that since only 5 DOF are to
be controlled, a minimum of 5 cables are required to fully constrain the movement of these 5
DOF (gravity acts as the sicth cable Lo satisfy m, = ng+ 1 with m, the amount of cables and
ng the DOF, from Berti el al. [24]), the algovithm ess wally removes 3 different
cables cach iteration and checks if the desived wrench can be achicoed wsing any combination
of the 5 remaining cables.

Algorithm 2 Workspace algorithm for General Solution

Wy =[0 0 —mg 0 0 0

2 for x = 0: 0.025: 0.35 do

3 for y = 0: 0,025 : 0.35 do

1 forz=104:02:4do

for = 0:0.04: 1.3 do
for v = 0:0.02: 0.8 do

T xsp=[r v z 0 .._i%

8: fori=1:6do

9: for j = (i+1) : 7do

10: for k = (j+1): 8 do
JE,:)=0; J(G,:)=0 Jk:)=0
Jp(xsp) = .uCn....:uq_n_m;ﬁ?::_au
if _.E_rﬁ..__ix_...,_._: == 5 then

wi = Jy (Xs8)Waes

if wi >=0&& wy =<1 then
WS =xsp

end

Where for cach configuration, all possible s of the Jacobian are constructed and
used for the transformation of wy,., to its identity form wy. For wy it is then checked whether
its entries fall within 0 and 1. If so, the configuration is added to the workspace.
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Workspace results The algorithms of the previous section return the set of configurations
for which the conditions of each approach hold. This means that an array of coordinates is
obtained that identify the poses that the  can assume that satisfy the respective constraints
of each approach. This array can be visualized by interpolating between the individual points
and plotting the surface that ari

Figure 6-4 shows both the resulting workspaces for the
pseudo-inverse tension solution of (5-1) and general tension solution of 6-13, for translatio

and rotations separately. The workspace that corresponds to the pseudo-inve
solution is yellow and the blue one belongs to the general tensions solution. The figure shows
the maximum values that the can assume under the given conditions, for clarity they are
given in table G-1. These limits (and figure) show that the workspace based on the general

e solution.

tension solution is larger than the one based on the pseudo-inve

Table 6-1: Workspace limits under the conditions given in the figure, i.e. Translations for
1o =[0 0" and Rotations for y 2"=[0 0 2m)

Workspace limi \: Psendo-Inverse Solution [m]/[rad] | General Solution [m]/[rad] ¥

Max Surge (x) 0075 0.2
Max Sway (v) 0.2 0.275

~ Max Pitch (f) 1.1 T
Max Yaw (v) { 0.74

(x=0 mm_han: y=0(Sway); z= 2m (Heave))

Figure 6-4: Left: Translation workspace of the . The yellow rectangular shaped workspace
belongs to the pseudo-inverse tension solution and the blue cylindrical workspace to the general
tension solution. Right: Rotational workspace of the  for the central configuration (as drawn
in the left figure). Again, yellow is the pseudo-inverse tension solution and blue the general
tension solution

To check for singularities, the condition number x is checke

values for the workspace of the general solution is given in table (-2, as this also includes the

Specifically, the maximum

workspace for the psendo-inverse solution. A singularity is indicated by a singular value that
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goes to zero, such that k of (6-11) goes to infinity. The mazximum values of k are relatively

small, meaning that no singularity is present in the workspace of the — for its central position.

Table 6-2: Jacobian maximum condition number of entire workspace for Translation and Rotation
using the general solution

Workspace : Translation _ Rotation |
9 | G8.8670 |

max(k) :
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Chapter 7

Controller design

This chapter will highlight the design of the controller, consisting of the
MC FC TD

will be designed such that its bandwidth is at least 10 times higher than the
MC in order for the cables to appear stiff. Finally, the TD ensures that the desired wrench
of the MC results in cable tensions that are within their minimum and maximum bounds.

7-1 Motion controller

For the design of the motion controller, the motion sub-system of 6-3 will be used for which
it was found that the inputs and outputs are perfectly decoupled, given that roll is excluded
from control. The transfer function between cach wrench input and position output can be
plotted as a bode diagrams which in turn can be used to design the controller. Figure 7-2
shows the magnitude and phase plots for each input foutput pair in a single figure. Note that
the magnitude plot closely resembles the singular value plot of figure 6-1. This makes sense
because of the decoupled nature of most of the system.

Note that the system is intrinsically unstable due to the 180 degree phase shift at cross-over
frequency we. This means firstly that phase needs to be added around the cross-over frequency.
To add phase, at least a derivative control action Ky, is required in combination with a
proportional gain Kp,,. A small integrative action K, will also be included to eliminate
steady-state error. Thus, the controller will be of the Proportional-Integral-Derivative (PID)
form:

Coa(8) = Kpon + — + Kigus (7-1)

Where s repres
where the bandwidth is maximized while keeping resonance

s the Laplace complex variable. Each DOF is then tuned independently

attermated. This is done by
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writing (7-1) into a form where the gain and frequencies of adding phase can easily be chosen,
given in (7-2). Where T, ,, is the frequeney corresponding to the integrative action and Ty,
the frequency of the derivative action, i.c. where phase is added.

