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Resumo 

Esta tese enquadra-se no desenvolvimento de um manipulador elétrico um veículo aquático 

remotamente operado para realizar tarefas, nomeadamente no campo de aquacultura. É de se 

notar que esta tecnologia tem sido alvo de constante evolução nas últimas três décadas. Os 

sistemas hidráulicos são mais comuns comercialmente. No entanto, a Wavec optou por 

atuadores elétricos, criando a sua própria solução, garantindo os requisitos desejados. Este 

trabalho tem como objetivo estudar algoritmos de controlo de força a serem implementados no 

manipulador, num ambiente laboratorial, com uma célula de força montada na base, simulando 

a montagem do manipulador a ser utilizado. Esta montagem permite manter a eletrónica dentro 

duma caixa estanque, evitando transportar cabos ao longo do braço em contacto com água. 

No laboratório, foi montado um manipulador com duas juntas para implementar algoritmos de 

controlo de impedância e admitância. A modelação do manipulador, cálculos de parâmetros 

inerciais, foi feito usando modelos CAD, afinando-os em prol dos valores obtidos através das 

forças de reação medidas experimentalmente. Mostra-se que o manipulador reage a forças 

exteriores como um sistema massa-mola-amortecedor, como é projetado. 

 

 

 

 

 

Palavras Chave: Manipuladores Subaquáticos, Modelação, Controlo de Força, 

Manipuladores, Braço robótico  
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Abstract 

It is desired to implement an electric driven manipulator on a remotely operated underwater 

vehicle (ROV) to fulfill underwater operations, especially on the field of aquaculture. It has been 

noticed that hydraulic systems are commercially more common. However, Wavec chose to 

develop an electric manipulator, creating its own solution. This project aims to study force 

algorithms on a manipulator, on lab environment, with a force cell at the base in order to simulate 

the assembly that is to be done on the designed arm, keeping all the electronics inside a 

waterproof box couple with the ROV, avoiding electronics along the manipulator that is inside 

water. 

In laboratory, it was assembled a two degrees of freedom manipulator to implement 

impedance and admittance control. The modeling of the manipulator, the calculations of inertias 

and center of mass, was made using CAD modelling and tuning with the reaction forces 

measured. In this document, it is shown the robot reacts like a mass-spring-damper system, as it 

is designed to. It is discussed in the conclusions that the accuracy of machined elements and 

other aspects, such as cable tensions, may have influenced some of the results that this issue is 

addressed in order to compute inertial parameters more accurately using the load cell installed. 
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Chapter 1 

1Introduction 

1.1 Background 

A robotic manipulator is an arm-like mechanism consisting of a series of segments/links, with a 

certain number of degrees of freedom, specified for any given task. It is used to work or move parts or 

tools within a given spatial envelope. Robotic Manipulators are used in different areas for different 

objectives. Executing repeatable tasks, increasing the precision of maneuver, manipulate material in 

inaccessible places and even work in environments that can be hazardous for human health.  

One of the recent examples is the Toshiba's “Scorpion” robot that was developed in 2015 "to look at 

melted nuclear fuel inside one of the three wrecked Fukushima reactors in Japan" due to nuclear tragedy 

consequent from the tsunami in 2011 [1]. 

In more recent developments, robotic manipulation has been used for a wider range of operations. 

It is being implemented automation of welding processes between many companies, such as Kuka, 

ABB, FANUC, Universal Robots, among many others, defending the production cost of parts would be 

lower, becoming a repeatable process, minimizing human training and hazards and facilitating the 

preparation of the operation on high production applications, such as the automotive industry [2],[3]. 

Canadarm was a project between the United States and Canada governments to supply NASA with 

a remote manipulator system for the deployment/retrieval of space hardware from the payload bay of 

the Space Shuttle. It is a six joint manipulator that on Earth cannot lift its own weight (431 kg) but is 

capable to maneuver a payload of 14 515 kg at a rate of 0.06 m/sec on space [4], [5]. 

In the medical field, the necessity to minimize invasive approach on complex surgery made the 

American corporation Intuitive Surgical to develop the da Vinci System. This system consists of a 

console where the operator commands four manipulators (three of them are equipped with tools and 

one with a camera).  The wrist of the instrument is designed to have more range of motion than a human 

hand, allowing more complex movements. The motion is scaled, meaning that a movement of one 

measure unit on the hand is represented by a fraction on the end-effector permitting a high precision 

beyond human skills on the surgery [6]. 

In summary, robotic manipulation is a field that is being under development in a wide range of 

different areas, not only to minimize human hazard jobs, but also to make works, that can be automated, 

more consistent, faster and cheaper, consequently in the case of automotive industry, for example.  In 
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other cases, it is used to allow higher precision on the tasks to be done. Thus, one can conclude that 

this field has been helping to do tasks that beforehand were not possible to accomplish creating wide 

variety of researches on the field. 

1.1.1 Underwater robots 

Underwater manipulators have become more and more important since the ocean has attracted 

attention to environmental issues and resources as well as scientific and military tasks. On [7] it is 

represented a list of purposes, from 1990 to 2001, where this technology was applied.  

Manipulators are widely used on underwater environments due to its high flexibility on various tasks 

and operations. The majority of existing solutions on the market, on this field, are anthropomorphic 

manipulators allowing an intuitive operation due to the movement freedom that it offers, similar to the 

human arm, and it is one of the reasons of its high flexibility. It is normally mounted on the front side of 

the remotely operated vehicles (ROV’s), as it is illustrated on figure 1.1. However, there are cases where 

it is mounted on the bottom of the ROV. In [8], it is studied different payloads (operation equipment such 

as manipulators) mounted on ROV’s at the bottom of the ROV being studied. Either has its advantages 

and disadvantages. For instance, the manipulator mounted on the front of the ROV, offers a working 

envelope longer than one mounted on the bottom. However, one must be more cautious about the 

center of mass that will be more affected in this case.  

 This equipment is being used mainly on tasks in oil and gas industry, where is as been driven 

research and development of ROVs technologies [9]. It is also being used in pipe inspection [10],[11], 

mine disposal [12],[13], biological and geological sampling [14],[15], cable and fishing nets repair [16], 

non-destructive tests on underwater welded structures [17], marine expeditions for archeological work 

on black sea [18], among other areas that are referenced on . A brief review on technologies and 

applications for underwater robots can be seen on [19]. 

On firsts studies, underwater manipulators were actuated using water hydraulics. Water has low 

viscosity, it is non-flammable and it does not have any environmental impact [20]. However, problems 

like corrosion, lubrification, sealing, micro-organisms growth, among others, were serious problems to 

(a) Milenium Plus. Copyright© 2017  

byOceaneering International, Inc. 

(b) H-2000 INS. Copyright© 2017 by ECA 

Group. 

Figure 1.1 Example of recent comercial ROV’s 
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these manipulators. Nowadays, most commercial underwater manipulators are actuated with oil 

hydraulics or electronically, each has its own advantages and disadvantages.  

Hydraulics systems have a higher power to weight ratio, comparing to electric equipment, being able 

to lift 3 times its own weight while electric manipulators normally can lift its own weight at maximum [21]. 

However, in [22] it is presented a proof of concept where the payload to mass ration can be greater than 

one. Due to the fact of having fewer mechanical parts, for the same capacity, hydraulic systems can be 

more compact than electric ones. Hydraulic systems are pressurized, meaning that, when it goes 

underwater, there is no preoccupation of having undesirable water inlets since the pressure inside the 

system is greater than the outside. Also, these systems are naturally pressure compensated, granting 

a constant pressure variation relative with the exterior. The majority of commercial underwater 

manipulators on this field are actuated with oil hydraulics because the ROV thruster are hydraulic, 

therefore there is already a hydraulic system. However, if the Work Class ROVs start to be fully electric, 

it will be necessary to have fully electric robotic arm.  

The disadvantage on hydraulic systems is to have a weak performance on position accuracy and it 

is not trivial to apply force algorithms when doing tasks with object interactions on tasks with contact 

[23]. Another disadvantage is the difficulty of preventing the possibility of leakage of fluid and the 

necessity of protecting the fluid from contamination, needing high quality materials making these 

manipulators expensive [24]. Figure 1.2 illustrates the Kraft Telerobotic arms, one of the various leading 

hydraulic manipulator manufacturers. Figure 1.3 shows a Schilling Robotic’s arm, a brand from the 

company TechnipFMC. It is another hydraulic driven manipulator example. The development of a 7-

function hydraulic manipulator can be found on [25]. 

Electric manipulators are commercially less used. However, they are easier to create custom 

solutions and are more used to research ends. Normally actuated through brushless dc motors, with 

harmonic drive gears, allowing high reductions with small device. To avoid water inlet, the actuators are 

filled with oil, also allowing lubrication and cool of the system. A development of a humanoid ROV on 

project Ocean One, with electrically driven manipulator is presented on [26].  

The major advantage of electric motors in manipulators is the capacity to preform precise movements 

and easier to implement force/torque control algorithms.  

Depending on the operation, electric manipulators can be personalized for each task. However, as it 

has been said, hydraulic solutions are more commercially used to tasks where speed, reliability and 

strength are requisites for the tasks, such as valve opening or closing. 

