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Resumen 

A medida que se incrementa la energía de los aceleradores de partículas o iones pesados 

como el CERN o GSI, de los reactores de fusión como JET o ITER, u otros experi-

mentos científicos, se va haciendo cada vez más imprescindible el uso de técnicas de 

manipulación remota para la interacción con el entorno sujeto a la radiación. Hasta 

ahora la tasa de dosis radioactiva en el CERN podía tomar valores cercanos a algunos 

mSv para tiempos de enfriamiento de horas, que permitían la intervención humana 

para tareas de mantenimiento. Durante los primeros ensayos con plasma en JET, se 

alcanzaban valores cercanos a los 200 µSv después de un tiempo de enfriamiento de 4 

meses y ya se hacía extensivo el uso de técnicas de manipulación remota. Hay una 

clara tendencia al incremento de los niveles de radioactividad en el futuro en este tipo 

de instalaciones. Un claro ejemplo es ITER, donde se esperan valores de 450 Sv/h en 

el centro del toroide a los 11 días de enfriamiento o los nuevos niveles energéticos del 

CERN que harán necesario una apuesta por niveles de mantenimiento remotos.  

En estas circunstancias se enmarca esta tesis, que estudia un sistema de control bila-

teral basado en fuerza-posición, tratando de evitar el uso de sensores de fuerza/par, 

cuyo contenido electrónico los hace especialmente sensibles en estos ambientes. El con-

tenido de este trabajo se centra en la teleoperación de robots industriales, que debido 

a su reconocida solvencia y facilidad para ser adaptados a estos entornos, unido al bajo 

coste y alta disponibilidad, les convierte en una alternativa interesante para tareas de 

manipulación remota frente a costosas soluciones a medida. 

En primer lugar se considera el problema cinemático de teleoperación maestro-esclavo 

de cinemática disimilar y se desarrolla un método general para la solución del problema 

en el que se incluye el uso de fuerzas asistivas para guiar al operador. A continuación 

se explican con detalle los experimentos realizados con un robot ABB y que muestran 

las dificultades encontradas y recomendaciones para solventarlas. Se concluye el estu-

dio cinemático con un método para el encaje de espacios de trabajo entre maestro y 

esclavo disimilares. Posteriormente se mira hacia la dinámica, estudiándose el mode-

lado de robots con vistas a obtener un método que permita estimar las fuerzas externas 

que actúan sobre los mismos. Durante la caracterización del modelo dinámico, se rea-

lizan varios ensayos para tratar de encontrar un compromiso entre complejidad de 
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cálculo y error de estimación. También se dan las claves para modelar y caracterizar 

robots con estructura en forma de paralelogramo y se presenta la arquitectura de con-

trol deseada. Una vez obtenido el modelo completo del esclavo, se investigan diferentes 

alternativas que permitan una estimación de fuerzas externas en tiempo real, minimi-

zando las derivadas de la posición para minimizar el ruido. Se comienza utilizando 

observadores clásicos del estado para ir evolucionando hasta llegar al desarrollo de un 

observador de tipo Luenberger-Sliding cuya implementación es relativamente sencilla 

y sus resultados contundentes.  

También se analiza el uso del observador propuesto durante un control bilateral simu-

lado en el que se compara la realimentación de fuerzas obtenida con las técnicas clásicas 

basadas en error de posición frente a un control basado en fuerza-posición donde la 

fuerza es estimada y no medida. Se comprueba como la solución propuesta da resulta-

dos comparables con las arquitecturas clásicas y sin embargo introduce una alternativa 

para la teleoperación de robots industriales cuya teleoperación en entornos radioactivos 

sería imposible de otra manera. 

Finalmente se analizan los problemas derivados de la aplicación práctica de la teleope-

ración en los escenarios mencionados anteriormente. Debido a las condiciones prohibi-

tivas para todo equipo electrónico, los sistemas de control se deben colocar a gran 

distancia de los manipuladores, dando lugar a longitudes de cable de centenares de 

metros. En estas condiciones se crean sobretensiones en controladores basados en PWM 

que pueden ser destructivas para el sistema formado por control, cableado y actuador, 

y por tanto, han de ser eliminadas. En este trabajo se propone una solución basada en 

un filtro LC comercial y se prueba de forma extensiva que su inclusión no produce 

efectos negativos sobre el control del actuador.  
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Abstract 

As the energy on the particle accelerators or heavy ion accelerators such as CERN or 

GSI, fusion reactors such as JET or ITER, or other scientific experiments is increased, 

it is becoming increasingly necessary to use remote handling techniques in order to 

interact with the remote and radioactive environment. So far, the dose rate at CERN 

could present values near several mSv for cooling times in the range of hours, which 

allowed human intervention for maintenance tasks. At JET, values close to 200 µSv 

have been measured after a cooling time of 4 months. Since then, the use of remote 

handling techniques became usual. There is a clear tendency to increase the radiation 

levels in the future. A good example is ITER, where values of 450 Sv/h are expected 

in the centre of the torus after 11 days of cooling. Also, the new energetic levels of 

CERN are expected to lead towards a more advanced remote handling means in this 

facility. 

The framework of this thesis is based on these environments. It develops a bilateral 

control system based on force-position, trying to avoid the use of force/torque sensors, 

whose electronic content makes them very sensitive under radiation. Thus, the research 

it is focused on teleoperating industrial robots, which due to its well-known reliability, 

easiness to be adapted to harsh environments, cost-effectiveness and high availability, 

are considered as an interesting alternative to expensive custom-made solutions for 

remote handling tasks. 

Firstly, the kinematic problem of teloperating master and slave with dissimilar kine-

matics is analysed and a new general approach for solving this issue is presented. The 

solution includes the use of assistive forces in order to guide the human operator. 

Coming up next, I explain with detail the experiments accomplished with an ABB 

robot, showing the difficulties encountered and the proposed solutions. This section is 

concluded with a method to match the master’s and slave’s workspaces when they 

present dissimilar kinematics. Afterwards, the research enters into the robot dynamics, 

with special focus on robot modelling. This has the purpose of obtaining a method that 

allows to estimate external forces acting on these devices. During the characterisation 

of the robot’s parameters, a set of tests are performed in order to get to a compromise 

between computational complexity and estimation error. Key points for modelling and 
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characterising robots with a parallelogram structure are also given, and the desired 

control architecture is introduced. Once a complete model of the slave is obtained, 

different alternatives for external force estimation are reviewed. They allow to predict 

forces in real time, minimizing the position differentiation to reduce the noise of the 

estimation. The research starts by implementing classic state observers and then it 

evolves towards the use of Luenberger-Sliding observers whose implementation is rel-

atively easy and the results are convincing.  

I also analyse the use of proposed observer during a simulated bilateral control. During 

this experiment, the force feedback obtained with the classic techniques based on the 

position error is compared with a control architecture based on force-position, where 

the force is estimated instead of measured. It is proved how the proposed solution gives 

results comparable with the classical techniques, however, it introduces an alternative 

method for teleoperating industrial robots whose teleoperation in radioactive environ-

ments would have been impossible in a different way. 

Finally, the problems originated by the practical application of teleoperation in the 

before mentioned scenarios are analysed. Due to the prohibitive conditions for every 

electronic equipment, the control systems should be placed far from the manipulators. 

This provokes that the power cables that fed the slaves devices can present lengths of 

hundreds of meters. In these circumstances, reflections are developed when implement-

ing drives based on PWM technique. The occurrence of overvoltage is very dangerous 

for the system composed by drive, wiring and actuator, and has to be eliminated. 

