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Abstract 

An autonomous underwater cable suspended dredging system is 
proposed with the application of combating the excess of nutrients 
in the Baltic Sea. The focus of the thesis is on modelling and 
designing of the control system used to guide an end-effector 
supplied with a pump along a predetermined path. The end-effector 
is guided with the help of four cables that are each controlled by a 
servomotor. The buoyancy of the end-effector in combination with 
the cables keeps the end-effector a few meter above the seafloor. 
The sediment is collected with tubes hanging down from the end-
effector. Due to the large dimensions of the system a combination 
of force control and position control passed through a force 
distribution algorithm is suggested. A simulation of the system 
shows promising results with ability to trace the predetermined 
path closely. 



 

Referat 

Ett förslag till ett autonomt vajerstyrt muddringssytem för 
undervattensbruk har tagits fram som ska används för att 
motverka övergödningen i östersjön. Uppsatsen fokuserar på 
modelleringen och designen av reglersystemet för att styra en 
plattform utrustad med en pump längs en förutbestämd sträcka. 
Plattformen styrs med hjälp av fyra vajrar som i sin tur styrs av 
varsin servomotor. Flytkraften hos plattformen i kombination med 
vajrarna håller plattformen några meter från havsbotten. 
Bottensediment pumpas upp genom slangar som hänger ner från 
plattformen. På grund av systemet storlek regleras styrningen av 
plattformen genom båda kraft och position samt använder en 
algoritm för att distribuera krafterna mellan vajrarna. En 
simulering av systemet har utförts och visar på god förmåga att 
reglera positionen av plattformen i relation till den förutbestämda 
sträckan. 
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List of Notations 

The following notations are used throughout the thesis. 

• �   –  scalar variable 

• �   –  vector variable (bold) 

• �   –  matrix (bold, uppercase) 

• �,̇ � ̈   –  time derivative (first, second) 

• ��   –  �th scalar element is set or vector � 

• ‖�‖   –  the norm of vector � 
• �
, �
   –  vector or scalar in coordinate system � 
• �(�)   –  vector function, return a vector as result 

• � = {…}  –  set, elements are specified within the brackets 

• � = {… | …} –  dual conditions, elements of the set satisfy both 
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Introduction 

The eutrophication or the excess of nutrients like nitrogen and phosphorus 
in the Baltic Sea is a severe problem. It has led to algal blooms and in turn 
to hypoxia (low levels of oxygen in the bottom waters) and anoxia (complete 
lack of oxygen in the bottom waters) in large regions in the Baltic Sea. The 
cause of this is nutrients loading by human activates like agriculture in the 
areas surrounding the Baltic Sea. Measures to limit these leaks of nutrients 
have been taken in the past years but there still exists a vast pool of nutrients 
in the Baltic Sea. Additional measures to remove this pool of excess nutrients 
is needed to tackle the problem of eutrophication. In this thesis we propose 
an autonomous dredging system to remove the top layer of the sediment in 
selected deep parts of the Baltic Sea. The top layer of sediment, that has a 

 

Figure 1: Sketch of the essential part of the dredging system (one of four instances, 
see Figure 2). Four cables connected to motors, suspend and control a raft that is 
connected to a tube lifted by buoys. The control system will coordinate the motors 
to guide the raft along the dotted line. The bottom sediment will be pumped through 

the tube. 
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consistency of soured milk, will be pumped to the surface for removal. A 
crucial part of this system and process will also be to extract both fertilizer 
and biogas from the sediment. This both provides an economical model for 
the project as well as way to close the loop of nutrients flow, with the goal 
to eliminate further importing of external fertilizer.  

1.1 Problem Statement 

This thesis will solely focus on the design of the dredging systems steering 
and control mechanism. The problem definition for this thesis is: Designing 
the control system for an underwater cable suspended dredging system to be 
used in the Baltic Sea. The control systems task is to guide a platform (from 
now referred to as the end-effector) with a pump, along a predetermined path, 
see Figure 1 (dotted line). The end-effector is controlled all 3 dimensions. 
However, only translation of the platform will be considered and no rotation, 
which gives the end-effector 3 degrees of freedom. The end-effector is 
equipped with a number of tubes through which the sediment is pumped from 
the sea floor. This allows for some forgiveness in the positioning in height as 
well as a way to avoid collision with smaller debris on the sea floor.  

The final system will be on the scale of 500 x 500 meter and four instances 
of the system will be constructed next to each other, see Figure 2, each 
instance is denoted as a field and they are all identical. In this thesis a 
simulation of the system will only be considered and physical experiments is 
left to future work. 

Figure 2: Sketch of the complete system. Consists of four fields all identical, 
the details is only shown for one field in the image. The sediment is collected in big 
tubes supported by cables at the center of four collection fields. At the surface an 

operation unit is placed with a power source and a computer. 
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The system will be operating in selected deep parts of the Baltic Sea with 
a depth of around 200 meter, as these are the areas where sediments gather 
in larger quantities. They are also low energy zones with almost no currents, 
which is one of the contributing factor to the hypoxia. The sea floor is very 
flat and has no vegetation. 

As stated above this thesis is only concerning the control system of the 
dredging system. The physical construction of the system as seen in Figure 1 
and Figure 2 is given at the start of the project. 

1.2 Other Suggested Methods 

There exist some alternative methods that aims to solve the same problem 
as our system. A selection of these are presented here briefly to give some 
context. 

BalticSea 2020 has a project called Living Coast [1] that uses an aluminum 
treatment to bind phosphorous. A trail run was performed in the summer of 
2012 and 2013. Stigebrandt and Gustafsson [2] proposes a large scale solution 
by pumping down oxygen-rich water to the deeper parts of the Baltic Sea. 
Offshore wind power is a suggest way of powering the pumps. Blomqvist and 
Rydin [3] suggests that marl, a by-product from lime quarrying could be used 
to bind phosphate. Marl is suitable as it is a very cheap resource. 

1.3 Report Overview 

In Chapter 2 related work and solutions are described mainly focusing on 
other cable suspended robots. In Chapter 3 the basic models describing the 
relation between end-effector, cables and motors are described. Dynamic 
models of the system is also explored as elasticity of the cables. In Chapter 4 
a force distribution algorithm is described, used to find a safe force 
distribution between the four cables. A suitable workspace for the end-effector 
is also analyzed. Furthermore, a control scheme for the system is describe 
and different approaches discussed. In Chapter 5 we discuss possible 
components and the requirement for the underwater setting. Specially sensors 
are explored and discussed. In Chapter 6 a simulation of the system is 

Figure 3: To the left a single-actuated manipulator, to the right a parallel actuated 
manipulator. Circles represent joints and squares the end-effector. 
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performed. Results and limitations of the simulation are also presented. 
Finally, in Chapter 7 the project is summarized and some suggested further 
work is discussed. 
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Related Work 

In this chapter the concept of a cable suspended robot will be introduced, 
followed by a presentation of the related articles that form the basis for the 
thesis. Finally, a short discussion of how these articles are used and there 
relation to our method is provided. 

2.1 Cable Suspended Robots 

Cable suspended robots (alternatively wire-driven robots or tendon-based 
Stewart platforms) is an extension of parallel robots, with the crucial 
difference of cables only being able to pull the end-effector (the platform or 
object the system in moving), in comparison to links that can both pull and 
push [4, 5]. Parallel robots can be defined as a robot with a closed-loop 
kinematic chain where the end-effector is linked with several independent 
links. This stand in contrast to single-actuated robots with an open-loop 
kinematic chain with only one link connected to the end-effector [6], see 
Figure 3. Parallel robots offers many advantages over single-actuated robots 
e.g. increased robustness, being able to work at a faster speed and being more 
energy efficient [6].  

The close relation between parallel robots and cable suspended robots 
allows for many of the concepts and techniques developed for parallel robots 
to transfer to cable suspended robots. However, cables also introduces a more 
challenging and complex problem in terms of design, planning and control [4, 
5]. Cable suspended robots also possesses several characteristics desirable for 
large-scale systems over parallel robots; e.g. heavy part such as motors are 
stationary, they can cover very large workspaces, are easy to reconfigure and 
cost efficient to build and maintain due to simple components and few moving 
parts [7].  

There exist many different designs of cable suspended robots. One of the 
most basic feature in the design is the degrees of freedom n of the end-effector.  
One to six degrees of freedom is possible, three of transition and three of 
rotation. Dependent on the number of cables m used to suspend the end-
effector, the robots can then be assigned one of three classes: incompletely 
restrained positioning mechanisms (IRPMs), completely restrained 
positioning mechanisms (CRPMs) and redundantly restrained positioning 
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mechanisms (RRPMs), where; IRPMs are defined as m ≤ n, CRPMs are 
defined as m = n + 1 and RRPMs are defined as m > n + 1 [8].  