Figure 1.4 illustrates an all-electric arm from ECA Group, which is the leading manufacturer of electric 

manipulators. 
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Figure 1.2  Kraft Raptor, Copyright © 2017 by Kraft Telerobotics, Inc  
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Figure 1.3  Schilling Titan 4, Copyright © 2017 by TechnipFM,plc 

 

 

Figure 1.4  Eca robotics Arm 7E, Copyright© 2017 by ECA Group 

 

1.1.2 Commercial underwater manipulator systems 

Manipulators mounted on ROV’s are controlled by teleoperation systems. The only feedback the 

operator has is through a visual system, using cameras installed on the ROV, being completely 

responsible for the control of the manipulator. Depending on its capacities, manipulators might have 

various types of control: Rate control, position control and force feedback. 

Manipulators that are not equipped with position sensors (such as encoders, for example), rate 

control is implemented meaning velocity control is implemented. This is typical on hydraulic manipulators 

using valves, controlling the amount of fluid that goes through the valve per time period. On hydraulic 

systems, the fluid flow is proportional to the velocity of the body. This kind of control requires a trained 

operator for the task [21]. Figure 1.5 illustrates the Schilling Rate Hand controller. 
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There are manipulators equipped with position sensors (encoders, resolvers, potentiometers, among 

others). Manipulators with joint position control are usually controlled using a master-slave system 

configuration. There are cases where it is used a miniature of the manipulator as the master system 

(illustrated in figure 1.6) where it is being operated the input commands and the actual underwater 

manipulator is the slave. The advantage is the kinematics of both master and slave are the same and 

the underwater manipulator mimics the movement of the miniature, making the operation more intuitive. 

Each movement on the master manipulator results in a variation of an electric signal, using 

potentiometers for example, resulting in a reference signal for the slave manipulator [27].  

Position sensors installed on the slave robot feedback the signal to the control system and it is 

compared with the reference signal that is set by the master robot, commanded by the operator. The 

error on the signal can make valves to open, close or send a certain electric signal to the motor, in case 

of electric actuators, in such a way the position error decreases. PD controllers are very common on 

this kind of control. It might not delete the stationary error, but it is possible to obtain a satisfactory 

transient response with a small error, controlled by the proportional gain.  

 

 

Figure 1.6  Kraft master controller. Copyright© 2017 by Kraft Telerobotics, Inc 

 

 

Figure 1.5  Schilling Rate Hand Controller. Copyright© 2017 by TecnhipFMC 
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There are manipulators with force sensors installed, allowing the operator to “feel” the forces that are 

being applied on it. On hydraulic systems, the measurement of the pressure on fluid tubes can be used 

to estimate the external force. The manipulator can be equipped with 6 axes load sensor on the wrist of 

the manipulator, allowing to measure the force on the tip of the robot. The master miniature is equipped 

with little electric actuators with position sensors, so it is possible for the operator to feel the force on the 

controller. 

Having the force feedback is advantageous to any task because, besides making the operation more 

intuitive [28], it makes the operation safer, reducing the risk of breaking the manipulator and/or the object 

that is being working on like the one used to pick up objects on the sea presented on [29] 

Since underwater manipulators’ tasks normally requires some sort of contact with an object, it is 

important to implement force algorithms. For this, a force sensor on the end-effector would be enough 

to implement these algorithms, such as admittance, impedance and/or hybrid control, since it would be 

the only part that is in contact with an object. However, it is possible to have an undesirable external 

force being applied on other section of the arm and a sensor on the end effector would not take it into 

account. This would be one of the motivations for this project, since the load sensor is being mounted 

on the base, measuring reaction forces. Nonetheless, implementing simple position control would be 

hazardous because a small deviation from the reference position could create high amounts of force, 

when using a PD controller, for example. Hence, for any operation with any kind of contact, it is important 

to have into account some sensing of external forces.  

In the future, it will be desired to the manipulator control itself without the constant supervising of the 

operator. Teleoperating systems require a constant good connection, meaning it is needed a physical 

connection with cables. This restricts the places where the ROV can go. With an autonomous 

manipulation, with no physical connection to the operator, the equipment could assess places that is not 

trivial to go nowadays, such as in deep ocean under ice or in missions with hazardous objects [30]. 

The manipulator under the scope of this project will have 7 degrees of freedom. This allows the 

manipulator to have different configurations to obtain the same pose (position and orientation of the end-

effector). However, one should consider the problem of being redundant. This part of design is out of 

scope of this dissertation, but studies can be found on [31] [32]. 

1.1.3 Force Control 

Today’s manipulators are being widely used in situations where it is unlikely not to have contact with 

the environment. The robot should be controlled in a non-destructive way [33]. In order to work under 

these conditions, force control algorithms should be implemented to control the manipulators during 

contact tasks. It might be desired to have a stiffness control of the manipulator for different environments, 

for example, on assembly works or  work in cooperation with humans. The number of applications where 

the robot is being installed in the same workspace as the human is increasing [34] . These robots are 

being called Collaborative Robots instead cooperative robots where it works independently of the human 

worker. 

Hogan [35], presents the concept of stiffness and damping control resulting in impedance/admittance 

control where the system modulates the mechanical impedance/admittance of the manipulator. Using 
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these controllers, a desired position should only be achieved when no external force is applied. 

According to Hogan, impedance control algorithms have the objective of controlling the dynamic relation 

between the force and motion. It has the velocities and positions as the input to the controller and the 

torque to be applied as output. The admittance control has the environmental forces, desired position 

and velocity as input in order to output a commanded position output, which will be one of the inputs for 

the position control. 

An implementation of impedance control with load compensation in joint space is done on [36]. The 

force sensor is typically mounted in the wrist of the manipulator to measure the force of the load. 

However, the robot will only have the desired behavior if the force is applied on the end-effector. By 

installing a force/torque sensor on the base of the manipulator, it is possible to feel the forces applied 

along the manipulator. A research on the implementation of admittance control with this arrangement 

can be found on [37]. Also, in [33], it is implemented an admittance control approach for a 1 degree of 

freedom arm using a brushless DC motor, where the force sensor is at its base. 

A study on impedance control approach on a redundant robot can be found on [38], where it is 

referred null space stiffness an avoiding mass matrix decoupling. 

 

  

1.2 Motivation 

The motivation for this work is due to the project proposed by WavEC, with collaboration from Instituto 

Superior Técnico (IST), CADFEM and University Institute of Intelligent Systems and Numeric 

Applications in Engineering (SIANI), to get a new solution for an underwater manipulator to be coupled 

to a ROV. WavEC is a leading research center in offshore renewable energy, whose activity spans all 

areas in the development of offshore renewable energy projects, including offshore technology, 

numerical modelling, environmental impact assessment, economic studies, licensing and public 

awareness [39]. The research addresses inspection repair and maintenance (IRM) services that are a 

key part of Operation an Maintenance offshore work that is carried out by ROVs and divers. Most of the 

IRM operations are performed by a Work Class ROV when precision is not a requirement and, in all 

cases, when depth is higher than 100m. Work class ROVs are operated from large vessels, whose daily 

rate is very expensive. 

When the dexterity of a human arm is a requisite for an application, like in underwater welding, 

welding inspection, painting, fouling cleaning, human divers are the first option to choose when the 

operation is in relatively low depths. However, there is always the risk of health and safety of the divers, 

since offshore conditions are risky and relatively deep dives can cause long term health effects. Smaller 

ROVs are also used in offshore industry (Observation/Mid-sized class ROV). These are developed only 

for inspection and, although they are cheaper to acquire and operate, they do not have the necessary 

tools for the performance level that might be needed in these industries. 

“Kraken” is a maintenance system that is meant to be installed in any Mid-sized ROV and will be 

able to perform not only a big part of the services that are done by divers today, but also a wide range 

of operations performed by bigger ROVs. This will allow to use smaller vessels, decreasing the cost of 
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operation with a ROV used in offshore industry. The manipulator will have 7 DOF and a gripper and still 

be lighter than the clear majority commercial manipulators due to not being hydraulically driven. The 

motor will be all in a waterproof box, under the ROV so the center of gravity of the ROV will not alter 

much. The redundancy will allow the pilot to have a better control and the ability to adapt to any 

environment disturbances. 

A market analysis made by Wavec shows that there is a clear market gap (figure  1.7) for systems 

that have precision, dexterity and cost comparable to divers and the depth rating and very small human 

hazard associated to Work Class ROVs (WCROV). This is the reason why specialized divers are still 

being used by the industry, despite the high-risk and high rate of mortality associated to this profession. 

1.2 Dissertation structure 

 

Chapter 2, it is presented the theoretical material needed to develop this project. It is introduced robot 

kinematics, dynamics, parameter estimation and force control algorithms, based on bibliographic 

research presented through the chapter.  

 

Chapter 3, it is presented the implementation on laboratory of the assembled manipulator. It is also 

presented the hardware used to connect the “master computer” to the manipulator from motors, drives 

and software used.  

 

Chapter 4, it is presented the results of the force algorithms implemented in the project. It is shown 

the graphics for simple trajectories to validate reaction forces and the obtained model. It is also, shown 

the behavior of the manipulator to external forces.  