During this work, a solution based on commercial LC filters is proposed and it is 

extensively proved that its use does not introduce adverse effects into the actuator’s 

control. 
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Chapter 1 Introduction 

This chapter introduces the work developed during this thesis. It explains the 

main areas of research in order to perform bilateral teleoperation in facilities 

with ionizing radiation. The requirements of such environments are also high-

lighted. Different methods and technologies are reviewed. The motivations be-

hind the development of a new set of algorithms and methods, the main goals 

and the outline of this thesis are also introduced. 
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1.1 Overview 

External force estimation methods provide means of quantification of the forces and 

torques exerted into a system without employing a direct measurement via 

force/torque sensor. Nowadays, most advanced force/torque sensors can provide a very 

reliable 6 degrees of freedom force measurement by attaching them on a robot end-

effector or by means of using a torque meter in each robotic joint. These solutions 

although considered very reliable, are not always feasible or preferred, and other meth-

ods have to be explored. These methods are typically based on force observers and 

involve a complicated process of robotic modelling, parameter´s identification, design 

and final implementation. The final goal of this process is to obtain a reliable model 

which allows the prediction of the external forces applied into the robot by knowing 

the robot current state and the commanded input. The estimated external forces and 

torques can be used for different purposes such as condition monitoring, impact detec-

tion or force feedback. 

The teleoperation of slave manipulators has been developed since mid-20th century to 

carry out remote handling operations in certain environments where the human access 

is not possible or prohibitive. These environments are typically characterized by three 

different issues, which are: dangerous conditions, scale problems and productivity is-

sues. Examples of dangerous conditions are the telerobotics operations deployed for 

bomb disposal robots, nuclear research, fission maintenance or fusion maintenance, 

fire-fighting robots, etc. When the environmental conditions are characterized by in-

accessible environments, the areas to study are: duct cleaning robots, mega-assembly 

robotics or nano-assembly. In several circumstances, it can be more productive to de-

sign and build a robot to be teleoperated in a remote environment than carry out the 

same operation by means of human intervention. Some examples of this are: offshore 

wind farm, oilrig rescue, subsea operations, etc. There are also circumstances where 

the former issues are combined leading to a major problem, as for example, difficult 

scale conditions with productivity issues, as the surgical robotics.  

Historically, the most dexterous remote handling operations have been developed for 

the nuclear industry to avoid the human exposure to radiation. They have employed 

articulated arms to reproduce the human movements into the remote environment. 

These are commanded by a master device controlled by an operator situated in a safe 

environment. The force feedback presented to the operator has been typically created 

by means of the positional error between master and slave, taking advantage of the 

backdrivable mechanical design of these haptic systems. Other solutions mount a 6 dof 
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force/torque sensor to measure directly the external forces applied on the manipula-

tor´s end-effector. In this thesis, an alternative method is proposed, which makes use 

of the estimated joint torque to present the master device controlled by the operator 

with a scaled version of the predicted torque. This solution opens new paradigms to 

the nuclear research with the use of more cost-effective industrial robots without back-

drivable design avoiding the use of electronic equipment on the end-effector. In order 

to provide a realistic force feedback to the human operator, advances in the following 

areas are required: i) dissimilar master-slave teleoperation algorithms which are able 

to optimise the use of the workspace, ii) robot modelling and parameters identification, 

iii.) force estimation algorithms with proper implementation and iv.) motor control by 

means of long cables. 

In this thesis, an overview of the currently available technologies for robot model char-

acterization, force estimation and its application for teleoperation are considered with 

special focus to radioactive environments. These sorts of environments introduce tough 

constraints that need to be overcome. Applications of this technology are described. 

This work has been funded by a 3-year “Marie Curie Early Stage Initial Training 

Network” fellowship, under the European Community's Seventh Framework Pro-

gramme, contract number PITN-GA-2010-264336-PURESAFE. During the develop-

ment of this thesis I have investigated the above mentioned topics, I have participated 

in numerous project meetings, conferences, joint-events and attended courses related 

to my research interest with the objective of reducing the human intervention for 

increased safety in ionizing environments. Most of the research have been carried out 

in the Research Department at Oxford Technologies Ltd. in Abingdon, United King-

dom. Also, in collaboration with the CERN (acronym for Conseil Europén pour la 

Recherche Nucleaire) I performed studies for the use of a teleoperated Schunk ® mod-

ules based robotic arm with the purpose of performing metrology experiments and 

alignment of the LHC (Large Hadron Collider). I have also collaborated with Fusion 

for Energy, the European Union’s Joint Undertaking for ITER and the development 

of fusion energy, during my study on the control performance of electric motors driven 

by long cables for remote handling applications. This work was carried out inside of 

the Task Order 16 between Fusion for Energy and Oxford Technologies Ltd. for the 

ITER project. 
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1.2 Radiation tolerance of telerobotics systems 

In this section, a review of the main effects due to the radiation on telerobotics systems 

is performed in order to justify the selected approach and clarify the issues found 

during this research.  

Due to the radiation levels in most modern nuclear facilities or nuclear experiments 

are increasing, new protection measures are needed and the use of remote handling 

techniques becomes crucial. Different scientific facilities are mentioned here as exam-

ples, where the techniques developed in this research could be applied. These are also 

facilities which have been related somehow with this research. These are: CERN (Or-

ganisation Européenne pour la Recherche Nucléaire / European Organisation for Nu-

clear Research), ITER (International Thermonuclear Experimental Reactor) and JET 

(Joint European Torus).  

CERN is a European organization whose purpose is to operate the world’s largest 

particle physics laboratory. At CERN, physicists and engineers are probing the funda-

mental structure of the universe by means of accelerating particles and making them 

to collide together at close to the speed of light [1]. The collision of high energy particles 

produces the liberation of �-rays, neutrons, muons, etc. While at CERN the main 

purpose is to study the basics forms of matter, ITER and JET are fusion experiments 

whose aim is to prove the production of energy via atomic fusion. Both use the tokamak 

concept where a plasma volume made with hydrogen isotopes is confined with ex-

tremely powerful magnetic fields around the torus. JET’s primary task has been to 

prepare the scientific community for the construction and operation of ITER, acting 

as a test bed for ITER technologies and plasma operating scenarios [2]. The JET 

experiment is situated in Culham (UK) and ITER is being constructed in Cadarache, 

south France. During the fusion experiments, deuterium and tritium are forced to 

interact with each other, releasing helium, neutrons and energy. The fusion neutrons 

interact atomically with the elements of the vessel wall causing prompt and residual 

radiation as beta particles and gamma. 

There are four main types of radiation relevant to fusion and fission represented in 

Figure 1-1 together with their penetration power [3]: 

• Gamma radiation: denoted as �, is electromagnetic radiation of high fre-

quency and therefore high energy. Gamma rays are ionizing radiation and thus, 

biologically hazardous. They are classically produced by the decay from high 

energy states of atomic nuclei (gamma decay). 
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• Beta radiation: Beta particles are high-energy, high-speed electrons or posi-

trons emitted by certain types of radioactive nuclei such as potassium-40. The 

beta particles emitted are a form of ionizing radiation also known as beta rays.  

• Alpha radiation: Alpha particles consist of two protons and two neutrons 

bound together into a particle identical to a helium nucleus, which is generally 

produced in the process of alpha decay, but may be produced also in other 

ways and given the same name. They are a highly ionizing form of particle 

radiation, and have low penetration depth. They are able to be stopped by a 

few centimetres of air, or by the skin. 

• Neutron radiation is a kind of ionizing radiation which consists of free neu-

trons. A result of nuclear fission or nuclear fusion, it consists of the release of 

free neutrons from atoms, and these free neutrons react with nuclei of other 

atoms to form new isotopes, which, in turn, may produce radiation.  Neutrons 

have a 12 minute half-life so do not exist for long outside the nucleus. They are 

produced in abundance in Tokomaks. 