One of the earliest examples of cable suspended robots is the NIST 
RoboCrane that was developed in the early 1980s by Albus, Bostelman and 
Dagalakis [9]. It was an IRPM with six degrees of freedom using six cables to 
suspend a triangular end-effector from a triangular frame, see Figure 4. The 
frame could then be mounted on a conventional crane. Alp and Agrawal 
suggested a similar robot and also provided a more thorough model and 
controller based on Lyapunov theory and feedback linearization [4]. 

One of the best known implementations of cable suspended robots is the 
SkyCam, a camera system mainly used in sporting events that allows for 
dramatic angles and dolly shots [10]. Large radio telescopes is also developed 
based on cable suspended structures [11, 12], as well as automated cargo 
transfer systems like the Automated All-weather Cargo Transfer System 
(AACTS) and Direct Acquisition Rail To Ship (DARTS) [6, 13]. Another 
area of application is high speed tasks like; assembling with the robot Falcon 
proposed by Kawamura [14], vibration testing with the robot Segesta [6, 15] 
and simulation like the robot SACSO that is design to test plane models in 
a wind tunnel [6]. 

Planar cable suspended robots is a subcategory of cable suspended robots, 
whereas the name suggests the operations is contained to a plane. Planar 
robots have 2-3 degrees of freedom depended on rotation is wanted or not. 
Jin et al. [16] have proposed a four cable suspended planar robot with 3 
degrees freedom, that uses a laser scanner on the end-effector as an additional 
sensor. Oh and Agrawal [5] looks at planar robots with redundant cables and 
how this affects the control of the system. There also exist hybrid solutions 
like the one proposed by Behzadipour and Khajepour [17] where they suggest 
using one ridged link to ensure positive tension in six cables. 

2.2 Related Work 

There exist many implementations and variations of cable suspended robots, 
in this section a selection of these will be reviewed. The task of designing and 
modelling the control system for a cable suspended robot can be divided in 

 

Figure 4: Simple visualization of the NIST RoboCrane structure. 
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to three different main tasks; the kinematics model, the dynamics model and 
the control of the system. The following related work will address one or more 
of these tasks. 

Our system is very similar to a crane like configuration using four wires 
to suspend and end-effector with three translational degrees of freedom, but 
upside down. Merlet et al. [18] made an analysis of a crane like configuration, 
with four degrees of freedom, three translational and one of rotation. The 
setup is very similar to our system but with the clear distinction that we 
disregard the rotation of the end-effector. Merlet et al. system is a non-
redundant one, there are as many cables as degrees of freedom. This makes 
it difficult to work out the kinematics of the system, and as it turns out they 
fail to determine the inverse kinematics of such a system. However, they 
manage to solve the forward kinematics using a special version of the Newton-
Raphson scheme. 

Chablat et al. [19] uses cylindrical  algebraic  decomposition, a algebraic 
tool to decompose a set of polynomials into subsets called cells, to find the 
workspace of three different three degrees of freedom four cable systems. They 
also incorporates the notion of a force-closure problem, the cables need to be 
in tension at all times, with the kinematics of the system. 

Alp et al. [4] proposes a complete system, including a kinematics model, 
a dynamics model and a control scheme for a six cable four degrees of freedom 
system similar to the NIST RoboCrane [9] design. They propose both 
feedback controller base on Lyapunov as well as linearizing. 

Williams et al. [20] provides a comprehensive description of the kinetics 
of translational planar robots as well as a simple static model to maintain 
positive tension in the cables. In a second paper Gallina and Rossi [21] expand 
on the work with a dynamics model and a control architecture and a control 
law. 

In two papers Bruckmann et al. [22, 23] provide a thorough and general 
description of cable suspended robots. Everything from the basic classification 
of cable suspended robots to specific force distribution algorithms (how the 
forces in the cables at a specific position should be distributed given certain 
constrains) to control scheme is discussed in the papers. 

Pott et al. [24] proposes an iterative algorithm to calculate force 
distributions, within a max and min value for allowed forces in the cables. 
The algorithm provides continuous solutions and is differentiable in most 
points. The algorithm is also design to be able to work in a real-time scenario. 

Bruckmann et al. [22, 25] also proposed a new force distribution algorithm 
that is non-iterative, provides continues solutions and is differentiable is all 
points there a solution is possible. The non-iterative nature of the algorithm 
provides excellent qualities for real-time implementation. 

Meunier and Boulet [12] suggests a design for a large radio telescope, 
where eight paired cables are connected to the end-effector that is also 
suspended by a aerostat. The paper provide a model for the cable and suggest 
a cascade-control architecture with several nested loops. 



8 

Alireza el al. [26] have studied the design of a large-scale cable suspended 
robot with a focus on the tension condition in the cables. An analysis of the 
cable force is used to determining the size of the cables and motors. 

It does not exist much research in cable suspended robots underwater. 
However, Huang et al. [27] proposed something close to it. An underwater 
robot with the ability to anchor itself to the sea floor using multiple tethers 
and then change its position by altering the length of the tethers. The concept 
was seemingly not researched further.  

2.3 Relation to our Method 

Our system as mentioned earlier is basically an upside down crane with four 
cables. Therefore the forward kinematic models suggested in [18] could be 
well suited for our system. However, the inverse kinematics of the system is 
unsolved and the forward model is quite complex. We suggest introducing a 
height sensor to measure the height from the bottom of the end-effector. This 
allows for the use of a modified planar model. The height measure makes it 
possible to project our setup to a plane and allows for relatively simple models 
for both the position and the velocity of the system, similar to the one 
proposed in [20]. 

However, the dynamic model is in full three dimensional space, and as 
shown later in Chapter 3 the height is still an important factor in the static 
model. The model of the system is based on [22, 25] which provides a simple 
way to describe the cables directions in a matrix, called the structure matrix. 

 In the dynamic model the force distribution is a crucial part. We use the 
algorithm proposed by Bruckmann et al. [22, 25] as it is both very efficient 
and robust. Compared with other methods as [24] it can guarantee to find a 
solution if there exists one. This is of course crucial for a system where 
robustness is a very important property. 

Using the force distribution a workspace is calculated given a set of 
parameters, simply by calculating the force distribution in each point, given 
a suitable resolution. This is of course a discrete method to investigating the 
workspace and in [23] other methods as continues and interval base ones are 
discussed. These can provide a more comprehensive investigation of the 
workspace. However, given that we do not need millimeter precision and can 
easily add safety margins without much loss of effectiveness, as the sediments 
is flowing back into the field all the time, this is not needed. An alternative 
approach is suggested in [19] using cylindrical algebraic decomposition, this 
method does however not include the restriction on the max/min forces in 
the cables. 

Finally a control architecture is described, we investigate the scheme 
proposed by Fang et al. [28] that is based on joint control and Bruckmann et 
al. [22] that is based on operational control or direct end-effector control. 
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Model 

The model of a cable suspended robot can be divided in to two main 
categories the kinematic model and the dynamic model. 

The kinematics describes the motion and position of the system without 
the consideration of forces. More precisely it describes the end-effector’s 
position and motion in relation to the cables lengths. These cable lengths can 
in turn be related to the motors’ angles, rotational velocities and torques. 
The kinematic relation can be considered in two ways: the inverse kinematics 
and the forward kinematics, in this chapter we explore both of these models. 

The dynamics model describes how forces act on the system. Dynamic 
model are especially important when dealing with high speeds or heavy loads 
[22]. This is not the case for our application. However, the forces in the cables 
is of great importance because of two reasons. Tension needs to be maintained 
in the cables at all time for the models to be correct and the elastic nature of 
all cables need to be compensated for. 

3.1 Inverse Kinematics  

The simplest of the models is probably the inverse kinematics model that is 
the process of determining the joint parameters for a given position of the 
end-effector, � = [x, y, z]. In our case the joint parameters is the length of the 
four cables {l1, l2, l3, l4}. We also have four motors {&1,&2, &3,&4} placed 
in a square that encapsulates the workspace, see Figure 5. We start by 
defining two coordinate systems: 

• S, that refers to the coordinate system for the whole workspace with 

origin OS at motor &1. 
• E, that refers to the local coordinate system for the end-effector with 

origin OE at �. 
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The cables are connected to the end-effector at points {,1, ,2, ,3, ,4}, see 
Figure 6. These points can be described in the E or the S coordinate system, 
with the following relation between each other; ,iS = ,iE + �. Each cable can 
then be described as a vector in the following way: 

 .� = /� − 1�2 = /� − 1�
 − 3. (1) 

The norm of these vectors then gives us the lengths of the cables: 

 6� = ‖/� − 1�
 − 3‖. (2) 

The angles {φ1, φ2, φ3, φ4} as seen in Figure 5 are defined by: 

 8� = 9:;−1 <�=2 − >�=<�?2 − >�?, (3) 

where ciyS , cixS  refers to the x, y coordinates of ,iS and miy,mix refers to the x, y 

coordinates of &i. Similarly we can also define a set of {θ1, θ2, θ3, θ4}, the 
angles between the sea floor and the cable as: 

 D� = 9:;−1 <�E2 − >�E<�?2 − >�?, (4) 

These relative simple equations gives us the relation between the end-
effector’s position and cables, which is a basic building block often used in 
controlling the position of the end-effector. 

