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Problem Description

The subject to be studied is the modeling of a crane simulator which can be interconnected with a
separate vessel simulator with mutual communication of relevant states and data.

The assignment consists of the following parts:

- Develop, improve and join existing simulator modules into a crane simulator for a heave
compensated knuckle boom crane, including winch/drive with control system, booms, and forces
on the payload such as hydrodynamics.

- Prepare the crane simulator for interconnection with an existing vessel simulator.

- Simulation of scenarios from typical operations.

- Evaluation of simulator performance and accuracy.
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Supervisor: Tor Arne Johansen, ITK
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Abstract

Crane operations are an integral part of offshore operations. Simulators
are a useful tool in conjunction with crane operations, and may be used for
training of personnel, planning of operations, validation of mechanical de-
signs, verification of crane control system integrity, etc. Simulators contain
physical/mathematical models of the crane and its working environment.
Models for the various parts of the crane exist in academic literature, but
a complete crane simulator does not seem to have been documented. The
focus of this thesis has been to extend and improve the existing models, and
join them into a real-time simulator for a heave compensated knuckle boom
crane. The simulator has also been prepared for interconnection to a vessel
simulator.

The crane simulator is validated qualitatively by simulations; the various
modules have been validated separately, and, successively, the modules have
been jointly validated, and finally, the complete simulator is validated.

The simulator and its modules exhibited good performance during the
validation.
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Chapter 1

Introduction

1.1 Motivation

It is hard to imagine offshore operations without the use of cranes. They are
involved in all kinds of operations ranging from simple manoeuvres like moving
equipment from one place on the vessel deck to another, to large lifting operations
comprising two crane rigs lifting in tandem.

Depending on the size of the lifted object and the vessel or vessels supporting
the operation, crane operations may be divided into two categories; light lifts and
heavy lifts. According to [20], heavy lifts comprise payloads weighing more than
1-2 % of the vessel displacement and typically more than 1000 t. Normally, heave
compensation is not possible on heavy lifts. Also, the dynamics of the vessel and
payload are mutually coupled.

Light lifts, on the other hand, comprise payloads less than 1-2 % of the vessel
displacement and less than a few hundred tonnes. Then the vessel dynamics may
be considered to be unaffected by the presence of the crane and payload, and
heave compensation is possible.

This thesis focuses on light lifts. As mentioned, these lifting operations may
be performed by the aid of heave compensation, which is a system that attenuate
the wave induced vessel motion transferred to the payload via the hoisting cable;
see [20] and [27]. By the use of heave compensation, operations can be carried
out at more severe weather conditions than otherwise possible.

Typical tasks performed by heave compensated cranes are installation of
subsea structures, maintenance, and dive support. Typical payloads are bathy-
spheres, ROVs, subsea equipment to be installed on the seabed such as wellheads,
Christmas trees and other process equipment, [15].

Simulators are an important tool in order to enhance the safety and reduce the
costs of crane operations. For example, simulators may be used for validation

1



2 CHAPTER 1. INTRODUCTION

of the mechanical design, planning and verification of operations, training of
personnel, and testing of the control system integrity by Hardware-In-The-Loop
simulation, [15]. Depending on the application, different requirements may be put
on the simulators. For example, a simulator made to aid the mechanical design
process, requires accurate computations of forces and loads on the equipment.
There may be no specific requirement for the simulation speed, and just a few
worst case scenarios may be sufficient to validate the designs.

For simulators tailored for training of personnel, on the other hand, a real-
istic user interface by the means of 3D visualisation and simulator controls is
an obvious requirement. Also, the simulator must run in real-time in order to
provide realistic user interaction. The computation of forces and loads on objects
need not be accurate to a level beyond what is required to ensure a realistic user
experience and user interaction.

HIL-testing simulators also require real-time simulation, but put less require-
ments on the user interface. On the other hand, these simulators require detailed
simulation of all signals required by the control system subject to testing, and
simulation of relevant adverse scenarios which the control system might be ex-
posed to. HIL-testing is a qualitative validation of the control system integrity;
As long as the signals provided to the control system by the simulator are con-
sistent, the level of accuracy for the computation of forces etc. is only required
to a level that ensures good HIL-testing.

This thesis presents a crane simulator for a heave compensated knuckle boom
crane. The simulator shall be able to run in real-time, but it is not further
specified which purpose the simulator is made for.

1.2 Litterature review

Presently, several companies supply simulators to the offshore industry. Most
simulators are made for the purpose of personnel training. Some examples are
the Ship Manoeuvring Simulator Centre [8], Offshore Simulator Centre [6], First
Interactive [1], Kongsberg SIM [4], MPRI Ship Analytics [5] and GlobalSim [2].
Only two of these companies, the Ship Manoeuvring Simulator Centre and the
MPRI Ship Analytics, provide marine crane simulators, and of these the Ship
Manoeuvring Simulator Centre includes a knuckle boom crane simulator.

In the academic area some work has been conducted on this field, but, to the
author’s knowledge, a complete crane simulator has not yet been developed. In
[30] a generic dynamic model for the crane structure with an arbitrary number
of revolute and prismatic joints is derived using standard techniques from mod-
elling theory of robotic structures. A valve controlled hydraulic cylinder model
for luffing the crane booms is also provided. In [31] hydraulic winch systems
for offshore cranes are studied and models provided with emphasis on real-time
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simulation properties. In [27] a combined active/passive hydraulic heave com-
pensation system based on the flying sheave principle is modelled, and in [28]
a model of the payload and hoisting cable is derived, comprising scenarios such
as water entry/exit, slack rope and landing the load onto a surface. Bumpless
transitions between the various phases of the lifting operation are also included.

Other relevant work is [16], [25] and [3]. [16] presents models for slender
mechanical systems, such as cables, for real-time applications; [25] presents a
comparison of different control strategies for the control of loads through the
wave zone; and [3] is a research programme which has tested alternative control
strategies for lifting payloads through the wave zone.

1.3 Contribution

The contribution of this thesis is the interconnection, extension and improvement
of existing simulator modules into a fully working knuckle boom crane simulator
with heave compensation. Each module is provided with procedures for initial-
isation, and the model is prepared for interconnection with a vessel simulator
providing the vessel motion.

The simulator is validated by qualitative verification of simulations. Each
module is tested separately, and successively, the modules have been tested
jointly, including the complete crane simulator. Finally, a vessel model is in-
cluded in the simulator model in order to verify the interface between the crane
and vessel simulators.

The validation shows that the simulator performs quite well. A flaw was
discovered in the crane dynamics model for an extreme test case, but the flaw
does not seem to influence the simulations when the crane dynamics model is run
in more realistic scenarios. Also, the PI speed winch drive controller should be
enhanced to a position controller in order to avoid payload creep during heave
compensation in irregular waves.

A defined test case which spanned 60 s, took 30.15 s to simulate with 10 ms
step size, and 27.54 s with 20 ms step size on a desktop computer with 2 GHz pro-
cessor and 1 GB RAM running Windows XP with Service Pack 3. The test could
not be simulated with a step size of 30 ms. The Bogacki-Shampine integration
method was used in the simulations.

1.4 Objective

The objective of this thesis is to build a generic simulator for a heave compensated
knuckle boom crane for real-time simulations. The simulator shall be made up
by the following modules:

e a rigid body dynamics model of the crane structure
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e hydraulics model for the boom luffing motions

e a model of the payload and hoisting cable with forces acting on the cable
and load

e a winch and drive system model including heave compensation and constant
tension functionality

The simulator and its modules shall be validated qualitatively by simulating
realistic scenarios.

1.5 Outline

The various simulator modules are presented chapter wise. In Chapter 2 the
crane model is presented with a hydraulics model for luffing the booms presented
in Chapter 3. Next, the model of the payload and hoisting cable is presented
in Chapter 4, and finally, the winch and drive system model is presented in
Chapter 5. Winch control strategies are presented in Chapter 6. Evaluation
and discussion of the properties of the modules, and the performance of the
connected systems is found in Chapter 7, and the final conclusions are given in
Chapter 8.



Chapter 2

Crane model

2.1 Introduction

In this chapter a dynamic model for a knuckle boom crane structure is derived.
An illustration of a typical knuckle boom crane is found in Figure 2.1. Such
cranes consist of three rotational links; the rotary king, which is mounted onto
the vessel deck or a pedestal; the knuckle boom, which is connected to the king;
and the knuckle jib, which is the outermost boom link.

The crane model is derived by the Denavit-Hartenberg convention and the
recursive Newton-Euler scheme; see [23]. This methodology assumes that the
crane is influenced by the enforced motion of the crane base, torques in each
joint, and the end-effector (i.e. the crane boom tip) force and torque. Also, the
masses and inertia tensors for each link are assumed to be constant.

The mass of objects on top of the king, such as the operator cabin and winch,
are assumed to be included in the king mass, and the inertia tensors of the links
are assumed to be constant with reference to the centre of mass for the respective
link.

The motion of the crane base is given by the vessel motion due to waves, and
it is assumed that the motion input to the crane model is represented in the crane
base frame. The crane base is assumed to be rigidly mounted onto the vessel,
and a vessel simulator provides the linear and rotational motion of the origin of
the vessel body frame with respect to an inertial frame.

The model derivation is to a great extent based on the general theory pre-
sented in [23], and on a similar crane model derivation presented in [30]. Theory
from [10] is also used.
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Figure 2.1: Typical knuckle boom crane. Illustration from [24].

Link a; (074 di Hi
1 0 % di | @1
2 a9 0 0 q2
3 as 0 0 qs

Table 2.1: The Denavit-Hartenberg parameters for the knuckle boom crane.

2.2 Kinematics

The crane kinematics are derived by the Denavit-Hartenberg (DH) convention,
which is a standard methodology to compute the kinematics for an open-chain
manipulator. An introduction to the DH convention and manipulator kinematics
may be found in [23]. For a knuckle boom crane, which consists of three revolute
joints, the DH convention results in the parameters given in Table 2.1. Figure 2.2
relates the DH parameters to the crane structure.
In the figure four axes systems/frames are shown, and, with O; denoting the
origin of Frame 7 the DH parameters relates to the frames as follows:
a; distance from O; to the intersection of the x; and z;_; axes along the x; axis.
d; distance from O;_1 to the intersection of the x; and z;_1 axes.
«a; angle between z;_1 and z; about x;.
0; angle between x; 1 and x; about z;_1.
From the illustration, we see that d; denotes the king height, as the knuckle
boom length, and a3 the knuckle jib length.
Following the DH convention does not lead to a unique set of parameters;
hence, other equivalent parametrisations exist.
From the DH table transformation matrices are constructed which relate
Frame i to Frame ¢ — 1, see [23]. The transformation matrices consist of a rota-
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Figure 2.2: Definition of the Denavit-Hartenberg parameters.

tion matrix Rf_l € R3*3, which denotes the orientation of Frame i in Frame
1 — 1, and a position vector pﬁ_l € R3, which denotes the position of the origin
of Frame ¢ in Frame ¢ — 1. The generic transformation matrix from Frame ¢ to
Frame 7 — 1 is

cl; —sb;ca; sBisay;  a;ch;

i1 Rf‘l 2_1 s0; cbico; —cb;soy;  a;st;
A = T = ' ‘ ‘ (2.1)
0 1 0 Sq; cay d;
0 0 0 1

Here, and in all transformation matrices in this thesis, ¢- denotes cos( ), and s -
denotes sin(-). From the DH table and the generic transformation matrix, the



8 CHAPTER 2. CRANE MODEL

link specific transformation matrices are obtained as follows:

[cqs —sqz 0 ascqs]
R3 pj3 sqs  cgz 0 assqs
Aj=| 2 3= (2.2)
ol 1 0 0 1 0
0 0 0 1 |
[cqa —sqz 0 ageqy]
R! p! 0
A%: T2 Pa| _ [|5¢2 ¢q2 a25q2 (2.3)
ol 1 0 0 1 0
0 0o 0 1
cqi1 0  sq 0
R{ pY s¢p 0 —cq1 O
AV = 1 L= 24
! loT 1 01 0 d 24
0o 0 0 1

The transformation from the end effector frame/boom tip frame to the base
frame is given by

Ty (q) = Aj(q)Aj(q)A3(a), (2.5)

where q = [¢1  ¢2 ¢3]”. The resulting form of the transformation matrix is

(2.6)

)

0 — RS pj
"ot 1

where RY is the orientation of Frame 3 given in Frame 0 and p§ is the position

vector of the origin of Frame 3 given in Frame 0.

2.3 Differential kinematics

Differential kinematics relates the joint velocities to the corresponding end effec-
tor/boom tip linear and angular velocities. This mapping is obtained by the use
of the geometric Jacobian J(q). See e.g. [23] for details. The mapping is given
by

VvV =

jj] - Ja)a. (27)

where p is the boom tip linear velocity relative to the crane base, and w is the
angular velocity. The geometric Jacobian consists of two submatrices

J= lJP ] , (2.8)

and Jp and Jo relate the joint velocities to the linear and angular velocities,
respectively. Generally, the geometric Jacobian has dimension J € R6*". For
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the three link knuckle boom crane structure, n = 3, and hence, Jp,Jo € R3*3,
These submatrices may in turn be divided into 3 x 1 vectors according to

Jp _ |7P1 JP2 JP3 (2.9)
Jo Joi Jo2 Jo3

The expressions for the vectors depend on whether the corresponding joint is
prismatic or revolute. Since all the crane joints are revolute, they are expressed

[]Pi] _ [%1 X (P—Ppi-1)

as

, (2.10)

JOi Z;—1

in accordance with [23]. The vectors in Equation (2.10) are defined as follows:

e p is the first three elements of the fourth column in the transformation
matrix T

e p;_1 is the first three elements of the fourth column in the matrix TY
e 7;_1 is the third column in the rotation matrix RY_;

Obviously, for ¢ = 1 the transformation and rotation matrices are

1 000
0100
TV = 2.11
1o 010 (2.11)
00 01
and
(2.12)
100
RI=10 1 0 (2.13)
00 1

From the definitions above, the vectors are expressed as

cqi(as(cqacqs — sq25q3) + ascqa)
P = |sqi(az(cqacqs — sq25q3) + azcqo) (2.14)
as(sqacqs + cq2sq3) + azsqa + di

0 0 a2¢q1¢q2

po=|0|,p1 =|0]|,p2=| asqicq (2.15)
10 dy Lazsqa + di
[0 5q1 [ sq

zo=|0|,2z1= |—cq1|,22=|—cqr (2.16)
1 0 0
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The geometric Jacobian may now be expressed by the vectors in (2.14) —
(2.16) as

7 [ZO x(P—pPo) z1x(P—pP1) 22X (pP—Pp2) (2.17)

VA VAl V)]

When the crane model is connected to the payload and cable model, and/or
the winch model, the acceleration of the boom tip must be provided, see Section
4.7. Differentiating Equation (2.7) gives the expression

._lp
V=
w

for the acceleration of the boom tip relative to the base frame, where

=J(q,9)q + I(q)q (2.18)

gPi| _ |%i-1 X (P — Pi-1) + Zi-1 X (P — Pi-1) (2.19)
JOi Zi—1 ’
and
ia.4) = [ﬁf’l 52 11?3] (2.20)
Joi1 Jo2 Jo3s

2.4 Dynamics

The joint space dynamic model for a manipulator derived from the Lagrange
formulation of the system may be stated as

B(q)4 + C(q,q)q + F,q + Fysgn(q) + g(q) = 7 — I7(q)h, (2.21)

see e.g. [23]. The first term on the left hand side represents the acceleration
terms, the second term contains the Coriolis and centripetal forces, the third and
fourth terms represent viscous and Coulomb joint friction, respectively, and the
last term represents the geometrically dependent forces, which in this context
are due to the presence of gravity. The first term on the right hand side is the
generalized forces 7 = [r; 7 73]7 acting in the respective joints. Hydraulic
cylinder models for generating the torques 7 and 13 are provided in Chapter 3.
The second term includes the end effector force and moment h = [f pu]” € RS
through the geometric Jacobian J(q) defined in Section 2.3. According to [23],
h 7denotes the vector of force and moment exerted by the end effector on the
environment”. This force will be equal in magnitude but with opposite direction
to the force exerted on the boom tip by the hoisting cable. Also, the cable will
not exert any moment on the boom tip; hence, the end effector force may be
expressed as

h = [fyo0m  0]7, (2.22)

where fy0,,, denotes the force applied by the crane boom tip on the cable. An
expression for the force is derived in Section 4.7.
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2.4.1 Solving the direct dynamics

Solving the direct dynamics implies solving the initial value problem for the
system, i.e. given the initial states q(to), q(to), determine §(¢), q(¢) and q(t)
resulting from the joint torques 7(¢) and boom tip forces h(t) for ¢ > t;. By
reformulating Equation (2.21) to

=B (q)(r—7) (2.23)
where

7'(q,d4) = C(q,d4)q + Fuq + Fysgn(q) + g(q) + 37 (q)h, (2.24)

the joint accelerations may by found directly, and the velocities and angles by
integration of the acceleration. However, according to [23], a computationally
more efficient method is to solve Equation (2.23) by the recursive Newton-Euler

(RNE) scheme.
Mathematically, the scheme may be represented by the function

T = RNE(C_[, q)dawg) aga Pg - gov h0)7 (225)

with the input parameters joint angles, velocities and accelerations, and angular
velocity w) and acceleration o, and the linear acceleration pJ of the base frame,
acceleration of gravity g and end effector force h®, all given in Frame 0.