Design procedure The design procedure for each DOF is that Ty, is set at a frequency
before the crossover frequency such that there is at least 60 degrees of Phase Margin (PM) at
the crossover. Then K, is increased such that there is at least GdB of Gain Margin (GM) at
the -180 degrees phase crossing close to the crossover frequency. Finally, T, ,,, is increased such
that the gain at the low frequency -180 degrees phase crossing is at least 20dB. The values of
Than, Ky and T;  are iteratively changed until the best trade-off belween these requireme
is mel.

The resulting closed-loop behaviour is plotted in figure 7-2, along with the plant and open-
loop bode for cach DOF separately. The step response of each of the DOF is also shown in
figure 7-3. For both the bode and the step response, the performance parameters are given
table 7-1, where the Band-Width (BW), GM and PM are shown and ¢, is the settling time
seconds.

Bode Diagram for Motion sub-system

100

Magnitude (dB)

200 1

Phase (deg)

107 10° 10 10
Frequency (rad/s)

Figure 7-1: Bode plot for all 5 controllable DOF transfer functions of the motion sub-system.
Each bode plot therefore represents the frequency behaviour of each DOF with respect to its
corresponding input.
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7-1 Motion controller L e "0

Table 7-1: Motion Controller parameters
and performance. Note that the gain mar-
gin (GM) for heave and pitch (z, #) are not
defined as there is no -180 degrees crossing
after the cross-over frequency.

Surge (x) Sway (y) Heave (z) Pitch (@) y Yaw ()

—Plant G
— Open-loop GC
Closed-loop GC/(1+GC)
N N\

b 3 3 i N £ i

2 a q | [

2 \

ﬂeﬂ ] B B

= 3 3 2

2 - £ : \ £

£ \
Frequency ﬁmﬂ:&. Froquoency {rad/s) , n;._s...i {rad/s) oy (radls) r..,,.s,.& (rad/s)
Figure 7-2: Bode plots for all 5 controllable DOF transfer functions. The plant, open-loop

controller and closed-loop bodes are shown in blue, red and green respectively. Exact values on
bandwidth (BW), gain margin (GM) and phase margin (PM) are found in table 7-1

Step Response for Motion sub-system

Figure 7-3:  Step Response for all
5 controllable DOF transfer functions.
The settling time bounds are plotted by
the horizontal black lines and are defined
as a 2% deviation from the setpoint.

Time (seconds)
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7-2  Force Controller

For the design of the force controller, the tension sub-system of 6-7 will be used for which it
was found that the inputs and outputs are nearly decoupled, The transfer function b
cach torque input and cable force output can be plotted in a bode plot which will again be
controllers. Figure 7-4 shows these plots. Due to the symmetry of the
for sway actuators,

used to design the for
system, the controllers for the hoist, controllers for surge and controller
can be identical. This is apparent in figure 7-4 where the bode plots of the symmetrical
torque-to-tension systems perfectly overlap, and only three distinet plots are visible. Note
that in this case, the magnitude plots deviate somewhat from the singular value plot of figure
6-2, as is expected from the fact that the inputs are not perfectly decoupled from the outputs.

jode Diagram for Tension sub-system

Magnitude (dB)

Figure 7-4: Bode plot for all
8 inputs and outputs of the
tension sub-system where the i
bode plots for the hoist cables
overlap with one another, as
well as the bode plots for the )
surge and sway cables, leav- ’ /l\‘.\}
ing only three distinct bode = : .

plots. ; Frequency (rad/s)

.
\/

: does not reach -180 degrees for the entire frequency spectrum.
mired, eliminating the need for a derivative control action. It is

ative

Note that the phase h
No additional phase is r
still desirable to have higher gain for lower frequencies however, which means an inte
n with a proportional gain K, y. This means finally

control action Ky is used in combina
that a Proportional-Integral (PI)-controller will be implemented of the form:

Cyi(s)=Kps+ kit (7-3)

«l to be at least a

Each cable system is again tuned independently the BW is de
factor of 10 larger than the maximum BW of the motion controller. Once more, (7-3) can
be written in terms of physically interpretable variables, given in (7-4). Where T;; is the
frequency corresponding to the integral action of the controller.

Cy(s) = Ky s T 1 ﬂ\& (7-4)

Design Procedure The design procedure here is different for the surge/sway cables and the
hoist cables. For the surge and sway cables. T; ; is set at a frequency before their resonance
peak such that the phase drop does not add much to the lowest point in phase in order to
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prevent coming near -180 degr

. Then, K, s is changed such the BW does not exceed 1000
rad/s, since there is some conpling between the inputs and outputs and there is a risk of
exciting internal dynamics. For the h
set at a higher frequency such that the open-loop

cabl

the phase barely drops so that T; ; can be
sponse acts almost as a pure integrator,
Then K, s is changed to balance BW and phase drop in the cle

d-loop respor

igure 7-6
shows the step responses for the controller parameters given in table 7-2. The table further
provides the performance paramete