3.2 Inverse Velocity Kinematics 

To fully control the end-effector the velocity is also a factor that we need to 
track and control. The inverse velocity kinematics describes the relationship 
between the velocity of the end-effector and the velocity of the changing 
length of the cables.  

Figure 5: Sketch of the system, showing the different components and measures. 
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To describe the inverse velocity kinematics we start by introducing the 
concept of the structure matrix FG . In (1) we introduced the vectors .� that 
describe the cables controlling the end-effector. The structure matrix is a 
matrix where the columns are made up by the normalized vectors .�, that we 
here refer to as H�: 

 H� = [J�?, J�=, J�E] = .�‖.�‖, (5) 

 � = [H1 H2 H3 H4] = [J1? J2? J3? J4?J1= J2= J3= J4=J1E J2E J3E J4E
] (6) 

The inverse velocity can now easily be compute in the following way: 

 

⎣⎢
⎢⎢
⎡61̇62̇63̇64̇⎦

⎥⎥⎥
⎤ = �G 3̇ =

⎣⎢
⎢⎡
J1? J1= J1EJ2? J2= J2EJ3? J3= J3EJ4? J4= J4E⎦⎥

⎥⎤[�̇T ̇U]̇ (7) 

We can now see that the structure matrix acts as a transformation matrix 
between the velocity of the end-effector and the cables. An alternative way 
is to formulate the end-effector’s position in the following way, by using the 
motors’ position, cable lengths and cable angles. 

 [�TU] = ⎣⎢
⎡>�? + 6� <VW D� <VW8� >�= + 6� <VW D� W�;8�>�E + 6� W�; D� ⎦⎥

⎤ (8) 

We can then time derivate (8) with respect to li, φi and θi we get the following 
Jacobian matrix: 

 [�̇T ̇U]̇ = ⎣⎢
⎡<VW D� <VW 8� −6� <VW D� W�; 8� −6� W�; D� <VW 8�<VW D� W�; 8� 6� <VW D� <VW 8� −6� W�; D� W�;8�W�; D� 0 6� <VW D� ⎦⎥

⎤
⎣⎢
⎡ 6Ẏ8ẎDẎ ⎦

⎥⎤ (9) 

However, we are interested in lı ̇ and not ẋ, ẏ, z.̇ So we need to invert the 
Jacobian, this adds some constrains as the matrix is only invertible if detM ≠0. Given the constrains are fulfilled we get the following results: 

 ⎣⎢
⎡ 6Ẏ8ẎDẎ⎦⎥

⎤ =
⎣⎢
⎢⎢
⎡ <VW8� <VW D� <VW D� W�;8� W�; D�

− W�;8�6� <VW D�
<VW8�6� <VW D� 0

− <VW8� W�; D�6� − W�;8� W�; D�6�
<VW D�6� ⎦⎥

⎥⎥
⎤

[�̇T ̇U]̇ (10) 
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As we foremost are interested in the change in length of the cables we can 
extract the first row of the matrix and form a matrix to calculate all four 
cables: 

 

⎣⎢
⎢⎢
⎡61̇62̇63̇64̇⎦

⎥⎥⎥
⎤ =

⎣⎢
⎢⎡
<VW81 <VW D1 <VW D1 W�;81 W�; D1<VW82 <VW D2 <VW D2 W�;82 W�; D2<VW83 <VW D3 <VW D3 W�;83 W�; D3<VW84 <VW D4 <VW D4 W�;84 W�; D4⎦

⎥⎥⎤[�̇T ̇U]̇ (11) 

We can now observe that the structure matrix can also be described by the 
angles 8i, Di. However, for our application the first method is preferred as it 
is more directly related to the length and velocity of the cables. 

3.3 Inverse Acceleration Kinematics 

The final factor to control is the acceleration of the end-effector and therefore 
we introduce the inverse acceleration kinematics model. The model follows 
the same concept as the model for velocity, so we simply need to derivate. 
However, the structure matrix �G  is dependent of the position of the end-
effector and therefore also dependent on time. So to derivate the relation (7) 
we need to consider the derivate of �G  as well. This gives us: 

Figure 6: A close up of the end-effector showing how the cables are connect to 
the end-effector. 
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⎣⎢
⎢⎢
⎡61̈62̈63̈64̈⎦

⎥⎥⎥
⎤ = �G 3̈ + �̇G 3̇. (12) 

�̇G  can easily be obtained by considering the previous location of the end-
effector, followed by subtracting with the current structure matrix and 
dividing with elapsed time between the positions. 

3.4 Forward Kinematics 

Forward kinematics is the process of determining the end-effectors pose, � =[x, y, z] given the joint parameters, the cable lengths, {l1, l2, l3, l4}. However, 
to ensure a robust system we measure the z-coordinate with a sensor, (see 
Chapter 5), i.e. we consider z as an additional joint parameter. The reason 
why this is a more robust solution can be seen if we observe the change in 
the cable lengths when the height of the end-effector is changing. The changes 
in cable length is very small and therefore sensitive to errors. This effect is 
due to the small angle that occur with our very flat design (the height of the 
system is very small compared to the width and depth). 

One of the first important things to note is that our problem is an 
overdetermined problem, i.e. we only need two cable and the height to 
determine a position of the end-effector. We start by choosing two adjacent 
cables, say {l1, l2}. We also know the position of their motors {&1,&2} and 
the height z of the end-effector. By constructing two circles with their centers 
in &1,&2 and with the radiuses of l1, l2 we can find two points where these 
circles intersect each other, see Figure 7. If we use adjacent cables, i.e. two 

Figure 7: Visualization of the forward kinematics process. Showing how two 
circles with the radius of a cable and the center in a motor can be used to calculate 

the position of the end-effector. 

y 

x 
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cables with motors on the same side of the square workspace we can easily 
find which of these intersections is the correct one as only one will be 
contained by the workspace. Since the cables are connected to the end-
effector at the corners of the end-effector and not the center, we compensate 
this by offsetting the circles centers in the following way:  

 3� = [��
T�] = /� − 1�
, � ∈ {1,2,3,4}, (13) 

where �i is the coordinates for the center of circle i. The cables are also 
connected to the end-effector at an angle, to compensate for this we us the 
height data h, that is the measured height to the sea floor from the end-
effector compensated by the height of that the motors are located. Any 
possible slack in the cable is not considered at this point. The radius ri of 
circle i is therefore: 

 i� = √6�2 − ℎ2  (14) 

We can now define a circle i by the following equation: 

 (� − ��)2 + (T − T�)2 = i�2 (15) 

By using two adjacent cables to construct circles’ we can find the intersection 
points by the following formulas:  

l = √(�n − �o)2 + (Tn − To)2, (q, r) ∈ {{1,2}, {2,3}, {3,4}, {4,1}}, (16) 

where D is the distance between the two circles centers. We can also calculate 
the area σ of a triangle between the two center points of the circles and one 
of the intersection points. If σ > 0 the circles are intersecting. 

w = 14√(l + io + in)(l + io − in)(l − io + in)(−l + io + in) (17) 

Finally, the coordinates of the intersection points are given by the following 
formula: 

 
�1̂,2 = �o + �n2 + (�n − �o)(io2 − in2)2l2 ± 2To − Tnl2 w 
T1̂,2 = To + Tn2 + (Tn − To)(io2 − in2)2l2 ± 2�o − �nl2 w 

(18) 

By doing this for all sets of cables defined in (16) we can ensure that we find 
an intersection, as at least three of the pairs will overlap even with significant 
errors in the cable lengths at any given point in the workspace. We can also 
improve our estimation of the end-effectors pose by using several 
measurements.  
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3.5 Cable Length Encoder 

One of the easiest ways of keeping track of the end-effector is measuring the 
length of the cables. The lengths need to be known at all times and with as 
good precision as possible. This can be done by keeping track of the motor 
angles. The motor angle {� is then encoded to the length of the wire. There 
are several factor to take into account when modeling the encoder, in Figure 
8 we can see the basic geometrical relations between the motor controlled 
drum and a pulley. The pulley ensure a precise and constant anchor point &i for the cable, as well as reduce the wear on the motors [23]. 