In principle, the RNE scheme solves the inverse dynamics problem, i.e. given
the inputs, it computes the joint torques 7 of Equation (2.21) required to yield
the motion q, ¢ and §.

However, when using the RNE scheme to solve the direct dynamics problem,
it is used to find the inertia matrix B(q) and the joint position and velocity
dependent torque contributions 7’ by altering the inputs as follows:

7' = RNE(q,q,0,w), ad, p) — g%, h°) (2.26)
b; = RNE(q,0,e;,w), a), py,h°), i € {1,2,3} (2.27)
where
ee=01 0 0%, ea=0 1 0%, e5=1[0 0 1]7 (2.28)
and
B(q)=[b1 bz by, (2.29)

see [23]. Now the joint acceleration vector is found by substituting Equation
(2.26) and Equation (2.27) via (2.29) into Equation (2.23).
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Figure 2.3: Definition of the RNE vectors. The illustration is reproduced from
[10].

ri1,0;

2.4.2 The RNE scheme

The RNE scheme is made up by a forward recursion and a backwards recursion.
During the forward recursion, link velocities and accelerations are computed re-
cursively for each link. Given the joint velocities and accelerations, and the
velocities and accelerations of the base frame, w8, a8 and f)8 — g0 this is carried
out as follows:

Fori=1...3:

. s T . .

wi=R! (wi_} + q,-zo)
] i—1T [ . i— . .=
wi =R} 1 (wﬁf% + Gizo + qiwﬁj X zo)
i . T N L . . . .
b= R PI] 4wl iy wl x (w] xrly )
be, = D) + Wi X 1| o + W) x (wi X 1"20)
Equation (2.30) represents the angular velocity of Frame i, Equation (2.31) the
angular acceleration, and Equation (2.32) the linear acceleration. Equation (2.33)
yields the acceleration of the centre of mass of Link .

Once the velocities and accelerations are determined, the forces and moments

are computed in a backwards recursion for each link, starting with the outermost
link and propagating inwards (i = 3...1):

£ =Rl fH +mipl, (2.34)

T 7 7 7 7 i+1 7 i+1 7
pi == x (ri_i; +ric) + R + Rig i xrig,

7

— ‘ — 2.35
+ T} + wi x (Tw)), (2:3)

where f! is the force exerted by Link i —i on Link i and p! is the moment exerted
by Link ¢ — 1 on link ¢ with respect to origin of Frame ¢ — 1.
Finally, the joint torques are found by

T T . .
i = pl R 20 + Foigi + Fyisgn(d:) (2.36)

In order to utilise the RNE scheme, the following parameters must be defined
for each link:
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m; mass of Link i,
I inertia tensor of Link i given in Frame 4,
ri_1,c, vector from origin of Frame (i — 1) to the centre of mass C; of Link 1,
r;c, vector from origin of Frame ¢ to the centre of mass C; of Link 1,
ri_1; vector from origin of Frame (i — 1) to the origin of Frame 1,
F,; viscous friction coefficient for Joint i,
F,; Coulomb friction coefficient for Joint 7,
R,f_l rotation matrix from Frame ¢ to Frame ¢ — 1,

zo axis of rotation in current frame, zo = [0 0 1]7.
The vectors r;_1 ¢;, ric;, and r;_1; are illustrated in Figure 2.3. A similar figure

is also found in [10]. The Frames i — 1 and 7 in the figure illustrate Denavit-
Hartenberg frames for Links ¢ — 1 and %, respectively. The inertia tensor of Link
1 is assumed to be constant when given in Frame ¢. All rotation matrices are
defined in Section 2.2 except Rj, which represents the rotation from the frame
in which the boom tip force f{ is given to the boom tip frame.

From Equation (2.25) it is seen that the end effector force is assumed to
be provided given in the crane base frame. In this regard, it is seen by the
transformation

Rif} = RIRIf} = R3fY (2.37)

that R must be replaced by R3. The rotation matrix R} will be derived in
Section 2.5.2. The rationale for making this partition, is that all model inputs
(except the joint torques 7) and outputs will be represented in the crane base
frame, which provides a convenient interface to the other modules of the model.
To sum up, the crane model may be denoted as the function

(PBoom: Phoom: Phoom) = CRANE(w(, af), py — g%, h°, 7) (2.38)

which outputs the linear position, velocity and acceleration of the boom tip de-
composed in the crane base frame. The position is given by p$} in Equation (2.6),
the velocity by (2.7) and acceleration by (2.18).

As implicitly stated by Equation (2.22), the second term in Equation (2.35)
will be zero for ¢ = 3.

2.5 Interfacing the crane model

During a crane operation the vessel will be kept at a near fixed position by
a dynamic positioning system. When this is the case, “an FEarth-fized tangent
plane on the [earth] surface is used for navigation. This is usually referred to as
flat Earth navigation, and it will for simplicity be denoted as the n-frame.”; see
[12]. The n-frame is also called the North-East-Down frame, and for flat Earth
navigation it is considered to be inertial, i.e. that Newton’s laws apply, see [12].
A review of reference frames may also be found in [12].
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Figure 2.4: Definition of reference frames.

The n-frame has an z-axis pointing towards true North, a y-axis pointing
towards East, and a z-axis pointing downwards normal to the Earth’s surface.
The origin of the n-frame is assumed to be positioned at the mean-free water
surface.

Figure 2.4 gives an overview of the reference frames required to provide the
vessel motion to the crane model. The already described n-frame is denoted with
subscript n. The vessel body frame denoted with subscript b, is fixed in the
vessel body and is assumed to be positioned midships in both the longitudinal
and lateral direction, and in the mean free-water surface. The z-axis points in
the longitudinal direction from aft to fore, the y-axis towards the starboard side,
and the z-axis is normal to the z- and y-axes and pointing downwards.

The crane base frame denoted with subscript 0 is placed in the crane struc-
ture’s first joint at a fixed position pj o relative to the b-frame. Often, the crane is
mounted onto a pedestal with height |p, 0| placed at pp ), relative to the b-frame,
i.e. Pho = Dpp + Ppo- The xg-axis points in the longitudinal direction from fore
to aft, the yp-axis toward the starboard side, and the zp-axis is normal to the x¢-
and yp-axis pointing upwards.

The constant rotation matrices between the b and 0-frames may be found by
inspection of Figure 2.4 and noting that the respective x, y and z-axes are parallel
and that the x and z-axes have opposite directions. Hence, the rotation matrices
are given by

-10 0
RI=R=10 1 0 (2.39)
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In order to provide the vessel motion to the crane model, and the boom tip
motion to the hoisting cable and payload model, the following vectors must be

provided from the vessel:
©® Euler angles

w,, angular velocity of frame b with respect to frame n decomposed in frame b,

w,, angular acceleration of frame b with respect to frame n decomposed in frame b,

vessel position decomposed in the n-frame,
vy body-fixed linear velocity,

vy body-fixed linear acceleration.

The vector notation is taken from [12].

The Euler angles
¢
6

o= (2.40)

(4

denote the orientation of the b-frame relative to the n-frame, where ¢, # and ¢
denote the roll, pitch and yaw angles, respectively.
The elements of the body-fixed angular velocity vector

Wby = |q (2.41)
r
denote the roll, pitch and yaw angle velocities, respectively, and the roll, pitch

and yaw accelerations are given by

b
Wy = |4 (2.42)
T

n
p"=|e]l, (2.43)
d
and the vessel velocity and acceleration is given in the b-frame by
vg = | (2.44)
and

Vb=, (2.45)
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respectively. For a thorough review of the above listed quantities, refer to [12].
The rotation matrix from the b-frame to the n-frame is stated in [12] as

cpcl  —sped + cslsp  swsod + cpepsh
R} (®) = |sycl  chep + spslsp  —cpsp + sOsiped (2.46)
—s6 chso cBcop

Since rotation matrices possess the property
RR'=1 = R!'=R7} (2.47)
the rotation matrix R is given by
R} (©) = R} (©)" (2.48)
The time derivative of R}'(®) is given by
R;(©) = R;(©)S(wy), (2.49)

where S(w?,) is the skew-symmetric matrix

0 —r ¢
Swl)=1r 0 —pl|, (2.50)
¢ p 0
see [12].
The time derivative of S(w?,) is
—7r q
S(why) =S(why) = |+ 0 —p (2.51)
—-q¢ p 0
p" =R} (©)v, (2.52)

2.5.1 Including the vessel motion

The crane model requires wi, aJ, aJ as inputs. These are assumed to be supplied

from a vessel model and represented in the crane base frame. The rotation of the
vectors is as follows:

w) =R’ (2.53)
w) =RIL, (2.54)
o = RV, (2.55)
g = RYR(©)g" (2.56)

The acceleration of gravity vector decomposed in the n-frame is given by

g"=[0 0 9.81}T m/s? (2.57)



2.5. INTERFACING THE CRANE MODEL 17

2.5.2 Including the boom tip force

Given the boom tip force from Equation (2.22) represented in the n-frame, ! .
the force represented in the crane base frame is given by

h” = Rofliom = RyR;(©)f50,, (2.58)
The matrix R in Equation (2.37) may no be expressed as
RY =RJ)R% (@) (2.59)

2.5.3 Transforming the boom tip motion to the n-frame

The payload and hoisting cable model in Chapter 4 will be derived assuming
an inertial frame. Hence, this model requires the boom tip motion given in the
inertial frame. As stated in Section 2.5, the n-frame is assumed to be inertial,
and the coordinate transformation of the boom tip motion from the crane base
frame to the n-frame is thus provided here.

With reference to Figure 2.4, the boom tip position relative to the n-frame is
given in coordinate free form as

Pn,3 = P + Pbo + P03 (2.60)

Expressed by coordinate vectors, the boom tip position represented in the n-frame
is given by

p§ =p" + R{(©)p}, + R} (©)Rgps (2.61)

py = p" + R}(O) (pho + REPY) (2.62)

The boom tip velocity represented in the n-frame is given by differentiating
Equation (2.61)

Py =" + R (©) (pho + REPS) + R} (O) (bho + REDY) (2.63)
b = R} (O)v) + R} (©)S(wpy) (Pho + REPY) + RE(O)RER]  (264)
p§ = R}(©) (V5 + S(wiy) (pho + REPS) + REDY) (2.65)
Finally, the boom tip acceleration represented in the n-frame is given by

by = R}(O) (V5 +S(wy) (pho + REPY) + REDY) (2.66)
+ Ry (©) (Vg + S(wpp) (Pbo + Ropg) + S(wpp) (Pbo + R0P3> + Rop3>

b = R} (©)S(wy) (V5 + S(wiy) (Pho + REDS) + REDY) (2.67)
+R}(0) (vh+S(@hy) (pho + REPY) + S(wiy RGPS + REBY)

By = R () (S(wiy)vh + (S(wiy)? + S(wp)) (Pho + REPS) ) (2.68)
+ Rp(©) (28(wiy)REDS + REDY)
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L

Figure 2.5: Cylinder inertia.

2.6 Model parameters

Configuring the crane model requires the DH parameters di, as and ag, the
parameters listed in Section 2.4.2, and the position of the crane base in the b-
frame, pg?o. This is a total of 28 parameters.

As a starting point for the configuration, it is assumed that the maximum
lifting capacity should be around 100 t safe working load (SWL). A typical subsea
crane in this range, is the Hydramarine cranes installed on the vessels MV SIEM
TBN 323 and 326, [24], shown in Figure 2.1. Since the author does not hold
actual data for the crane, the required parameters are estimated based on the
illustration in Figure 2.1. By studying the schematic drawing, the following DH
parameters are obtained:

dy =3.9m (2.69)
az =21.1m (2.70)
a3 =12.7m (2.71)

The mass of the crane king is estimated by assuming that the king has the
shape of a cylindrical annulus as shown in Figure 2.5. By assuming the king is
made in steel with density 7800 kg/m?® with an outer radius r, = 1.8 m and an
inner radius r; = 1.65 m, and the cylinder height is h = d;, the mass is

my ~ 49 t, (2.72)
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H
Figure 2.6: Box boom inertia.
and the inertia tensor is
8.7-10% 0 0
I ~ 0 8.7-10* 0 kg m? (2.73)
0 0 1.5-10°

by the procedure in Appendix A.1. Since the slewing motion is not regarded in
the model, these values do not have any impact on the crane response.
The knuckle boom and knuckle jib are assumed to be hollow, rectangular
box-shaped made with d = 0.03 m thick steel plates as shown in Figure 2.6.
From Figure 2.1 the average knuckle boom breadth is found to be approxi-
mately B = 0.75 m, and the average height is approximately H = 2 m. Together
with the boom length L = as, the knuckle boom mass

ma ~ 2T t, (2.74)

and the inertia tensor
1.6-10% 0 0
I ~ 0 1.2-10* 0 kg m? (2.75)
0 0 1.0-106

are found by the procedure in Appendix A.2.
Correspondingly, the mass and inertia for Link 3 are found by assuming

B=0.50m (2.76)
H=14m (2.77)
L = a3, (2.78)

which yields
msg~ 11t (279)
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and

3.1-10° 0 0
I3 ~ 0 2.3-10° 0 kg m? (2.80)
0 0 1.5-10°

The coordinate vectors required for the RNE scheme are defined as follows:
The general vector from the origin of Frame ¢ — 1 to the origin of Frame i is given
by

rﬁ_m =[a; disiney d;cosa)t, (2.81)
which by the DH table yields the specific vectors
rog, =0 di 0], (2.82)
riy=laz 0 0], (2.83)
and
rss=1[az 0 0t]" (2.84)

By the assumption that the links have homogenous mass distributions, the
vector from Frame ¢ — 1 to the centre of mass of Link ¢ is

. 1 .
10 = - (2.85)
and the vector from Frame ¢ to the centre of mass of Link ¢ is
. . . . . 1,
Yo, =Ti10 —Tio1i = 51"2—1,@' — Ty, = *51“%—1,1' (2.86)
Estimating the viscous friction coefficients is carried out as follows: Assuming
that the considered link is given an initial rotational velocity w(0) about the joint’s
axis of rotation, and that no other forces act on the link, the system’s dynamic
equation is given by
Jid) = —me, (287)

where J; is element (3,3) in the link’s moment of inertia about the axis of rotation.
The time domain solution of Equation (2.87) is

Fyq

w(t) =w(0)e %' (2.88)

By assuming that the rotational velocity has been reduced by a factor a € (0,1)
after ¢ = t; seconds, the viscous damping coefficient is given by

1
Fyi = _Jilnle) :(a) (2.89)
1

For all joints @ = 0.3 and ¢; = 5 s are chosen. The moment of inertia for the king
link is given directly by element (3,3) in the inertia tensor I, i.e.