 

Chapter 5 this chapter it is presented the conclusions of this project. Some discussion and opinions 

to be implemented and some material on future work are exposed. 
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Figure 1.7  Strategic gap in the market for the project. Image obtained from [39] 
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Chapter 2 

2Theoretical Material 

In this chapter is covered a symbolic representation of a manipulator, which permits a complete 

description of the robotics kinematics. A method for estimating inertial parameters is presented. This 

method allows to relate the forces with the movements via Newton-Euler equations. It will be analyzed 

a control architecture for impedance and admittance control of the manipulator, using a 6 axes force 

sensor assembled previously for identification, at the bottom of the manipulator. 

2.1 Robot Kinematics 

Any manipulator may be considered to consist of a series of links connected by joints. The whole 

structure consists of a kinematic chain. Kinematics relates the geometry of the manipulator to the 

movement of the robotic system, applying coordinate frames to the mechanical linkages, using 

homogeneous transformations to calculate a posture of the manipulator in any reference frame [40], 

[41]. The homogeneous transformation can be derived in a systematic and automatic way using Denavit-

Hartenberg convention [40], [42]. 

 

 

 

Figure 2.1  Open chain frame representation. Obtained from [40] 
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Figure 2.2  Denavit Hartenberg Convention. Obtained from [40] 

2.1.1 Denavit-Hartenberg convention 

To compute the direct kinematics for an open-chain manipulator, a general method is derived to 

define the relative posture of two consecutive links and compute the coordinate transformation between 

them. Although the frames can be arbitrarily chosen, as long as they are attached to its link, it is 

convenient to have a set of rules for the definition of link frames. 

According to figure  2.2, let axis 𝑖 denote the axis of the joint connection link 𝑖 − 1 to link 𝑖. Using help 

of the Denavit-Hartenberg convention (DH), the frames are constructed under the following rules: 

• Choose axis 𝑧𝑖 along the axis of joint 𝑖 + 1 

• Locate the origin 𝑂𝑖 at the intersection of axis 𝑧𝑖 with the common normal to axes 𝑧𝑖−1 and 𝑧𝑖. 

• Locate 𝑂𝑖′   at intersection of the common normal with axis 𝑧𝑖−1. 

• Choose axis 𝑥𝑖 along the common normal to axes 𝑧𝑖−1 and 𝑧𝑖 with direction from joint 𝑖 to joint 

𝑖 + 1 

• Choose axis 𝑦𝑖 to complete the right-hand rule. 

By using these set of rules, the homogeneous transformation matrix is given by: 

 

 𝐴𝑖
𝑖−1 = [

𝑐𝜗𝑖
−𝑠𝜗𝑖

𝑐𝛼𝑖
𝑠𝜗𝑖

𝑠𝛼𝑖
𝑎𝑖𝑐𝜗𝑖

𝑠𝜗𝑖
𝑐𝜗𝑖

𝑐𝛼𝑖
−𝑐𝜗𝑖

𝑠𝛼1
𝑎𝑖𝑠𝜗𝑖

0 𝑠𝛼𝑖
𝑐𝛼𝑖

𝑑𝑖

0 0 0 1

] (2.1) 

where:  
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• 𝑎𝑖 (constant) the distance between 𝑂𝑖 and 𝑂𝑖′ 

• 𝑑𝑖 the coordinate of 𝑂𝑖′ along 𝑧𝑖−1 

• 𝛼𝑖   (constant) the angle between 𝑧𝑖−1 and 𝑧𝑖 about 𝑥𝑖 

• 𝜗𝑖 the angle between axes 𝑥𝑖−1 and 𝑥𝑖 about axis 𝑧𝑖−1. 

For revolute joints, 𝜗𝑖 is the variable and 𝑑𝑖 is used for prismatic joints. The homogeneous transformation 

matrix for the base reference to the end-effector is obtained by equation 2.2, corresponding to the 

transformations in figure 2.1. 

 𝑇𝑛
0 = 𝐴1

0𝐴2
1 … 𝐴𝑛

𝑛−1 (2.2) 

 

2.2 Robot Dynamics 

After computing positions and orientations with kinematics, the forces, which cause the motion of the 

manipulator, should be calculated. Dynamics studies how forces are associated with the movement of 

the manipulator. The main goal is to find the torque to be generated by the joints to follow a given 

trajectory. However, precise control of motion requires the use of a realistic dynamic model of the arm. 

The equations of motion are derived using the Newton-Euler formulation recursive approach, which 

is based on a balance of all the forces acting on a generic link, due to its efficiency on computational 

task generating the equations of motion [40],[43]. These equations describe the combined translational 

and rotational dynamics of a rigid body. The equations represented on this section are considering that 

the manipulator is on the air. However, designing the model for underwater dynamics, one should 

consider the hydrostatic and hydrodynamic terms such as drag coefficient, impulsion and added mass. 

The physical parameters identification of the manipulator can be estimated from motion data and 

actuator torques, measured by “internal” measurements devices, such as current sensors (if possible). 

This model relates the motion of the arm with the actuated torque from the motors. An alternative, called 

external model, is to get data from a reaction forces, such as a force/torque by means of an external 

sensor in the base of the arm, totally independent from internal torques, relating the motion of the arm 

to the reaction force felt in the base [44]. 

Combining both models allows an enhancement of the inertial parameters estimation as proven in 

[45],[46]. It is possible to consider joint torque data with ground reaction force and torque data. 

2.2.1 Formulations of Newton-Euler Equations 

Considering that a manipulator has 𝑛 joints and each link has its own local coordinate system 𝑂𝑖 

fixed, by treating each link as a load, the Newton-Euler Formulation can be extended to the link 

estimation problem. Applying the equations presented in [40] [43]. 
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Figure 2.3  Representation of the link for Newton-Euler formulation. Adapted from [40] 

 𝐹𝑖,𝑖 = 𝑚𝑖(�̈�𝑖
𝑖 − 𝑔) + �̇�𝑖

𝑖 × 𝑚𝑖𝑐𝑖
𝑖 + 𝜔𝑖

𝑖 × (𝜔𝑖
𝑖 × 𝑚𝑖𝑐𝑖

𝑖) (2.3) 

 𝑀𝑖,𝑖 = (𝑔 − �̈�𝑖) × 𝑚𝑖𝑐𝑖
𝑖 + 𝐼𝑖

𝑃  �̇�𝑖
𝑖 + 𝜔𝑖

𝑖 × (𝐼𝑖
𝑃 × 𝜔𝑖

𝑖) (2.4) 

Note that equation 2.4 can only be used when the inertia tensor is expressed in the link reference frame 

𝑖 (𝐼𝑖
𝑝
), instead of the center of mass (𝐼𝑖

𝐶). These equations can be arranged as shown in equation 2.5 

 [
𝐹𝑖,𝑖

𝑀𝑖,𝑖
] = [

�̈�𝑖
𝑖 − 𝑔 [�̇�𝑖 ×] + [𝜔𝑖 ×][𝜔𝑖 ×] 0

0 [(𝑔 − �̈�𝑖
𝑖) ×] [∙ 𝜔] + [𝜔𝑖 ×][∙ 𝜔] 

]

[
 
 
 
 
 
 
 
 
 
 
 
 

𝑚𝑖

𝑚𝑖𝑐𝑥𝑖
𝑖

𝑚𝑖𝑐𝑦𝑖
𝑖

𝑚𝑖𝑐𝑧𝑖
𝑖

𝐼𝑥𝑥𝑖
𝑝

𝐼𝑥𝑦𝑖
𝑝

𝐼𝑥𝑧𝑖
𝑝

𝐼𝑦𝑦𝑖
𝑝

𝐼𝑦𝑧𝑖
𝑝

𝐼𝑧𝑧𝑖
𝑝

]
 
 
 
 
 
 
 
 
 
 
 
 

 (2.5) 

or more compactly: 

 𝑊𝑖𝑖 = 𝐴𝑓𝑖𝜙𝑖 (2.6) 

Note that [𝑎 ×] and [∙ 𝑏] are given as equations 2.7 and 2.8. 
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 [𝑎 ×] = [

0 −𝑎𝑧 𝑎𝑦

𝑎𝑧 0 −𝑎𝑥

−𝑎𝑦 𝑎𝑥 0
]  (2.7) 

 [∙ 𝑏] = [

𝑏𝑥 𝑏𝑦 𝑏𝑧 0 0 0

0 𝑏𝑥 0 𝑏𝑦 𝑏𝑧 0

0 0 𝑏𝑥 0 𝑏𝑦 𝑏𝑥

] (2.8) 

The angular velocity 𝜔𝑖, angular acceleration  �̇�𝑖 and linear acceleration  �̈�𝑖 are given by equations 

2.9, 2.10 and 2.11, respectively, where initial conditions �̈�0
0, 𝜔0

0 and �̇�0
0 must be defined. Note that these 

equations are for revolute joints only. 