Our encoder is based on an encoder proposed by Fang et al [28]. However, 
we have modified it to take into account multiple layers of cable on the drum. 
We also needed to reformulate the encoder as a function where we calculate 
the length of a step rather than the length of a collected motor angle. This 
had to be done due to the changing radius of the drum. An alternative would 
be to construct a cumulative sum function, but as the changes are continuous 
(we add one step or remove one step) this would only result in unnecessary 
recalculations. The encoder can be described in the following way. 

 

∆6� = ∆{� ⋅ (i� + ��(W� + ∆W�)) 
∆W� = i� ⋅ ∆{�2�   (19) 

Here ∆{� is the change in motor angle, i� is the radius of the drum, the 
function ��(W� + ∆W�) returns the number of cable layers on the drum 

 

Figure 8: Visualization of the model used to encode the cable length given a 
motor angle {�. 
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depended on the cables exit position on the drum W� and ∆6� is the change of 

the cable length. We also need a correction factor based on the varying length 
of the cable between the pulley and the motor, see Figure 8. We can define 
it as follows: 

 6�+ = √��(W� + ∆W�) + ℎ�2, (20) 

Where the function ��(W� + ∆W�) gives the cable position on the drum based 
on W� + ∆W�. When the parameter W� grows beyond the dimensions of the 
drum this function gives the corrected position on the drum based on 
additional layers of cables added, it also takes into account how the position 
of the exit point of the cable on the drum is bouncing between the edges of 
the drum as W� grows, see Figure 9. The length of the wire is then given by: 

 6� = 6�? + ∆6� − ∆6�+  (21) 

Here 6�? is the uncorrected previous length of the cable, ∆6�+ is the difference 
between the initial value of 6�+ and the current. The encoder is initialized with W�,���� and corresponding 6�,����. 

3.6 System Dynamics 

Dynamics or the modelling of the forces acting on the system are important 
due to several reasons, one being that is quite crucial to investigate the 
workspace limitations. Another reason is that it provides complementary 
information for the control of the system. 

In our system we have five main forces, four cables pulling on the end-
effector �� and the buoyancy of the end-effector �� pulling upwards, see 
Figure 10. A good starting point is looking at the force equilibrium, i.e. where 
all forces cancel each other. However, we are restricted to changing the forces 
in the cables and they can only pull and not push. Let’s consider the cables 
as vectors going from the attachment point on the end-effector to its 
corresponding motor: 

 .� = /� − 3 − 1�
, � ∈ {1,2,3,4} (22) 

Figure 9: Visualizing how the exit point of the cable is bouncing between the edges 
of the drum when additional layers are added. 
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We can now formulate the force equilibrium as follows using (5): 

 

∑J�?�� = −��? = 0
�

 
∑J�=�� = −��= = 0

�
 

∑J�E�� = −��E�
 

(23) 

Here �� is the scalar force in each wire and ��?, ��=, ��E the components of the 
buoyancy force ��. The x and y components �?�, �=� are zero given that �� is 
orthogonal to the system. However, we can generalize this formulation for 
the possibility of external forces acting on the end-effector. If we form the 
vector � that denote all external forces including ��, other forces can i.e. be 
inertia and friction. We can also formulate (23) on matrix form, given the 
addition of � we get the following: 

 �� + � = �, (24) 

where � denotes the structure matrix with the unit vectors H� makes up the 
columns of the matrix and � is the collection of scalar forces in the cables. 

 � = [J1? J2? J3? J4?J1= J2= J3= J4=J1E J2E J3E J4E
] , � =

⎣⎢
⎢⎡
�1�2�3�4⎦

⎥⎥⎤ , � =[�?�=�E
] (25) 

Finally, we also want to add some restriction to the cable forces � . Let’s 
introduce a ����, ���? to denote minimum and maximum value for all ��. 

 ���� ≤
⎣⎢
⎢⎡
�1�2�3�4⎦

⎥⎥⎤ ≤ ���? (26) 

3.7 Motor Dynamics  

The motor dynamics can be describes with the following equation: 

 ��� ̈+ ��� ̇+ i�� = H (27) 

Here �̇, �̈ is the motor angular velocity and torque, �� denotes the matrix 
of inertia, �� is the matrix of motor viscous friction coefficients, i is the 
radius of the drums, � is a matrix that describes the angles D�,i at which the 
cable is entering the drum (see Figure 8), � is the forces in the cables and 
finally H is the vector of motor torques. 
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�� =
⎣⎢
⎢⎡

>1 0 0 00 >2 0 00 0 >3 00 0 0 >4⎦
⎥⎥⎤ ,�� =

⎣⎢
⎢⎡
91 0 0 00 92 0 00 0 93 00 0 0 94⎦

⎥⎥⎤ 

� =
⎣⎢
⎢⎢⎡
<VW D�,1 0 0 00 <VW D�,2 0 00 0 <VW D�,3 00 0 0 <VW D�,4⎦

⎥⎥⎥
⎤  

(28) 

The angles cos D�,i can be calculated as follows: 

 <VW D�,� = ℎ�√W�2 + ℎ�2
 (29) 

However, it should be noted that the dynamic factors will at most times not 
contribute much to the control as the velocity and the acceleration is 
generally low. 

3.8 Cable Dynamics 

The elasticity of the cables is an important part to consider when dealing 
with a large system with long cables, even relatively low elasticity will impact 
the length of the cables. The elasticity depends on both the material the cable 
it made of as well as the construction of the cable, e.g. braided. A way of 
approximating this effect is to use a linear spring-damper model: 

 �� = <�∆6� + ��∆6�, (30) 

where �� is the total force in the tensed cable, <� is the stiffness coefficient, �� 
the damping coefficient and ∆6� denotes the length change due to elasticity. 

 ∆6� = 6� − 6�,0 (31) 

Here 6� is the length of the tensed cable and 6�,0 is the untensed cable. 

 <� = �F6�,0 = �F6�(1 − ��) , �� = ∆6�6� , (32) 

where F is the cross section of the cable and � is Young’s modulus, that is a 
measure of stiffness of a given material. However, the dampening coefficient �� is hard to estimate. Therefore experiments on the cable in question is 
highly recommended. That way the need for a more advanced nonlinear 
model can also be evaluated. On the other hand, Papazoglou et al. [29] has 
shown that the stiffness is the dominate term in underwater cables and 
therefore the dampening could be ignored. This would allow us to formulate 
the cable dynamics as: 
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 ∆6� = ��<� = ��6� (1 − ∆6�6� )
�F → ∆6� = ��6��F + �� (33) 
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Workspace and Control 

A crucial part for both control and when analyzing the workspace is to find 
a suitable force distribution in the four cables for any given position of the 
end-effector. In this chapter we describe a force distribution algorithm 
proposed by Bruckmann et al. [25] for our case with three degrees of freedom 
and four cables. Using this force distribution algorithm we can the find a 
suitable workspace. Finally, we describe a control scheme proposed by 
Bruckmann et al. [22] where we control the end-effector in operational space 
which allows us to linearize the system. 

4.1 Force Distribution 

To find a force distribution we need to solve for � in (24) constrained by 
(26). However, this is not trivial as we notice that � in (25) is of the 

Figure 10: Visualization of the dynamic model of the system. 
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dimensions ; × > = 3 × 4. It is not square and therefore not invertible. This 
means that we have more variables than equations, i.e. we have an 
underdetermined system and there exists many solutions. We want a safe 
solution within our ����, ���? limits. There exists many solutions for this 
problem. Here we choose a barycentric force calculation [22, 25], where we 
use the kernel (null space) of the structure matrix F as a transformation to 
find candidate solutions � , that is in our case a scalar. The fact that our 
system only has one more cable than degrees of freedom for the end-effector 
(i = > − ; = 1) make this algorithm significantly simpler. In a more complex 
case (i > 1) we need to triangulate between the found points of a vector  . 
This is especially complicated in higher dimensions, in the case of a large i. 
This is also where the name of the algorithm comes from: after triangulation 
a barycentric point in the triangle is calculated. However, in our case these 
steps can be skipped as the notion of a triangle in one dimension does not 
exist.  

The barycentric force calculation has the advantage of delivering 
continuous results, i.e. the force distribution in adjacent points will always 
have a smooth transition and no unexpected wrenches will occur. This is of 
importance as sudden jerks add unnecessary stress on the motors and other 
equipment. The algorithm is also free from iterations which makes it 
predictable and fast to calculate. Finally, it also always finds a solution if 
there exist one [22]. 

The first step of the algorithm is to find the kernel or null space of the 
structure matrix �. As the structure matrix is dependent on the pose of the 

Figure 11: Overview of the forces in a cable within the range of  0 > ≤ U ≤ 15 > given the parameters ���� = 2 ¢, ���? = 300 ¢,  � = [0 0 3]G  > 
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end-effector the kernel is also dependent on the pose of the end-effector. The 
kernel can be efficiently calculated using QR-decomposition [30]. 