Jp =1.1-10° kg m? (2.90)
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For the knuckle boom and knuckle jib boom the moment of inertia is found by
the parallel axes theorem according to

2
Jy = Iy, . + ma (“;) ~ 4.0-10% kg m?, (2.91)

and )
Jy = I3, +m3 (6‘23) ~5.9-10° kg m?, (2.92)

This gives the following values for the viscous friction coefficients:

Fy1 =~ 3.6-10" kg m?/s (2.93)
Fuo =~ 9.5-10° kg m?/s (2.94)
Fy3~1.4-10° kg m?/s (2.95)

The Coulomb joint friction coefficients Fj; are set to zero because the author
does not possess the values and does not have any procedure to determine these
coefficients.

The chosen vector for the position of the crane base in the b-frame is

Pho=1[0 0 —12” (2.96)

2.7 Initialisation

The initial values required for the crane model are q(0) and ¢(0). There is no
immediate reason to have a non-zero initial joint velocity for any of the joints;
hence, the initial joint velocity is

q(0)=0 (2.97)

The initial joint angles may be taken as any reasonable values, and will be
stated for each simulation case in Chapter 7.






Chapter 3

Luffing the crane booms —
Hydraulics

3.1 Introduction

As can be seen in Figure 2.1, the crane’s luffing angles (Joint 2 and 3) are actuated
by hydraulic cylinders. According to [31], two common schemes for hydraulic
actuator control are available in the literature. These are pump control and
valve control. In pump controlled systems, the rate and direction of flow supplied
to the motor is controlled by adjusting the displacement of the pump; In valve
controlled systems, a hydraulic power unit (HPU) provides the supply pressure,
and the rate and direction of flow to the motor is controlled by the control valve.
There are two types of hydraulic motors: Rotary and linear (i.e. a cylinder).

Both schemes may be used for the same applications. However, the two
schemes have different properties which may deem one scheme more appropriate
than the other with regard to specific applications.

The most important differences are that the valve controlled scheme usually
has higher bandwidth, and the pump controlled scheme is more power efficient.
The valve controlled scheme usually is below 67 %, whereas the pump controlled
scheme may be as high as 90 %. For a thorough review of hydraulic systems,
refer to [31] and its enclosed references [18], [17] and [9].

Which scheme is used on the crane in Figure 2.1 is unknown to the author.
In [30] the valve controlled scheme is used for luffing crane booms, and this will
thus be done here.

The hydraulic system is assumed to consist of a constant pressure pump with
balance valve, a spool-controlled four-way valve and a single-rod cylinder for
each joint as shown in Figure 3.1. The constant pressure pump is assumed to be

23
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Figure 3.1: Schematics of the hydraulic system for the knuckle and knuckle jib
booms.

able to provide any volumetric flow at the given constant supply pressure. The
four-way valve is assumed to be matched and symmetric with a critical spool and
rectangular orifices, and the orifice flow is regularised. Hydraulic fluid in the valve
is considered to be incompressible. Because of the assumption of a critical spool,
there is neither leakage nor dead band in the valve. Practical valves, however,
are usually designed to be overlapped such that there is leakage in the valve; see
[18].

The cylinder is modelled by the mass balance for the two cylinder volumes,
and the hydraulic fluid in the cylinder is assumed to be compressible. Normally,
the equation of motion for the piston would be part of the model; however, since
the cylinder is connected to the crane structure, the piston motion is expressed
by the respective joint angle motion, and the mass of the cylinder and rod is
included in the crane links.

Normally, arrangements are provided on the cylinders in order to avoid over
and under pressure, see [17]. This is not included in the model.

Transmission lines between the components are not regarded. This implies the
assumption that the hydraulic fluid is incompressible in the transmission lines.
The force applied by the cylinder must be input to the crane’s equation (2.21) of
motion as a joint torque. This mapping is found by geometric considerations in
Section 3.6.

Restrictions on the piston travel are included in order to ensure the validity of
the hydraulic cylinder model. This is implemented by setting the valve position
to zero when the cylinder piston reaches a limit and stopping the piston motion.

A model for actuation of the king/slewing motion is not considered in this
thesis since the payload and hoisting cable model only comprises vertical forces.
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Figure 3.2: Four-way valve schematics. The illustration is adapted from [10].

3.2 Constant pressure pump

The constant pressure pump and balance valve are assumed to provide a constant
pressure ps to the hydraulic system regardless of power consumption P, = psqs,
where ¢ is the volumetric flow from the pump to the four-way valve as shown in
Figure 3.1.

3.3 Four-way valve

The four-way valve model used in [30] is of the type spool-controlled, matched
and symmetric with critical spool derived in [10]. By varying the spool position
the flow areas of the valve’s orifices are varied. A matched and symmetric valve
has the properties given by Equation (3.5), and a critical spool means that there
is no dead band from spool position to port area, and there is no leakage in the
valve. Refer to [18] for a thorough review of four-way valves.

The valve consists of four restrictions/orifices connected as shown in Figure
3.2 with the flows ¢4, ¢, ¢. and g4. From the illustration and the assumption
that the hydraulic fluid in the valve is incompressible, we see that the flows into
and out of the four-way valve are given by the four restrictions a, b, ¢ and d as

s = qa + @, G = qc+ qa (3.1)
q1 = 4a — qc, 42 = 4dp — 4d (3.2)
The flow through a restriction can be described by the regularised flow char-
acteristic
vRetr AA AA
Sullew VEVASRP (3 422) . AAp < Fy

: (3.3)
CaA\/ S Ap, Fp < AAp

q(A, Ap) =
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where

9Re?.pv?
8C2 4

The parameters used in Equations (3.3) and (3.4) are the threshold Reynolds

number Res = 1000, hydraulic fluid density p = 900 kg/m?, kinematic viscos-

ity v = 30-107% m?/s and discharge coefficient Cy = 0.6. The values and the

regularised flow characteristic are taken from [10].

Fy = (3.4)

The regularised flow in Equation (3.3) describes the flow as laminar for low
Reynolds numbers, and turbulent for high numbers, and the threshold for switch-
ing between laminar and turbulent flow is given by Equation (3.4).

The argument A in Equation (3.3) is the port opening. For a matched and
symmetric four-way valve, the port areas are designed such that

Ay(xy) = Ag(zy) = Ap(—x0) = Ac(—20), (3.5)

and with a critical spool and rectangular orifices, the areas may be expressed as
a function of the spool position x, according to

0,z, <0

Ag(xy) = Ag(zy) = { (3.6)
by, y > 0
—bxy, 1, <0

Ap(zy) = Ac(zy) = { (3.7)
0,2z, >0

The flow through the restrictions are thus given by

Ga = qa(Aa,Ps — 1) (3.8)
@ = qv(Ap, ps — p2) (3.9)
ge = qp(Ac; p1 — pr) (3.10)
qa = qp(Ad; p2 — pr) (3.11)

with port areas given by Equations (3.6) and (3.7), and the pressure drop is given
by Figure 3.2.

Only the port areas, i.e. the area constant b and spool position limits |z,| <
ZTomas, Must be determined for the valve model. — The pressure drop over the
restrictions are given by the supply and return pressures ps, p., and the pres-
sures in the cylinder volumes, pi, p2, are given by the dynamic equations for the
hydraulic cylinder derived in Section 3.4.

In [30] the area constant is expressed as

dmax 3p
p— dmar_ [P 3.12
Cdmvmaz Ds ( )

where g, is the maximum flow through the orifice, and z,,,,, is the maximum

opening of the orifices of the valve. Since the valve is symmetric, ¢mnqz and .,



3.4. SINGLE-ROD HYDRAULIC CYLINDER 27

will be the same for all four orifices. The maximal flow must be chosen so as
to allow for a certain maximum piston speed, v,,,.,. This is accomplished by
choosing

Umaz = ApUppans (3.13)

where A, is the piston area defined in Section 3.4. This gives the area coeflicient

Apvp,  [3p
b= P Pmax =, 3.14
Cdxvma,; Ps ( )

By noting that the port area is given by

Ty Apv 3p
A=ax,b= _Y 7P "Pmaz = 3.15
g ‘,B'Umaz Cd pS ( )

the port area may be expressed by the spool position in relative terms by

A= 2,b = Z,b, (3.16)
where
- Ay 3p
b= —LLmar, [, 3.17
Cd Ds ( )
and
- Ty
Ty = — € [-1,1], (3.18)

In this way, the maximum spool position need not be defined, only the area
coefficient b.
Spool dynamics are incorporated by a second order transfer function according
to
Ty 1

(s) =

xvd % + QChiS + 1

(3.19)

and taking the natural frequency to be wy, = 100 rad/s and relative damping to
be ¢, =1, i.e. critically damped system. This approach is also used in [30].

3.4 Single-rod hydraulic cylinder

The dynamic model for the single-rod hydraulic cylinder illustrated in Figure 3.3
is described in [10] as

Vio+ Az, . .

= 3 lxpm = —Cim(p1 — p2) = Cempr — A1Zp + 1 (3.20)
Vog — A

mszpr = —Cim(p2 — p1) — Cemp2 + Aaip + @2 (3.21)

mydiy = —Bpdpy + A1p1 — Asp2 — F, (3.22)
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q2

‘/17p1 ‘/27p2
Ay

@ Ay

—

Figure 3.3: Schematics of a single-rod cylinder. The illustration is adapted from
citeModSim.

where p; and po are the pressures, A; and Ao are the cross sectional areas, Vig
and Vo are the chamber volumes when the piston position x), is zero, and ¢
and ¢y are the flow into the chamber for the respective chambers, § is the bulk
modulus, Cj,, and C,,p, are the internal and external leakage coefficients, B, is
the cylinder viscous friction coefficient, m; is the mass of the piston and load,
and F, is the external load force. The bulk modulus is taken from [10] to be
3 = 7-108 Pa, which, according to [10], may change by a factor of 10.

By assuming that the piston has cross sectional area A, and the rod has cross
sectional area A,, the cross sectional areas for the volumes are given by

Ay =4, Ay=A,— A, (3.23)

Given the force the cylinder must be able to generate, Fj, and the supply
pressure ps, the piston area is found as

Fy
Ay =—, 3.24
"o (329
and the volumes at x, = 0 are
Vip=0 (3.25)
Vao = Ars, (3.26)

where x4 is the piston stroke defined in Section 3.7.

The mass of the piston and load is found by assuming that it is given by the
mass of the cylinder rod. Assuming that the rod is hollow such that it has a mass
density of one fourth to that of steel density, the mass is given by

1
my = ZpsteelArLroda (327)

where L,,q is the length of the rod defined in Section 3.7.
The coefficient for viscous friction B, is given in [30] as

B, = 4§A,/5V”:t, (3.28)
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where ¢ € (0.1,0.5) is relative damping, A = Ay and V; = %(Al + Ag)zs. The
leakage coefficients C;,,, and C.,, are given by the equations

_ Vi
Cim = Bp(1 — ) P (3.29)
1
Cim = Cim + §C€m (3.30)
Cem = 0.1C;m, (3.31)

where « is a scaling factor. The derivation of B, Cjp, and Ce,, is reproduced in
Appendix B.

For simplicity, the leakage is zero in most simulations. If leakage is present,
the booms will creep, and extra controller functionality should be included in the
model in order to keep the booms at constant luffing angles.

3.5 Change of coordinates for the piston motion

As stated in Section 3.1, the piston motion may be expressed by the joint angle
motion for the respective joint. Simulations in [30] show that not doing so, but
including the piston equation of motion (Equation (3.22)) in the model, leads to
inconsistencies between the joint and piston motions.

This problem is circumvented by expressing the piston motion by the joint
angle motion and geometric considerations as shown below. The piston mass for
Link ¢, my,, is included in the model by adding it to the mass of Link 1 —1, e.g. the
total mass of the king is the mass of the king itself plus the mass of the cylinder
of Joint 2. This will also increase the moment of inertia for the respective link.

The force applied from the cylinder rod F' is

F=— pip + A1p1 — Agpg (332)

Figure 3.4 illustrates the geometry of the cylinder — and its attachment points
P, and P» on the crane structure — and the joint — at the intersection of lines K
and L. K and L denote the constant distance from the joint to the attachment
points, and the cylinder goes along P. The principle works for all joints, but
during the explanation of the principle, Joint 2 is considered. K; goes along the
centre line of the king, and K5 is the distance from the king centre line to the
cylinder attachment point P, on the king. L; is the distance along the xo-axis
to the attachment point P, on Link 2, and Lo is the distance from the zo-axis to
the cylinder attachment point on the knuckle boom. The angle between the lines
K7 and K is denoted by k, and [ is the angle between the lines L and L.

The distance P between the cylinder attachment points P;, P», is found by
the cosine rule

P=\/K?+L?—2KLcos(c) (3.33)
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Figure 3.4: Link-cylinder geometry.
For Joints 2 and 3 c is given by
CQZQQ+g*]€*l (334)
c3=q3+m—k—1, (3.35)
respectively. The piston position is given by
Tp = P — Ly, (3.36)

where L,,q is the length of the cylinder rod, and the piston velocity by

¢LK sin(c)

= (3.37)

i, =P =

The rod length is defined in Section 3.7.

3.6 Mapping the cylinder force to joint torque

The force F' applied by the hydraulic cylinder must be mapped into the resulting
joint torque. With reference to Figure 3.4, the mapping is given by

7 = FLsin(b) (3.38)
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By the sine rule
sin(b)  sin(c)

© - p (3.39)
and the resulting expression for the mapping is
LK si
= jfl(C)F (3.40)

A simpler approach would be to assume that the cylinder was attached on
the link’s centre lines, i.e. K9 = Lo = 0. However, this will result in an applied
torque which is considerably lower than the torque given by the more elaborate
approach.

3.7 Limited piston travel

For Equations (3.20) and (3.21) to be valid, the piston position must be limited to
the range z, € [0, z5]. Otherwise, either of the cylinder volumes will be negative.
Also, on the limits x, = 0 and x, = z, the volume of Chamber 1 and Chamber
2, respectively, will be zero, which results in division by zero in the respective
equation. Hence, in order to ensure numerical stability, the piston travel must
be in the range z, € (0, z;).

In physical cylinders there usually is some arrangement to reduce the piston
velocity gradually as the piston is approaching one of the cylinder ends. This
arrangement is incorporated in order to avoid pressure peaks when the piston
runs into the cylinder wall, and may for instance be a mechanical solution or
programmed control of the valve spool position depending on the piston position,
see [17].

This functionality is integrated into the hydraulics model by the latter prin-
ciple, and is chosen to the author’s convenience.