Figure 7-5 shows the open-loop and closed loop bodes for each cable system and

Holst 5 Surge e Sway

B = g 2

® s / s

b= ° S— |

2 2 2

& & &

s . ki 8

xE = = v, =

g @ £ —
s = =

% 3 3

8 & \ A

& £ e £ o —

Frequency (rad/s) Frequency (rad/s) Frequency (radis)

Figure 7-5: Bode plots for each cable tension transfer function. The plant, open-loop and closed-
loop bodes are shown in blue, red and green respectively. Exact values on bandwidth (BW), gain
margin (GM) and phase margin (PM) are found in table 7-2

Table 7-2: Force Controller parameters and per-
formance. Note that the controller gains might
need to be adjusted slightly in the non-linear
model because the system is not fully decoupled

Step Response for Tension Sub-system

Ampitude

Figure 7-6: Step responses of the force
controllers.  Settling time bounds are
plotted by the horizontal black lines and
are defined as a 2% deviations from the
setpoint.

Time (socond
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7-3 Tension Distribution

The final step in controlling the is the TD that transforms the desired wrench that
is obtained from the MC to de

ired cable tensions for the FC. Two possibilities have been
presented for this purpose, the Psendo-inve

¢ tension

ution (5-1) and general tension
solution (6-13).  Although the latter has shown to likely yield better results in terms of
workspace and possibly preventi

1 negative tension, its implementation is highly complex

and computationally non-efficient (see Appendix ??7). The former on the other hand is a
highly efficient and simple solution. For this reason, the Psendo-inverse tension solution is
used. However, it has become clear that |

s solution alone is not sufficient as it con cause

negalive sion for certai

configuralions as was s

gure (-4. The easiest solution

to this problem is to saturate the solution to a minimum tension fya for each cable. The

force controller then ensures that cable tensions do not fall below this minimum value. The

disadvantage is that the resulting wrench acting on the is not the actual desired one which
might cause a drop in performance. The minimum value of the force in each cable is set to
Lin = 2N. This is determined such that overshoot in the force controller does not cause

negative tension. The saturation block also implements limits for maximum cable tensions.

An adjustment is further made to the Pseudo-inverse tension solution to prevent any control
action on roll. Since roll was found to be singular in the Jacobian. the associated column
is set to zero in the transposed Jacobian of the tension solution before it is inverted. This is

rse will otherwise result in values approaching infinity.

7-4  Final Controller

The control strategy for controlling the
designed in this chapter, with a tension distribution based on

the pseudo-inverse of the Jacobian that is saturated to the minimum and maximum tensions

allowed in each cable to prevent cable slack and cables br

king respectively. The controller

is shown in full in figure 7-7.

Figure 7-7: Block diagram of the controller for the (see figure 2-3) including the PID
motion controller, saturated pseudo-inverse TD and P! force controller.
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Chapter 8

Simulations

ent the

This chapter will pr nulation results of the controller that was designed in the
previous chapter. The goal of these simulations is two-fold. It

firstly a verification of the
imulation model in terms of its purpose. i.e. how does the model behave when controlled;
is its behaviour realistic and can the results be trusted. Secondly, the performance of the

controller is evaluated in terms of the position error with respect to the requirements and of

cable tension behaviour.

8-1 Simulation method

The simulation is done in

The controller will be subjected to two scenarios where in each case a
s made available that is based on the JONSWAP spectrum [1]. These tra
on each of the DOF of both poses where the
shapes and wave reflection between the vesse
computation of these trajectori
scecond trajectory

trajectory ‘tories

are periodic signa

1 taken into account for the
and the
nulates the worst-case sea conditions that were already given for the real

have be

ASS

s. The first trajectory simulates calm sea conditior

system in figure 1-3. The simulations will only show a portion of the actual lengths of time that

of th

these conditions normally have since the computation for several ho se condilions is

highly time-consuming.

The operating point in all case this is the

operating point for which the controller was

S again Xgp =

0 0 2m 0 0 07 s
gned. A desired error of 0.2m is defined fi

heave, i.e the at a distance of 0.2m above it. This firstly depicts a
more realistic scenario as tracking on the real system is activated while the i
the . and secondly shows how well the ¢
from its operating point.

till above

itroller still performs when urther away
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8-2 Simulation results for Trajectory |

The fir

wave frequency

simulated tr

jectory is one of calm weather conditions, meaning that the maximum

on the lower side of the spectrum and t ngle of attack is 90 degrees
+ the maximum period for a wave is

_rﬁ = 4.76s. The significant wave

Figure 8-2 shows the scenario for this trajectory whe

given based on the parameters of table 1-3, ie. Ts

sulting in the values given
of 90 d¢ s turther means

maximum for the real system,
f at
that the waves are attenuated by before they reach the

it is still based on the 4.5n

he

1 table 1-3, but high waves occur less often. The angle

Figure 8-1: Scenario for trajectory |
of calm weather conditions based on
the JONSWAP spectrum with maximum
frequency of 0.21Hz, i
height based on the 4,5m of the real sys-
tem and angle of attack of 90 degrees.
Note that the given period for the wave
is the maximum that occurs for these
condi