 

Figure 1-1. Penetration capabilities of the main radioactive particles (Retrieved from 

http://www.hardhack.org.au/book/export/html/37 on 26/07/2014) 
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1.2.1 Need for remote handling 

There are two main effects due to the radiation impact into the human being, deter-

ministic and stochastic effects. While the deterministic effect is characterized by the 

destruction of a huge number of cells and an easily quantifiable effect into the organs, 

the stochastic effect is characterized by a modification at a cellular level which in-

creases the probability of several illnesses [4]. In order to describe the radiation into 

biological level, the equivalent dose is expressed in Sievert (Sv) and it is the product 

of the absorbed dose expressed in Gray (Gy) times the radiation weighting factor (See 

equation 1.1). That factor takes values ranging from 1 for X-rays and �-rays to 20 for 

alpha particles. The protons have a weighting factor of 2 and the neutron radiation 

presents a weighting factor dependent on the energy level.  

Edose = Wr · Adose    (1.1) 

The radiation threshold model followed by the CERN radiological protection group 

assumes that under certain level of radiation, called threshold level, the radiation is 

armless. The threshold dose of the deterministic effects is higher than 0.5 Gy for an 

acute irradiation and higher than 0.5 Gy per year for a prolonged irradiation for all 

tissues except the eyes. The semi-lethal dose for an acute whole body irradiation is 

estimated in 5 Gy, while the CERN annual dose limits for workers is between 20 

mSv/year and 6 mSv/year depending on the category [5]. A different source with 

similar limits is the UK Health and Safety Executive which establishes a total dose for 

employees of 20 mSv/year. For special employees, it establishes a limit of 100 mSv/year 

in 5 years with no more than 50 mSv in a single year [6].  

CERN’s accelerators in operation can produce an intense radiation fields inside the 

tunnels, mainly near the collimators areas. The ambient dose rates are in the order of 

20 to 200 Sv/h [7] would lead to death in a few minutes for a person being exposed to 

an experiment inside the tunnels. For that reason, a cooling time is required before 

starting the manual maintenance of those areas. That cooling time should be in the 

order of 4 months for time-consuming interventions [8] in order to obtain a residual 

dose rate of several mSv/h which is significant but not prohibitive for maintenance 

works, when compared with the limits. Inside of the ITER torus and 11 days after 

shutdown the level of radiation will rise to 450 Sv/h in the middle of the torus, while 

it will reach 267 Sv/h above the cassette dome. If the time is increased up to 4 months 

after shutdown, those last values decrease very slowly some tens, but nevertheless these 

dose rates will be still much higher than at CERN facility [9]. In accordance with ITER 

design description document [10] and [11], the typical RH (Remote handling) opera-

tions such as the replacement of heavy in-vessel components will be carried out in a 



Chapter 1. Introduction   7 

 

 

radioactive environment of 10 kGy/h gamma dose rate, high temperatures ranging 

from 50 to 200°C, and total gamma dose going from 1 to 100 MGy [12]. Other example 

of facility emitting ionizing radiation is the JET experimental reactor which was the 

first operational fusion experiment capable of producing energy. The dose rate level at 

JET facility 137 days after shutdown is 209 µS/h into the port plasma centre which is 

several orders of magnitude lower that ITER [13].  

 
Figure 1-2. MANTIS (MANipulator Transport and Inspection System), June 1978, 

Retrieved 23 August 2014, from CERN. http://cds.cern.ch/record/969176 

Due to the discrete radiation levels observed at CERN and the rigorous spatial con-

straints found inside the tunnels, the remote handling activities in this facility have 

been limited to force feedback operations using Mantis in the 70s and 80s (Figure 1-2), 

radiations surveys, preprogramed routines carried out with the ISOLDE robots (Figure 

1-3) and remote operated cranes [14]. However, as the experiments require more and 

more energy, the need of accomplish with the ALARA principles sets the objectives of 

increasing the remote handling activities. At JET, remote handling operations have 

been carried out since the late-1990s by using a Mascot servo-manipulator transported 

by the JET articulated boom (Figure 1-4) [15]. This manipulator provides force feed-

back to a kinematically identical master by means of applying a force proportional to 

the positional error. While at CERN and JET complete remote handling solutions for 

all the tasks were not considered during the design phase, at ITER it will be crucial 

to have complete remote handling solutions due to the hazardous environment [8], [16]. 
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For this next generation of ITER-like fusion reactors, more demanding radiation con-

ditions are expected and new hydraulic manipulators are being developed (e.g., [17], 

[18], [19] together with rad-hard modifications of COTS manipulators [20]). 

 

 

Figure 1-3. ISOLDE facility at CERN. Retrieved 23 August 2014, from CERN 

http://cds.cern.ch/record/42934 

 

Figure 1-4. JET boom transporter carrying a Mascot manipulator inside the torus. 

Retrieved 23 August 2014, from http://www.ccfe.ac.uk/rh.aspx 
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1.2.2 Radiation tolerance of telerobotics systems 

The first master-slave manipulators were intrinsically tolerant to the radiation due to 

its mechanical nature. Nowadays, the increasing amount of electronics included in the 

modern robots and manipulators make them weaker under radiation conditions, and 

components like sensors, drives and electronic circuits have increased the sensitivity to 

radiation of these robots. The radiation susceptible elements of the modern manipula-

tors are usually divided in 3 categories [21]: 1.) the actuators, including the gears and 

positional feedback devices (encoders, resolvers, etc.), 2.) sensors and 3) the wiring and 

other communication devices as additional electronic circuits, analogue to digital con-

verters, radio links and sensors’ circuitry.  

1.2.2.1 Motors 

The radiation on the electric motors can produce a decrease in performance or a total 

failure in the system affecting mainly to the winding insulator, bearings lubricant, 

wiring for power and sensors, connectors and commutation electronics. The degrada-

tion can also be produced as an indirect effect of the radiation due to, e.g. the gamma 

heating causing too high internal temperature [21]. A radiation hardening version of a 

motor can be obtained by radiation hardened cables, radiation hardened grease or 

grease free bearings and total absence of electronics. Typically a radiation resistant of 

several MGy can be achieved by this method. 

A study of the ITER project Japan Domestic Agency [22] has tested 6 commercially 

AC servo motors under gamma radiation, resulting in one failure after 3.47 MGy due 

to the radiation damage of electric insulator (Polyester) of the windings and the rest 

resisting more than 10 MGy. These motors were equipped with hard rad grease (GK-

1) which is able to resist up to 25 MGy. For even further radiation resistance, solid 

lubricant called diamond like carbon can be used, this material is theoretically not 

affected by gamma rays. 

In [23] different results on radiation over motors are presented under a study for ITER, 

resulting on a radiation resistance depending strongly on the lubricant used. If the 

wiring insulator is chosen properly between some commons insulators for cables such 

as Polyimide, Polyamide or PEEK, the motor can withstand several MGy with even 

using standard commercial lubricants. For even more radiation resistance special 

grease or solid lubricants are recommended. 
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1.2.2.2 Force sensor for robots and radiation performance 

With the increasing performance in manipulator robots and even in humanoid robots 

playing a fundamental role in the industry as well as in scientific areas, the use of force 

sensors, fundamentally in the gripper, has become necessary [24]. These sensors are 

used to feel the applied force upon the objects where its load will be measured. The 

most used force and torque sensors for robots are strain gauges based in piezoelectric 

effects where a Wheatstone bridge circuit is used to measure the resistance variation 

with the strain which is then exploited to obtain a signal proportional to the input 

force. But not every type of sensor is able to be used in a robotic application. Even 

the most sophisticated sensors which are able to measure forces and torques with 6 dof 

with a very small noise in the measures have to fulfil the requirements of robotic 

applications in terms of size, cost and the special issues of each application.  

 

Figure 1-5. ATI Gamma 6-axis force torque transducer. 

 

Figure 1-6. Honeywell FSS1500NSB force sensor. 

There are mainly three types of force sensors available in the market [25]. These are 

the so called load cells (see Figure 1-5. ATI Gamma 6-axis force torque transducer.), 

able to measure forces and torques in several dof and the small sensing elements based 

on piezoresistive transduction. This last type can be split up in two categories: sensors 
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which use some sort of steel ball to concentrate the force to a silicon sensing element 

(Figure 1-6) and sensors that consist of piezoresistive foil layers (Figure 1-7).  