By studying Figure 2.1, limits for the joint angles of Joints 2 and 3 may
be found denoted by q2,,pers 2owers Bupper A q3,,.,- The joint limits put
restrictions on the length of P, such that P € [Pin, Pnasz], where the limits are

given by
Pmax = \/K2 + L? - 2KL COS(Cupper), (341)
where
+ T -k —1 for Joint 2
Cupper = Pupper 2 (342)
Bupper + 7 — k=1 for Joint 3
and
Pmin = \/K2 + L? —2KL COS(Clower)a (343)
where

©per + 5 —k —1 for Joint 2
Clower = { 2 2 (344)

3iower + T — k=1 for Joint 3
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Figure 3.5: Cylinder with buffer zones in both ends.

Consider Figure 3.5. By defining a buffer length [, in both ends of the cylinder,
it is seen that the length of the rod is given by

Lyod = Prin — b, (345)

and that the cylinder stroke (or, equivalently, the length of the cylinder) is given
by
s = Pz — Prmin + 21 (346)

The cylinder model is valid as long as x,, € (0, z,). However, when the piston
reaches either of the buffer zones, the valve spool position will be set to zero
stopping the piston motion. The spool position will now be zero until a command
to move the spool in the opposite direction is given. The block diagram for the
function is found in Figure C.3.

3.8 Model parameters

The hydraulics model requires 30 parameters, and since it will be used to actuate
both the knuckle boom and knuckle jib, a total of 60 parameters are required.
Some general parameters are stated in Section 3.3 for the four-way valve, and
by the assumptions presented during the model derivation, the parameters re-
quired for both models are the ones listed in Table 3.1. This gives a total of 28
parameters.

The supply pressure p, from the constant pressure pump and the return pres-
sure p, are chosen in accordance with [30]. The maximum piston velocity vy,,..
and the force Fy that the cylinder is designed to hold are chosen by simulations
in order to ensure reasonable and stable simulations. The only justification for
the choice of the cross sectional area A, of the rod is that it should be smaller
than the piston cross sectional area and give a reasonable value for the mass of
the piston and load m;. The relative damping ¢ in the expression for the viscous
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Table 3.1: Configuration parameters for the hydraulics models.

Parameter | Joint 2 Joint 3
Ds 30 MPa | 30 MPa
Dr 0 Pa 0 Pa

Uprmas 0.1m/s | 0.1m/s
Fy 9.81 MN | 3.92 MN
A, 02-A4, 0.2-A4,
¢ 0.5 0.5
«Q 1 1

diower 0° —150°

Qupper 70° —20°
K 3.9m 8.1m
Ky 1.8m 2.3 m
Ly 8.7 m 2.7 m
Lo 2.3 m Om
Iy 0.3 m 0.2 m

piston friction B, is chosen as high as [30] allows in order to ensure as good sim-
ulations as possible. The scaling factor « is chosen in order to simulate without
leakage in the cylinder. The parameters gower, Gupper, K1, K2, L1 and Lo are
found by studying Figure 2.1. The buffer length [ is chosen by tuning in order
to obtain stable simulations. However, if reaching a limit with too high joint
velocity, e.g. if lowering the knuckle boom too fast, it is still possible to force the
piston position beyond the limit x, € (0, zy).

The remaining model parameters may now be defined by the parameters in

Table 3.1.
4.3 m for Joint 2
K=/K+ K2~ { L fon o (3.47)

8.4 m for Joint 3

9.0 m for Joint 2
L:\/L%JrL%%{ T on o (3.48)

2.7 m for Joint 3

K L

C2 =@z + g — tan (Ki> — tan (ﬁ) ~ g2 + 0.81 rad (3.49)
K L

c3 = q3+ T — tan (2> — tan <2) ~ g3 + 2.9 rad (3.50)
K Ly

6.8 m for Joint 2
Pin = \JK? + L? — 2K Leos(cioer) = § 0 (3.51)
5.8 m for Joint 3

P \/KQ L2 9K L cos( ) 11.5 m for Joint 2 (3.52)
= — Cos(c ~ .
e i 10.7 m for Joint 3
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6.5 m for Joint 2
Lyod = Prin — lp = _ (3.53)
5.6 m for Joint 3

5.4 m for Joint 2
Tg = Pmaa} - Pmin + 2lb ~ (354)
5.3 m for Joint 3

A, = A (3.55)

i) 0.39 m? for the cylinder of Joint 2
Ds 0.16 m? for the cylinder of Joint 3

0.079 m? for the cylinder of Joint 2
A, =024, ~ (3.56)
0.031 m? for the cylinder of Joint 3

0.31 m? for the cylinder of Joint 2
Ay =A,— A, =084, ~ (3.57)
0.13 m? for the cylinder of Joint 3

The area coefficients are *

2 .
p_ ApUpas 3p ~ 0.46 m~ for the valve of Joint 2 (3.58)
Cq Ds 0.18 m? for the valve of Joint 3
The mass of the piston and load is given by
1 1000 kg for the cylinder of Joint 2
my = 7psteelArL7‘od ~ . . 5 (359)
4 344 kg for the cylinder of Joint 3

where pgieer = 7800 kg/ m? has been used.
The values for the masses and inertia tensors of the crane links are now

my =50t (3.60)

me = 27t (3.61)

ms =11t (3.62)
[8.9-10% 0 0

I, ~ 0 8.9-10* 0 kg m? (3.63)
. 0 0 1.5-10°
[1.6-10% 0 0

I, ~ 0 1.2-10* 0 kg m? (3.64)
| 0 0 1.0-10°]
[3.1-103 0 0

I3 ~ 0 2.3-10° 0 kg m?, (3.65)
| 0 0 1.5-10°]

*The area coefficients given by the equation are quite large, but they are still chosen to
be used in the simulations. The simulator has also been tested with smaller, more reasonable
values, and the simulations are still realistic.
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and the viscous joint friction coeflicients are

Fy ~3.6-10% kg m?/s (3.66)
Fu =~ 9.8-10° kg m?/s (3.67)
Fy3~1.4-10° kg m?/s (3.68)

3.9 Initialisation

The hydraulics model requires initial values for the pressure of the two cylinder
volumes in Equations (3.20) and (3.21). These are found by simulating one step
of the crane model in order to find the resultant torques 7; acting in each joint.
In steady state the force from the cylinder on the boom counteracts this torque.
The required force from the cylinder is found by rearranging Equation (3.40) to

P

Feo ™
LK sin(c) "

(3.69)

where c is given by the initial joint angles and offsets for each joint as described
in Section 3.5.
Equation (3.32) gives the expression

F = Aip1 — Aapo (3.70)
for the force in steady state. By assuming the relation

P1+ P2 =pPs + Pr, (371)
the initial pressures are given by

Ay (ps +p7") - F
= 3.72
b2 A+ Ay ( )

and

P1=Dps +Dr — D2 (3.73)

The assumption given in Equation (3.71) is justified as follows: It is assumed
that the valve model for turbulent flow

/2
q(A,Ap) = C4A ;AP (3.74)

applies and that the load is symmetric, i.e.

g1 = —q2 (3.75)
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Inserting the relations from Equation (3.2) gives

Ga —4c = d4d — b (376)

By assuming a positive spool position the port areas A. = A, = 0, and Equation
(3.76) is reduced to
da = qa (3.77)

Next, the turbulent flow model is substituted into Equation (3.77)

2 2
CaqAq ;(ps —p1) = CqAq ;(m —Dr) (3.78)

From Equation (3.6) we have that A, = Ay, and the flow equation is reduced to

¢i@s—po=:¢i@2—p» (3.79)

Squaring both sides gives

i@fmnzﬁm—mx (3.80)

and finally, the pressure relation

Ps tPr=p1+p2 (3.81)



Chapter 4

Payload and hoisting cable

4.1 Introduction

This chapter describes the dynamic model of the payload and hoisting cable. The
model comprises a load attached to the lower end of a hoisting cable modelled as
a linear spring-damper, and forces acting on the load, that is hoisting cable force,
hydrodynamics and normal force from a supporting deck. The model handles the
transitions between the lifting phases from the load is resting on a deck to lifting
it through the air, into the water and back to the deck.

When landing a load on the seabed the added mass will increase exponentially
with decreasing distance to the seabed. Also, the load may sink into the seabed.
Such effects are not included in the model, and, hence, the model cannot simulate
this scenario realistically.

The model is to a great extent based on a similar model derived in [28].
However, a different approach has been used for the normal force.

The derivation of the hydrodynamics is based on [11], and the derivation is
based on potential theory and momentum considerations.

4.2 Assumptions

The model is limited to only considering vertical forces on the load and the
hoisting cable. The top end of the cable is assumed to be at the boom tip.
Exogenous variables are the boom tip motion, the nominal cable length, wave
motions and the motions of the deck which the load is lifted from or landed onto.
The force acting on the crane boom tip and the winch from the hoisting cable is
derived in Section 4.8.

In the modelling it is assumed that the mass of the load M; is a point mass
positioned at the lower end of the hoisting rope. Then the sum of forces exerting

37
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Figure 4.1: Definition of variables

the rope end/load can be written according to Newton’s second law as

Mz =Y F, (4.1)

where Z; is the load’s acceleration. The modelled forces are gravity GG, the cable
force F,, normal force N, and the hydrodynamic force F}. Hence, the sum of
forces acting on the load can be written

Y F=G+F.+N+F, (4.2)

The derivation of the respective forces is summarised in the succeeding sections.

The one-dimensional axes system used in [28] is assumed to be inertial with
positive axis upwards and origin at the mean free-surface water level, see Fig-
ure 4.1. As discussed in Section 2.5, the n-frame is also considered inertial. Since
the payload and hoisting cable axes system has a positive vertical z-axis, and
both the n-frame and the payload and hoisting cable axes system have their ori-
gins at the mean free-surface water level, representing the forces and motions of
the payload and hoisting cable model in the n-frame is equivalent to multiplying
the values by —1.

The positional variables defined in the figure denote the crane boom tip po-
sition zp, the lower end of the hoisting rope (or, equivalently, the upper point
of the load), z;, and the wave elevation z,. The nominal cable length L. and
the load height H; are also denoted in the figure. The boom tip position (and
its derivatives %, and %) are provided by the crane model in Chapter 2, and the
nominal cable length (and its derivatives Lc and ﬁc) are provided by the winch
model in Chapter 5.

From the figure the elastic elongation of the cable AL, is defined as

ALC =Zp — 2 — LC (43)
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the submergence of the load h as

0 -+ H <0
zw— 2+ H zy— 2+ H >0,
and the relative submergence
~ h
h=— 4.5
i (45)

The load submergence is assumed to be constant in space at any arbitrary
time instant.
4.3 Force of gravity
The force of gravity applied to the load is

where g is the acceleration of gravity.

4.4 Hydrodynamic forces

Expressions for the hydrodynamic force may be formulated depending on the
load’s position in the water. The positions/cases treated in [28] are water entry,
water exit and fully submerged load. Also, the transitions between these cases
are treated.

The general hydrodynamic force in [28] is given by

by = %fsmm(w, 2) + Ass (i — ) + pwQ(h) fri (W, 2) + pwgQ(h) +  Fp,
—_— =~
Slamming Added mass Froude-Kriloff Buoyancy = Damping
(4.7)
The slamming and added mass coefficients, and the expression for the sub-

merged volume of the load, dﬁ%, Ass and Q(h), respectively, depend on the

geometry of the load, and must be defined for a specific load geometry. Two load
geometries where considered in [28], see Sections 4.4.1 and 4.4.2. The variable w
is given by

_Qw
w = Zye Hs™ (4.8)
zs = max(0, 2y — 21),
and describes the vertical wave velocity as a function of submergence z,, and is

used instead of the usual water surface elevation velocity, Z,,, in order to account
for the decreasing wave affection on the load as it is being submerged. This
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allows for the transitions between water entry to fully submerged load, and back
to water exit. The parameter o, is found to be

v = 0.45 (4.10)

by assuming that there is five percent effective wave affection at a submergence
of zg = 20 metres and significant wave height H; = 3 metres.
The factors fgam and fri are defined by

. 2 . .
) w— 2 if 2 <0
fstam(w, ) = ( ) . . (4.11)
0 if z1 >0,
Foc (i, 2) w if 21 <0 (4.12)
FE\W, Z21) = .
0 if 2 >0,

which make slamming and Froude-Kriloff forces active during water entry, but
not during water exit.
The two alternative damping models presented in [28] are

1 . .
Fhn, = prC'DAp lw — %] (w— %) and (4.13)
Fy, = By (w— %)+ Ba|w — | (w— %) (4.14)

The second alternative is the preferred model since it also incorporates linear
damping, which is both physical and attractive with regard to numerical stability
of the simulator.

The remaining constants introduced in the above equations are water density
pw = 1025 kg/m?3, nondimensional quadratic drag coefficient Cp, projected area
of the load A, linear damping coefficient By, and quadratic drag coefficient
B2 = %prDAp-

By the above definitions, and the following definitions of the geometry specific
factors, the transitions between the considered cases will be sensible.

4.4.1 Load geometry: Sphere

For a sphere with radius H;/2 and submergence h the submerged volume of the
load is

H
o) = (35— k) K% 0 <h < B (4.15)

The derivation of the added mass and slamming terms follows the derivation
given in [25]. The added mass and slamming terms used for the sphere are shown
in Figure 4.2. These have been reconstructed by inspection of Figure 5.2 in [25].
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Figure 4.2: Nondimensional added mass term C, (top) and slamming term Cj
for a sphere as function of relative submergence.

The nondimensional added mass is formulated by

172, 0<h<0.3733
Co = {2 07— <— (4.16)

—0.5362h2% + 1.2187h — 0.3924, 5

Linear interpolation is used in the range 0.3733 < h < 1.123. The nondimensional
slamming term is defined by linear interpolation between the points

(Cs,h) ={(0,0),(1.9,0.3733), (1.9,0.7467), (0,1.123) } (4.17)
The dimensional added mass term is given as
Asz = CapuwVi, (418)

where V; = 7rHl3 /6 is the volume of the sphere, and the dimensional slamming
term is

dAzz 1
T = 5CapudL, (4.19)

where A; = TH}? /4 is the projected area of the sphere.
Only nonlinear viscous drag with the value

Cp =047 (4.20)

is used in [25], and this will thus be done here.
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4.4.2 Load geometry: Rectangular box

The derivation of the submerged volume, added mass and slamming terms follows
the derivation in [13].
For a rectangular box with length L;, breadth B; and height H; the submerged

volume is

Q) — {LlBlh, 0<h<H, (wa)
L;BH;, h> H,
and the added mass and slamming terms are
Ass = pw(h) = puwLiBih (4.22)
d;f = pwLi B, (4.23)

The nondimensional added mass term is thus derived in the following way:

Aszz = CapuwV (4'24)
pwliBih = Cqpyw Ly BiH (4.25)
hoo-
a - = 9 4.2
Cum g = (4.26)
i.e.
h, 0<h<1
C, = 0= (4.27)
Ch>1

and the nondimensional slamming term is found in the same manner:

dA 1
d§3 = 5 CspuH) (4.28)
1
pwli By = icsple (4.29)
LB .
c,=22Lo<h<1 (4.30)
H,
ie.
oLiBi g<h<1
Cy=1 M - (4.31)
0, otherwise

Only nonlinear viscous drag with the value
Cp=12 (4.32)

is used in [13], and this will thus be done here.
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4.4.3 Hydrodynamic forces on the hoisting cable

The buoyancy due to the submerged cable is
F., = pwgAcLe,, (4.33)

where
L., = min(0, 2z, — 2) (4.34)

is the submerged part of the cable. Since half the mass of the cable is assumed to
be rigidly attached to the load, only half the length of the cable may contribute
to the load’s buoyancy such that the added buoyancy to the load due to the
submerged cable is given by

cbload = pngchSload’ (435)
where 1
Cotong min (Lcs, 2Lc) (4.36)

The remaining part of the cable buoyancy,

Fcbboom = pngCLchoom, (4.37)

where

=L, — (4.38)

Csboom Csload

will be accounted for in the expression for the boom tip force derived in Section
4.7.