8-2-1 Position tracking and motion compensation

The simulation data is shown in figure 8-1 for cach DOF wl both the trajectory (the

reference) and pose are plotted. Note that while the maotions are not plotted, the
is actively compensating for its molions and the results include these motions. Further-

.. Roll

more, the error signal is plotted where translations and rotations are shown separatel

s not controlled and therefore shows relatively large errors, but is stable nonethel

A quantitative measure for performance is given in table 8-1 where the maximum or and
Root Mean Square (RMS) error are g DOF. It shows that for all
the controllable DOF the performance of surge is the lowest, but still falls well within the
required 2 mm for both maximum and RMS all controllable DOF perform
exceptionally wi Naturally. since roll is not controlled it does not track its reference and
while the errors are larger than the requirements, they are still small

respectively for cac

rrors. Therefor

absolute terms and

able.
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Trajectory tracking Translation
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Figure B-2: Controller results of tracking each controllable DOF simultaneously (excluding roll)
for calm weather conditions. Note that the heave is intentionally offset by 0.2m such that the
tracks the from above. Further note that the figure only shows the trajectories for the

motions is included in these results
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Table 8-1: Maximum and RMS error values for trajectory tracking of all controllable DOF for
trajectory | of calm weather conditions

DOF __ max error [mm]/[rad] _ RMS error [mm]/[rad]
Surge (x) 1.414 0.158
Sway (v) 0.06335 0.020845
Heave (z) 0.397 0.0535
Roll (¢) 0.0682 0.022815
Pitch AS 3.14e-05 4.323¢-006
Yaw (1)) 4.822¢-05 1.54e-05

8-2-2 Cable tensions for trajectory |

The performance of the force controller can be derived from the cable tensions, which are
shown in figure 8-3 for the same simulation. Th sspond to the motions in
figure 8-1. Most notable about the cable tensions for the calm weather conditions is the fact
that they are smooth. There are no oscillations, even for the regions where the saturation
limits the cable tensions. this can be clearly observed between the 500 and 600 seconds mark
for both surge cables. The effect this has on the position in negligibly small. This shows
clearly that the controller manages to keep all cable tensions positive throughout operation
for weather conditions of this category.

» tensions cc

Cable Tensions for 6DOF trajectory

—Ho1

@ [s]

Figure B8-3: Cable tensions for trajectory tracking under calm weather conditions. The tension
can be seen to saturate between 500 and 600 seconds where the force controller follows the
minimum allowed tension rather than the tension solution.

8-3 Simulation results for Trajectory Il

The second simulated trajectory is for worst-case weather conditions, meaning that the max-
imum wave frequency is on the higher side of the spectrum and the angle of attack is 225
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degrees. Figure 8-4 shows the scenario for this t

tory where the maximum period for a
wave is given based on the parameters of table 1-3,
wave height is

- Ts = g = 0.862s. The significant
based on the 4.5m maximum for the real system, resulting in the values

given in table 1-3, but high wav

o

w more frequently. The angle of attack of 225 degre
further means that the waves are reflected by before they reach the . resulting
in high dynamic behaviour for the latter

Figure 8-4:  Scenario for the sec-
ond simulated trajectory of worst-case
weather conditions based on the JON-
SWAP spectrum with maximum fre-
quency of 1.16Hz, significant wave
height based on the 4,5m of the real sys-
tem and angle of attack of 225 degrees.
Note that the given period for the wave
is the maximum that occurs for these
conditions.

8-3-1 Position tracking and motion compensation

The simulation data is shown in figure 8-5 for each DOF wl both the trajectory (the
reference) and pose are plotted. Note that while the maotions are not plotled, the

sating for

Furthermore,
the error signal is plotted where translations and rotations are shown separately. Roll is not

maotions and the resulls inelude these motions

controlled and is scen to oceasionally exhibit lar . but is stable nonethel

TOU Sp

Again, the maximum and RMS ervor values are given in table 8-2. Note that the figure only
shows 80 seconds of simulated trajectory where in fact 200 scconds are actually sémulated.
This is done Lo preserve the veadability of the figure. For the caleulations of the error values,
the entire simulated date is taken. Surge and roll are again the lowest performing DOF. For
translations, the requirements are not met except in sway where the RMS error is lower than
2 mm. However, the RMS error values are still small in absolute terms. In this ¢

wever,
the rough conditions can occasionally cause large error spikes which can also be seen in figure
&5 around the 70 second mark. These spikes are responsible for the high maximum errors.
s are still met, except a

For the rotations. the requirer

in in roll.
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Figure 8-5: Controller performance of tracking each controllable DOF simultaneously (excluding

roll) for worst-case weather conditions. Note that the heave is intentionally offset by 0.2m such

that it tracks the from above. Further note that the figure only shows the trajectories for
the but compensation for mations is included in these results
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Table 8-2: Maximum and RMS error values for trajectory tracking of all controllable DOF for
worst-case weather conditions

DOF max error [mm)/[rad] | RMS error [mm]/[rad|
Surge (x) i
Sway (y) 0.74
Heave (z) 0.4 5.73
Roll () 0.645 0.02545
Pitch (0) 0.0804 0.00306
Yaw () 0.0814 0.0038

8-3-2 Cable tensions for trajectory Il

The cable tensions for the worst-case conditions are shown in figure 8-6. The tension is
mostly smooth but can be seen to oscillate for short periods of time for mostly the hoist
cables. The force controller is not fast enough to preve
However, stability is not lost.

negative tension for these cases.