 £ = r¤i(�) (34) 

The solution plane for � is then the following: 

 � = 3 + £�, (35) 

where � is the scalar we are solving for and 3 = [¥1, ¥2, ¥3, ¥4]G  is the 
particular solution that stems from the � vector. To calculate 3 we start by 
using QR-decomposition of � again: 

 �3 + � = � ↔ §¨3 + � = � (36) 

By considering ¨3 = © we can find an intermediate solution: 

 §© = −� ↔ © = −§G � (37) 

Finally, we solve for 3. Again the equation system is underdetermined, but 
in this case according to Bruckmann et al. [25] we just choose one parameter, 
e.g. ¥4 = 1. 

 ¨3 = © (38) 

Now that we have a particular solution we can evaluate the solution in our 
solution plane (35). We do this by investigating the boundary cases of our 
cable forces limits: 

Figure 12: Close up of the region 2 > ≤ U ≤ 3 > given the parameters 
 ���� = 2 ¢, ���? = 300 ¢, � = [0 0 3]G  > 
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 � = 3 + £� = ���� :;� � = 3 + £� = ���? (39) 

To get a set of � candidates we solve the equation component wise as follows: 

 {£� = ���� − 3£� = ���? − 3 →
⎩{{
{⎨
{{{
⎧�1 = (����1 − ¥1)/°1⋮�4 = (����4 − ¥4)/°4�5 = (���?1 − ¥1)/°1⋮�8 = (���?4 − ¥4)/°4

 (40) 

We now have a set of 8 possible values of �. However, we need to check if 
the solution is valid (produces forces within the constrains). This is simply 
done by transforming the solution back using £: 

 �o ∈ � = {�1,… , ��} �� ���� ≤ £�o + 3 ≤ ���? (41) 

If all forces are within ����, ���? they are assigned the set �. The last set is 
then to find a safe value within the constrains which is done by taking the 
mean value of all entries in �: 

 ��´�� = ∑ (�o)2;  (42) 

Finally, the solution is transformed back to get our force distribution � : 

 � = £��´�� + 3 (43) 

Figure 13: Forces for a suitable height for the end-effector at U = 3 > given the 
parameters ���� = 2 ¢, ���? = 300 ¢, � = [0 0 3]G  > 
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4.2 Workspace Analysis 

The forces in the cables are the main limitation of the workspace in our 
system. The kinematics put some constrains on the system. The forward 
algorithm does not support positions on the edge of the frame that the motors 
forms. However, those positions are also both unsuitable from a purely 
construction design perspective (minimum cable length) as well as from a 
dynamic perspective. 

In this section we present a discrete analysis of the workspace using the 
force distribution described in section 4.1. In the following graphs (Figure 11, 
Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16) the scalar force 
at different positions of cable .1 can be seen. The other cables have an 
identical force distribution apart from a rotation of the data. In Figure 11 we 
can see a large overview of a possible workspace. Every point represents a 
cable force calculation at that position and the magnitude of the force is 
represented by the color. An absence of a point in the grid represents a 
position where a force distribution can’t be found and therefore does not 
exists, given the constraints of ���� = 2, ���? = 300 and the  external forces � = [0 0 3]G . We can see that between the height of 3 m and 12 m we 
seem to have a suitable workspace. If we zoom in on the most interesting 
range of the workspace between the height of 2 m and 3 m in Figure 12, we 
can see that, given our parameters, a height of 2.3 seem to be the lowest 
suitable height for the end-effector, further illustrated in Figure 14 and Figure 
15. In Figure 13 we can see a bit more clearly how the forces vary over the 
workspace given the height of 3. It is also interesting to note how the shape 

Figure 14: Forces for the lowest suitable height for the end-effector at U = 2.3 > given the parameters ���� = 2 ¢, ���? = 300 ¢, � = [0 0 3]G  > 
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of the plane change as we move closer to the limits of a suitable height as 
can be seen in Figure 14 at height 2.3. The limits in the �, T axes are also 
crucial information Figure 16 shows how the edge is shaped in higher 
resolution, we notice a slope. The further up in U we get the more constricted 
are the limitations in the �, T axes. A safe margin given our parameters would 
be around a restricted border with the width of 5 meter. 

With further experiments using different parameters we can observe how 
the different parameters affect the workspace. The most obvious one is 
probably that a lower position of the end-effector results in higher forces in 
the cables. This is also tightly connected with the buoyancy of the end-
effector, a bigger buoyancy also results in higher forces in the cables. A higher 
value of ���? mainly allows for a deeper workspace in terms of U while a 
lower ���� mainly allows for a wider workspace in terms of �, T.  

4.3 Control 

The goal of the control system is to ensure a robust way of managing the 
steering of the end-effector and more specific to keep it approximately on the 
predetermined path at all times. In this section we will tie together and utilize 
many of the previous models of the system. 

A system can be controlled in many different ways, there exist many types 
of controllers and ways to optimize them. There is also different properties 
that can be controlled like position, velocity and acceleration. We can even 
control in different spaces. In Figure 17 we can see an architecture design by 
Fang et al. [28] in joint space. The idea is to control the motor angles directly 

Figure 15: A too low height for the end-effector at U = 2.1 > given the 
parameters ���� = 2 ¢, ���? = 300 ¢, � = [0 0 3]G  >. The holes in the 

surface represent position were no solution exists.  
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and the inverse kinematics (including an encoder between cable length and 
motor angle)  is used to obtain these values. In this particular architecture a 
feedback position controller and a feedforward force controller is used to 
control the motion of the end-effector. Dynamic or force control is often only 
used when dealing with heavy loads or high velocities, neither of these 
properties applies to our system. However, we have a very large system and 
therefore the elasticity of the cables is an important factor. This makes 
controlling the forces in the cables very important, to be able to estimate and 
compensate for this factor. We have also seen in section 4.2 that the forces 
in the cables are very important in defining a suitable workspace. 

The reason behind combining both force control and position control is 
that the dynamic model rarely contains all mechanical factors. The position 
control compensates for this error. The resulting control law is as follows:  

 H = ¶·(�� − �) + ¶¸(��̇ − �)̇ + ����̈ + ����̇ + i��. (44) 

Here ¶·,¶¸ are matrixes of constants and as we can see the other parts are 
directly from the dynamics of the motors in section 3.7. A more detailed 
architecture of this system can be seen in Figure 17. In the figure we can see 
how the end-effector’s desired position is obtained from the path and is then 
transformed into motor angle parameters. Using these parameters the 
dynamics of the motor is modeled and a suitable force distribution is obtained 
from the method in section 4.1. This is all added together to form a set of 
torques that we use as the set points for the servomotors. From the motor 
we can than obtain the angle count and the reached torque. This method 
utilizes independent linear PD controllers and from practical experiments this 

Figure 16: Investigation of the limitation in �, T of the workspace, the corner 
nearest the motor. Showing the region of 0 > ≤ �, T ≤ 10 > and 2 > ≤ U ≤ 3 > 

given the parameters ���� = 2 ¢, ���? = 300 ¢, � = [0 0 3]G  >.  

z 

y 
x 

[m] 



27 

has been shown to work, even though the dynamics themselves are nonlinear. 
However, it still has a drawback as it is hard to find good stable controller 
parameters for the whole system and not only locally, due to this nonlinearity. 

Therefore, Bruckmann et al. [22] proposes a solution that controls the 
system in operational space, which means that the end-effector is the focus 
of the control. The reason that this is preferred is that the solution allows us 
to linearize the system through feedback [31]. The dynamics for this system 
can be expressed as follows: 

 �·3̈ − ¹
 + (����̈ + ����̇)�G �−1
i = H �G �−1

i  (45) 

We can see how the torques are converted to end-effector forces by the 
fraction after H. Furthermore, by extending (7) and (12) from the inverse 
kinematics we get the following relation between the end-effector’s velocity 
and acceleration, and the angular velocity and torque of the motors: 

 � ̇ = �G 3̇i , � ̈ = �G 3̈i + �̇G 3̇i . (46) 

Using (46) and (45) we can now formulate (45) into a dynamic equation 
completely in the end-effector’s parameters: 

�· + �G �−1���i2⏟⏟⏟⏟⏟⏟⏟⏟⏟ 3̈ + ¹
 + �G �−1���̇
i2 3̇ + �G �−1���� 3̇i⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟ � H �G �−1

i⏟⏟⏟⏟⏟ .
�´¾  ¿ 	 ��

 (47) 

The global linearization of the system is achieved by (47) as we can observe: 

 �� = �´ÀÁ + ¿ → Á = 3̈. (48) 

We then want to control this linear subsystem with a PD controller to correct 
for position and velocity, much like in the joint space system in Figure 17. 
We extend the input Á with the following: 

 

Figure 17: The architecture of a control system in joint space. Dotted lines 
indicated that the line is hidden to lessen the clutter. 
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 Á = 3̈� + ¶·(3� − 3) + ¶�(3̇� − 3̇). (49) 

Finally, we can now combine (47) and (49) to get the final formulation of the 
desired force on the end-effector: 

 �� = �´À (3̈� + ¶·(3� − 3) + ¶�(3̇� − 3̇)) + ¿  (50) 

The complete architecture of this system can be seen in Figure 18. Notice 
how �� is the force needed to move the end-effector from its current position 
to the desired position, see Figure 19. This force is then used as an input in 
the force distribution via the variable � and converted to motor torques. 
Notice also that we now use the forward kinematics model to find the end-
effector’s position from the information obtained from the encoders (cable 
lengths) and sensors (distance to the sea floor) of the robot. The forces in the 
cables is also one of the inputs, this is needed to estimate and compensate for 
the elasticity of the cables. 
 