The so called silicon-sensing elements do not present a good sensitive range for remote 

handling applications, going up to 15 N [25], which is not enough for most of manipu-

lation tasks. The silicone is also sensitive to radiation, not being able to cope with 

more than 10 kGy [26], which indicates that this type of sensing equipment should be 

avoided for telerobotics operations under radiation. 

Simple load cells provided by Sensy and based on strain gauges have been evaluated 

under radiation conditions for ITER [27]. They do not present any signs of failure for 

radiation above 18 MGy, whereas than a JR3 6 axis Force/Torque sensor has been 

irradiated with 9 MGy finding that is not working anymore. 

 

Figure 1-7. FlexiForce foil sensor. 

Several strain gauges have also been tested under radiation in [27]. These have been 

encapsulated in specific polymers resistant to radiation and present very good behav-

iour under radiation. A different source [21] explains a set of tests performed on strain 

gauges, load cells and 6 axis force/torque sensors, having shown that hardened versions 

can withstand more than 1 MGy without significant decalibration effects In [23] it can 

be found that simple force sensors using basic strain gauge technology are considered 

useable under radiation for ITER since strain gauges withstand up to 100 MGy. The 

Japan agency for ITER evaluated both foil and capsule type strain gauges under radi-

ation, with success up to at least 20 MGy.  
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In the AREVA recycling plant described in [28], a Staubli RX robot was used equipped 

with a hard-rad ATI force sensor. These new sensors called DeltaRad and ThetaRad 

Sensors manufactured by the well-known ATI Company are prepared to support more 

than 10 kGy [29]. This meets the requirements of the AREVA facility in terms of 

radiation tolerance but would not meet the 1 MGy of ITER necessities. These sophis-

ticated multi-axis force-moment sensors have yet to be found in a rad-hard form. Usu-

ally these involve on-board electronics, which should be avoided or replaced with a 

custom made rad-hard version. 

Other completely different type of force sensing is illustrated in [30] where a hydraulic 

manipulator prepared for ITER uses the difference of pressure between each hydraulic 

chamber in order to calculate the torque exerted in each joint. This hydraulic manip-

ulator is prepared to support the ITER requirements for its operational area of an 

estimated dose rate of 300 Gy/h and the accumulated dose of 1 MGy. 

In [22], an irradiation tests have been performed on amplifier for strain gauge in order 

to find which amplifier on the market could be used from the point of view of radiation-

hardness and a rad-hard operational amplifier HS1-5104ARH-Q provided by Interstil 

has been found to operate until the guaranteed value of 1 kGy without deviation and 

from 2 kGy up to 471 kGy with some characteristics deviating from specification. 

To summarize, both traditional technology based on strain gauges and the new Flexi 

Force sensors present a good behaviour under radiation. The problem associated to the 

use of sensor technology is the amplification techniques used to convey the sensors’ 

output signal in a usable way and the combination of measuring elements to create a 

6 dof sensor. Because it is important to place the amplification close the sensors in 

order to avoid noise, new approaches based on encapsulating the amplification phase 

in a rad-hard polymer are being tested [31]. The electronics used in these experiments 

are based on a rad-hard FPGA which is much more radiation resistance than conven-

tional electronics. The shielding options becomes practical for radiation levels up to 

kGy, but for even more radiation resistance, the shielding becomes impractical due to 

its enormous dimensions. Obviously this solution requires additional research and de-

velopment which increases the cost of the final solution, thus, avoiding the use of 

external sensing equipment in a remote handling application would be convenient. 

1.2.2.3 Electrical cables and connectors 

Most cables are based on polymeric insulation which can be used in areas with low 

background radiation level. In critical areas where the dose levels become high mineral 

insulation or more modern materials have to be used. Robotics sensors and actuators 
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can be placed on the manipulator arm and on the end effector itself where higher doses 

are presented. The cabling connections around the manipulator have to present high 

level of flexibility that can be compromised due to the radiation effects in the insula-

tion. A minimum requirement of 1 MGy resistance is set in [21], level where the cables 

should keep their electrical and mechanical characteristics. At those levels, flexible 

polymeric insulation, such as PVC (polyvinyl chloride) and PE (polyethylene) are not 

resistant to radiation and lose their properties at even lower values. For better behav-

iour under radiation, Radox (polyolefin), PEEK (polyetheretherketone) or Kapton 

(polymide) materials are preferred. These cables are usually more rigid and that causes 

greater stress at connectors. Remotely operated connectors with PEEK insulation have 

been shown very resistant, up to high total doses of 10 MGy [21]. 

1.2.2.4 Lubricants  

• Grease lubricant for motors: grease lubricants are typically inexpensive in 

comparison with solid lubricants although major concerns of the grease lubri-

cants are hardening due to radiation and wearing under high temperature op-

eration [32]. The GK-1 grease lubricant develop by the Japan Agency for ITER 

has been found to resist up to a limit of 10 MGy. This is not a standard lubri-

cant since it has been modified to increase its radiation hardening properties. 

Other four types of grease lubricants were developed GS-1, GS-4, GS-7 and 

GS-13-2. 

• Ball bearings: the life of the bearing strongly depends on lubrication of the 

retainer. Some macromolecule materials and self-lubricant alloys are promising 

materials as the retainer for radiation use. For this, three kind of macromole-

cule materials (A, B and C types) have been developed, two kinds of self-

lubricant alloys (D, and E types) have been applied to the retainer and one 

ceramics ball bearing without retainer has also been tested (F type). 

• Reduction gearbox: a reduction gearbox is combined to be used with a mo-

tor. The Harmonic Drive type reduction gear box is simple in structure and is 

low in amount of grease for lubrication compared with other types. Two types 

of Harmonic Drives which were lubricated with two different greases were 

tested (SK-2, standard type grease and GK-1 rad-hard grease). They were 

found to withstand between 20 and 30 MGy. [32] 
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1.3 Motivation: sensorless teleoperation of industrial ro-

bots under radioactive conditions 

The radioactive environments can be significantly different from each other depending 

on the dose rate emitted and with them the requirements of the manipulators or robots 

used within them. As discussed previously, in order to cope with the less demanding 

doses, it is likely enough to mount a hard-rad force/torque sensor in the robotic grip-

per, increasing with this the total cost of the robot or developing a customized shielding 

for a conventional sensor equipped with amplifier. When the radiation dose rate be-

comes very high, a hydraulic solution can be implemented with the consequent leaking 

risk. If that risk is wanted to be totally discarded as well as to maintain a solution 

with components off-the-shelf, when the dose rate increases such as in ITER-like pro-

jects, a sensorless approach can be used. This term indicates the indirect end-effector’s 

force and actuator’s torques estimation without using force and torque sensors. This 

research proposes a sensorless force estimation of industrial robots applied to teleoper-

ation in radioactive environments. 

Conventional master-slave devices have exploited one of the main requirements for 

bilateral teleoperation which is the backdrivable design of the manipulators [33] [34]. 

This characteristic facilitated the use of the positional error between master and slave 

to estimate the external forces on the slave side. Nevertheless, the conventional indus-

trial robots are non-backdrivable due to its mechanical properties such us, high reduc-

tion gears, high friction or non-backdrivable gear design, i.e. worm gears. 

 

 
Figure 1-8. Worm gears. Retrieved on 25/08/2014 from http://www.societyo-

frobots.com 

Specific solutions of rad-hard dexterous and backdrivable manipulators are more costly 

than standard industrial solutions, thus, the approach presented in this thesis looks 
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into the possibility of adapting conventional robots to be used in those facilities. It 

would be very useful to take advantage of the big stock of industrial manipulators on 

the market and, through basic modifications to ensure radiation resistance, achieve a 

sensorless remote handling solution at a competitive price. This research will also help 

robot manufacturers to develop new designs where the teleoperation in such environ-

ments is considered as a possibility. This will ensure the correct selection of mechanical 

components so the radiation hardness is guaranteed.  