Cable Tensions for 6DOF Worst-Case trajectory

g
<
5t
o =
o 10 20 30 50 &0 70 80
Figure 8-6: Cable tensions for trajectory tracking under worst-case weather conditions. The
tension can be seen to oscillate for certain motions of where the force controller
is not fast enough to keep the tension at the minimum allowed value of 2N. Here, negative tension
occurs for short periods of time.
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Chapter 9

Discussion & Recommendations

This chapter will again state the sub-problems and research questions and answer them as
completely as possible based on the information that is gathered from this thesis and the
results that it has produced. First the rescarch questions shall be answered sit

they relate
directly to the contents of this thesis. Then the sub-problems are disenssed, which rely in
part on some of the answers to the research questions and form the bridge between the results
from this thesis and answering the general problem statement for the actual

the latter will then be discussed in terms of the contribution that this thesis has made in
solving it. Finally, some recommendations and possible improvements are given to parts of
this thesis and to future work.

9-1 Research question answers

In this section the research questions that were asked at the start of this thesis will be
answered. The question will first be re-iterated and then an answer is provided

Which modelling approach balances performance and computation time? For this ques-
tion, three sub-question are first answered:

1. Which dynamics need to be captured by the model? In chapter 2 the model is
derived where the system is divided into three different dynamic parts, namely:
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These three separate dynamie systems are then combined by kinematic constraints

2. Does the model include all the challenges of the system? In order to obtain a
model that could be used to test controllers that could potentially solve the challenges
that the system exhibits, the challenges need to be present in the model.  Several

challenges for which no clear solution exists have been identified and are included in the
model.
« Moving in 6 DOF: The model includes an extra frame for the
can move independently with respect to the fixed reference
frame. The movements are considered as determined and only effect the cable

lengths, which in n effects the tensions and therefore the motions.

« Over-actuated: This is modeled by the Jacobian J € R¥*% wh
because of the redundancy.

18 non-square

« Occurrence of negative tension: The cable model that is used to model the
cable tensions can give negative tensions. A saturation block is therefore placed
in the model that limits the tensions to zero. Thus negative tension is modeled.
However, the loss of tension in the actual system causes highly non-linear behaviour
which is unpredictable. Therefore, the model is still only assumed valid for positive

tensions.
« Non-linear effect: To include the most prominent non-linear effects of the system
into the model, the cables are accurately identified and verified.

3. What is the computation time of the simulation? Using a computer with a
3.2GHz processor, the model (without controller) is verified to run at a speed of 2.077
times actual time. This is deemed fast enongh to state that the model is well-suited to
be used for testing and designing controllers.

Therefore, the modeling approach that was used in this thesis is deemed suited to balance
performance and computations time sufficiently since it includes the most prominent dynamics
of the system, captures all the problems that the controller needs to deal with and is fast
enough to allow for quick testing.

How to verify the model? For the model to be used for testing and designing controllers
that can be used on the test-bed set-up, it needs to be physically accurate to the system.
For this reason, a verification is carried out. This is done by the use of an external motion
capturing system called . Thi:

system can accurately measure the motions of the
the model by using the same input on both the
system and the model and comparing the outputs.

which have been used to ve

rison between the model

+« How accurate does the model need to be? For the comj
and actual system, the Variance Accounted For (VAF) was used which yvielded values
between 91.4 and 877% in the most relevant direction and a mean VAF of §
for all translations (rotations are not excited, refer to Section 4-2 and Appendix 77).
There exist no requirements for VAF values that ensure the validity of the model, but
since the measure is normalized between 0 and 100, the closer to 100 the VAF is, the
better the model represents the actual system. Sine

the values obtained for the model
rate.

slose to 100, the model is deemed suffic
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What are the limitations of the system? Apart from the problems that were known from
the on-set, this thesis has identified another problem which is the inability of the system to
control Roll. This has been made apparent in Chapter 6 where a singular value of zero was
found in this direction.

Further limitations of the system arise from its workspace, given in Section 6-2-2. Here it
is found that the cannot statically reach a surge of more than 0.075m and sway of 0.2m
when the Pseudo-Inverse solution is utilized. Note that this is only the case for rotations of
zero (excluding roll). When the general tension solution is applied, this increases to (0.25m
in surge and 0.275m in sway. The rotations are limited to 1.1 rad in pitch and 0.5 rad
in yaw for the psendo-inverse solution and 1.24 rad in pitch and 0.74 rad in yaw for the
general tension solution, again this only holds for translations in the central configuration, i.e
@y 2T=[0 0 2m

« How can the limitations be mathematically or numerically analyzed and pre-
dicted? This has effectively been answered above. In the recommendations, another
tool for this purpose is suggested called the manipulability, in section 9-4

« How do these limitations depend on the chosen cable configuration? This

question is not directly answered in the thesis as of yet but is addressed in the rec-
stem depend
greatly on the chosen cable configuration. fn fuct, a smoll adjustment in the attachment
points of the cables allows for the control of roll. This is shown in Section 7.

ommendations section below, which shows that the limitations of the

9-2 Sub-problem answers

In this section the sub-problems that were asked at the introduction of this thesis will be
answered. The problem will first be re-iterated and then an answer is provided.