  

 

Figure 18: The architecture of the control system in operational space. 

 

Figure 19: Showing the concept of the control in operation space. A force vector 
acting on the end-effector is created by the control system and is then used as a 

parameter for the force distribution. The force vector is primarily created from the 
error in position between the end-effector and the path, but also factors from 

velocity error and dynamic factors can be used as seen in (50). 
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Components and Sensors 

In this section important components of the system and aiding sensors will 
be explored and discussed. However, as this area does not represent the focus 
of the thesis only a brief exploration is presented here to provide some 
context. 

5.1 General Requirements 

Due to the depth at which the system will be operation all components will 
be exposed to a significant amount of pressure, this calls for very robust 
enclosure of water sensitive components like the motors. For the end-effector 
to have a certain buoyancy the container holding the less dense material i.e. 
air, also needs to be able to withstand the pressure to avoid imploding. 
However, the extreme nature of the environment and lack of vegetation also 
has some advantages, e.g. the absence of coatings from algae and other sea 
plants that can interfere with sensors and components. 

5.2 Motors 

Each of the four cables in the system is controlled by a torque/current 
controlled servomotor. The motors task is to ensure the required tension is 
each cable. The servomotor also allows for precise control of angular position 
and velocity, which is important as we need to keep track of the cable lengths 
at all times. 

A servomotor is a controlled motor often consisting of three control loops, 
one for current, one for velocity and one for position. These loops 
continuously minimize the error between the set point (desired value) and 
the measured value. There are several types of motors that can be used for 
servomotors like brushed DC motors, AC induction motors and brushless AC 
motors all with different characteristics. However, motor type is not critical 
to the basic function of the servomotor [32]. Stepper motors can also be 
configured in a close loop system that is similar to servomotors, they are often 
an economical alternative but lack the control of torque as a stepper motor 
always operates at maximum torque [33]. 
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5.3 Cables 

One of the most important properties of the cables is the buoyancy. Ideally 
the cables should be completely neutral in terms of buoyancy, i.e. the cables 
buoyancy compensates exactly for the gravity. This is desirable as this would 
minimize any curving of the cables which introduces nonlinearities. The 
cables should also be as stiff as possible as elasticity also introduces 
nonlinearities. The cables should be able to hold at least 1000 N force as this 
provides some margin to the numbers observed in simulation (see Chapter 6) 
and workspace analysis (see Chapter 4). 

5.4 Depth Sensors 

Water depth sensors use the ambient sea water pressure to determinate the 
depth of the sensors positon. According to a survey by Kinsey et al. [34] the 
two most common types of pressure sensor are based on strain gauges or 
quartz crystals. Strain gauge sensors use a piece of metal alloy or silicon 
crystal which resistance is linear to the physical deformation of that piece. 
These pieces are mounted with a diaphragm that act as a seal between the 
water outside and some isolated water. The deformation of the seal causes 
the alloy or silicon to deform. The resistance of the conductor can then be 
measured in a Wheatstone bridge, a simple circuit using three known 
resistance to very accurately measure an unknown fourth. Quartz crystal 
pressure sensors are based on quartz crystals whose resonant frequency 
reflects the stress caused by the pressure. 

 

Figure 20: Showing how two pressure sensors can be used to measure the relative 
distance between the sea floor and the end-effector. 
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The quartz crystal pressure sensors are the more accurate of the two and 
can provide an accuracy of about 0.01% of the range, while strain gauge 
pressure sensors can provide about 0.1% of the range. In terms of resolution 
(smallest detectable incremental change) the quartz passed sensor is also 
superior with 0.0001% over strain gauges based sensors of about 0.01% of the 
range. Multiple depths sensors can be used to compensate for e.g. thermal 
factors. As our application is depended on a relative depth, one sensor could 
be places on the frame e.g. near a motor and one on the end-effector as shown 
in Figure 20. 

Another sensor that could be used to measure the distance between the 
sea floor and the end-effector is an acoustic altimeter. It is a type of sonar 
that measure the time interval between emission and the return of sound 
pulses that are reflected on the sea floor. A typical precision of an acoustic 
altimeter is about 0.01-1.0 meter mainly depending on frequency of the sound 
[34].  
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Experiments and Results 

All experiments in this thesis are in the form of simulations and realized in 
MATLAB and Simulink. In the following chapter we first describe the setup 
of the different components of the simulation followed by how these are 
connected to each other. In the end of the chapter the results are presented 
and analyzed. 

6.1 Building the Path 

The starting point in the simulation is to build the path we want the end-
effector to travel along. The end result is a time series of positions, velocities 
and accelerations at each point of time. We introduce two basic parameters, 
step length and time unit. The step length is the distance traveled during a 
time unit, e.g. 1 cm per second. By also introducing the time unit variable 
we can control the number of points in the path, e.g. if use 10 seconds as the 
time unit we get 1/10 of the point compared to if we use 1 second. Simulink 
will interpolate linearly between points if needed so the number of points is 
not relevant for the simulation, but for a final completely discrete solution 
with a fixed sampling time it will be of importance. 

The end-effector will travel from one corner of the workspace to another 
along the x-axis, it will then come to a complete stop and turn 90 degrees to 
the right and travel a few meters along the y-axis, turn again and then return 
to the original side of the workspace by traveling along the x-axis with the 
new position in y. After completing the same operation of traveling along the 
y-axis again the loop repeats itself until the end of the workspace, in terms 
of y-coordinates. At this point the end-effector will simply backtrack the 
entire path to its starting position. This path can be observed in Figure 21. 

In Figure 21 we can also observe the geometrical parameters that we 
introduce to the path; padding, spacing and height. Padding is the width of 
border that makes up the restricted zone, i.e. the area inside the border make 
up the safe workspace for the end-effector. The padding is only defined in x 
and y as the z coordinate are aimed to be constant and determined by the 
parameter: height. Spacing is the measure used to decide the number of turns 
the end-effector will make during a loop. It is simply the length between two 
tracks along the x-axis. 
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6.2 Actuator Simulation 

The actuator or the motors is probably the single most important component 
of the system. In our simulation we use the model provided in Simulink, 
Simscape called Servomotor [35]. It is a model of a servomotor that is 
controlled by torque or equivalently current. The parameters used can be 
found in Table 1. The motor is connected to a DC Voltage Source as can be 
seen in Figure 22. The actuator model has two inputs, torque and load. The 
torque is the set point for the control system in the servomotor, i.e. the torque 
that we want the motor operate at. The load is the opposite force acting on 
the cable connected to the motor, which is the other three motors and the 
buoyancy of the end-effector. A diagram of these force can be seen in Figure 
23. The load for a motor can be calculated in the following way: 

 �� = ���Ä�(�,�), (51) 

where ���Ä� is the force distribution algorithm discussed in section 4.1 and 
the parameter � is the structure matrix and � the force acting on the end-
effector. Using these forces we can calculate a total force for the selected 
motor: 

 

Figure 21: The planed path for the end-effector, also highlighting the 
geometrical parameters of the path. 
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 �� = ∑Å���,� + Æ
�∈2

, � = {� ∈ 1,2,3,4|� ∉ q}. (52) 

Here Å� represent the �th column in �, ��,� the �th element in �� and Æ is 
the buoyancy acting on the end-effector. The qth cable force is excluded as it 
is the selected motor. In Figure 23 we can see Å���,� as the dashed arrows 
and �� as the solid arrow. Similarly, we calculate the force for the selected 
cable �Ä, the dotted arrow in Figure 23. 

 �Ä = Åo��,o (53) 

Finally, we want to project the total load force �� on to the selected force �Ä. 
This can be done using vector projection as follows: 

 �Ä� = (�� ⋅ �Ä‖�Ä‖ )Ê �Ä. (54) 

The selected load �Ä� is then used as the load parameter. The difference 
between the load and the torque (see the bold arrow in Figure 23) will 
determinate how much the motor rotated and wind or unwind the cable. 

To simulate the characteristics of the motors at the other end, i.e. the 
three motors pulling from the perspective of a selected motor, the load input 
is used as a set point for an identical motor setup as for the selected motor. 