 

 𝜔𝑖
𝑖 = 𝑅𝑖

𝑖−1𝑇(𝜔𝑖−1
𝑖−1 + 𝜗𝑖𝑧0) (2.9) 

 �̇�𝑖
𝑖 = 𝑅𝑖

𝑖−1𝑇(�̇�𝑖−1
𝑖−1 + �̈�𝑖𝑧0 + �̇�𝑖𝜔𝑖−1

𝑖−1 × 𝑧0) (2.10) 

 �̈�𝑖
𝑖 = 𝑅𝑖

𝑖−1𝑇 �̈�𝑖−1
𝑖−1 + �̇�𝑖

𝑖 × 𝑟𝑖−1,𝑖
𝑖 + 𝜔𝑖

𝑖 × (𝜔𝑖
𝑖 × 𝑟𝑖−1,𝑖

𝑖 ) (2.11) 

The force on link 𝑖 is not only a function of the movement of link 𝑖 itself, but also the movement of the 

following links. The transmission of the force from link 𝑖 + 1 to link 𝑖 only depends on the geometry of 

the manipulator and can be given as equation 2.12. A boundary condition such as the force in the end-

effector must be prescribed 𝑊𝑛+1. 

 [
𝐹𝑖,𝑖+1

𝑀𝑖,𝑖+1
] = [

𝑅𝑖+1
𝑖 0 

[𝑟𝑖−1,𝑖 ×] ∙ 𝑅𝑖+1
𝑖 𝑅𝑖+1

𝑖 ] [
𝐹𝑖+1,𝑖+1

𝑀𝑖+1,𝑖+1
] (2.12) 

or more compactly: 

 𝑊𝑖,𝑖+1 = 𝑇𝑓𝑖𝑊𝑖+1,𝑖+1 (2.13) 

where: 

• 𝑅𝑖+1
𝑖  is the rotation matrix rotating the link 𝑖 + 1 coordinate system to the link 𝑖 coordinate system. 

• 𝑟𝑖−1,𝑖 is the vector from the origin of link 𝑖 coordinate system to the link 𝑖 + 1 coordinate system 

• 𝑇𝑓𝑖 is the force transmission matrix 

• 𝑊𝑖,𝑖+1 is the force in link 𝑖 due to the movement of link 𝑖 + 1. 

The forces on each link, are expressed by equation 2.14, with 𝑈𝑖𝑗 presented in 2.15. 
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 [

𝑊1

𝑊2

⋮
𝑊𝑛

] = [

𝑈11 𝑈12 ⋯ 𝑈1𝑛

0 𝑈22 ⋯ 𝑈2𝑛

⋮ ⋮ ⋱ ⋮
0 0 ⋯ 𝑈𝑛𝑛

] [

𝜙1

𝜙2

⋮
𝜙𝑛

] (2.14) 

 𝑈𝑖𝑗 = {
𝐴𝑓𝑖

𝑇𝑓𝑖+1
𝑖 𝑇𝑓𝑖+2

𝑖+1 ⋯𝑇𝑓𝑗
𝑗−1

𝐴𝑗

      , 𝑖 = 𝑗
      , 𝑖 ≠ 𝑗

 (2.15) 

The force that is measured in the sensor, at the base of the robot, can be expressed such as equation 

2.16.  

 𝑊1 = 𝑇𝑏
1𝑊𝑏 = 𝑈1𝜙 (2.16) 

where 𝑈1 is the first row from the matrix presented in equation 2.14. Reorganizing this equation in order 

to represent the forces in the base of the manipulator when the manipulator is moving, results in equation 

2.17 and can be written in a generalized form as equation 2.18, representing the external dynamic 

model, where 𝜏𝑔 represents the generalized force vector. 

 𝑊𝑏 = (𝑇𝑏
1)−1𝑈1𝜙 = 𝑌𝑏𝜙 (2.17) 

 𝜏𝑔 = 𝑌𝑔𝜙 (2.18) 

The internal dynamic model, which relates the movement to the forces in the actuators, is obtained 

by projecting the forces in the joint referential 𝑂𝑖−1 (see figure 2.3), because it is where the motor 𝑖 will 

be actuating. Equation 2.19 represents the transformation from link 𝑗 to link 𝑖 and can be compactly 

represented by equation 2.20. Note that these equations are for an open chain case.  

 [
𝐹𝑖

𝑀𝑖
] = [

𝑅𝑗
𝑖 0

𝑟𝑗,𝑖
𝑖 𝑅𝑗

𝑖
] [

𝐹𝑗

𝑀𝑗
] (2.19) 

 𝑊𝑖 = 𝑇𝑗
𝑖𝑊𝑗 (2.20) 

The 𝑧𝑖 axis is aligned to the axis of the joint. Hence, equation 2.21 describes the torque that the actuator 

do at joint 𝑖, where 𝑇𝑗𝑟6
𝑖  is the 6𝑡ℎ row of he matrix 𝑇𝑗

𝑖. 

 𝜏𝑖 = 𝑇𝑗𝑟6
𝑖 𝑊𝑗 (2.21) 

Taking into account equation 2.14, equation 2.19 can be arranged to equation 2.22. 



17 
 

 [

𝜏1

𝜏2

⋮
𝜏𝑛

] =

[
 
 
 
 
𝑇𝑗𝑟6

1 𝑈11 𝑇𝑗𝑟6
1 𝑈12 ⋯ 𝑇𝑗𝑟6

1 𝑈1𝑛

0 𝑇𝑗𝑟6
2 𝑈22 ⋯ 𝑇𝑗𝑟6

2 𝑈2𝑛

⋮ ⋮ ⋱ ⋮
0 0 ⋯ 𝑇𝑗𝑟6

𝑛 𝑈𝑛𝑛]
 
 
 
 

[

𝜙1

𝜙2

⋮
𝜙𝑛

] (2.22) 

The combined dynamic model uses the data of both actuators torques and the force 

measurements at the bottom of the manipulator. Combining equation 2.16 with equation 2.22, it is 

possible to get equation 2.23, as proven in [45]. 

 

[
 
 
 
 
𝑊1

𝜏1

𝜏2

⋮
𝜏𝑛 ]

 
 
 
 

=

[
 
 
 
 
 
𝑇1

𝑏𝑈11 𝑇1
𝑏𝑈12 ⋯ 𝑇1

𝑏𝑈1

𝑇𝑗𝑟6
1 𝑈11 𝑇𝑗𝑟6

1 𝑈12 ⋯ 𝑇𝑗𝑟6
1 𝑈1𝑛

0 𝑇𝑗𝑟6
2 𝑈22 ⋯ 𝑇𝑗𝑟6

2 𝑈2𝑛

⋮ ⋮ ⋱ ⋮
0 0 ⋯ 𝑇𝑗𝑟6

𝑛 𝑈𝑛𝑛]
 
 
 
 
 

[

𝜙1

𝜙2

⋮
𝜙𝑛

] (2.23) 

Until now, the friction forces in the motor have been ignored. However, to model the manipulator, it 

is important not to neglect these forces, since they are recurrent in the system. It is used the model of 

the Coulomb friction, without the linear part, represented in equation 2.24. Thus, equation 2.23 can be 

arranged as equation 2.25. 

 𝜏𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝑓𝜗𝑖  �̇� (2.24) 

 

[
 
 
 
 
𝑊1

𝜏1

𝜏2

⋮
𝜏𝑛 ]

 
 
 
 

=

[
 
 
 
 
 
𝑇1

𝑏𝑈11 𝑇1
𝑏𝑈12 ⋯ 𝑇1

𝑏𝑈1 0 0 … 0

𝑇𝑗𝑟6
1 𝑈11 𝑇𝑗𝑟6

1 𝑈12 ⋯ 𝑇𝑗𝑟6
1 𝑈1𝑛 �̇�1 0 … 0

0 𝑇𝑗𝑟6
2 𝑈22 ⋯ 𝑇𝑗𝑟6

2 𝑈2𝑛 0 �̇�2 … 0

⋮ ⋮ ⋱ ⋮ 0 0 ⋱ 0
0 0 ⋯ 𝑇𝑗𝑟6

𝑛 𝑈𝑛𝑛 0 0 … �̇�𝑛]
 
 
 
 
 

[
 
 
 
 
 
 
 
 
𝜙1

𝜙2

⋮
𝜙𝑛

𝑓𝑣1

𝑓𝑣2

⋮
𝑓𝑣𝑛]

 
 
 
 
 
 
 
 

 (2.25) 

It can be represented in the same compact form of equation 2.26, where 𝜏𝑔 is the generalized force 

vector, 𝑌𝑔
′ is the regression matrix with the angular velocities and 𝜙′ is the inertial vectors with the friction 

parameters. 