Which control structure can be used? In section 5 a cascaded control structure was pro-
posed where cable forees are controlled in an inner loop and pose is controlled in an outer
loop. Such a structure requires the inner loop to be controlled much faster that the outer
loop. This structure was largely based on the need for a force controller to ensure positive
cables since little to no internal dynamics can be generated. The control strueture has proved
to perform well in most weather conditions in simulation.

« How to design and tune this controller? The controller in this thesis has been
designed by first linearizing the model around the central configuration of the workspace.
The linear model was then analyzed where it was found that the inputs and outputs that

dictate the motion of the and the tension of the cables where completely decoupled

in the former and nearly decoupled in the latter. This allowed the use of SISO
design procedures for the controller where loop-shaping has been applied in cach of the
controllable directions. Finally, the force controller has been slightly adjusted for the

hoist eables since the small coupling of these inputs had unexpected effects.

M.Sc. thesis CONFIDENTIAL Information. Property of X-lab Dabian Oosterloo

76 Discussion & Recommendations

« How to deal with over-constrained actuation? The over-constrained actuation
is modeled in the Jacobian of the system, making it non-square. Therefore, no normal
inverse of the Jacobian exists to obtain a solution the the tensions based on 2-13, This
is dealt with by applying the Psendo-Inverse instead,

« How to ensure positive cable tensions? Since the Psendo-Inverse can yield negative
solutions for the tension, a saturation block is implemented of 2N minimum tension such

that the force controller will keep tension positive. It was found however that for the

wors! ario this is not sufficient as negative tension does oceur, mostly for hoist

inputs and outputs that

cables. This likely relates back to the slight coupling betwee

was found for the tension sub-system.

Furthermore, using the Psendo-Inverse solution results in a workspace that is smaller
than theoretically possible (refer to section 6-2-2). For these reasons, a recommenda-
tion is given in section ?? (and Appendix ??) to apply a more sophisticated Tension
Distribution Algorithm of determining the desired cable tensions that make use of the
fact that more than one tension distribution can result in a certain configuration hy
virtually removing up to 3 cables.

Which error margin defines good tracking? From the specification of the real system to be
able to lift . the largest allowed error for translations for

'm are defined as

the scaled sys

= 4mm = +2mm. This value is supported by literature

12
where similar performance has been achieved such as in Lamaury et al. [14]. The error

margin for rotation is also obtained from this specification where an angle is obtained based

on the 4mm diameter of the smallest and 1m length of the SB to obtain sin™!

+0.004rad. This too is supported by literature.

« For which conditions does the controller still yield good tracking? Two condi
tions have been tested. One for calm weather conditions and one for wors

: weather
conditions. It was found that the controller performed well within the requirements in
the first case, staying within the requirements by a minimum factor of 12.65, i.e. the
12.65 times smaller than the required error. In the second
case the performance fell outside the requirements only for translations, straying out-
side the requirements by a maximum factor of 4.2882, i.c. the maximum RMS error is
4.2882 times larger than the r
oscillations in the cable tension causing negative tensions. While the system remained

marimuam RMS error

wired error. However, the second case did yield short

stable, this should not occur. It is therefore clear that the controller can perform well
for weather conditions close to the worst-case scenario, but that the worst-case itself
might cause problems.

In Appendix 77 the controller is also tested for an operating point that is different from

the one it was designed for, namely [z y 2]T =[0 0 4m]”. For the first trajectory
for the

roll. while for the second trajectory the system becomes unstable around 40 seconds.

the controller performs only slightly worse apart from some initial transien

« How to ensure stability? This question is not addressed in full in this th but it
is found that apart from roll there are no other singularities in the workspace of the
However, the motion sub-system is still ill-conditioned as found in section 6-1-1. This
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9-3 Problem statement answer 7

need not be a problem since the reason is a large maximum singular value rather then
a small minimum singular value, but could be an indication of instability nonctheless,
Results indicate however that the system remains stable during operation,

9-3 Problem statement answer

The specific problem statement can be answered, at least partially, using the information gath-
ered from the answers for the rescarch question, sub-problems and general problem statement:

How to control the end-effector of a redundant CSPM system for offshore ap-
plication that compensates motions and allows good position tracking for all 6
DOF, seeks to keep cable tensions positive at all times and has a moving actuator
frame?

This thesis has outlined the contribution that it makes on the road to answering this question
for the actual system on-board . i.e. the specific problem. This contribution is
two-fold. Firstly, a model in cor
on of the actual system that is accurately scaled such that it is dynamically similar. The

is a smaller

ructed for the test-bed of the system, which

model can be used to quickly test the performance of different controllers because the im-
plementation of controllers on the test-bed can be time-consuming. The second contribution
is the design of one such controller that deals with all the problems stated in the problem
ient. The cor
ditions and still close to the requirements for worst-case weather conditions. Since the model

state sller was found to perform exceptionally well under calm weather con-

is deemed accurate with respect to the test-bed, which in turn is accural

I respect to the
given in this thesis is a deemed viable candidate for solving

actual system, the control st

the problem.