 

Figure 22: Motor model in Simulink. The upper motor approximates the 
characteristics of the other three motors then simulating the load of the motor. The 
blocks marked “S PS” are conversion block between the standard Simulink library 

and the Simscape library. 
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This can be seen in Figure 22, in the dotted box named load simulation. We 
can also see that we have a gearbox for the load and the selected motor, these 
have the function to increase the torque of the motors at the cost of rotor 
speed. The wheel and axis block is converting rotational movement to 
translational movement, i.e. a simulation of the drum in the real system. 
Given that the radius of the drum is smaller than 1 meter, it has the same 
effect as the gear box of amplifying the force at the cost of velocity. Finally, 
we also have a mass block that represent the mass of the end-effector and a 
damper that represent the dampening effect of the drum. The position of the 
mass is measure with a motion sensor that equals the length of the cable. 

6.3 Cable Constrain Simulation 

One of the strengths of the cable suspended design is that the cables put 
constrains on each other in terms of length. Given that we make sure that all 
cables are in tension at all times, the cables can only be a certain length in 
relation to each other given by the inverse kinematics. The elasticity of the 
cable can of course offset the lengths dependent on the current forces but the 
fundamental constrain is still in effect. In our simulation this is handled in 
form of a constraint set by two of the cables, which acts on the other two 
cables. In reality each cable is of course both under constraint and contributes 
to the constraints. However, we believe the approximation used captures the 
most significant effects. 

The approximation of the constraint is achieved by using the estimated 
position from the forward kinematics in the feedback loop as specified in 
section 4.3. In Figure 24 we can see the specifics of the design in the 
simulation. The position of the end-effector provided by the forward 
kinematics is used as an input for the inverse kinematics function to obtain 
the length of the constrained cables. This might seem as a bit redundant as 
we basically have translate from cable length to end-effector position back to 

 

Figure 23: The forces acting on a selected cable and the end-effector. 
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cable length again. However, by doing it this way we ensure that the 
estimated position and the constraint is synchronized at all times, i.e. we 
don’t get any error between the estimated position and the constraint cables. 
We can also see a subtraction with a block labeled init_l that contains the 
initial lengths of the cables and is a compensation for the initial values in the 
translational motion sensors in the motor subsystems, see Figure 22. 

In the same figure we can also see the variable hardstop block inside the 
dotted box, labeled constraint simulation. This custom block is provided with 
the length constraint and if the constraint is not meet dampening and 
stiffness forces are applied to ensure the length of the cable. Only motor 3 
and 4 have these components as they are the ones under the constraint. This 
approximation also results in that only cable 1 and 2 is used in the estimation 
of the position in the forward kinematics, as otherwise we would get a self-
fulfilling loop that would not yield correct results. 

6.4 Control System Simulation 

The design of the full control system simulation can be seen in Figure 24. 
The most notable difference compared to the model suggested in section 4.3 
is the lack of control of velocity and acceleration components. During the 
simulation test is was clear that these parts where completely redundant as 
a pure positional correction performed very well, as can be seen in the results 
in section 6.5. 

The system has six main components: path, force distribution, load 
calculations, motors, forward kinematics and constraint simulations. Apart 
from these we can also observe two gains; Ë  that is the gain for the position 

 

Figure 24: Control system in Simulink. 
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error and scales the forces applied to the end-effector to minimize this error, i/Ì is a compensation for the wheel and axis radius (r) and the gear box (g). 
The inputs of the force calculation block are the index of the selected cable 
and the indices of the load cables. All parameters used in the simulation can 
be found in Table 1. 

6.5 Results 

The most important result for our application is how closely the end-effector 
is following the path, this can be seen in Figure 25. In the big upper graph 
the difference is not possible to distinguish between the path and the 
simulated movement of the end-effector. If we zoom in at some of the more 
interesting transitions we can see a slight rounding of the shape as well as a 
static error in some cases of about 1 decimeter, as seen in the lower graphs 
in Figure 25. 

 

Figure 25: Simulation results, end-effector position vs. time. We can see in the 
detail graphs that the path and the simulated end-effector is very close. 
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If we take a closer look at the position error over time we can see that we 
have an error up to about 5 meters, see Figure 26. However, it is important 
to note that this is the error between a time specific position in the path and 
the end-effector’s position at the same time. It is not the amount it diverge 
of the path as we could see in Figure 25. It is basically the end-effector lagging 
after the desired position in a sharp transition and as time specific position 
is not at all important to our application this error causes no problems. The 
only thing we need to keep an eye on is the velocity of the end-effector as we 
do not want to risk stirring up bottom sediment. However, if we look at 
Figure 27 we can see that the velocity never increases more than about 50% 
of the path velocity, which should not risk disturbing the sediment. 

We can also take a look at the cable length during the simulation in 
Figure 28 where we can verify that the constraint seems to work accurate as 
the cables are at all times within a reasonable region (about 10 to 700 meters). 

  
Figure 26: The error between the path and the simulated position of the end-

effector. We can see how it spikes then the end-effector reaches the end of a long 
side to turn right. 

Figure 27: The norm of velocity of the end-effector during the simulation. 
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Finally, we inspect the forces in the cables, in Figure 29 we can see the 
forces in one cable during the simulation and the other cables are symmetrical 
to the one shown in the graph. If we compare it to Figure 13 we recognize 
the shape and as the end-effector is presumed to be 3 meters from the sea 
floor in these simulations it is the expected result. A closer comparison 
between the two graphs can be found in Figure 32 where we can see how the 
control system adds a slight amount of force to the cables to compensate for 
the positional error. 

6.6 Limitations 

The simulation has several limitations in comparison to a real system. One 
of the most obvious is the constraint between the cables that is only 
approximated in the simulation. However, the motors and the force control 
is a much faster system in comparison to the positional correction and 
therefore this approximation is possible without losing too much accuracy. 
On the other hand there might always be other implications from a constraint 
that will affect the slower system as osculation that persists over longer time 
periods. These effect would however require even more advanced models 
incorporate elasticity and dampening of the cables. 

This brings us to one of the other approximation of the simulation, the 
lack of elasticity in the cables and the use of an encoder to compensate for 
this. The main reason for disregarding these factors are that they would give 
very little information of the actual system, as you need to make the model 
for elasticity by yourself and the inverse engineer it. However, one aspect 
that could be interesting is to compare how well a nonlinear model could be 

 

Figure 28: The length of the cables during the simulation. We can see how the 
lengths varies between about 10 to 700 meter. 
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approximate using a linear model in the encoder. But in the end these kind 
of experiments are much more meaningful in a real full scale experiment using 
the actual components of the final system. 

The third significant limitation of the simulation is the lack of a height 
sensor to measure the distance between the end-effector and the seafloor. In 
the simulation we presume a constant height of 3 meters from the seafloor. 
This of course disregards the z-dimension in the simulation, although there 
is nothing to suggest that it would change the result in any way as the control 
system itself handles all dimensions. We can also observe the height using a 
three dimensional forward kinematic algorithm. This algorithm is similar to 
the one use for the control system, which finds the intersection of two circles, 
but as we aim to find a point in three dimensions we need to use three spheres. 
This leads to some problems, the algorithm is more sensitive to noise and 
incorrect cable lengths as can be seen in Figure 30. This makes it unsuitable 
for control and is therefore only used to observe the height. In the same figure 
we see that then end-effector is supposedly varying in height between about 
2.4 to 3.8. However, if we look at Figure 32 we see that the forces in the 
cables seem to be very similar to forces at a height of 3 meter above the sea 
floor. If we then look at Figure 31 we can see that a height of 2.4 meters 
would generate significantly higher forces. Our conclusion is that the forward 
algorithm is actually just picking up some imperfection in the cables length 
in the simulation and the end-effector is probably much more stable around 
3 meters, and this without control in the z-axis. This realization also implies 
that the force control is already controlling the height of the end-effector and 
as the forces in the cables give a significant response to height changes it is 

 

Figure 29: The force in cable 1 during the simulation. The height and color 
represents the force at the position. We can also see the path (x,y coordinates 

only) under the points. 
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a very stable way of controlling it. Therefore a height sensors might not be 
needed after all, this is however something that need to be confirmed in a 
real life experiment. 

Finally, the simulation is performed in continuous space to be able to 
have a variable step size to speed up the simulation and handle the stiff 
system with both the fast motor simulations and the slower control system.  