This approach would enhance the cost-effectiveness of the remote handling solution by 

avoiding using expensive sensors, or specific manipulator design. This would also avoid 

the installation of new sensor´s wiring, developing new technology to shield the sensor’s 

amplifier by limiting the use of electronic equipment. 

The sensorless approach would avoid replacing every industrial robot based on electri-

cal actuators for a new and relatively high cost hydraulic solution with the disruptions 

that this change would cause. This method is also applicable when a redundant system 

is required. If a traditional electrical slave equipped with force sensor is used, it would 

be convenient to provide the system with a redundant force estimation that allows the 

manipulator to continue its tasks in case of failure of any sensor when the device cannot 

be easily removed from inside of the facility. 

With a relatively low computational effort, this thesis proves that it is possible to 

estimate external forces acting on a manipulator on real time. This method will use no 

more hardware than the robot controllers. In the worst case, when measurement of 

proprioceptive variables such as, motor current when using electric actuators or differ-

ential pressure when using hydraulic robots are not provided, off-the-shelf, additional 

and inexpensive hardware might be necessary. 

Due to radiation conditions, the slaves devices are typically placed at long distances 

from their control cubicles. When operating with electrical motors controlled by Pulse 

Width Modulation (PWM), an overvoltage tends to be developed on both motor and 

drive’s end. The need of finding and testing convenient solutions to this issue motivates 

the last chapter of this thesis. An extensive set of experiments is designed to prove 

that the solution found is acceptable within the requirements of teleoperation. This 

study fills the gap of this research that takes into account not only theoretical problems 

but also issues derived from the real implementation. 
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1.4 Objectives and Scope  

The goal of this thesis is to gain more understanding in the sensorless force estimation 

and control of industrial robots. This will allow a more flexible approach to perform 

remote handling in radioactive environments. This work starts by studying mecha-

nisms to teleoperate bilateral systems with dissimilar master-slaves devices and con-

tinues researching into the dynamic problem. Afterwards, the bilateral control is ana-

lysed and finally the issues derived with the practical implementation due to the long 

distances between slave device and control cubicle. Requirements for a teleoperation 

based force estimation will be presented for both hardware and software. Different 

observer based techniques are compared into simulation and real experiments in order 

to obtain a preferred solution. The goals of this thesis can be summarized as follows: 

• Define a kinematic approach to convey force feedback teleoperation with dis-

similar master and slave devices that is suitable to teleoperate an industrial 

robot with a general purpose master device. This approach should cope with 

workspaces differences. 

• Establish a general mechanism to model the dynamics of an industrial manip-

ulator in order to be used for force estimation in teleoperation. 

• To develop and compare different approaches for external force estimation for 

teleoperation based on an implementation of the slave’s dynamic model. 

• Evaluate the different approaches used to estimate forces on a bilateral control. 

• Handle the issues derived with the practical implementation of the algorithms 

and in particularly, the control of electric motors for dexterous manipulators 

over very long cables. Propose technical solutions to these issues and evaluate 

the performance of the proposed solutions. 

1.5 Outline 

This thesis presents an analysis of the remote handling issue in facilities emitting ion-

izing radiation and the related requirements that make this problem highly demanding 

in comparison with other environments. The state of the art of the force feedback 

teleoperation in these scenarios is presented and the problem of using industrial robots 

for force feedback teleoperation. A recommended approach to solve this problem is 

given, firstly studying the different kinematic issue and afterwards, focusing on the 

dynamics. Different methods for force estimation are presented with special interest in 
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the observer techniques. Finally, an evaluation of several methods is shown and ana-

lysed on a bilateral teleoperation. Solutions to the practical implementation of the 

algorithms and control systems are given in order to cope with the very long cables 

required. The outline of this thesis is as follows: 

• Chapter 2 introduces the state of the art on force feedback teleoperation under 

radiation and it continues studying the force estimation issue for robots. 

• Chapter 3 describes the kinematic problem during a dissimilar master slave 

teleoperation and evaluates methods to cope with this issue. 

• Chapter 4 establishes a general method of modelling and identifying robots 

model to be used for force estimation in force feedback teleoperation. 

• Chapter 5 presents the estimation of external forces for robots based on dif-

ferent methods. From the evaluation of the forward dynamics equation to the 

use of Luenberger-Sliding observers. In this chapter results during a simulated 

bilateral teleoperation are given and a comparison of the main two teleopera-

tion architectures is analysed. 

• Chapter 6 deals with the practical implementation of robot control during 

teleoperation in radioactive environments. 

• Chapter 7 summarizes the conclusions and the main contributions of this 

work.





 

Chapter 2 State of the art 

Remote handling is introduced in this chapter with special focus in radioac-

tive facilities, which establish a more demanding set of requirements. A review 

of the current techniques to handle these issues is presented here, together with 

a summary of the control methods employed. The current state on teleoperating 

industrial robots is shown, highlighting the main issues related to this activity. 

To conclude, a review of the main algorithms to estimate external forces for 

robots is exposed for those circumstances where the use of other feedback meth-

ods is not appropriate.  
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2.1 Teleoperation in scientific facilities under radiation 

Teleoperation is an area that maintains a significant interest into the research com-

munity. There are considerable benefits of teleoperating remote devices when the con-

ditions in the remote environment are not suitable for human intervention, mainly due 

to dangerous conditions, scale or productivity issues. The science field which originated 

teleoperation was the nuclear industry with the first developments carried out by Ray-

mond C. Goertz for the US Atomic Energy Commission [35] with the aim of avoiding 

human intervention (See Figure 2-1).  

 

Figure 2-1. Ray Goertz experimenting with mechanically linked manipulators. Re-

trieved from http://mabe.utk.edu on 28/08/14 

Afterwards, other industries, as the space exploration, were involved in this research 

[36], leading to diverse manipulation systems. Some examples of this are the dual-arm 

force reflecting system developed by Bejczy et al. at the Jet Propulsion Laboratory 

(JPL) [37] (See Figure 2-2), the manipulator included in the Japanese Experimental 

Module (JEM) or the remote manipulator system developed by Canada for the NASA 

Space Shuttle back in 1989 [38]. Nowadays more applications are using telerobotics 

approaches to cope with those environments where the human presence is not suitable, 

e.g. minimally invasive surgery [39], explosive disarming [40], [41], sub-sea applications 

[42] or power line maintenance [43].  
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In these kind of operations, providing the operator with information about the remote 

environment, such as position, orientation, forces etc., improves the operator’s under-

standing of the remote environment and, therefore, the task performance. For that 

reason, when designing such teleoperation systems, one must consider which signals to 

pass between the master manipulator and the slave manipulator. 

 

Figure 2-2. Dual-arm force reflecting system developed by Bejczy for the JPL. Re-

trieved from http://www.jpl.nasa.gov/  on 30/08/14 

With this in mind, in 2011 Oxford Technologies Ltd. (UK) developed a state of the 

art standard work cell to be used on the ITER remote handling control room (See 

Figure 2-3). This work cell was equipped with all the hardware and software compo-

nents required to create a functional work cell, which is able to simulate any ITER 

RH task. Two main criteria have been determinant in the final design of the standard 

work cell, the RH capabilities required by the project and the human factors. Due to 

the enormous dimension and variety of remote operated components inside the ITER 

project, it is expected that several modes of operation will be presented and not only 

one standard work cell is envisaged to control each RH activity but also other modes 

are expected including parallel mode and co-operative operation.  

With the variety of RH activities that can be carried out at ITER, many different 

slaves are expected to be operated. In order to cope with this diversity and to avoid 

the creation of dedicated work cells for each RH task to be undertaken, several general 

master manipulators able to control each different slave were selected during a study 

carried out for ITER [44] and two possibilities were finally approved: Dexter manipu-

lator manufactured by Oxford Technologies Ltd and Virtuose 6D40-40 supplied by 

Haption. Additional master devices can be found in Table 2-1 to Table 2-5. Both haptic 

devices are tendons-based transmission allowing to place the actuators far from the 
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joints reducing the reflected mass and inertia [45]. There are two possibilities of oper-

ation envisaged for manipulation tasks at ITER which are divided in one arm manip-

ulation and two arms manipulation [44]. 