In order to improve t ults further however, some recommendations arve givi First,
ommendations on improving the model are listed such that it can potentially simulate
the system even more accurately. Then, recommendations on the controller are given which
include the earlier mentioned Tension Distribution Algorithm and implementation of control

of roll.

9-4 Model and Analysis recommendations

The modelling process that has been adhered to in this thesis has been a trade-off between
acenrately capturing the system dynamics whilst simplifying the model for computational
cfficiency. This has lead to certain conce
the t s. A
now be given.

ions, some of which have already been addressed
sar overview of these points and a recommendation for improvement will

Actuator friction First, and likely having the most influence on the dynamics of the overall
system, is the neglecting of the friction in the actuator dynamics. From experiments it is
known that the actuators that are used exhibit friction.

One solution, which has been implemented already, is to superimpos
onto the ¢

a high frequency signal
This partially gets rid of the stick-slip

ed torque signals derived in this the
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portion of the friction. For the viscous- and dry-friction of the actuator, a model could be
identified and used as a feed-forward term in the controller. The proper identification for the
tion in each of the eight actuators however is a time consuming process and not deemed
sssary for the purposes of this thesis. However, for the control of the real system, friction
is a non-negligible problem and needs to be dealt with.

inertia In this thesis, the is assumed to be a bar with uniformly distributed mass. In
reality, the mass is distributed more unevenly which effects its inertia. A proper identification
of the inertia of the can slightly improve the model without decreasing compntational
cfficiency.

Damping identification Although an identification of the cable damping has been carried
out for the individual cables, the verification measurements of the system have shown that
the parameters do not translate well from cable to system, where the damping is measured
to be higher by a factor of six. There are a number of reasons why this could be the case.
Firstly, the identification has only been done for the direction parallel to the cable while there
is also an orthogonal flexible mode with damping. It is possible that this mode is excited in
the actual system. Another possibility is that the coupling between cables adds damping to
the ent

stenn.

Thus, the damping identification should ideally be done for the entire system rather than for
the individual cables. In other words. the damping could be modeled to act on the . not
This requires vastly more measurement data however, for many different
points in the workspace, to get a proper function of the damping which is a time-consuming
undertaking.

the cable fore

Manipulability For the model analysis, one recommendation would be to analyze what is
know as the manipulabilty of the system, defined by Yoshikawa in [31]. The manipulability
of a robot is given as both a scalar number, called the measure of manipulability, and as a
visualization of the force and acceleration capabilities of the end-effector for each configuration
of the robot, called the manipulability ellipsoid.

9-5 System and Controller recommendations

This section has been removed for this version of the thesis
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Chapter 10

Conclusions and Future work

10-1 Conclusions

In the final chapter of the thesis, a list of conclusions is provided. They are mostly based

on the answers given in the discussion, although some conclusions are derived directly from

specific sections of the thesis and yet others from the recommendations.

The derived model of the WF-8B is deemed credible for its purpose of testing controllers
that can be applied to the test-bed becanse it is sufficiently efficient in computation to
use for testing purposes and captures the kinematic and dynamic aspects of the system
1 91.4 and 99.9877%
between all three

sedd on a verification with a VAF betwe

to a satisfactory ex

in the most excited direction (surge) and a mean VAF of 8¢
translations of the SB motion.

With the current mechanical design, the roll motion of the SB cannot directly be con-
troller under any circumstances.

Jacobian singularities are naturally avoided when the cable tensions are kept within
their minimum and maximum values at all times.

The SB translations for trajectories under calm weather conditions is shown to stay
or of 12.65, i
(qu
controlled well within their requirements for calm weather conditions

within the requirements by a minimum fac the maximum RMS transla-

ed error, meaning that translations are

tion error is 12.65 times smaller than the

The SB rotations tor trajectories under calm weather conditions stay within the require-
ments by a minimum factor of 259.74, i.e. the maximum RMS rotation error is 259.74
times smaller than the required error, meaning that rotations are controlled well within
their requirements for calm weather conditions

The SB frunslations for trajectories under worst-case weather conditions is shown to

stray outside the requirements by a maximum factor of 4.2882, i.e. the maximum
RMS error is 4.2882 times larger than the required error, meaning that translations are
controlled slightly outside of their requirements for worst-case conditions.