For the cable parameters used in this thesis, the buoyancy reduces the weight
of the submerged cable with approximately 11% compared to the weight of the
cable in air.

Tangential drag on the hoisting cable due to its motion in water was con-
sidered in [28] to be insignificant. However, if the model was to account for
horizontal effects such as currents, the drag forces would be significant.

4.5 Cable force

The cable effects considered are the spring force, internal damping, force of gravity
and inertia. In addition, slack rope is modelled.
The force of gravity is given by

1
F., = —ipchc, (4.39)
where p. is the cable mass per metre. This means that half the cable mass
contributes to the force of gravity on the load and the static deflection of the

cable. Using half the cable mass is justified in [28]. In a similar manner, the
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half the mass is assumed to be rigidly attached to the load and contribute to the
load’s inertia according to

1 ,
F,, = _ipCchl (4.40)
The spring force derived in [28] is
EA
Fe, = ——AL, (4.41)
L

where F is the modulus of elasticity /Young’s modulus and A, is the cable’s cross
sectional area. The internal damping is given by

F., =d(z— %) (4.42)

The expression for the damping term d is found as follows: The equation of
motion for the lower end of the cable with no external forces is given by

F.,+ F., + F., =0, (4.43)

Inserting the above expressions gives

1 EA.
— §pCLC:?fl + d(é’b - Zl) + 7 AL.=0 (4.44)
2d 2F A, 2 EA,
z = : — L, 4.4
LT pel?  peLe (dzb "L G )> (4.45)

which gives the natural frequency

1 [2FA,
= 4.4
0 L, Pc ’ ( 6)
and the damping
d = (pcLewoy = (V2EAcpe, (4~47)

where (. = 0.05 is the cable’s relative damping given in [28].
Slack rope is modelled by multiplying the spring and damper terms according

to
Fe,q = (Fe, + Fey)g(ALe), (4.48)
where
0 AL.<0
9(AL:) = - (4.49)
1 AL.>0

such that their contributions are zero when the cable elongation is negative.
The resultant force from the cable F, in Equation (4.2) is now given by

Fc:ch +Fci+FCs,d (450)
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4.6 Normal force

In [28] a model for the normal force when landing the payload on a surface
was derived from a spring-damper concept. This model required spring and
damper parameters to be tuned in order to achieve the desired response, and also
the integration method and its step size had to be regarded in order to ensure
numerical stability.

Since the magnitude of the normal force is not needed elsewhere in the model,
only its effect, simulating load landing may be performed in a simpler manner.
The presented model is developed based on ideas from Olve Mo at Marine Cy-
bernetics.

The model works as follows: When z; — H; — zg < 0, the load’s position,
velocity and acceleration is switched to

21 = zq + H (4.51)
21 = 24 (4.52)
5= 3 (4.53)

Once the computed load acceleration is greater than the acceleration of the deck,
i.e. Z; > Z4, the payload integrators are reset with initial conditions in accordance
with Equations (4.51) and (4.52), and the output load motion is switched back
to the integrators. Figure C.5 shows the block diagram for the payload dynamics
and the logic for the switching and resetting the integrators.

This solution requires no configuration, and will be numerically stable.

Since the geometry of e.g. the vessel deck is not included in the model, a
logic variable Ne,qpe is included in the model. As long as Neyqpe = 1, the above
normal force concept applies. When Negpape = 0, on the other hand, the concept
does not apply. For example, this may be used when simulating that the load is
lifted from the deck into the air and eventually into the water. At the beginning
of the simulation, Ng,qe = 1 and the load is supported by the deck. When the
load is lifted from the deck and suspended by the hoisting cable, N¢yqpie is set to
zero, and the load may now be lowered into the water.

The model presented in [28], however, may be a good starting point for mod-
eling landing on non-rigid surfaces such as the seabed.

4.7 The boom tip force

The payload and hoisting cable model influences the crane model in Chapter 2
and winch model in Chapter 5 through the boom tip force to be derived in the
present section.

The force experienced by the hook is given by the cable spring and damper
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terms derived in Section 4.5, i.e.
Fhook = (ch + ch)g(ALc)7 (454)

If the cable was mass less, the hook force and boom tip force would be equal.
This is not the case, however. As stated in Section 4.5, half the mass of the cable
is assumed to be rigidly attached to the payload. The remaining half is assumed
to be placed at the boom tip. Then the boom tip force is given by the hook
force Fook, the buoyancy on the top end of the cable and the gravity and inertia
acting on the top end cable mass according to

Fboom = %pCLC(g + éb - Lc) - prCLCSboomg + Fhook7 (455)

Now, if the cable length was constant, i.e. L. = L. = 0, the mass of the top
end of the cable would normally be assumed to be rigidly attached to the boom
tip. And, conversely, if the boom tip was standing still, i.e. 2, = %, = 0, the mass
of the top end of the cable would normally be assumed to be rigidly attached to
the winch drum.

However, the force acting on the boom tip will depend on the acceleration of
the cable, and, conversely, the force acting on the winch drum will depend on the
acceleration of the boom tip. Hence, the top end cable mass cannot be rigidly
attached to neither the boom tip nor the winch drum.

The direct implementation of Equation (4.55) as the boom tip force will result
in an algebraic loop in the model. By using the boom tip and cable accelerations
from the previous time step, the algebraic loop is avoided. Care must be taken
when using this solution as it may have unexpected side effects and result in
degenerated simulator performance.

The expression of Fjy,m, represents the force with which the boom tip and
winch drum act on the top end of the cable. Since the payload and hoisting cable
model is derived in a reference frame with positive z-axis pointing upwards, the
force f;!  provided to the crane dynamics model is given by

fr00m =1[0 0 _Fboom]T (4.56)

4.8 Dynamic amplification factor

It is imperative that the forces on the load and cable are kept within limits
during the lifting operation. In [29] limits are given in terms of the Dynamic
Amplification Factor, referred to as DAF, which is defined as

Dynamic load + static load
Static load

DAF = (4.57)

(4.58)
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Table 4.1: DAF factors for offshore lifts for a given static hook load range. The
numbers are taken from [29].

Static Hook Load | DAF Offshore
50 — 100 t 1.30
100 — 1000 t 1.20
1000 — 2500 t 1.15
> 2500 t 1.10

For offshore lifts the DAF should be below the limits listed in Table 4.1 for the
respective hook loads, [29].

When planning operations with the use of simulators, the DAF is a useful
parameter to observe as the DAF must be within its limits in order for the
operation to be successful. Also, it is useful for verifying simulator correctness.

From the derivations in the previous sections of this chapter, the load’s equa-
tion of motion is

1 i} 1
(Ml + ipCLc + A33)Zl = <pw (Q(h) + ACLCSload) o Ml N pCLC> g t FhOOk

2
(4.59)
dAs3

+ Wfslam(wa Z) + Azzw + puQUh) frr (W, 2) + F,
In order to find the static hook force, velocities and accelerations are set to zero
in Equation (4.59) yielding
1
0= Pw (Q(h) + ACLCSload) - Ml - ichc g+ Fhook,static (460)

The static hook force is the found to be

1
Fhook,static = (Ml + Qchc - Pw (Q(h) + ACLCSzoad>> 9, (4'61)

and the DAF at the hook is thus given by

Fhook

DAFhook = 5,
Fhook,static

(4.62)
(4.63)

where Foo is given by Equation (4.54).
The static boom tip force is given by the gravity and buoyancy on the top
end of the cable in addition to the static hook force:

1
Fboom,static = Fhook,static + (2pCLC - prCLCsboom) g (464)

= (M; + peLe = puw () + AcLe,)) g (4.65)
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Table 4.2: Cable parameters for the two cable sizes used in the simulations. M BL
denotes the minimum braking load.

Parameter | Cable 1 Cable 2
D, 0.022 m 0.042 m
A, 228-107%m? | 831-107% m?
Pe 2.11 kg/m 7.65 kg/m
FE 74 GPa 74 GPa
MBL 186 kN 1.28 MN
DAFboom - Fboom (466)

b
Fboom,static

where Fyoom, is given by Equation (4.55).

4.9 Model parameters

The required payload parameters are the mass M;, height H;, length L;, and

dA3z3
dh

volume of the submerged load €2(h) and the linear and quadratic damping co-

breadth Bj, and the hydrodynamic coefficients added mass Ass, slamming

efficients, respectively. If the sphere geometry is used, the payload breadth and
length need not be defined.

By stating the type of geometry, payload mass, and height, length and breadth,
the hydrodynamic parameters will be defined as shown in Sections 4.4.1 and 4.4.2
for the respective geometry.

The required cable parameters are the cross sectional area A., the modulus of
elasticity F/, and the cable density p.. Another useful parameter is the minimum
braking load, which states the maximum tension level the cable is guaranteed
to withstand without braking. Also, the cable diameter is required in the winch
model, and will be stated here with all other cable parameters. Cable data is for
two cable sizes of the ScanRope ScanLift Multistrand 35 x 7 non-rotating ropes
given in [22] is used in the simulations. The data for the two cables is given in
Table 4.2.

The load geometry and size, and which cable is used, will be stated for each
simulation case in Chapter 7.

4.10 Initialisation

The cable and payload model requires initial values for the position and velocity
of the load. When the load is initially suspended in the cable, the initial position
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is determined from the equation of motion of the load

1 .
(My + Spele + Asz)% (4.67)

1 EA. . .
= (pw (Q(h) + ACLCSload) — Ml — 2pCLC> g + ALC + d(Zb — Zl)

L.
dAsz3 . ) .
+ Wfslam(wa Z) + Azzw + puQUh) frr (W, 2) + Fy,

Setting accelerations and velocities to zero reduces the equation to

EA,
) g+ AL (4.68)

[

0= <pw (Q(h) + ACLCSZO(Ld) - M; — %chc

By the use of the relation AL. = 2z, — z; — L. from Equation (4.3), the initial
position is given by
- EA,

1
21, (pw (Q(h) + AchSload) - M; — 2pCLC> g+ 2z — Le (4.69)
To simplify the above expression, it is tested whether z, — L. — H; > 0 or not. If
the expression is true, the payload is in the air, and the terms Q(h) are Lc%ad

zero. If the expression is false, on the other hand, it is assumed that the load is
fully submerged, such that

Q(h) =V, and (4.70)
1
sioad - 5 ¢ (471)

Assuming that the cable has a zero initial velocity, i.e. LCO = 0, setting
Zby = Zb (4.72)

is a plausible choice for the initial velocity.
When the load is initially resting on a deck, on the other hand, the initial
position and velocity is

Zlg = 24 + H; (4.73)

21y = Zd

Which set of initial values to be used is determined as follows: When the
initial position based on the suspended load approach is determined, it is checked
if 2, — H; — 24 < 0 and if the normal force model is enabled, i.e. Nepgpre = 1. If
both are true, the initial values of Equations (4.73) and (4.74) are used. If not,
the initial values of Equations (4.69) and (4.72) are used.






Chapter 5

Winch and drive system

5.1 Introduction

A short review of crane drive systems is given in [14]. The listed drive systems are
direct electric, electro-hydraulic, diesel, diesel-hydraulic, and hydraulic ring-line,
where the most common drive system on medium and large installations is the
electro-hydraulic. The electro-hydraulic drive system consists of electric motors
driving one or more hydraulic power units which in turn power a hydraulic motor.
One of the main advantages of hydraulic motors is, according to [18], the high
torque-to-inertia ratio. Models for hydraulic winch systems for offshore cranes
may be found in [31].

[14] also states that medium or high voltage direct electric drives may be
considered for large cranes. The advantages of electric drives are, according to
[14], high reliability and low maintenance and noise levels. Lifetime costs may be
lower for direct electric drives compared to electro-hydraulic even though it has
higher initial costs.

Due to its simplicity with regard to modelling and configuration, a direct
electric drive system will be modelled in this thesis. The drive model may be
replaced with e.g. an electro-hydraulic drive from [31] at a later stage.

The drive is assumed to consist of an AC motor powered by an inverter. The
motor may be run in all four quadrants; when the output motor power is negative,
it is assumed to be working as a generator/brake. It is assumed that there are no
dynamics from the electric torque supplied from the rectifier to the mechanical
torque output by the motor. The commanded torque from the rectifier is given by
a PI speed controller with anti wind-up, and the commanded torque has dynamic
limits. A disc brake model is also included.

The motor is assumed to be rigidly connected to the winch drum by a re-
duction gear, and the winch drum inertia varies with the amount of cable on the

o1
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Torque limits

Figure 5.1: Illustration of torque limits.

drum.
[10] gives a comprehensive review of the modelling of electric motors and
gears, and related material, and is to some extent used during this chapter.

5.2 Motor model with torque limits

According to [19], the equation of motion for an AC motor powered by an inverter
is given by

Jimom = —Dpmwm +T — T, (5.1)
O = Win (5.2)

where T is the motor torque, T, is the external torque from the load and D,
is a viscous friction coefficient for the motor and shaft. It is assumed that there
are no dynamics from the commanded torque from the rectifier to the output
torque T imposed on the motor. The output torque from the rectifier is limited
in order to avoid overload on the AC motor. According to [19], the torque limits
may be defined by the two quantities rated power P, and rated speed w,. They
denote the maximum power and speed that the motor can sustain indefinitely,
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respectively, and the limits are given by

. (P. P
min ( =&, == wm| < wp,,
Tim = (wr wm) o] < o (5.3)
0 lwm | > wy,,
Py
I e B (5.4)
0 lwm| > wr,,

such that the torque T" in Equation (5.1) will be limited by
— Tiim < T < Tiim, (5.5)

An illustration of the motor speed vs. torque function is provided in Figure 5.1.

5.3 Connecting a winch to the motor

The motor and winch are rigidly connected by a reduction gear such that the
winch shaft speed w,, and angle 6,, are given by

W = MWy, (5.6)
0 = nb,,
n € (0,1]

Given the winch inertia, J,, the kinetic energy of the motor-winch system is
given by

1
E, = i(me,%1 + Jpw?) (5.9)

The total inertia referred to the motor side, Jyt, may be found by combining
Equations (5.6) and (5.9)

1 1
E, = §(me,2n + Jyn?w?) = §(Jm + n?Jy w2, (5.10)
ie.

Jrot = Jm 4+ 12Ty (5.11)
The torque T, acting on the winch seen from the motor shaft 77, may be found

as follows:
Trwm = Tewy (5.12)
T, = 28T, =T, (5.13)

Wm,

By the same rationale, viscous friction on the winch seen from the motor side is

nDywm (5.14)
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Seen from the motor the model is now represented by
Jtotd)m == —Dtotwm + T— ’I’LTe, (515)
where the total viscous friction coefficient is

Dtot = Dm + an (516)

5.4 Winch inertia

The winch drum inertia J,, is given by the inertia of the winch drum itself, Jg,
and the inertia due to the cable wound onto it, J., according to

Jw =Jg+ J. (5.17)

An estimate for the winch drum mass M, and the drum inertia J; may be
found by the procedure in Appendix A.1 by assuming a mass density p, and that
the mass is homogeneously distributed in a cylindrical annulus with inner radius
Rg,, outer radius Ry, and width Wy according to

My = pr (RS — R3,) Wy (5.18)
and
1
Ja=5Mq (B3 + R3,) (5.19)

Accordingly, the winch inertia due to the cable on the drum J, is given by the mass
of the cable wound onto the winch drum, the winch drum radius, the distance
from the drum centre to the outermost cable layer R. and winch drum width
according to

Jo = %Mcd (B2 + R3) (5.20)

The expression for R, is given in Section 5.5, and the mass of the cable wound
onto the winch drum is given by

M., = p.L(b.), (5.21)
where p. is the cable mass per metre and L(6,) denotes the length of the cable
on the drum, expressed in Section 5.5.