 𝜏𝑔 = 𝑌′𝑔𝜙′ (2.26) 

2.3 Estimation of Inertial Parameters 

A robot identification experiment consists of two steps: design of the excitation trajectory and the 

estimation of the parameters from the measured data. The excitation trajectory can be derived using 

Fourier series for each joint. 
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 𝑞𝑗 = ∑ 𝑎𝑝
𝑗
𝑐𝑜𝑠(𝑤𝑓𝑝 𝑡) + 𝑏𝑝

𝑗
sin(𝑤𝑓𝑝 𝑡) + 𝑞𝑗0

𝑁𝑗

𝑝=1

 (2.27) 

 �̇�𝑗 = ∑ −𝑤𝑓  𝑝 𝑎𝑝
𝑗
𝑠𝑖𝑛(𝑤𝑓𝑝 𝑡) + 𝑤𝑓  𝑝 𝑏𝑝

𝑗
cos(𝑤𝑓𝑝 𝑡)

𝑁𝑗

𝑝=1

 (2.28) 

 �̈�𝑗 = ∑ −𝑤𝑓
2 𝑝2𝑎𝑝

𝑗
𝑐𝑜𝑠(𝑤𝑓𝑝 𝑡) − 𝑤𝑓

2 𝑝2𝑏𝑝
𝑗
sin(𝑤𝑓𝑝 𝑡)

𝑁𝑗

𝑝=1

 (2.29) 

Equation 2.18 represents the dynamic for only one sample point. For more data, it is extended as: 

 𝑌𝑔 =

[
 
 
 
𝑌𝑔(1)

𝑌𝑔(2)

⋮
𝑌𝑔(𝑁)]

 
 
 

                               𝜏𝑔 = 

[
 
 
 
𝜏𝑔(1)

𝜏𝑔(2)

⋮
𝜏𝑔(𝑁)]

 
 
 

 (2.30) 

The least square estimation process cannot be applied as equation 2.31, because 𝑌𝑇𝑌 is not 

invertible. The pseudo-inverse could be used to get the solution of 𝜏𝑔  =  𝑌𝑔 𝜙. However, 𝑌𝑔 can be of a 

considerable size and its pseudo-inverse can be very expensive computationally. 

 𝜙𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 = (𝑌𝑔
𝑇𝑌𝑔)

−1
𝑌𝑔

𝑇𝜏𝑔 (2.31) 

 

There are some techniques to solve rank-deficient problems, such as ridge regression, singular value 

decomposition [47]  or QR decomposition [48]. In this work it is used the latter, since it is used on [45]. 

2.3.1 QR Decomposition 

The 𝑌𝑔 matrix, with 𝑟 ×  𝑐 dimensions, can be decomposed into the equation 2.32 form, using QR 

decomposition [45]. 

 𝑄𝑇𝑌𝑔 = [
𝑅
0
] (2.32) 

where 𝑄 is a 𝑟 ×  𝑟 orthogonal matrix, 𝑅 is an upper triangular matrix, and 𝑌𝑔 has into account the 𝑁 

samples taken from the experiment. 

The strategy of pivoting is made to classify the diagonal elements of 𝑅 in non-increasing order. To 

define numerical rank of 𝑅, is defined with a tolerance 𝛾 ≠  0, given by equation 2.33, due to rounding 

errors, where 𝜖 is the computer precision. QR decomposition with pivoting gives the rank of 𝑅, which is 

equal to the number of base parameters to identify the manipulator. 
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 𝛾 = 𝑟 × 𝜖 × max(𝑅𝑖𝑖) (2.33) 

 

It is possible to find a permutation matrix Π, in such a way that it is possible to find an unique 

composition of 𝑌, being 𝑌 a rank deficient matrix. 

 𝑄𝑇𝑌 Π = [
𝑅1 𝑅2

0 0
] (2.34) 

𝑅1 is a 𝑏 × 𝑏 upper triangular matrix, 𝑅2 is a 𝑏 × (𝑐 − 𝑏) matrix and 𝑄 is orthogonal. The 𝑐 − 𝑏 diagonal 

elements of |𝑅𝑖𝑖| ≤ 𝜏 give the information of what columns 𝑊:,𝑖 are the parameters to be regrouped on 𝑏 

base parameters.  

Now, it is possible to find a permutation matrix 𝑃 such that:  

 𝑌𝑃 =  [𝑌1 𝑌2] (2.35) 

where: 

 [𝑌1 𝑌2] = [𝑄1 𝑄2] [
𝑅1 𝑅2

0 0
] =   [𝑄1. 𝑅1 𝑄1. 𝑅2] (2.36) 

Thus, it is possible to find the 𝑐 − 𝑏 columns of 𝑌2 as linear combinations of 𝑏 independent columns of 

𝑌1: 

 𝑌2 = 𝑌1 𝑅1−1 𝑅2 (2.37) 

 

2.4 Force Control 

The capacity of the manipulator to handle interaction with the environment is very important for 

manipulation tasks. High contact forces are undesirable because, not only they might stress the 

manipulator, but also saturate the motors is some cases. External contact forces are the quantity that 

describes the state of interaction more effectively. 

In this section, admittance and impedance control are presented. In practice, an admittance controller 

describes a new desired position for the joints, presenting a behavior   of a desired mass-spring-damper 

system reaction to an external force. Impedance control regulates the relationship between force and 

position, velocity and acceleration. The output of the controller is the force/torque that will be sent to the 

actuators. The impedance controller imposes a spring-mass-damper behavior on the system.  

It may be desired to improve the transient response of the manipulator by adding a feed-forward 

term, taking �̈�𝑑𝑒𝑠 and the corresponding reflected inertia into account. 
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2.4.1 Impedance Control 

The objective of impedance control is to change the mechanical impedance of the robot. The 

environment may be physically described as an admittance that maps forces to velocities, imposing an 

impedance behavior on the manipulator is a good choice to define the contact interaction behavior [49]. 

In an impedance controller, there is a desired setpoint 𝑥𝑑𝑒𝑠 in the operational space in the Cartesian 

coordinates of the end-effector. This value is obtained in free motion (when there is no external forces). 

Having the motion feedback of the robot, a command force 𝐹𝑐𝑚𝑑 is calculated to implement the 

prescribed impedance. The required torque, 𝜏𝑐𝑚𝑑, can be obtained using the transpose of the Jacobian 

matrix. 

The torque feedback in the inner loop, represented in figure 2.4, allows good contact behavior for 

small to medium stiffness in the impedance law. The steady-state error is inevitable when there is the 

presence of model uncertainties or external forces are applied. This error can be reduced by increasing 

the stiffness of the system [50]. 

 

Figure 2.4  Impedance control block diagram 

 

2.4.2 Admittance Control 

The mechanical admittance can be seen as the inverse of the mechanical impedance i.e., the 

mapping from generalized forces to velocities. In admittance control of robots, it is imposed a position 

or velocity controller combined with the measured generalized external forces. Normally, the external 

forces are measured at the tip of the end-effector. However, in this case the force sensor is at the bottom 

of the manipulator and it is measuring the reaction forces of the robot. This means the sensor will 

measure not only external forces, but also inertial forces of the manipulator. Hence, it is needed a good 

model of the manipulator to cancel these forces. Also, since it is not possible to estimate where the 

external force is being applied only with a force sensor at the bottom, it is considered that any force is 

being applied at the tip of the end-effector. 

The admittance controller generates a position 𝑞𝑐𝑚𝑑 and/or velocity �̇�𝑐𝑚𝑑  to be commanded (figure 

2.5). Using this controller, the external forces result in a repositioning of the manipulator, since the 

admittance causality is 𝐹𝑒𝑥𝑡 → �̇�𝑐𝑚𝑑. The inner loop controller allows for high positioning accuracy when 

the stiffness is medium to high. Admittance control is frequently used in robots which do not provide joint 

torque sensing or motor current. Note that it is possible to work in the joint coordinate space, since it is 
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possible to find the equivalent forces on each joint (assuming the force is being applied on the tip of the 

manipulator). 

 

 

Figure 2.5  Admittance control block diagram 

 

2.4.3 Desired system dynamics  

In this project, it is desirable that the operator change the stiffness property of the robot while 

operating. Increasing the stiffness of the manipulator will make the system to respond faster. However, 

from a certain gain it will have overshoot or even make it unstable. To overcome this issue, the damping 

(𝐷𝑑) or mass gain (𝑀𝑑) must be a function of the stiffness gain (𝐾𝑑), in order to change the bandwidth of 

the manipulator, making it stiffer and have a faster response and avoiding having undesirable overshoot. 

As previously said, it is desirable that the manipulator have a behavior of a mass-spring-damper 

system (figure 2.6). 

This system behaves as equation 2.38 describes. Let 𝑥𝑑 − 𝑥0  = 𝑥 the displacement of the mass, 

applying Laplace transform to this equation results in equation 2.39. 

 𝐹𝑒𝑥𝑡 = 𝑀𝑑�̈� + 𝐷𝑑�̇� + 𝐾𝑑𝑥 (2.38) 

 
𝑋(𝑠)

𝐹𝑒𝑥𝑡(𝑠)
=

1

𝑀𝑑𝑠2 + 𝐷𝑑𝑠 + 𝐾𝑑

 (2.39) 

This can be compared to a second orders system: 

 
𝑋(𝑠)

𝐹(𝑠)
=

𝜔𝑛
2

𝑠2 + 2𝜉𝜔𝑛𝑠 + 𝜔𝑛
2
 (2.40) 

Equation 2.39 can be rearranged as: 

 
𝑋(𝑠)

𝐹𝑒𝑥𝑡(𝑠)
=

𝐾𝑑

𝑀𝑑

𝑠2 +
𝐷𝑑

𝑀𝑑
𝑠 +

𝐾𝑑

𝑀𝑑

1

𝐾𝑑

  (2.41) 
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It can be easily noticed the relations of equation 2.40 and 2.41 on 2.42. 