The SB rotations for trajectories under worst-case weather conditions is shown to stay
within the requirements by a minimum factor of 1.0526, i.c. the maximum RMS error is
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1.0526 times smaller than the required error, meaning that rotations are still controlled
within their requirements for worst-case conditions.
»l on the results, the controller is a viable candidate for solving the specific problem.
« The controller can still yield proper tracking for operating points outside of the one that
the controller has been designed for, but the performance decreases and the system can
become unstable for certain weather conditions.
« The SB can be fully controlled (in SDOF) by the use of a minimum of 5 cable;
the mechanical design of the system prohibits the control of roll (¢) and gravity acts
as a sixth cable. Furthermore, the maximum tension in each cable allows for the use of
any 5 cables to still support the weight of the SB (about 40N) without breaking.
Choosing the right tension distribution of 5 or more cables for a given pose of the SB.
atic workspace using only positive cable tensions,
Transitioning between tension distribution solutions during operation can therefore, in

results in an increase of the reachable

principle, also increase the performance of the controller.
e The control of roll can be achieved by slightly changing the mechanical design. This
allows to actively control all 6 DOF,

10-2 Future work

Subsequent work can be divided into three categories. The first is with regard to further
research that can be conducted on the subject. Naturally however, the controller will have
rified erperimentolly on the test-bed set-up. The control of an offshore crane to
compensate motions in 6 degr and efficiency
of payload transter during harsh sea conditions and the contents of this thesis can therefore
likely be extended and applied to other applications within offshore.

Future Research

to be

i-of-freedom in general is beneficial to th

Research the implementation of the controller for entire workspace.

« Research the performance of the controller when disturbances such as wind are included.
o Research the implementation of a Tension Distribution Algorithm which can potentially
increase performance.

Experimental validation

« Implement the controller on the test-bed set-up and verify its performance.

« Determine whether some of the recommendations are required, specifically regarding

actuator friction, cable damping and SB inertia.
o Verify that roll can be controlled with the suggested change of cable configuration.

Other applications

+ Research the possibility of using this system, or an adaptation of it, for other applica-
tions in offshore.
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Glossary

List of Symbols

Abbreviations

0f
A
T

o
[ b
T S HK

E

M.Se. thesis

M Penrose Psc
Vector to scale N

Lor of motor torques

lo-Inverse

Cable elongation
Condition number for controllability of MIMO systems

Relative Gain Array matrix

Angular velocity

in Euler convention
jth

Roll angle, Pitch angle. Yaw ang

Vector from base frame origin to s in the same frame

attachment |
State-space A matrix
Cable damping diagonal matrix

th in the same

Vector from moving platform frame origin to i
frame

attachment po

State-space B matrix

Veetor containing Coriolis and Centrifugal forces
State-space C matrix

State-s :» D matrix

Vector of SB forces

system gain matrix

Gravity vector

Inertin matrix

Jacobian matrix

Basis for Jacobian

Mapping between Euler angle derivatives and angnlar velocities
Cable stiff

ss diagonal matrix
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86 Glossary
L Stretched cable length diagonal matrix
1 JS coc ates of cable lengths
Ly Unstretched cable length diagonal matrix
ly Vector of cretched cable lengths
li Cable th static offsets
1; Veetor of i link/cable length
m Vector of SB moments
Mi(x) Mass matrix
N Null-space of transposed Jacobian
Ny Diagonal matrix of gear-ratio n for first 2 entries and 1 for the other entries
(IR oordinates of the SB
Ouf Orientation coordinates of the WF
Pui Vector between reference frame and WF i attachment point
Poi Vector bet » frame and SB " attachment point
P Cartesian coordinates of the SB
Puj sian coordinates of the WF
q Veetor of motor an,
Ry Rotation matrix between WEF-frame (A) and SB-frame (B)
1 Rotation matrix between WF-frame (A) and SB-frame (B)
I Rotation matrix between reference frame (r) and SB-frame (B)
R, Matrix of motor radii
t or of cable tensions
18) itary matrix of output singular vectors
u State-space input vector
u; unit vector (direction) of ' link/c
w Vector of SB wrench
X; State variable
Xab TS coordinates of SB pose
Ko f TS coordinates of WF pose
v State-space output vector
Ao Cable cross-sectional area
'y Force Controller
Gin Motion Controller
g Gravitational constant
Ky Derivative control gain
K; mtrol gain
K, Proportional control gain
% Stretched length of i link fcable
l.i un-stretched length of i* link/cable
m Mass
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List of

CDPM
CsPM
FK
HIL
IK

JS

TS

TD
MC
FC
BW
GM
PM
WS

M.Sc. thesis

1-conservative fc acting on the SB

Kinetic energy
it" cable tension

Settling time

Frequency corresponding to derivative action in a controller

Frequency corresponding to integral action in a controller
Potential energy

Diagonal matrix of descending singular values

Condition vari for Jacobian

Unitary matrix of input singular vectors
Cable damping

Young's modulus

Cable stiffness

Gear ratio

Winch radins

Laplace complex variable

Acronyms

Cable-Driven Parallel Mechar

Cable-Suspended Parallel Mechanism
Forward Kinematics
Hardware In the Loop
Inverse Kinematics
Joint-space
Task-Space

Tension Distribution
Motion Controller
Force Controller
Band-Width

Gain Margin

Phase Margin
Workspace
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88 Glossary
SVD Singular Value Decomposition

RGA  Relative Gain Array

PID Proportional-Integral-Derivative

PI Proportional-Integral

RMS  Root Mean Square

DOF s Of Freedom

MIMO Multiple Input Multiple Output

SISO Single Input Single Output

VAF Variance Accounted For
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