 

 

Figure 2-3. Standard work cell developed for ITER by Oxford Technologies Ltd. 

For the first type of operation both masters can be used whereas for the more complex 

operations only Dexter will be used [46]. These standard arms are able to control 

different slaves that will be in general kinematically dissimilar, creating therefore the 

necessity of having a dissimilar master-slave algorithm to cope with that variety. 
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Figure 2-4. Work envelope of Dexter 20, developed by Oxford Technologies Ltd. 

 

Figure 2-5. Virtuose 6D40-40 master arm designed for manipulation in hostile environ-

ments. Retrieved from http://www.est-kl.com on 30/08/14.  
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Reference Company Product/Solution 
1 Telerob EMSM-2B Master Arm 
2 CARRS (Wälischmiller) TELBOT Master Arm 
3 Haption Virtuose 6D40-40 
4 Cybernétix MAESTRO 
5 Cybernétix MA23M master (discontinued) 
6 Oxford Technologies Dexter 

Table 2-1. Remote handling master arms. 

Reference Company Product/Solution 
7 Haption Virtuose 6D35-45 
8 FCS Moog HapticMaster 
9 Sensable PHANTOM Premium 

3.0/6DoF 
10 Force Dimension sigma.7 
11 Force Dimension delta.6 
12 Novint Falcon 
13 MPB Technologies Freedom 7S 
14 Quanser 5 DoF Haptic Wand 
15 Mimic Technologies Mantris 
16 Butterfly Haptics Maglev 200 

Table 2-2. Haptic interfaces 

Reference Company Product/Solution 
17 Barrett WAM 7DoF 
18 KUKA Lightweight robot 4+ 
19 Haption Inca6D 

Table 2-3. Research devices. 

Reference Company Product/Solution 
20 Schilling Master Controller 
21 Perry Slingsby Systems Master Controller 
22 International Submarine Engineering Master Controller 
23 Kraft Master Controller 

Table 2-4. Subsea manipulator controllers. 

Reference Company Product/Solution 
24 Spaceapplications SAM: Sensoric Arm Master Exoskeleton 
25 Haption Able 

Table 2-5. Exoskeletons.  
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Bilateral teleoperation typically involves some force feedback from the slave’s environ-

ment to the master’s side. The two most common teleoperation architectures are po-

sition-position and force-position [47]. The former approach is based on producing in 

the master’s side a force feedback proportional to the positional error between master 

and slave. This exploites the backdrivability properties of the slave manipulator [33]. 

Position controllers in both master and slave’s sides ensure that the two devices are 

tracking each other. This approach has been extensively used in the nuclear industry, 

e.g. at JET in UK (Joint European Torus) [49], [50], CEA (Commission de Energie 

Atomique) in France [35], CERN (European Organization for Nuclear Research) [50], 

[51].   

At JET, a master-slave system based on a Mascot servo-manipulator (See Figure 2-6) 

has been used from the first remote handling interventions carried out in 1998 to 

replace the divertor modules [49] to nowadays. This backdrivable manipulator based 

on tendons to transmit the torques to each joint from the motors placed on the shoul-

der has been transported around the torus with the help of an articulated boom (See 

Figure 1-4 in 1.2). All other equipment required inside the torus was transferred 

through a second port using a special end-effector mounted on a short articulated boom 

(See Figure 2-7). 

 

Figure 2-6. Mascot manipulator inside the JET torus. Retrieved on 28/08/14 from 

http://www.efda.org/2011/09/internal-view-of-the-jet-vacuum-vessel-10/ 
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At CERN, a MANTIS manipulator was extensively used from the 70s to facilitate 

remote maintenance in areas where although the personal access was not forbidden, it 

had to be minimized. MANTIS was composed by a 4 wheel drive vehicle and a force-

reflecting hydraulic servo manipulator inspired on the MASCOT. That remote han-

dling system also provided force feedback based on positional error [102]. 

Although the increase of the energy in the experiments carried out at CERN is involv-

ing a further investment in remote handling, nowadays less dexterous manipulation 

tasks are carried out. Some examples are the KUKA robots employed at the ISOLDE 

facility (Figure 2-8), the LHC remote inspection measurement train called TIM, TAN 

mini remote crane, TCC2 inspection platform, WANF dismantling and the LHC col-

limator handling [14]. 

While the ISOLDE experiment remote handling strategy is based on an industrial 

robots with pre-programmed routines, at CERN most of the remote handling devices 

tested at the moment are based on cranes (TAN mini remote crane, LHC collimator 

handling), fork lift equipment (WANF dismantling device) or simple handling devices 

with no force feedback capabilities. Other devices are being used for remote inspections 

as the TIM mono rail train for visual inspections and radiation surveys inside the LHC 

tunnel (see Figure 2-9) and TCC2 inspection platform [14]. 

 

 

Figure 2-7. Multi drawer task module to be transported by the short articulated boom. 

Retrieved 23 August 2014, from http://www.ccfe.ac.uk/rh.aspx 
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Figure 2-8. KUKA robot transporting an activated target mock-up at ISOLDE facility 

at CERN. Retrieved from http://home.web.cern.ch/about/updates/2014/08/isolde-

back-target-after-shutdown on 30-8-2014. 

The developments presented previously are focused on solving a particular remote 

handling issue for a specific facility. In addition, CERN has identified a need for a 

general purpose manipulator mounted in a remote operated vehicle (ROV) to carry 

out several manipulation tasks in the radioactive areas of the accelerator. The identi-

fied off-the-shelf solution has been a Telemax ROV from Telerob (Germany) (See Fi-

gure 2-10). This vehicle is equipped with tracks capable of climbing stairs and it is 

fitted with a 6 dof manipulator arm. 

 

Figure 2-9. TIM monorail inspection train for surveys at LHC. 

The ITER remote handling system presents the major challenge for telerobotics up 

to date. Although most of remote operations do not consider time delays issues be-

cause all manipulators and controllers will be nearby, different major challenges are 
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expected such us demanding dose rates, very heavy payloads, the necessity of consid-

ering recovery scenarios due to the impossibility of human access, etc. 

 

Figure 2-10. Telemax ROV from Telerob GmbH - Cobham plc. Retrieved from 

http://www.tez.com.tr on 30/08/2014 

Most of remote handling operations at ITER will be performed using applications-

based manipulators, specially designed and tested to fulfil the requirements of a par-

ticular operation [10], [11], [8], [16], [53]. An example of this operation is the ITER 

blanket remote handling system, being developed by the Japan Atomic Energy Agency 

(JAEA) [10]. The ITER Vessel wall is composed by a number of very heavy tiles, 

called blankets. For regular maintenance of these 4 tonnes tiles, it is necessary to 

remotely exchange this modules due to the high levels of gamma radiation. The remote 

manipulation of these modules comprises a big manipulator called the In-Vessel Trans-

porter (IVT) which is moved on a rail and a vision system using hard-rad cameras for 

installing and grasping while avoiding the contact [53]. 

In the ITER remote handling system it can be found several types of hydraulic solu-

tions, naturally resistant to the radiation and using water instead of oil, as hydraulic 

fluid. This is important to avoid leaks inside the ITER vessel, which in case of being 

oil, could produce dramatic effects during the plasma operations. Crucial research in 

this aspect is being carried out in the Technical University of Tampere (TUT, Finland) 

for the ITER Divertor Remote Handling module developing the WHMAN manipulator 

(See Figure 2-11). WHMAN is a teleoperated water hydraulic manipulator arm with 

force feedback equipped with seven direct driven joints, which provide six degrees of 
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freedom [30], [54]. The WHMAN is able to transport up to 100 kg payload when fully 

extended, and because the guidelines for the design come from the ITER project con-

straints, the manipulator is designed to be radiation tolerant against a dose rate of 300 

Gy/h and a total dose of 1 MGy. All transducers are based on analogue technology 

without integrated electronics using a dual-speed resolver for the rotational joints and 

a LVDT-type for the prismatic. The force feedback is created via the differential pres-

sure from each hydraulic chamber and from a six-axis force-torque sensor (JR3), al-

lowing an accurate force feedback control in various remote handling scenarios [30], 

[54]. The use of a sensor with internal electronics in a radiation hardened robot should 

be carried out only for validation purposes, otherwise the performance of the whole 

system can be seriously affected. 