 2𝜉𝜔𝑛 =
𝐷𝑑

𝑀𝑑

                     𝜔𝑛 = √
𝐾𝑑

𝑀𝑑

 (2.42) 

Thus, working these to expressions, it is possible to get: 

 𝐷𝑑 = 2𝜉√𝑀𝑑𝐾𝑑 (2.43) 

Choosing a desired stiffness gain (𝐾𝑑) and mass gain (𝑀𝑑), a damping value (𝐷𝑑) is computed 

guaranteeing a stable behavior of the system with the help of damping factor (𝜉).  This system allows to 

increase the force the body responds without increasing its stiffness.   

 

 

Figure 2.6 – Mass-spring-damper representative image 
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Chapter 3 

3Implementation 

In this chapter the material used in laboratory is presented. A brief explanation of each component, 

enumeration of its main characteristics and the connection between hardware it is done.  

3.1 Manipulator  

The manipulator used was created for the development of control strategies in this thesis and is 

represented in figure 3.1 (left image). The main objective is to simulate the first two degrees of freedom 

of the manipulator that will be used underwater attached the ROV, applying force control techniques. 

The force sensor will be placed in the base of the arm in the ROV, aligned with the axis of revolution 

of the first motor. Hence, this robot was assembled in such a way to simulate this configuration. A 

machined metal cube (figure 3.2) was placed on top of a force sensor to fix the first motor aligned with 

it, meaning the 𝑧 axis of the sensor is collinear with the 𝑧 axis of the motor. It was chosen a metal cube 

because it was needed to be stiff enough to tolerate potential vibrations and external forces 

The links, made from a carbon fiber tubes, are simple tubes represented in figure 3.1. On these tubes 

are glued metal parts, that happens to be the heaviest part of the link, so it is possible to attach the 

motors and create joints. 

Figure 3.1 Links of the manipulator. First link on the middle, second link on the right 
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Figure 3.2 Support for the first motor 

 

The lack of precision machining the parts, could have affected the results due to possible 

misalignments between the load cell and the links. The support for the motor is not exactly a cube. The 

top and bottom faces were not exactly parallel and perpendicular to the side faces, originating non-

concentric holes for the sensor and the first motor. The assembly of the robot was not carefully thought 

before being mounted, leaving suspended cables that created tension, pulling the manipulator and 

affecting the measurements on the load cell.  

3.2 Control Architecture 

The Real-Time Workshop is used to convert the Simulink model to C code. Then a C compiler is 

used and a .dlm application is created. This application is download to the target computer via the Host-

Target link, which, in this case, is an ethernet cable. The Target computer where the. dlm is downloaded, 

boots with the Real-Time kernel and can run the Simulink model in real time. Target Pc is also capable 

of logging the data of the sensors used but it is limited to its RAM space. The sample time used on the 

results shown on this work is 2 ms. Target computer can connect to the hardware under test via I/O 

interfaces/cards (figure 3.3) which are installed in the target computer. Each component (force sensors 

and motors) have its own card connected to the target Pc. JR3 drive is connected to the target PC and 

receives the signal from the load sensor which is sent to the main computer through the ethernet cable. 

Quanser Q8 I/O interface is connected to its drive, which is connected to the target PC. This interface 

has input and output groups. As inputs, it is being read the encoder signals. Through the outputs, it is 

sent the voltage to the drivers of the motors. 

3.3 Force sensor: JR3 

JR3 force sensor can measure forces, momentums and accelerations at high bandwidths. The system 

can provide data digitally filtered up to 8kHz per channel. To receive the data from the sensor, it is used 

a device driver to the PCI-BUS card specified for the xPC-Target used (left photo of figure 3.3). 

The sensor presents 2 channels: one for forces and momentums and the other for accelerations. In 

this project it will just be used the first one since the acceleration is not required. This channel is 
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represented as [𝐹𝑥 , 𝐹𝑦, 𝐹𝑧 , 𝑀𝑥, 𝑀𝑦 , 𝑀𝑧]. The equipment can process the raw data from the sensor such 

as offset removal, data decoupling, saturation detection and digital low-pass filtering. 

After passing through a decoupling process, the data is passed through cascaded low-pass filters. 

The delay through the filter is given by equation 3.1. 

 𝐷𝑒𝑙𝑎𝑦 ≅
1

𝐶𝑢𝑡 𝑜𝑓𝑓 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
 (3.1) 

The device driver that is being used, offers 6 filter options represented in table 3.1, where F0 is the 

raw signal. Filter F3 presents a max delay of 32 ms, which is acceptable. Thenceforth the delay might 

be too big and might destabilize the controller. This should be tested when applying the Simulink model 

to evaluate how the manipulator behaves with each filter. 

 

 

Filter Cutoff Frequency (Hz) Max Delay (ms) 

F0 8000 - 

F1 500 2 

F2 125 8 

F3 31.25 32 

F4 7.81 128 

F5 1.95 512 

F6 0.49 2048 

Table 3.1  Filter options 

 

Figure 3.3  Left to right, respectively: JR3 drive, Quanser Q8 drive, Quanser I/O interface  
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Figure 3.4  Axis of the sensor 

 

 

Figure 3.5  JR3 S-function parameters 

 

The Simulink block created for JR3 is a C S-function. Note that if any S-function parameter (figure 

3.5) changes, the model must make an Incremental build due to the fact of being used a Target 

Language Compiler to customize C code generated from the Simulink. In this block, the desired 

measurements can be selected. Accelerations are not desirable, hence they are not selected. The 

“Vendor'” ID and “Device ID” are needed to get the correct PCI board base address. This information is 
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obtained by running the function getpcpci('all') in MATLAB command window. The Serial number is 

written on the device and it assures that the right sensor is being used. 

Figure 3.4 illustrates how the axis are present on the sensor. 

 

Table 3.2  Motor characteristics 

 

3.4 Motors and Servo controller 

The model of both motors used in the apparatus is “FHA-8c-100-d200-km1” from the Harmonic Drive. 

This motor with a central hollow shaft comprises a synchronous servomotor and feedback sensor. The 

output bearing with high tilting capacity allows direct attachment of heavy payloads without any other 

support. Few of the main characteristics of the motors are presented in table 3.2. The motor has 

implemented an incremental encoder with a resolution of 2000 pulses per revolution. 

The servo controller used is the “SC-610-2-AAAE''. The SC-610 series are electrical equipment for 

industrial power installations, designed for machine applications, which need variable speed controlled 

three-phase A.C motors. This drive must be used in stationary ground-based applications according to 

the manufacturer. In this project, which is a prototype for the real application, the manipulator is in the 

lab and these drives are stationary. Its nominal current is 2.5A, it is supplied with 230V AC and the motor 

feedback is a TTL-Encoder. 

 

 

 

 

 

 

 

 

 

Gear Ratio Max Output Torque Torque Constant Max Output Speed 

100 44.8 𝑁𝑚 2.7 𝑁𝑚/𝐴 60 𝑟𝑝𝑚 

Moment of Inertia BEMF Phase Resistance Phase inductance 

0.029 𝐾 𝑔𝑚2 0.32 𝑉/(𝑟/𝑚𝑖𝑛) 0.54 Ω 0.22 𝑚𝐻 

Figure 3.6  Motor FHA-8c-100-d200-km1 
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Figure 3.7  SC-610 servo controller 

 

 

 

Figure 3.8  Connection Architecture  

 

3.5 Simulink Model 

The Simulink Model created has the connection blocks created in previous work to connect the main 

computer to the xPC target that is linked to the manipulator. The sensor block, as shown previously, can 

output the forces and momentums in all directions (6 outputs) and the accelerations. However, to 

simulate the project that this one is derived from, it will not be used the accelerations since the 

manipulator only have the force sensor at the bottom.  

The Quanser block, outputs the encoder signal only. This signal is then converted to radians (figure 

3.9)  

In the appendix A, it is possible to find the Simulink created for the admittance control. Inside the 

position control block (light blue), it is possible to find the PD controller represented on figure 3.10. The 

values used are 1500 for proportional gain and 10 for the derivative part. These values were obtained 

empirically as explained in section 4.2. The block represented in figure 3.11 can be found inside the 

admittance block, represented in red in the attachment A. The Matlab function “Stiffness gain” is the 

gain chosen by the operator multiplied by the position. The “Damping gain”, is a function of the stiffness 

and the mass as explained in section 2.4.3. Appendix B shows the Simulink used for the impedance 

control. Figure 3.12 show the block diagram that can be found inside the “Torque Control” block. Since 

it was not possible to get the current feedback from the motors, it was used the velocity that shown to 

be reasonable to say it can be considered proportional under small accelerations and in the range of 

velocities that it has been working on. This velocity multiplied by a constant 𝑉/𝑞𝑑 is a estimative of the 

voltage that is fed back, which is considered to be proportional to the current that are being applied on 

Host PC Target PC 

JR3 Card 

Quanser Q8 card 

JR3 Sensor 

SC-610 Motor 
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the motors. Figure 3.13 illustrates what is inside the controller block (in red on the attachment) where 

the output is the desired velocity and acceleration for the motor model block to calculate the voltage to 

be sent to the Quanser block. 

The equipment does not provide velocity feedback. Thus, when it was needed a velocity feedback, 

it was used a PID Simulink block, which has a filter associated to the derivative part. The amplitude of 

the noise obtained by derivation of the position was not high to affect the control the simulation. It can 

be considered that it will not influence much on the behavior of the system. However, one should be 

careful when deriving a second time. The acceleration of the signal tends to have a lot of noise due to 

small oscillations on the velocity signal. 