6.7 Analysis 

As seen in the results the system preforms very well in terms of keeping the 
end-effector on the path, even without velocity and acceleration control. This 
wasn’t a great surprise as we are dealing with a very slow system where the 
dynamics of the system have very little influence apart from the tensions in 
the cables. However, this also means that we lose the linearization proposed 
in section 4.3, on the other hand we now have a very simple system and it is 
hard to see how it could become unstable. One thing that might be considered 
is to go back to the controlling in joint space as proposed by Fang et al. [28]. 
Some early experiments were performed with this setup and although more 
work needs to be done to make any certain conclusions, it seems not to 
perform as well with only positional control. The system is noticeably slower 
to find a stable force distribution between the cables. This might be the effect 
of the constraint between the cables not being fully simulated. Another 
explanation to this is that the force distribution acts as a smoothing filter in 
some sense in the operational space control scheme. The force distribution is 
of course presents in both control schemes, but in the operational control the 
control signal is filtered thought the force distribution. This results in that 
the cables will never or rarely experience any sudden changes in tension. This 
does not only make the system settle fast, but also minimize the stress on the 
cables. However, it should be mentioned that this could probably also be 
achieved with a well-tuned PD or PID control in joint space. But the 

 

Figure 30: Showing the height of the end-effector measured with a three 
dimensional forward kinematic algorithm. However, the end-effector is not 

controlled with this height data, it is only controlled in x and y. We can see the 
problems with discontinues, manifesting as spikes due to limitation in the 

algorithm. 
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simplicity of only positional control in operational space remains an attractive 
choice. 

However, one of the drawbacks with operational space control is that we 
need a forward kinematics component. This is not required for the joint space 
scheme where we use inverse kinematics instead. Forward kinematics is not 
a reliable as its inverse counterpart as you are depended on finding a solution 
that is not guaranteed to exist, i.e. the circles do not intersect due to some 
error in the length of the cables. There are ways to minimize this problem by 
e.g. averaging between several cables intersection and simply disregarding the 
ones with no solution. 

Figure 31: Visualizing the mean forces in the cables at different heights in the 
workspace. We can see that the separation is quite significant and therefore the 
forces can be a good indicator of height. Using the parameters used in the 

simulation: ���� = 1 ¢, ���? = 500 ¢, � = [0 0 3]G  > 

y (m) 

x (m) 
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Figure 32: Comparison between the static workspace forces (gray mesh) similar to 
what is shown in Figure 13 and the simulation results (black dots) as shown in 

Figure 29. The graph is zoomed in and from the side to make the small difference 
visible. We can see the small additional forces contributed by the control system, 

but in general very similar forces. 
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Table 1: Simulation Parameters 

Parameter Components Value 

DC Voltage Motors 300 V 

Maximum Torque Motors 13 Nm 

Maximum Power Motors 600 W 

Torque Control Time 
Constant 

Motors 0.02 s 

Rotor Inertia Motors 5e-6 kgm2 
Rotor Damping Motors 1e-5 Nm/(rad/s) 

Drum Radius Drum 0.2 m 

Drum Damping Drum 10 Nm/(rad/s) 

Initial Cable Lengths Cables 
12.88 m, 489.08 m, 691.55 
m, 489.09 m 

Gear Ratio Gear Box 3 

P, Position Control Gain Control 2 

Solver Type Solver ode15s(stiff/NDF) 

Relative Tolerance Solver 1e-3 

Other Solver Options Solver auto 

Minimum Cable Force Force Dist. 1 N 

Maximum Cable Force Force Dist. 500 N 

End-Effector Buoyancy  Force Dist. [0 0 3] N 

End-Effector Cable 
Connection Offsets 

End-Effector [−1 −1 01 −1 01 1 0] m 

Motor Positions Motors 

⎣⎢
⎡ 0 0 1500 0 1500 500 10 500 1⎦⎥

⎤
 m 

End-Effector Mass End-Effector 0.2 kg 
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Conclusions and Future Work 

7.1 Conclusions 

A model and control system for autonomous underwater cable suspended 
dredging system was proposed and simulated in this thesis. The application 
of the system is to combat the excess of nutrients, like nitrogen and 
phosphorus in the Baltic Sea and therefore scale is an important factor. A 
cable suspended robot is well suited to fulfill this requirement. The full system 
will consist of four identical fields where a cable guided end-effector equipped 
with a pump travels along a predetermine path to collect sediment. The 
sediment is stored in large containers in the center of the construction. At 
the surface an operational unit containing computers and a power sources is 
placed. This unit also acts as a way of accessing the sediment that will be 
collected by boat as needed. 

However, the focus of this thesis is solely on modelling, designing and 
controlling a system to guide of the end-effector. Multiple static models 
describing the relation between end-effector, cables and motors has been 
presented, both in respect to position as well as velocity and acceleration. 
Furthermore dynamic models of motors and cables was described and an 
encoder keeping track of cable lengths in relation to motor angles was 
proposed. The forces in the cables is important, especially due to the scale of 
the system in combination with elasticity of cables. Both force control and a 
linear elasticity model was described to handle this challenge. Force 
distribution is at the heart of controlling the forces in the cables. A force 
distribution algorithm was described that ensures a safe distribution between 
the four cables, given a maximum and minimum allowed force in each cable. 
Using this algorithm a workspace analysis was performed to find a suitable 
workspace for the end-effector to operate within. 

Finally, all components was put together in a control system that is based 
on a combination of force control and state (position, velocity, accretion) 
control. Two different approaches was discussed, joint space control and 
operational space control. Where the joint space scheme controls the motors 
states directly and operational space scheme controls based on the end-
effectors state. The operational space approached was chosen and simulated 
using MATLAB Simulink. 
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The simulation shows promising results in terms of how well the end-
effector traces the path. Even though a control model using position, velocity 
and acceleration control in combination with force control was described, only 
positional control and force control was shown to produce more than 
satisfying results by itself. This resulted in a simpler system that can only be 
seen as a success. Joint space control did not show as good results using only 
position and force control in early testing. 

In conclusion the system has shown to be a simple yet promising solution 
to the problem of guiding the end-effector along the predetermine path. It is 
especially interesting to see how well force control and position control 
compliments each other in our system. While position control has proven to 
be effective in the x,y-plane the force control seems accurate and precise in 
the z-axis. This could hopefully lead to the possibility to make a final system 
with few sensors and a very simple control law, which in turn speaks to the 
robustness of the system. 

7.2 Future Work 

There are several possible paths to take in regards to future work. The most 
direct is to construct a real life experiment with the proposed system. The 
first experiment is probably most suitable to perform on land, as it allows for 
easy setup and access to the system. One possibility would be to run the 
system upside down and let gravity simulate the buoyancy of the end-effector. 
This would allow for detailed measurements of the elasticity of the cables, 
especially if a full scale experiment can be performed. However, smaller test 
setups is probably needed prior to this, just to ensure that all components 
are functional. 

The need for a detailed elasticity model of the cables is likely crucial, to 
obtain correct position estimations of the end-effector and therefore special 
care should be taken to investigate that. Dependent on the buoyancy and 
weight of the cables as well as the minimal forces in the cables, slacking might 
occur (upwards due to buoyancy or downwards due to weight). If this proves 
to be significant enough a more complex model to take this into account this 
might be needed. 

A quite radically different approach that might be worth investigating, 
would be to reduce the number of cables to three. The reason behind this 
change would be to eliminate the need of the dynamic models of the system. 
If we reduce the cables to three, the structure matrix � becomes square and 
the equation (24) becomes directly solvable. This eliminates not only the need 
for a force distribution algorithm, but also makes the forces in the cables 
predictable at all positions given that the forces acting on the end-effector is 
known. However, the problem is that the forces on the end-effector might not 
be constant and therefore hard to estimate.  The end-effector will likely be 
burdened differently by the weight of the tube for pumping the sediment, 
depending on the content in the tube (water or sediment), even though the 
tube is supported by buoys. The problem could possibly be minimized by 
using an end-effector with relatively strong buoyancy. On the other hand this 
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adds additional load on the cables and the motors. If this would prove feasible 
it could be a strong alternative to the proposed system in this thesis as it 
allows for an even simpler system and therefore hopefully a more robust. 
However, one drawback is a smaller workspace as can be seen in Figure 33. 
Given that the same motors was used this would result in a less cost effective 
solution if we compare workspace to motor and cables costs. On the other 
hand this is a very simple comparison as many more important factors as 
possible lower motor requirements (the lack of need for torque control) might 
be relevant to the cost calculations. 

It is of course also possible to add additional cables and motors as well. 
However, as we can see in Figure 33 adding cables have clear diminishing 
return in terms of workspace area, especially after 5 cables. Adding cables 
also adds to the complexity of the control system.  

Some way of calibrating the system at regular intervals could be a 
beneficial feature, to ensure that error in the encoder doesn’t get to big over 
longer periods of time. However, the need for such a feature should to be 
evaluated before any attempt to design and implement it as it adds to the 
complexity of the system. 
 
 
 
 
 

 

Figure 33: A comparison between the potential workspace using different number 
of cables and motors to control the end-effector. The area of three cables are used 

as a reference and all cables have equal length in all constellations. 
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