5.5 Length of cable on the winch drum
The length of the cable on the winch drum is given in [31] by

L(6y) =2mnNpRgn + n(n — 1)Npnd. + (0 — 20nNp)(Rg + nd.),  (5.22)
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where Np = L‘%J is the number of cable turns per layer, d. is the hoisting cable

O
27’I’NF

wound layers of cable. If the total length of hoisting cable is L., and the length

diameter, R, is the winch drum radius and n = L J is the number of fully
of cable along the crane structure is L¢pqne, then the length of cable from the
boom tip to the load L. is given by

Lc = Ltot - Lcrane - L(ew) (523)

The cable radius, i.e. the distance from the winch drum centre to the outer-
most cable layer is given by
R.=Rg+d.mn (5.24)

However, if the flooring function is removed from n, i.e. expressing R. by

O

c = dc )
R Ry + 5Ny

(5.25)

the moment of inertia from the cable on the winch drum will be continuous.

5.6 Boom tip force to torque

The external torque T, may now be expressed in terms of the boom tip force
Froom and the cable radius according to

Te = Rchoom (526)

5.7 Disc brake

The disc brake is enabled by a flag. When it is enabled, the brake puts up a
constant torque in the opposite direction to the motor speed direction. At the
instant when the motor speed switches sign, the motor speed integrator is reset
to zero, and the applied torque from the brake is equal to but with opposite sign
to the sum of all other torque contributions (e.g. rectifier and load). This implies
that the brake can hold an arbitrary load torque, which obviously is not realistic.
However, it is assumed that the brake is made strong enough to hold any realistic
load. The brake is applied until the flag no longer enables the brake. The disc
brake block diagram is found in Figure C.7.

5.8 Speed controller

The commanded torque T, from the PI controller with anti wind-up is given by

T, = b (wm — wa) + / (ks(wm — wa) + kiam (T — T)) dr (5.27)
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where

B {min(TC,Tlim), T.>0 (5.28)

max(Te, —Tiim), Te <0,
and ki (Te — T) is the anti wind-up term, and wy is the desired motor speed,
and k, and k; are the proportional and integral gains, respectively, and ki, is
the anti wind-up feedback gain. The output torque from the rectifier is give by
T. The block diagram representation is given in Figure C.8. The anti wind-up
scheme is taken from [21].

The controller is enabled when the disc brake is disabled. When the controller
is enabled, the integrator in the controller is supplied with the initial condition

O (5:29)

i.e. the motor is torqued up such that it can hold the load suspended in the cable.

5.8.1 Controller gains

Inserting the control law (5.27) into Equation (5.15), assuming that the anti-
windup is inactive, yields

Jtotwm = —Diorwm — kp(wm — wq) — ki /(wm — wg)dr — nT, (5.30)

By Laplace transformation the equation becomes

1

Jrotwms = —Dyorwm — kp(wm — wq) — ki—(wpm — wq) — nTe, (5.31)
s
which is rewritten to
(Jtotsz + (kp + Diot)s + ki)wm = (kps + ki)wg — nT (5.32)

The transfer function from desired motor speed to motor speed is then given by

k k;

wﬂ s) = kpS + kl — Jtits + Jtot (5 33)
wd Jot5? + (kp + Diot)s + ki 52 & @s + Jk—’
tot tot

Equation (5.33) may be written in standard form (i.e. in terms of the relative
damping ¢ and the undamped natural frequency wy) as

kp 2
Wm Tt ° +wo
—(s) = 5.34
Wy (5) $2 + 2Cwos + wi (5.34)

The controller should yield a critically damped response, i.e. {( = 1. Now, the
integral gain k; is found by
ki = Jiorw) (5.35)
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and the proportional gain is

k:p + Dtot

= 2(4)0 = kp = 2Jtotw0 — Dtot (536)
Jtot

By deciding on wg, the controller gains are determined.
The controller gains depend on variable parameters, e.g. the total moment of
inertia Ji;. Using the exact values is done due to simplicity. Using approximate

values, however, will still result in a stable controller.

5.9 Model parameters

The crane should be able to lift a mass of M = 100t at a speed v = 2.5 m/s.
This requires the power
P =Mgv (5.37)

where g is the acceleration of gravity. Assuming a dimensioning factor of 1.5 the
rated power is

P, =15P ~ 3.7 MW (5.38)

According to [19], the rated speed is given by the maximum voltage frequency
delivered by the inverter divided by the number of pole pairs. Usually, the fre-
quency is either 50 Hz or 60 Hz. Assuming that the maximum frequency is 50 Hz,
and the motor has four pole pairs, the rated speed is

wy = 277% rad/s = 257 rad/s (5.39)

By the relation between the rated speed and the rated hoisting speed v

vR
Wr = ncy (540)
the gear ratio is given by
n = Ve (5.41)
Wr

The cable radius R., however, will vary with the amount of cable wound onto
the winch drum. Using the winch drum radius R, instead of R., and assuming
that the winch drum radius is

Ry =0.6m, (5.42)

gear ratio is
vRy
n =

wy

~ 0.019 (5.43)

The maximum motor speed is for simplicity set to wy,,, = 1.5w;.
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The motor inertia is found as follows: Accelerating the motor without load
by the constant torque T, = P, /w, corresponds to the equation

Imtom =T, (5.44)

According to Equation (5.3), as long as w,, < w,, the rated torque T, is constant.
The solution of Equation (5.44) is

wm(t) = win(0) + fit (5.45)

Assuming that the motor is accelerated from zero speed to rated speed in t
seconds, Equation (5.45) gives the expression

7. P
Iy = —t=—=t 5.46
W, w? ( )

According to [19], this acceleration usually takes between one and two seconds.
Assuming t = 1.5 s gives the motor inertia

Jm ~ 895 kg m? (5.47)

Friction in the motor is assumed to be viscous, and is found by assuming that
the power loss at rated speed is 10 % of rated power, i.e.

Dypw? = 0.1P, (5.48)

which gives the damping coefficient

_0.1P,

2
T

Dp,

~ 60 kgm/srad, (5.49)
w

For simplicity, friction in the winch drum is disregarded, and, hence, the total
viscous damping coefficient is
Diot = Dy (5.50)

The mass of the winch drum is found by assuming that the drum may be repre-
sented by a cylindrical annulus which is 0.06 m thick and Wy = 1.8 m wide with
the mass density p = 7800 kg/m? of steel. By Equation (5.18) the mass My of
the drum is then

My ~3.0t, (5.51)
and by Equation (5.19) the drum inertia is

Jy ~ 983 kg m? (5.52)
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Assuming that the winch is positioned on top of the crane in accordance with
Figure 2.1, the amount of cable along the crane structure, is approximated by
the sum of the length of the knuckle and knuckle jib booms, i.e.

Lerane = a2 + a3z = 33.8 m (5.53)
The total length of hoisting cable is set to
Loy = 1500 m, (5.54)
By simulations the speed controller parameter
wo = 12.5 rad /s (5.55)

is chosen.
The disc brake torque 200 kN m is chosen.

5.10 Initialisation

The winch and drive system model requires initial values for the winch motor
angle and winch motor speed. Since the cable length on the winch drum is given
directly by the angle, the winch angle must reflect this.

Given the initial length of cable wound onto the winch drum, L;,;;, Equation
(5.22) may be used to find the initial winch drum angle by the built-in Matlab
function fzero, where the function required by fzero is

2rnNpRgn + n(n — 1)Npnd, + (0 — 20nNp)(Rg + nd.) — Lini = 0, (5.56)

n= bffoJ (5.57)

Given the initial winch drum angle w,,,,,, the initial motor angle is

where

1
Crninie — Ewwinit7 (5-58)

where n denotes the gear ratio.
The initial motor speed is set to zero.






Chapter 6

Speed controller references

6.1 Introduction

The reference to the speed controller is given by the direct speed command, and
the HC and CT modes, and are superposed such that the desired speed is given
by

wq = Speedg + HCy + C'Ty, (6.1)

where Speed; may be viewed as the speed commanded from the crane operator’s
controls, and HCy and C'T}y are the speed commands provided by the automatic
HC and CT systems, respectively. For example, while operating in HC mode,
the contribution from HC); attenuates the vessel motion otherwise induced on the
load, whereas a non-zero speed reference from Speed, hoists of lowers the payload.
Another example is when using CT mode, and there is a relative motion between
the boom tip and the payload. Then HCj; will keep the cable slack constant, while
CTy provides the offset speed to pull in the slack and tighten the cable. Using
the CT mode with a command from Speed; does not make sense. Therefore,
logic is included to avoid that it happens.

The HC and CT modes are bumplessly enabled and disabled by a smoothed
step. Also, the desired speed Speedy is a smooth reference signal.

6.2 Heave compensation control

A review of different heave compensation and various heave compensation con-
cepts may be found in [27] and [20]. The concept chosen here is the so-called
direct winch drive.

The purpose of the heave compensation mode is to remove the influence of
the boom tip motion on the payload. The immediate suggestion to achieve this

61
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is by running the winch motor in counter phase with the boom tip velocity, such
that
Le=% (6.2)

Note that when the cable is payed out LC > 0 and w,, < 0. The rate with which
the cable is payed out with is given by the winch speed as

Le = —Rowy (6.3)
By the gear ratio n, L, is given by the motor speed wiy, as

Lc = —R.nwn, (6.4)

By substituting Equation (6.2) into Equation (6.4), the required motor speed is
given by

Zp
R.n’
Assuming that the boom tip motion is measured, the commanded speed from the
HC mode is

(6.5)

Wm = —

Zp

HC; = —
Ca R.n

(6.6)

6.3 Constant tension control

The purpose of the constant tension is to keep the tension in the cable at a desired
level. This mode is usually used to pull in slack in the cable when the load is
resting on a surface, such as the vessel deck or the seabed, and may be active
until the load is lifted from the surface.

Because of the integral action in the speed controller, a proportional con-
troller from the desired boom force to the commanded speed is considered to be
sufficient, such that the command from the CT mode may be expressed by

CTy = Kcr(Fy — Fyoom) (6.7)

where Fy is the desired cable tension, and the controller gain Kop is to be de-
termined.

For convenience, the winch and motor model with controller is restated from
Equation (5.30) as

Jtotwm = —Diorwm — kp(wm — wq) — ki /(wm —wq)dT — nT, (6.8)

where the external torque from Equation (5.26) is

Te = Rchoom7 (69)
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The transfer function from Fp,e,, to wy is found by reduction of block diagrams
to be
Do
KoK (200 — Bt ) s 4 wf)

Fy
H(s) = —"(s) KT N (6.10)
wd s (82 +2wos + —— + w0>
where
Ky, =nR., and (6.11)
EA,
K = 6.12
s Lc ( )

The deviation between the desired and actual cable tension force may be defined

as
€ = Fd - Fboom (613)

Assuming that the desired motor speed is given by the command from the con-
stant tension mode, i.e. wg = CTy, wy is given by substituting the expression in
Equation (6.13) into Equation (6.7) as

Wy = KCTe (6.14)

By substituting Equation (6.14) into Equation (6.10), the open loop transfer
function for the system is given by

Ky Ky ((2w0 — %) s +w%)

I3
boom — KerH(s) = Ker f (6.15)
s 2
S (52+2w03—|— thot +w0)
By defining
ker
Kop = —L_ 6.16
T KK, (6.16)

the open loop gain may be set by choosing a suitable value for kcp. By simula-

tions the value
kor = 30 (6.17)

is chosen.
A similar concept is found in [26], where parallel force/position control is
tested during water entry.






Chapter 7

Simulator evaluation

7.1 Introduction

The simulator is implemented in the Matlab/Simulink environment, and is eval-
uated by testing each of the modules separately, and successively joining two or
more modules in order to test module interactions before joining all modules into
the complete simulator. Finally, the simulator is connected to a vessel model,
and the vessel-crane interface is tested.

The payload and hoisting cable model is extensively tested in [28], and the
present implementation of this model is an improvement and extension of the
implemented software used there. Hence, this model will not be thoroughly tested
here. In [28], the simulations crashed when the load was lowered into the water.
The presented simulations in this thesis shows that this problem is solved. Also,
since a new model is implemented for landing a load onto and lifting it from a
deck, this feature will be validated through the simulations.

The chapter ends with stating some properties for the crane simulator.

7.2 Crane structure

The crane dynamics model is tested by running the model with various initial
values and verifying the model response. The presence of gravity and joint friction
shall make the model converge to a stated equilibrium point.

Two different sets of initial values are used. In both simulations a constant
load force of 1 MN acts on the boom tip, and the force is aligned with the accel-
eration of gravity. The simulations will also indicate whether the implementation
of the end-effector force is correct or not.

65



66 CHAPTER 7. SIMULATOR EVALUATION
Joint angle 1
1 T T
=
(]
S 0
o
_1 1 1
0 50 100 150
Joint angle 2
0 T T
>
(]
S, -100 R
N
(ox
-200 ; !
0 50 100 150
Joint angle 3
200 T T
g WWW\A/\/\/\AM
(]
=, 0
2]
O
-200 ; :
0 50 100 150
time [s]
Figure 7.1: Crane structure test, Case 1: Course of the joint angles.
Case 1:
Initial values: q(0) = [0° 0° 80°]7.
Expected results: Convergence to q = [0° —90° 0°]7.
Case 2:
Initial values: q(0) = [0° —80° 10°]T and roll angle ¢ =45°.
Expected results: Convergence to q = [—90° —45° 0°]7.
7.2.1 Casel

The course of the three crane joint angles of Case 1 are shown in Figure 7.1. All

joints converge to the expected values, and Joint 1 is unaffected by the motion of

the two other links. Figure 7.2 shows the first ten seconds of the simulation. The

bottom plot shows the angle between Link 3 and the horizontal, which should

converge to —90°. Due to the viscous joint friction, the mechanical energy in

the system should be monotonically decreasing. Comparing the top and bottom
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Figure 7.2: Crane structure test, Case 1: Initial course of the joint angles.

plots in Figure 7.2, indicates that this is the case.

7.2.2 Case 2

The course of the three crane joint angles of Case 2 are shown in Figure 7.3,
and the figure shows that the angles converge as expected. The convergence of
q1 is slow compared to the other two joint angles. The reason for this is that
the mass swinging with ¢; is given by the masses of all the crane links, and is
thus considerably larger relative to the friction coefficient of Joint 1 than e.g. the
swinging mass of Joint 3 relative to its friction coefficient.

7.3 Crane with hydraulics

In this section the crane model and the hydraulics model are joined in order
to test the hydraulics model. Since the hydraulics model does not contain any
equation of motion, there is little point in testing it separately.

The model is validated by five test cases. The two first cases validate that the
limited piston travel functionality is correctly implemented for both cylinders.
The boom tip force is zero during these tests. The two next cases test how heavy
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Figure 7.3: Crane structure test, Case 2: Course of the joint angles.

the crane can be loaded. The simulations of the first four test cases are performed
with no leakage in the cylinder. The last test case repeats the first case but with
leakage in both cylinders.

Case 1:

Why/How: Validate the limited piston travel functionality for the cylinder of
Joint 2 by running the cylinder with fully open valve both ways until the piston
limit is reached.

Ezxpected results: The piston motion stops at the limits, and the logic related
to stopping the piston motion allows for commanding the piston in the opposite
direction.

Case 2:

Why/How: Validate the limited piston travel functionality for the cylinder of
Joint 3 by running the cylinder with fully open valve to both limits.