 

 

 

 

 

 

 

Figure 3.10  Position control block on the Admittance controller for joint 1, dual for joint 2. 

Figure 3.9 Quanser Simulink block 
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Figure 3.11 Admittance block for the admittance controller. 

Figure 3.12 Torque control on impedance controller. Used velocity as feedback from the motor 

instead of the current because, for small velocities range, it is assumed to be proportional to the 

Simulink output voltage. 
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Figure 3.13 Impedance control block 
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Chapter 4 

4Results 

In this chapter, it will be addressed the description of the problem to be solved, having into account the 

equipment that was available to simulate the project to be implemented. It will also be discussed the 

solutions that were developed, the results of the work done. 

4.1 Problem Description  

The main problem to solve on this project is to develop a force controller for a manipulator that have 

the force sensor at its base. It does not have more force sensors nor strain gauges to estimate the force 

along the manipulator. Hence, for this project, it is assumed that any external force is being applied on 

the end-effector allowing to estimate its value based on the reaction forces measured at the 6-axis force 

sensor. The manipulator is to go underwater where there are constant unknown external forces and the 

drag force is considerably high. In this project, this is not considered. For a related work, the underwater 

dynamics should be studied [51]. On that case, one should consider the hydrodynamics and hydrostatics 

phenomena like drag coefficients, impulsion and the added mass. Also, it is important to take into 

account the dynamics of ROV where the manipulator is attached. 

 

It was not possible to implement the parameter identification of the manipulator due problems that 

were not considered before testing the arm such as the tension on the cables. During the parameter 

estimation experiments, where the force sensor should only feel the reaction forces provided by the 

inertia of the robot, it was noticed a residual tension when the arm was not on initial position due to cable 

tension. So, when the arm was stopped at position 𝜋/2, for example, it was felt a force on the sensor 

and the algorithm, used to calculate the inertial parameters, outputs unreal inertial parameters for the 

links.  

However, it was created a CAD model to help estimating its inertias followed by a tuning of 

parameters tested on the mounted manipulator. Then, force controllers are developed, and it will be 

shown during the chapter to check its efficiency with the conditions that are given. 
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0.3 𝑚 

0.25 𝑚 

4.1.1 Kinematics 

The first step to approach this problem is to create a mathematical kinematic model of the 

manipulator. For this purpose, it is implemented the subject approached in section 2.1, following the 

steps to build a system of reference frames according to Denavit-Hartenberg convention. The solution 

obtained is shown in figure 4.1 and on table 4.1. This solution results in a transformation matrix 𝐴2
𝑏 that 

represents the transformation from the base reference frame, which is coincident with the force sensor, 

to the end-effector of the manipulator.  It should be noticed that, since the manipulator only have 2 

degrees of freedom, one of the coordinates in the position vector is a function of the other two. The end-

effector can only be contained in a sphere surface, with center on reference 𝑂1 and radius of 0.3 m. 

 

 

Figure 4.1  Reference frames according to Denavit-Hartenberg convention 

 

 𝑑 (𝑚) 𝜗 (𝑟𝑎𝑑) 𝑎 (𝑚) 𝛼 (𝑟𝑎𝑑) 𝑜𝑓𝑓𝑠𝑒𝑡 (𝑟𝑎𝑑) 

1 0.25 𝜃1 0 −𝜋/2 0 

2 0 𝜃2 0.3 0 −𝜋/2 

Table 4.1  Denavit-Hartenberg table 

The transformation matrix obtained from there reference frames are presented on equation 4.1 (the 

values are rounded). 

 𝑇𝑏
2 = [

𝑐1𝑠2 𝑐1𝑐2 −𝑠1 0.3 ∗ 𝑐1𝑠2

𝑠1𝑠2 𝑐2𝑠1 𝑐1 0.3 ∗ 𝑠1𝑠2

𝑐2 −𝑠2 0 0.3 ∗ 𝑐2 + 0.25
0 0 0 1

] (4.1) 

𝑥0 
𝑥𝑏 

𝑦𝑏 𝑦0 

𝑧𝑏 

𝑧0 

𝑦1 
𝑥1 

𝑥2 

𝑧1 

𝑧2 𝑦2 

𝜃0 

𝜃1 
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4.1.2 Dynamics and inertial parameters 

To implement the control algorithms that has been mentioned, the inertial parameters of the manipulator 

must be estimated. However, in this project, it was not possible to estimate these parameters using the 

material shown in section 2.3.1. Thus, the dynamic equations are computed analytically, with inertia 

parameters computed in CAD model. The inertial parameters that were obtained with this methodology 

are presented on table 4.2 

 

  

 

 

 

 

 

 

 

 

 

 

These parameters result in the reaction forces presented on the graphics 4.2  to 4.7. These graphics 

result from a simple trajectory: rotating to value 
𝜋

2
 rad using the polynomial function presented by the 

general bell membership function (equation 4.2) with parameters 𝑎, 𝑏 and 𝑐 set to 3, 16 and 15 

respectively, and returning to initial position (second link is previously put horizontally). It is represented 

the force calculated from the robot model, the force measured by the sensor and the force that is 

expected. One can conclude that, for this range of velocities, the parameters that were estimated are 

good to implement the desired algorithm control. The discrepancy of values on graphics 4.5 to 4.7 can 

be explained as a consequence of cable tension felt on the load cell, the errors on parameter estimation 

of the robot model and possible misalignments on the force sensor with the first link. 

 𝑓(𝑡, 𝑎, 𝑏, 𝑐) =
1

1 + |
𝑥 − 𝑐

𝑎
|
2𝑏 (4.2) 

  

𝑟𝑐𝑥1 
(𝑚) 0.009  𝑟𝑐𝑥2

(𝑚) −0.15 

𝑟𝑐𝑦1
(𝑚) 0  𝑟𝑐𝑦2

(𝑚) 0 

𝑟𝑐𝑧1
(𝑚) 0  𝑟𝑐𝑧2

(𝑚) 0.049 

𝐼𝑥𝑥1 (𝑘𝑔/𝑚2) 0  𝐼𝑥𝑥2(𝑘𝑔/𝑚2) 0 

𝐼𝑥𝑦1(𝑘𝑔/𝑚2) −0.018  𝐼𝑥𝑦2(𝑘𝑔/𝑚2) −0.001 

𝐼𝑥𝑧1(𝑘𝑔/𝑚2) 0  𝐼𝑥𝑧2(𝑘𝑔/𝑚2) 0.001 

𝐼𝑦𝑦1(𝑘𝑔/𝑚2) 0.0001  𝐼𝑦𝑦2(𝑘𝑔/𝑚2) 0.012 

𝐼𝑦𝑧1(𝑘𝑔/𝑚2) 0.00201  𝐼𝑦𝑧2(𝑘𝑔/𝑚2) −0.0001 

𝐼𝑧𝑧1(𝑘𝑔/𝑚2) 0  𝐼𝑧𝑧2(𝑘𝑔/𝑚2) 0.025 

Table 4.2  Estimated inertial parameters. The entries that are as 0, are the parameters that does not 

affect the forces felt on the sensor 
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Figure 4.2  Force along x axis 

 

Figure 4.3  Force along y axis 

 

Figure 4.4  Force along z axis 
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Figure 4.5  Moment around x axis 

  
Figure 4.6  Moment around y axis 

  

Figure 4.7  Moment around z axis 
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4.2 Position Control 

The first experimental approach was to test a position controller on the manipulator with the equipment 

that was assembled and described. The graphics shown in figures 4.8,  and illustrate results of the first 

link only, since both motors have the same characteristics and the first link is subject to a bigger inertia. 

It is also important to mention that the second link is rotated 𝜋/2  rad related to its zero position, meaning 

it is horizontal and perpendicular to the first link, increasing the inertia felt by the first link to the maximum.  

Figure 4.8 shows the actual trajectory planned in yellow line and the actual robot position, measured 

by the encoder, while following the reference designed using Fourier series (equation 2.27 to 2.29) with 

parameters: 𝑎𝑖 = [0.2; 0.42; 0.02; 1; 0.4], 𝑎0 = 0.89 and 𝑏𝑖 = [0.2; 0.4; 0.04; 0.4; 0.4]. These values were 

obtained testing the maximum acceleration the motors could handle before triggering the safe break, 

experimentally. The crossed trajectory in blue was obtained when the proportional gain of the PD 

controller was set to 1500, while the orange crossed trajectory was obtained when the gain was set to 

500. These values were empirically obtained, testing different orders of magnitude, choosing the values 

that result in smaller position error along the trajectory and did not cause oscillations, with the derivative 

gain also set empirically. It can be noticed, in figure 4.9, the actual deviance from the reference trajectory 

zoomed in a smaller window on a peak between the second 5 and 5.35. This allows to conclude that 

the controller with a higher proportional gain follows the trajectory with a smaller error as expected 

because the signal that sent to the motor is amplified. It is also important to mention that the controller 

used is a PD controller, so the derivative part of the controller controls the transient part of the response, 

avoiding unwanted overshoot. The derivative gain was set to 10, allowing for an acceptable response. 