In the ITER Neutral Beam Cell (NB), a complete remote handling solution has been 

planned, involving a monorail crane, the Beam Source Remote Handling Equipment 

(BS-RHE), Beam Line Transporter (BLT) (See Figure 2-12), Upper Port Remote Han-

dling Equipment (UP-RHE) and Tools [55]. The conceptual design of the BLT involves 

an articulated boom porting a dexterous manipulator. The whole set, boom and ma-

nipulator is able to slide on a rail system. The articulated boom comprises of three link 

sections with actuated joints. The far end of the boom contains a pitch and roll joint 

where a mast hinge is attached and a rack and pinion within it is used to drive an 

outer telescopic joint [55]. The manipulator model ported in this remote handling so-

lution will be a dexterous servo-mechanism, part of a master-slave, man in the loop 

system. The same concept will be employed on the BS-RHE to enable the extraction 

and installation of a radioactive source.  

In the nuclear fission industry an important aspect is the robotic inspection of old 

nuclear power plants. The Swedish power plant Ringhals 1 is an 830 MW BWR reactor 

which used a couple of OC Robotics´ snake-arm robots to inspect a leaking area and 

carry out components manipulation in extremely inaccessible locations. This robotic 

snake has ten segments and a total of 23 degrees of freedom including a two-axis wrist 

[56]. Although having a complete set of end-effectors, the OC Robotics’ snake-arms 

(Figure 2-13) do not provide force feedback to the operator, therefore the feeling of 

presence in the remote environment is dismissed and the operations can be more pro-

longed.  

The German nuclear engineering specialist Nukem has produced a number of robotic 

products aimed specifically at decommissioning tasks. For example, the Artisan 100 is 

a high-power hydraulic manipulator which is designed for handling and size reduction 

operations in highly radioactive environments [56]. It presents up to 1 MGy of radio-

active tolerance and it is even suitable for explosive environments. 
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Figure 2-11. WHMAN water based hydraulic manipulator. Retrieved on 7/09/2014 

from http://sine.ni.com/cs/app/doc/p/id/cs-14767 

 

Figure 2-12. Beam Line Transporter, Remote Handling System of the Neutral Beam. 

Retrieved on 7/9/2014 from http://www.ccfe.ac.uk/news_detail.aspx?id=174 

The Titan 3 and Titan 4 (Figure 2-14) are hydraulic manipulators manufactured by 

FMC Technologies. They have been used in the nuclear industry but they are much 
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more frequent in subsea operations employed in large ROV´s working in the offshore 

industry. This arm is made primarily in titanium and is powered by hydraulics [57]. 

There is a considerable number of hydraulic manipulators which have been used in the 

nuclear industry or at subsea operations such as RT 7 Compact, Commander Manip-

ulator developed by INBIS working in a partnership with BNFL Engineering Limited, 

TA 30 Storm Manipulator which was used in 2 nuclear facilities and 30 offshore and 

uses a feedback approach called hybrid feedback control system [58], Kraft Predator 

used in nuclear facilities at USA, Kraft GRIPS, Raptor Manipulator, Magnum Manip-

ulator, Maestro and Kodiak. Their electric counterparts are also widely used in the 

nuclear industry as A1000 manipulator and Telbot from Wälischmiller Engineering, 

Telbot, EMSM 2C and EMSM 3 Manipulator used at Karlsruhe nuclear facility and 

in the Spallation Neutron Source Target System at the Oak Ridge National Laboratory 

(USA) [59], TR 4350 Manipulator, deployed in 2 nuclear facilities in the US, TR 6350 

and Helios initially manufactured by GEC Alstrom Schilling. 

 

Figure 2-13. OZ robotics snake-arm for survey operations. Retrieved on 10/09/2014 

from http://www.ocrobotics.com/products--services/ 

A totally different approach are the widely used master-slave manipulators with 

through-wall mounting for nuclear environments. In these devices, master and slave 

are typically mechanically linked and divided in three parts, the cold arm or master, 

through wall tube and the hot arm (slave). The obvious drawback of these devices are 

the access limitations since they are fixed to a wall and no additional displacement can 

be performed with them to overcome unexpected situations. Also, the operator is per-

forming the manipulation task from the other side of the wall with all the risk related 

to this proximity. Such slaves are used commonly inside of Hot Cells (See Figure 2-15), 
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used in the nuclear-energy and nuclear-medicines industry when there is a need of 

handling radioactive sources. Some examples of master-slave manipulator mechanically 

linked are: A100 (Figure 2-16) and A202 from Hans Wälischmiller, E-HD and Type 7 

manufactured by RTS Innovation, MA 11.80 and MT 200 both distributed by La 

Calhene presenting a force feedback of 1:1 and VNE 80 a manual operation manipula-

tor with motor driven telescopic motion. 

 

Figure 2-14. Titan 4 hydraulic manipulator. Retrieved on 14/09/2014 from 

http://www.fmctechnologies.com 
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Figure 2-15. Hot Cells at the Argonne National Laboratory. Retrieved on 14/09/2014 

from http://en.wikipedia.org/wiki/Hot_cell.  

 

Figure 2-16. Master-Slave HWM A-100. Retrieved on 14/09/2014 from www.hwm.com 
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2.2 Teleoperation of industrial robots 

Remote handling interventions in hazardous facilities involving high dexterity have 

been typically carried out with low reduction gears and a low weight-to-payload ratio 

slave manipulators. This has been done to achieve force reflection capability by using 

the positional error as a measure of the environmental force. The positional feedback 

and the backdrivable design of the manipulator [33] made it possible for the first bi-

lateral control architectures. The robot reflected the position of the operator in the 

remote environment making it more secure system for a robot sharing the environment 

with humans or interact with remote objects. Newer control techniques as force-posi-

tion control schemes transmit the environmental forces to the operator along with 

position and other parameters. The force is acquired by specially designed force and 

torque sensors [28], [60] or sensorless force feedback approach. This is the case of the 

Atomic Energy Commission in France (CEA), which has been developing advanced 

technological solutions in the fields of teleoperation, remote handling and robotics, in 

collaboration with industrial partners (COGEMA, EDF, FRAMATOME) and for its 

own needs. Their research has tried to solve current problems and develop new tech-

nologies for on-going and future remote handling applications. An example of this is 

the dexterous arm for teleoperation called BD250 developed by CEA and COGEMA. 