Ezpected results: The piston motion stops at the limits, and the logic related
to stopping the piston motion allows for commanding the piston in the opposite

direction.
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Case 3:

Why/How: Determine how much the crane can be loaded when the joint angles
are around g = [0 50 —140]7° by increasing the boom tip force at a rate of
5 t/s until one of the cylinder pressures reaches the supply pressure level.
Ezxpected results: The pressure of Volume 1 of the cylinder of Joint 2 reaches the
pressure limit when the load is substantially larger than safe working load.

Case 4:

Why/How: Determine how much the crane can be loaded when the joint angles
arearound q = [0 10 —25]7° by increasing the boom tip force at a rate of 5 t /s
until one of the cylinder pressures reaches the supply pressure level.

Ezxpected results: One of the cylinders will reach the supply pressure level at a
lower load force level than in Case 3.

Case 5:

Why/How: Repeat Case 1 with a 25t payload and leakage in the cylinder to
verify that the model works with leakage.

Ezxpected results: The payload will creep, and the pressure will stabilise faster
than in simulations without leakage.

7.3.1 Casel

Plots from the simulation of Case 1 are shown in Figures 7.4 and 7.5. At around
5 s the valve is opened with maximum positive spool position, and the piston
moves outwards lifting the boom. Nearly twelve seconds into the simulation, the
piston reaches the upper limit, and the valve position is automatically decreased
to zero which stops the piston motion.

At around 20 s, the valve spool is commanded to a maximum negative po-
sition, and the piston moves inwards lowering the boom. This shows that it is
possible to command the spool in the opposite direction when the piston is on
the upper limit.

After nearly 47 s, the piston reaches the lower limit, and the valve position is
automatically increased to zero stopping the piston motion.

At around 58 s, the valve spool is commanded to a positive position, and the
piston again moves outwards and lifting the boom. This shows that it is possible
to command the spool in the opposite direction when the piston is on the lower
limit.

The bottom plot in Figure 7.4 shows that the piston of Joint 3 is slightly
affected by the motion of Joint 2. The motion is in the order of a few millimetres,
which seems plausible.

The cylinder pressures are shown for both cylinders in Figure 7.5. The figure
shows that when the piston reaches the upper limit large variations in the pressure
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Figure 7.4: Crane and hydraulics test, Case 1: Cylinder piston motions during
testing the limited piston travel functionality of Joint 2.

of Volume 2 of the cylinder of Joint 2 arise, and at the lower limit large variations
in the pressure of Volume 1 of the cylinder of Joint 2 arise. These cylinder volumes
must provide a sufficient pressure level in order to stop the piston and boom in
the respective directions. Whit the only damping in the model being the viscous
friction of the cylinder piston, and no leakage, these results would be expected.

7.3.2 Case 2

Plots from the simulation of Case 2 are shown in Figures 7.6 and 7.7.  The
results are analogous to the results of Case 1.

7.3.3 Case 3

Plots from the simulation of Case 3 are shown in Figures 7.8 and 7.9. Figure
7.8 shows that the pressure of Volume 1 of the cylinder of Joint 2 reaches the
supply pressure after approximately 35 s, at which the load force is about 1.6 MN.
This corresponds to a load in the field of gravity with a mass of 163 t, which is
significantly more than the stated safe working load of 100 t. Figure 7.9 shows
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Figure 7.5: Crane and hydraulics test, Case 1: Progress of cylinder pressures
during the testing of the limited piston travel functionality of Joint 2.

that the joint angles g2 and q3 are nearly constant during the simulation. The
deflection is due to the compressibility in the hydraulic fluid.

7.3.4 Case 4

Plots from the simulation of Case 4 are shown in Figure 7.10. The figure shows
that the pressure of Volume 1 of the cylinder of Joint 2 reaches the supply pressure
after approximately 9 s, at which the load force is about 289 kN. This corresponds
to a load in the field of gravity with a mass of 29.5 t. The result corresponds to
the expected result.

7.3.5 Case b

The leakage used in the simulation is given by the scaling factor o = 0.99 for
both cylinders. The scaling factor was defined in Section 3.4. Plots from the
simulation of Case are shown in Figures 7.11 and 7.12. The two top plots in
Figure 7.11 show that the piston of Joint 2 creeps when the valve is closed, and
that the piston extracts to reach the upper piston limit. At around 25 s into
the simulation the valve position must be set positive in order to avoid that the
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Figure 7.6: Crane and hydraulics test, Case 2: Cylinder piston motions during
the testing of the limited piston travel functionality of Joint 3.

piston of Joint 2 moves outside its valid range. The motion of the piston of Joint
3 is because of the leakage the knuckle jib tends to hang vertically from the end
of the knuckle boom. Comparing the progress of the pressures for Case 1 and 5,
found in Figure 7.5 and 7.12, respectively, shows that the large oscillations in the
pressure are avoided when leakage is introduced.

7.4 Winch and drive system

Validating the winch model is performed by three tests cases. In all cases the
initial length of cable on the drum is 1200 m.

Case 1:

Why/How: Evaluate the motor and speed controller by running the motor at
rated speed both ways with a 100 t static load, and verify that the motor follows
the reference.

Ezpected results: The controller tracks the reference with limited deviation.
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Figure 7.7: Crane and hydraulics test, Case 2: Progress of cylinder pressures
during testing the limited piston travel functionality of Joint 3.

Case 2:

Why/How: Evaluate the motor and speed controller with a 200 t static load.
Ezxpected results: The motor will not be able to follow the commanded speed as
well as in Case 1. This will be especially prominent if the motor torque saturates.

Case 3:

Why/How: Evaluate the disc brake by paying out cable at rated motor speed
and then enabling the disc brake. The static load is 100 t.

Ezxpected results: The motor shall be quickly brought to a full stop.

7.4.1 Casel

Plots from the simulation of Case 1 are shown in Figure 7.13. The top plot shows
the normalised motor speed, and the second plot shows the deviation between the
reference and the motor speed. It is seen that the motor follows the commanded
speed well. Also, it is seen that the motor is able to both hold the load at zero
speed and work as a brake. The bottom plot shows that the motor has torque in
excess.
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Figure 7.8: Crane and hydraulics test, Case 3: Load force and cylinder pressures.
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Figure 7.9: Crane and hydraulics test, Case 3: Angle deflections.

7.4.2 Case 2

Plots from the simulation of Case 2 are shown in Figure 7.14. The plots show that
the motor is able to follow the reference when cable is payed out, but the motor
torque saturates for a short moment during the braking of the load. During the
upwards acceleration of the load, the motor torque again saturates resulting in
a large motor speed deviation. Eventually, however, the motor is able to reach
rated speed. The results are as expected.

7.4.3 Case 3

Plots from the simulation of Case 3 are shown in Figure 7.15. The bottom plot
shows that the disc brake is disabled after 2 s, and the motor starts paying out
cable after approximately 5 s. After 15 s the motor has attained rated speed, and
the disc brake is enabled, effectively stopping the motor.

7.5 Payload and winch and drive system

In this section the winch and drive model is joined with the payload and hoisting
cable model. The presented simulations will validate the interconnection of the
two models, the constant tension mode, heave compensation mode, lift-off and
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Figure 7.10: Crane and hydraulics test, Case 4: Load force and cylinder pressures.
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Figure 7.11: Crane and hydraulics test, Case 5: Cylinder piston motions during
testing the limited piston travel functionality of Joint 2 with leakage.

landing the payload, lifting the payload through the wave zone, and the initial
transients when the payload is initially in the air and suspended in the cable.
In all test cases the parameters of Cable 2 from Section 4.9 are used. Since
the hydrodynamic model is thoroughly tested in [28], the sphere geometry is used
in all simulations, and with a mass of M; = 100 t. In the simulations where waves
are present, regular waves with frequency 0.5 rad/s and amplitude 0.7 m is used.

Case 1:

Why/How: Evaluate the Constant Tension mode by starting the simulation with
an initially slack hoisting cable, and pre-tensioning the cable by the CT mode
before lifting the load from a steady deck. By successively landing the load onto
the deck, both the lift-off and landing functionality of the normal force model is
tested. The test case will also verify that the initial position of the load — for the
case when the load is resting on a surface — is correct.

Ezpected results: The load shall initially be at a height H; above the deck. Turn-
ing on the CT mode, the cable length should decrease, and as the cable elongation
increases to a level above zero, the DAF will converge to the predefined tension.
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Figure 7.12: Crane and hydraulics test, Case 5: Progress of cylinder pressures
during the testing of the limited piston travel functionality of Joint 2 with leakage.

When commanding a hoisting speed to the motor, the command from the CT
mode shall decrease to zero, and the DAF shall increase. When the DAF is above
one, the load shall lift off, and the DAF will oscillate around zero. When lower-
ing the load, the DAF shall continue to oscillate until the load touches the deck
after which the DAF shall decrease and become zero when AL, becomes negative.

Case 2:

Why/How: Evaluate the interactions and transitions in the models. Simulating a
vessel in waves by imposing the same sine motion on both the boom tip position
and the deck, and sinusoidal waves, pre-tension the cable with CT, then lift the
load into the air. Disabling the normal force model, the load is lowered into the
water, and when the load is below the wave zone, turn on HC mode.

Ezpected results: Except from a sinusoidal payload motion, the initial progress of
the simulation should be as in Case 1 until the load is lifted from the deck. Low-
ering the load into the water, the hydrodynamic force shall arise, and the DAF
is expected to have its largest oscillations during this phase. Turning on the HC
mode, the load shall be lowered at a nearly constant speed, and the amplitude of
the oscillations of the DAF shall decrease. Setting the speed command to zero,
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Figure 7.13: Winch test, Case 1: Testing speed controller under normal loading

conditions.
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the load shall be held at a nearly constant position.

Case 3:

Why/How: Evaluate the heave compensation performance. Run the first 20 s of
the simulation with the HC mode off. Then turn it on and evaluate the transition.
Run the simulation until maximum attenuation is obtained. Also, the test case
will verify the initialisation of the payload position when the load is suspended
in the cable and in water.

Ezxpected results: The transition when the HC mode is enabled should be smooth.
No prediction of the expected ratio of the attenuation of the motion of the pay-
load due to the boom tip motion is present, but the ratio of attenuation should
be significant.

Case 5:

Why/How: Evaluate the initialisation procedure for the hoisting cable and pay-
load model when the payload is suspended in the cable, and is in the air.
Ezxpected results: The initial position shall be practically exact the position of
equilibrium, and no oscillations in the payload position should occur.

7.5.1 Casel

In this simulation, the boom position is z; = 15 m, the deck position is zg = 3 m,
and the height of the payload is H; = 2 m. The desired cable tension Fy is 40
% of the dry weight of the payload, and the initial length of cable on the winch
drum is 1455 m.

Plots from the simulation of Case 1 are shown in Figure 7.16. The plots show
that the simulation evolves as expected. The CT mode is turned on after about
2.5 s, and the slack in the cable is pulled in (AL, increasing). When the cable
elongation becomes positive, the DAF increases to the desired tension level of the
constant mode. After about 20 s, a positive speed is commanded, and at the same
time the CT mode is turned smoothly off. When the load is in the air, the speed
reference is set to zero, and the load oscillates around a fixed position. After
nearly 37 s, a negative motor speed is commanded, and the load is lowered onto
the deck. When the load hits the deck, the DAF and cable elongation decrease,
and the DAF becomes zero at the moment when the cable elongation becomes
negative.
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Figure 7.16: Payload and winch testing, Case 1: Testing the constant tension
mode.
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7.5.2 Case 2

In this simulation, the boom position oscillates with an amplitude of 0.6 m and
frequency of 0.6 rad/s around the offset of 15 m. The deck position oscillates
with the same frequency and amplitude around 3 m. The height of the payload
is H; = 5 m which corresponds to a payload with mass density 1.5 times greater
than seawater. The initial length of cable on the winch drum is 1458 m and the
desired cable tension Fj is the same as in Case 1.

Plots from the first 70 s of the simulation of Case 2 are shown in Figures 7.17
and 7.18, and in Figures 7.19 and 7.20 from the remaining 90 s. As expected,
the second and third plots of Figure 7.17 shows the same progress as in Case 1.
When the load lifts off from the deck, the DAF oscillates around one as in Case
1, however, now the low frequent motion of the boom influences the DAF. After
about 45 s, the normal force is disabled and the load is lowered towards the water
surface.

After approximately 75 s, the payload touches the water, and the hydrody-
namic force arises as shown in the bottom plot of Figure 7.19. The third plot in
Figure 7.19 shows that the largest variations in the DAF are during the water
entry phase. The largest DAF value is 1.13. As shown in Figure 7.20, 135 s into
the simulation the HC mode is turned on, and the DAF decreases significantly.
Then, after about 150 s, the lowering speed of the payload is set to zero, and
from the top plot in Figure 7.19, it is seen that the payload motion stops.

7.5.3 Case 3

The same boom tip and deck motion as in Case 2 is used in the simulation of
Case 3, and the initial cable length is 1000 m.

Plots from the simulation of Case 3 are shown in Figures 7.21, 7.22 and 7.23.
The plots in Figure 7.21 show that the motion of the payload is significantly
reduced shortly after the HC mode is enabled, and that the HC mode effectively
attenuates the motion influence on the load from the vessel. The plots in Figure
7.22 show the last ten seconds of the simulation. The plots show that the DAF
varies with an amplitude of 1.46-1073, and the load position with an amplitude
of 11.8 mm. This corresponds to a damping ratio of 98 %. The plots in Figure
7.23 show the first 40 seconds of the simulation. After 20 s the HC mode is
enabled, and the plots show that the transition if bumpless.

7.5.4 Case4

The same boom tip motion as in Case 2 and 3 is used in the simulation of Case 3,
and the initial cable length is 1000 m. The seabed is at a position of zg = —455 m,
and the desired cable tension is 20 % of the dry weight of the payload.

Plots from the simulation of Case 4 are shown in Figures 7.24 and 7.25.
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Figure 7.17: Payload and winch testing, Case 2: Lifting the load into the air from
the vessel deck. First 70 s.
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Figure 7.18: Payload and winch testing, Case 2: Lifting the load into the air from
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Figure 7.19: Payload and winch testing, Case 2: Lifting the load into the air from
the vessel deck. Last 90 s.
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Figure 7.20: Payload and winch testing, Case 2: Lifting the load into the air from
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Figure 7.21: Payload and winch testing, Case 3: Testing HC. Long simulation.

The second and fourth plots in Figure 7.24 show that the HC and CT modes are
enabled after about 6 s, and the slack in the cable is being pulled in. After 44 s
the cable elongation becomes positive, and the DAF increases from zero. After
about 100 s wq is given an offset by Speedy, which effectively lifts the load from
the seabed.

This test case shows that the interplay of the HC and CT modes works well.

7.5.5 Caseb

Plots from the simulation of Case 5 are shown in Figure 7.26, and show that the
computation of the initial position of the payload is perfect.

7.6 The complete simulator

The next step is to join all parts of the simulator and verify the performance. Due
to the limited lifting capacity at a large radius, the mass of the payload used in
the remaining simulations is M; = 25 t, and the parameters of Cable 1 from Sec-
tion 4.9 are used. The height of the payload is H; = 3.14 m, which corresponds



90 CHAPTER 7. SIMULATOR EVALUATION

Dynamic Amplification Factor
1.002 . T T .

1.001

boom

DAF

0.999

0.998 ' ! ! !
740 742 744 746 748 750

Payload position
_45341 T T T T

—-453.42

2,m]

-453.43

-453.44 : : : :
740 742 744 746 748 750

time [s]

Figure 7.22: Payload and winch testing, Case 3: Testing HC. End of simulation.

to a payload with mass density 1.5 times greater than the mass density of sea-
water. In all test cases the initial crane joint angles are q(0) = [0° 40° —130°]7.