It was tested a higher value for this gain, such as 20, but the result made the system to vibrate 

uncontrollably, since deriving the sensor measurements amplifies the noise, resulting in a noisy output 

of the controller. 

Figure 4.10 shows the error (𝑞𝑟𝑒𝑓 − 𝑞), in radians, along the time of the simulation. Once again, it is 

shown that the controller with the higher gain has a considerably lower error in trajectory following. This 

controller alone would be acceptable in an environment that is perfectly optimized for the trajectory of 

the robot. However, in any other occasion, where there can be external perturbations, this controller 

does not have the ability to interact with the environment, meaning it is propitious to break any part or 

injure someone. This happens due to the position controller that will output an increasing signal to the 

motors while the position error is increasing when it happens to find an obstacle. To avoid these 

situations, it is implemented algorithms to control the manipulator in function of measured external 

forces.  
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Figure 4.8  Path following with PD controller 

 

Figure 4.9  Trajectory following zoomed to understand the error 

 

Figure 4.10  Error in trajectory following 
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4.3 Admittance Control 

 

In a first approach, it was designed an admittance control in such a way that the robot "admits" a 

movement due to an external force.  

In free motion, it can be noticed that the error on position following is higher. This is expected as the 

dynamics of the admittance part of the controller has a behavior of a second order system 

Figures 4.11 to 4.18 illustrate how the robot behaves when an external force is applied. This test was 

executed by hand and, as can be noticed, the applied external force is not perfect. Later, it is 

implemented a virtual external force, so it is possible to analyze the behavior of the robot, without any 

external factors. 

Figure 4.11 and 4.12 shows the response of the manipulator when the stiffness gain is set to 1 and 

mass to 0.1 (𝐾 = 1, 𝑀 = 0.1). Figures 4.13 and 4.14 shows the response for the same mass gain but a 

stiffness of 3 (𝐾 = 3). As expected, the higher the stiffness, the lower is the displacement for a certain 

force. Comparing figure 4.12 and 4.14, it can be noticed that, for the same external force applied, the 

displacement is lower, meaning the spring is behaving as expected, which is not letting the body to go 

far from the equilibrium point, the desired position, in this case.  

Figures 4.15 and 4.16 shows the response of the robot when the mass constant is set to 0.5, five 

times higher than the previous examples with stiffness gain of 1 (𝐾 = 1, 𝑀 = 0.5) and the figure 4.17 

and 4.18 illustrates the response with 𝐾 = 3 and 𝑀 = 0.5. From these graphs, comparing with the 

previous examples, one can conclude that increasing the inertia parameter makes the manipulator to 

have a slower response to the external force, meaning that it offers a higher resistance to the movement 

but the final position is the same in both cases. In other words, increasing the mass of the system 

increases the resistance for the movement (increases the inertia of the system). To obtain the same 

velocity in the transient phase, it would require a greater external force. 

Figures 19 to 22 represent the shows a simulation of the manipulator hitting an obstacle. This 

obstacle has the behavior of a spring and it is the same for all tests. Once more, the spring stiffness and 

inertia have a strong weight on the transient part of the response. The spring is responsible for higher 

tendency to follow the trajectory while the inertia is responsible for a higher tendency to continue the 

manipulator movement. This results in higher or lower “overshoot” shown in the figure. This overshoot 

happens because the obstacle has the behavior of a spring. Comparing figure 19 with 20, one can 

conclude that, with a stiff spring, the trajectory deviance is lower than a stiff one.  
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Figure 4.11  Response of the manipulator with controller having K=1 and M=0.1, applying an external 

force 

 

Figure 4.12  Virtual external force with controller having K=1, M=0.1 

 

Figure 4.13  Response of the manipulator with controller having K=3 and M=0.1, applying an external 

force  
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Figure 4.14 - Virtual external force with controller having K=3, M=0.1 

 

Figure 4.15  Response of the manipulator with controller having K=1 and M=0.5, applying an external 

force 

 

Figure 4.16  Virtual external force with controller having K=1, M=0.5  
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Figure 4.17  Response of the manipulator with controller having K=3 and M=0.5, applying an external 

force 

 

Figure 4.18  Virtual external force with controller having K=3, M=0.5 

 

Figure 4.19  Trajectory with an obstacle. K=1,M=0.1 

P
o

si
ti

o
n

(r
ad

);
 E

xt
e

rn
al

 F
o

rc
e(

N
m

) 



43 
 

 

Figure 4.20  Trajectory with an obstacle. K=3,M=0.1 

 

Figure 4.21  Trajectory with an obstacle. K=1,M=0.5 

 

Figure 4.22  Trajectory with an obstacle. K=3,M=0.5  
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Chapter 5 

2Conclusions and further work 

In this work it was assembled a prototype on lab environment, with a 6-axes force sensor (JR3) at 

the base of the manipulator shown on chapter 3, representing what is to be mounted on the manipulator 

It was possible to implement force control algorithms to the 2 degree of freedom manipulator on 

laboratory environment, making the manipulator responsive to external forces as expected. 

Using a digital weighing scale and a CAD model, it was possible to approximate the mass, center of 

mass and inertia of the links to create the robot dynamic model using Newton-Euler equations presented 

on chapter 2. Afterwards it was tuned according to the measurements obtained on tests. The obtained 

parameters were originated by calculated forces that are represented and compared with the real 

measured forces on chapter 4, figures from 4.2  to 4.7.  

In the admittance control tests, one can conclude the force control implementation was achieved. It 

is possible to take conclusions on the behavior of the robot for different parameters. Chapter 4 shows 

the different behaviors of the manipulator with different parameters. For example, increasing the 

stiffness parameter of the controller makes the robot to follow the desired trajectory with a lower position 

error. Consequently, applying a step on the trajectory, the robot will have a faster response and one 

does not have to worry about overshoot because the damping parameter is a function of the spring and 

mass (as presented in section 2.4.3, equation 2.43) and it was designed not to have overshoot with 

damping factor 𝜉 greater than 0.707. For a given external force, the final position of the manipulator will 

be in function of the chosen virtual spring stiffness. The harder the spring the lower will be the trajectory 

deviance. However, this also means the motor will be under greater stress, which could be hazardous. 

It is recommended that, when position precision is not needed, one should maintain the spring constant 

low, so the manipulator just follows the force. If it is not the case, the operator can increase the gain, 

assuring a higher precision on path following for any given task.  

As it was studied, a mass parameter of the controller does not affect the final position of the robot 

when an external force is applied. It only affects the transient response. The higher the mass, the higher 

the inertia associated with it, meaning the body resists more to a variation on the movement. 

Consequently, it means the system is slower to get to the desired commanded position. It can be desired 

a higher mass gain when there are  instantaneous short-timed forces or high frequency small forces that 

can be bad for a given task. Increasing the inertia of system, can “filter” its movement behavior, resisting 

the force, not responding fast enough to create a position error.  
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 In this work, it was not presented how different filters affect the response. In future work, this study 

should be reported. This prototype had some limitations which affected final results. First, the mounted 

machined parts had some axes misalignments. The base was not perfectly machined because of the 

welding process originating non-concentric holes for the motor and sensor, on top and bottom of the 

tube, respectively. With some tests, it was possible to observe a deviance on the results on the force 

sensor, due to the deformation of the plate supporting the base of the robot caused by the tightness of 

the screws. Hence, after the screws were tightened, the sensor was calibrated using known weights. 

However, after tests that produce vibrations it is probably a good procedure to recalibrate the equipment. 

Another limitation encountered on the laboratory, was due to the to cable tension that was felt on the 

sensor. This problem was not anticipated beforehand and caused to prejudice on the inertial parameters’ 

estimation. When the manipulator was rotated for a certain angle, the sensor captured the force caused 

by the cable tension. Now, when an algorithm assumes that the measured forces are only consequent 

from the movement of the manipulator, if it measures a force when the robot is stopped or rotating on 

the contrary direction, it calculates a very high inertia of the link. Also, it was not presented the results 

of the impedance control due to a flaw on its implementation that resulted in irrational results. 

 

For the future work, with the implementation that is pretended in this case of study, it would be 

advantageous to install more sensors on the manipulator to estimate the location of the external force. 

Strain gauges could be installed to measure the deformation on the link material, allowing estimating 

the force on each link. However, this could require more concerns in terms of design, originating the 

necessity to create a waterproof case around the links to separate the water from the electronics. 

 

If it is not possible to install electronics in the manipulator to measure forces and estimate their 

position, it was thought that could be interesting, with the help of a state machine, for example, to 

estimate the position through the motors’ current feedback. It might be possible to check if it is being 

applied on the shoulder, elbow or wrist, depending on which motors are under stress. However, this 

could influence the desired impedance controller’s behavior.  

It is important to study and test this algorithm for a redundant manipulator because, knowing where 

the external force is being applied, it could be possible to correct the position of the end-effector. For 

instance, if the force is being applied on the shoulder, it could be possible to correct the end-effect 

position/orientation with the redundant degree of freedom, actuating on elbow and wrist.  

To continue to use the prototype on laboratory, the major concern to have into account to create a 

better solution for the base of the manipulator and avoid the influence of the cables. 
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