Case 1:

Why/How: Verify that it is possible to lift and land the payload by luffing the
knuckle boom. Before luffing, the cable shall be pre-tensioned by use of the CT
mode.

Ezxpected results: Tt is possible to simulate this scenario. Transients may be ex-
pected in the cylinder pressures.

Case 2:

Why/How: Evaluate initial transients when the load is initially suspended in the
hoisting cable.

Ezpected results: Depending on how accurate the procedure for determining the
initial pressures in the cylinders are, the initial transients the cylinder pressures
and cable load may or may not be within safe limits for the crane.

Case 3:
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Figure 7.23: Payload and winch testing, Case 3: Testing HC. Start of simulation.

Why/How: Evaluate initial transients when the load is initially submerged and
suspended in the hoisting cable.

FExpected results: The transients are expected to be smaller in amplitude than in
Case 2.

7.6.1 Casel

In the present simulation the initial length of cable on the winch drum is 1455 m,
the deck position is 243 m, and the desired cable tension F,; is 80 % of the dry
weight of the payload.

Plots from the simulation of Case 1 are shown in Figures 7.27 and 7.28. The
second plot in Figure 7.27 shows that the cable is tensioned by the CT mode
to the preset tension level, and after almost 40 s the piston is moved outwards,
shown by the bottom plot. This increases the tension in the cable, and at 40 s
into the simulation the payload is lifted off the deck. After about 55 s the piston
is moved inwards again, and the payload is eventually landed on the deck.

The plots of Figure 7.28 show the pressures in the cylinder volumes. The
plots show that there are practically no transients in the pressures during the
simulation.
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Figure 7.24: Payload and winch testing, Case 4: Lifting load from seabed with
HC.
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Figure 7.25: Payload and winch testing, Case 4: Lifting load from seabed with
HC.
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Figure 7.26: Payload and winch testing, Case 5: Model initialisation with the
load in the air and suspended in the cable.

7.6.2 Case 2

In the present simulation the initial length of cable on the winch drum is 1455 m.
Plots from the simulation are shown in Figures 7.29, 7.30, and 7.31. The top
plot in Figure 7.29 shows that the payload oscillates with an amplitude of about
10 cm, and the bottom plot shows that the DAF is above acceptable limits. The
third plot shows that a significant part of the payload motion is attributed to the
variation in the cable elongation, and the second plot shows the motion of the
boom tip which is given by the motion of the cylinder pistons, shown in Figure
7.30.

The plots in Figure 7.31 show that there are initial transients in the pressures
of the cylinder volumes, but that the pressure levels are acceptable.

7.6.3 Case 3

In the present simulation the initial length of cable on the winch drum is 1455 m.
Plots from the simulation are shown in Figures 7.32 and 7.33. The top plot
in Figure 7.32 shows that the amplitude of oscillation for the payload motion
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Figure 7.27: Complete crane simulator testing, Case 1: Lifting load from the
deck by luffing the knuckle boom.
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Figure 7.28: Complete crane simulator testing, Case 1: Lifting load from the
deck by luffing the knuckle boom.

is to some degree smaller than in Case 2, and the frequency of oscillation is
considerably lower. This would be expected due to the longer length of payed
out hoisting cable. The bottom plot shows that the DAF is within acceptable
limits. Comparing the first and third plot shows that the payload motion is due
to the variation in the cable elongation.

Comparing the plots in Figures 7.33 and 7.31 show that the cylinder pressures
are quite similar, but that the low frequent variation in the boom tip force (seen
by the DAF plot in Figure 7.32) results in a more sinusoidal progress in the
pressures of the volumes of the cylinder of Joint 2 compared to the simulation in
Case 2.

7.7 Vessel and simulator

In order to verify the interface between the crane simulator and a vessel simulator,
a vessel model is incorporated into the crane simulator model. The vessel motion
is given by motion RAQOs for a supply vessel, and waves are generated by a time
realisation of the JONSWAP spectrum with peak frequency w, = 0.6 rad/s and
significant wave height Hy; = 2 m. For a review of these concepts refer to .... The
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Figure 7.29: Complete crane simulator testing, Case 2: Initialisation with load
in the air.
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Figure 7.30: Complete crane simulator testing, Case 2: Initialisation with load
in the air.

vessel which the RAOs are computed for has the following properties:

LOA ~ 93.90 m (7.1)

LPP ~ 80.80 m (7.2)

Breadth ~ 21 m (7.3)

Design Draught ~ 6.20 m, and (7.4)
Displacement ~ 7969 t (7.5)

A further detailed description of the vessel model is beyond the scope of this
thesis.
One test case is presented:

Case 1:

Why/How: Verify the interconnection of the vessel and crane simulators, and
validate the CT and HC modes in irregular waves.

Expected results: The load is held at a constant position during HC.
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Figure 7.31: Complete crane simulator testing, Case 2: Initialisation with load
in the air.

7.7.1 Casel

Plots from the simulation of Case 3 are shown in Figures 7.34 The plots show that
the CT and HC modes jointly tension the cable to a DAF level of approximately
0.6 before the CT mode is switched off and the load is lifted from the seabed.
The DAF is € [0.97,1.03] when the initial transients after lift-off have decayed.

The second plot shows that the payload creeps during the HC mode opera-
tion. The most likely explanation is that the motor speed controller only ensures
convergence of the speed and not the position. Small errors in the integral effect
will make the payload position drift. By introducing position feedback in the
controller, the creeping presumably will be avoided.

7.8 Simulator properties

In order to get an impression of the crane simulation speed of the simulator, a
benchmark test has been defined. The scenario employed is the same as in Case
1 of Section 7.6.1, but the times at which the simulator inputs are changed will
be stated.
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Figure 7.32: Complete crane
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simulator testing, Case 3: Initialisation with load
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Figure 7.33: Complete crane simulator testing, Case 3: Initialisation with load
in the water.

Initially, the cable is slack. After three seconds the CT mode is enabled, with
Fy = 0.2. After 20 s the disc brake is enabled, and the four-way valve of Joint
2 is opened 50 %. This will lift the payload. After 35 s the valve is closed, then
after 45 s it is opened to -50 %, and finally closed after 55 s. Now, the payload is
once again resting on the deck. The simulation is stopped after 60 s.

The benchmark test is performed on a computer with an AMD Athlon 64 X2
Dual Core Processor 3800+ processor with a clock frequency of 2 GHz and 1 GB
of RAM, running Microsoft Windows XP with Service Pack 3.

The benchmark test is performed with the Bogacki-Shampine integration rou-
tine, and with a step size of 10 ms, it takes 30.15 s to run the test. Removing
all scopes results in a simulation time of 27.54 s. With a step size of 20 ms, it
takes 14.62 s with scopes and 14.31 s without. With a step size of 30 ms, the
simulation brakes down.

Optimisation of the simulation speed has not been focused on during the im-
plementation of the simulator. Hence, it is to be expected that the simulation
speed may be increased by optimising the model. Also, compiling the simulator
with Real-Time Workshop [7] will presumably increase the simulation speed.
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Figure 7.34: Crane simulator connected to vessel model, Case 1: Lifting the load
from the seabed and into HC mode.
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The simulator requires a total of 103 parameters. By making additional as-
sumptions, some parameters may be defined by others. For example, in Section
2.6 it is assumed that the boom links are symmetric with homogenous mass dis-
tributions, which allowed for the definition of the vectors in Equations (2.82),
(2.83) and 2.84 by the DH parameters. Disregarding insignificant effects, for ex-
ample Coulomb friction, also reduces the number of parameters. By making such
assumptions, the author reduced the minimum number of required parameters
to 57.

This thesis has only regarded knuckle boom cranes. The derivation of the crane
structure dynamics in Chapter 2, however, may be extended and generalised such
that it can represent any crane structure with any number of revolute and tele-
scopic joints by providing it with different configuration parameters; e.g. through
the DH table the links will be defined as either revolute or prismatic. No changes
need to be made to the payload and hoisting cable, and the winch and drive
model if a different crane type is to be used in the simulator. The only change
required is to insert correct number, and, potentially, the type of actuators for
the crane joints.

The hydrodynamic parameters slamming, added mass, and volume of the
submerged load are all implemented as so-called look-up tables by the respective
non-dimensional terms. Hence, adding new payload geometries to the simulator,
is straightforward when these parameters — and the linear and quadratic damping
terms — are provided.






Chapter 8

Conclusions and further work

A crane simulator for real-time simulation of offshore crane operations by heave
compensated knuckle boom cranes has been developed. The simulator is made
up of a model for the crane structure dynamics; a model of hydraulics for luffing
the knuckle boom and knuckle jib; a model of the payload and hoisting cable —
including, among other, hydrodynamics; and a model for the winch and drive
system.

The simulator modules have been validated qualitatively by simulation. Suc-
cessively, modules have been joined, and the interconnection and interplay of the
modules have also been verified in the same manner. Finally, the complete sim-
ulator was validated. The crane simulator’s interface to a vessel simulator was
verified by incorporating a vessel model into the crane simulator and running a
simulation test.

The model validation showed that the simulator exhibits good performance,
and, with the exception of realistic seabed interaction, is able to simulate a com-
plete lifting operation. The simulator’s interface to the vessel simulator was also
shown to be correct.

The speed controller deployed on the winch drive, resulted in load creep dur-
ing heave compensation in irregular waves. Introducing position feedback is pre-
sumed to avoid the creep.

Even though the simulator is made to simulate knuckle boom cranes, the
simulator may be extended to simulate other crane types as well.

Interesting extensions to the simulator is to provide the wave elevation and
the deck height at the payload’s position, and seabed interaction effects.

Other interesting extensions include a three-dimensional payload and hoisting
cable model, with the inclusion horizontal of effects such as currents and payload
pendulation in air. Then a motor model for rotating the crane king should also
be included.
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Appendix A

Estimate link mass and inertia

A.1 Mass and inertia of cylindrical structure elements

LR\

S S e B
/C:M\
x‘///,~’::::::::::::::\\\\\\y

Figure A.1: Cylindrical annulus.

The mass of the cylindrical king is determined from its material volume and the
material density p by

m = pr(r2 = r2)h, (A1)

where p = 7800 kg/m? is the density of the material, i.e. the density of steel, r, and 7;
are outer and inner king radius, respectively, and h is cylinder height.
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By linearity, the inertia is found by calculating the difference of the inertia for two
solid cylinders of radius r, and r; with masses

mo = prr2h, and (A.2)

m; = prr?h (A.3)

respectively. The inertia for a solid cylinder about the z-axis is given by

L o

I, = Zmr (A4)
Hence, the inertia for a cylindrical annulus about the z-axis is
1 1
I, = §m0r§ — §miT? (A.5)
1
= §(m0r§ —mir?) (A.6)
1
= §(p7rrf;h — prrith) (A7)
prh
= 7(7"3 ) (A.8)
The moment of inertia may be expressed by the mass from Equation (A.1) as
1 2, .2
I, = §m(ro +7r7), (A.9)
where the relation
(rd =) = (72— 2)2 4 7 (a10)

is used.
The moment of inertia about the x and y axes are found accordingly by the formula

1
L=1,= Em(3r2 + h?), (A.11)
i.e.
=1, = —m (3r2 + h?) — im-(:ﬁr? + h?) (A.12)
TV T e 120 '
1 1

= g(morg —mirg) + 35 (mo —mi)h* (A.13)

1 2 2 1 2
_ 2 2y 4 A.14
(s + i) + gmh (A.14)

where m is given by Equation (A.1). The resulting inertia tensor is

Iy

0
I= I, (A.15)
0

SN o o

0
0

where the offdiagonal elements are zero due to symmetry.
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Figure A.2: Box inertia.

A.2 Mass and inertia of box shaped structure elements

The mass and inertia of box boom links are estimated by assuming homogenous hollow
box booms with length L, breadth B, height H, the steel plate thickness d as shown in
Figure A.1 and steel density p as in Section A.1. Then the mass is given by

m = p(BH — (B — 2d)(H — 2d))L = 2p(B + H — 2d)dL (A.16)

By linearity, the moment of inertia for a hollow box is found by calculating the moment
of inertia for a solid box and subtracting the moment of inertia for the hollow part. From
Figure A.2 we see that the outer solid box has mass

m, = pBHL, (A.17)
and the inner solid box has the mass
m; = pL(B — 2d)(H — 2d) (A.18)

Note that m = m, — m;.
The moment of inertia for a solid box about the z-axis is given by

I = 11—2m(L2 + H?) (A.19)
The moment of inertia about the z-axis for a hollow box is thus given by
I, = %mO(LQ + H?) — %mi(LQ + (H —2d)?) (A.20)
= DLy~ m) + (mH? — mi(H — 24)?)) (A21)
= (4 By — ) + Smid(H — d) (A:22)
= L+ H)m + %mid(H —d) (A.23)
Accordingly, the moment of inertia for the hollow box about the z-axis is
I, = Somo(B? + H?) — omi(B — 2d)” + (H — 24)%) (A24)
— 1%(32 + H*)(m, — m;) + émid(B + H — 2d) (A.25)

= %(32 + H*m + émid(B + H — 2d), (A.26)
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and about the y-axis it is

1 1
I, = EmO(B2 +L?) - omi((B - 2d)? + L?) (A.27)
1 1
= E(B2 + L*)m + gmid(B —d) (A.28)
The resulting inertia tensor is
I, 0 0
I=(0 I, O (A.29)
0 0 I,

where the offdiagonal elements are zero due to symmetry.



Appendix B

Viscous damping and leakage
coefficients for hydraulic cylinders

92

Vi, ;1 Va, pa

@ Ay Ay
—

Figure B.1: Symmetric hydraulic cylinder.

The coefficient for viscous friction B, is found in [30] by assuming that the cylinder
is symmetric; see Figure B.1. The model for the symmetric hydraulic cylinder is
Vi . :
1P = Cimpr — Ay (B.1)
myip = —Bpip + App — FL, (B.2)

where A = Ay, pp = p1—p2, ¢ = 5(q1 + ¢2), Cem = (Cim + 3Cem) and V; = Az, is the
total cylinder volume. This model is linear and may be Laplace transformed into

2 (48Cim | B, AB(ByCom +A*)] 4P _(
8[8 +< v, Twm)tT T v 7l e P AR R
(B.3)

By setting the leakage Cy,, = 0, the system’s natural frequency is given by

43 A? J6]
2 = = n — 2A B'4
“n Vim w V om Vi’ (B4)

and the damping is thus given by

Bmy _ 142577%7 (B.5)

B, = 2(muw, = 4CA> Aow -
24s s
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where ¢ € (0.1,0.5) is the relative damping.

The leakage coeflicients are found by assuming that the system damping should be
fixed when introducing leakage. In order to achieve this the viscous damping factor B,
must be reduced. By introducing a scaling factor « € [0, 1] in the equation

48Cy, By

— = 2Cwy, B.6
vt =% (B.6)
such that 45C B B
tm P P
Zr _ Zp B.7
Vi + amt mt’ ( )
the total leakage coefficient is given by
Vi
= By(1— B.
Crun = Byl1— ) ;51 (B.5)
The internal and external leakage coefficients are now given by
1
Ctm = Cz + §Cem (Bg)

and
Cern = 0.1C;, (B.10)
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Simulink diagrams
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Figure C.1: The crane dynamics model.
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Figure C.3: Logic to limit the piston travel.
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[Payload dynamics with normal force model |

Figure C.5: Payload dynamics model and logic for the normal force model.
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Figure C.6: The winch and drive system with controller.
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Figure C.7: Disc brake model.



[

Enable

|
Integral action rel

@
T
i
g
Integral action abs
»
»

@&
T_lim

T

Integrator

Figure C.8: Disc brake model.

Anti WU

125