It is a 7 axis redundant manipulator with 25 kg of payload and radiation tolerant up 

to 10 kGy. It provides force feedback control [61]. Most of the slaves developed by the 

French Commission are teleoperated by using the Virtuose haptic master mentioned 

before. They also have extensive experience on teleoperating industrial robots with 

force feedback by mounting a 6 axis torque-force sensor on the robot end-effector. In 

[61] and [62] it is shown how the use of and STAÜBLI robot with force-feedback 

teleoperation provides a dramatic cost reduction and higher performance (See Figure 

2-17). They claim that the performance achieved during teleoperation of industrial 

robots is good enough to carry out high precision tasks in a remote way and to handle 

heavier loads than those encountered in manufacturing robotics applications. Loads up 

to 100 daN are transported with these robots in certain conditions [61]. They use a 

proprietary master-slave controller termed MT200-TAO which seems to fit their ap-

plications perfectly. Nevertheless, it has not been found as a commercial solution. In 

Figure 2-18, a RX90 robot fitted with an ATI Delta Rad F/T sensor which is able to 

withstand up to 10 kGy of accumulated dose is shown. With this hard-rad sensor and 

a specific design of new electronics components which are able to cope with the required 

dose a complete set of hard-rad teleoperation system has been developed. It is com-

posed by a digital transmission network called NEUROBOT, a high signal multiplexor, 
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the master and slave devices and the force sensor. There are several examples of in-

dustrial robots teleoperation in the nuclear industry, but the majority of them imple-

ment solutions based on force/torque sensors. Sung Ho Ahn et al. explain the imple-

mentation of a high gear ratio manipulator for the remote handling of spent fuel bun-

dles in [63]. They ensure that most of force reflecting manipulators present low weight-

to-payload ratio, which make them unsuitable for many potential application areas 

even when implementing force reflecting capability. The need of handling heavy 

weights drive the solution through the use of powerful industrial slaves. 

In [64] a Staübli RX170 was also used in the French Nuclear Industry to carry out 

remote manipulation tasks using a backdrivable master arm MA23 and a six axis 

force/torque sensor manufactured by ATI. The main advantages of using such system 

compared with solutions based on specific nuclear manipulators are reliability; flexibil-

ity; quicker and safer; reduced risks for projects and lower costs. The MA23 was firstly 

introduced by the CEA in the eighties as a master-slave servo controlled arms but was 

replaced later by the newer Virtuose [65]. 

2.3 Bilateral control algorithms 

The variety of bilateral control systems in the literature addresses the transparency 

and stability issues arising from the dynamics of the devices and communication effects 

[60]. In the telerobotics community, transparency is understood as a property of the 

bilateral system when the remote environment is exactly reproduced at the master 

side. This is, the operator feels as if he was directly interacting the remote environment. 

Stability is a basic requirement of every control system [66]. 

The classification of bilateral control algorithms generally attend to the type of signals 

exchanged between master and slave. Examples of this are: Position-Position, Force-

Position or Force-Velocity. Another classification consider the number of magnitudes 

communicated, i.e. the number of virtual channels used for the interconnection of mas-

ter and slave. In the literature, two-, three- and four-channel architectures have been 

considered so far.  

Position-Position Control Scheme 

The simplest bilateral control scheme to be implemented is Position-Position architec-

ture (Figure 2-19). This is due to the lack of force measurement or position differenti-

ation. Only the master and slave joints’ position are needed. This scheme has been 

applied widely since the development of the first nuclear industry [67], [68]. In the 
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diagram of Figure 2-19 the master and slave devices are represented by the blocks 

M(s) and S(s) respectively. Their controllers are represented by the gains 
�� and 
�� 
and the effect of the environment is represented by the gain 
�. This simplification 

represents the environment as a spring with an elastic constant equal to the environ-

ment constant. In such system, the interaction forces between master, slave and envi-

ronment are proportional to the slave´s position variation. 

 

Figure 2-17. Manipulation with a RX130 robot. Retrieved on 11/09/2014 from [62]. 

In Figure 2-19 the �ℎ variable is the force exerted by the human operator to the master. 

If that force is not compensated by the force reflected by the master, ��, the master 

device will move to a new position which will match with the operator position (�� =
�ℎ). As a consequence of that movement, new position references will be sent to the 

slave´s control loop. With this mechanism, the master guides the slave at the same 

time it is aware of the exerted forces. The position of each device will be used as a 

reference for the other device. Therefore, the position error �� is calculated as a differ-

ence between master and slave´s position. The force reflected to the operator (��) is 
proportional to the positional error according to the master controller gain (
��) and 

the force applied to the slave´s actuators is also dependent on the positional error 

between master and slave thorough the slave´s gain (
��). In this control scheme, the 

positional difference between both devices is represented on the master as a resistant 

force against its movements, this effect is termed drag effect and it can be considered 
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as one of the drawbacks of the position-position architecture. In [60] it is also men-

tioned how this approach it is very stable in comparison with different control schemes 

and it has been widely tested.  

 

Figure 2-18. RX90 robot fitted with DELTA RAD F/T sensor. Retrieved on 

11/09/2014 from [63]. 

In is important to mention that position-position will not work with non-backdrivable 

slaves since great gear ratios will produce a scaling of the environmental forces by 

reducing the slave´s positional error to a minimum. With such small or zero positional 

error, the estimated environmental forces would be negligible [69] although the forces 

being exerted by the real slave could be enormous. Also, only the resistant forces to 

the slave’s movement could be detected when the slave is in movement. If any external 

force is applied when the slave is stopped they would not be transmitted into positional 

error due to the non-backdrivability of the mechanism. 

Force-position Control Scheme 

The force-position control scheme is presented in [60] as an improved version of posi-

tion-position, although that is not totally clear since in a considerable number of dex-

terous operations around the world position-position is still used. They claim that the 

improvement is obtained due to the lack of drag effect since the force feedback pre-

sented to the operator (��) now comes from measurements of the exerted force. This 
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kind of control has been implemented in many bilateral systems as those described in 

[70], [60], [61], [62]. 

In [60] a comparison between position-position and force-position is presented using a 

test bench with a Kraft hydraulic manipulator. Although no forces due to drag effect 

are observed, gravity and inertia seem to play a role when using sensor and a small 

force is reflected to the operator in this case. Contact forces are felt correctly and a 

better performance than with position-position is achieved.   

 

Figure 2-19. Basic Position-Position bilateral control. 

Different approaches 

For teleoperation in large workspaces there is some interest in the so called “rate-

position” control which implements a position control inside a dexterous sphere and it 

is able to switch to rate control when the user goes beyond a certain region. This has 

been inspired in the rate control of cranes by means of a joystick (usually with one 

degree of freedom). Their results in terms of accuracy and time employed to complete 

a task prove it as an interesting option for implementation in real environments [71]. 

In Dexter 20 and in the Mascot manipulator used at JET, a four-channel control 

algorithm with force feedback based on position and velocity error is being employed 

for high dexterity remote handling operations. This scheme is represented in Figure 

2-22 
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Figure 2-20. Force-Position bilateral control. 

 

Figure 2-21. For sake of clarity the velocity error is represented with two gain blocks 

instead of one gain block used for the positional error. The concept is similar than PP 

control although a damping term for the velocity is included here. 
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Figure 2-22. Four channel Position and Velocity bilateral algorithm used by Dexter 

manipulator. 

2.4 Force estimation for industrial robots 

Most of bilateral control architectures developed to employ industrial robots for remote 

handling operations use force/torque sensors due to the need of applying any force-

position bilateral control. These kind of sensors are typically placed on the robot’s end-

effector which implies that only external forces on that end can be measured. These 

devices also require additional wiring in the robot and cannot withstand the high dose 

rates of the high energy scientific facilities due to the utilization of electronics [72]. 

Moreover, force sensors can be expensive and can increase the production cost of the 

robot. Therefore, a different research line seeks to develop an approach where the 

benefits of a force sensing equipment are obtained without the need of using such 

devices. This research area looks in force estimation methods and it is mainly focused 

on disturbance observers.  

The area of research involving disturbance observers provides a useful framework for 

the problem of estimating external forces acting on a manipulator. Disturbance ob-

servers have been widely proposed for motion control and collision control applications 

[73], [74], [75], for determining disturbance forces such as friction. Estimation tech-

niques based on observers for robot motion control were carried out by Ohishi et al. 

[76], [77], [78] using a nominal model of the robot. In this work a disturbance torque 

is calculated by subtracting the nominal torque to the motor torque provided by the 
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actuators while performing position control. The value of the nominal torque is calcu-

lated with a nominal inertia for every link. This method seeks to decouple the joint 

control by treating the effect of coupled inertia, Coriolis torque, friction and external 

effects as a disturbance torque. This basically consists on a feed-forward torque control 

with the nominal values of inertia. No distinction between the effect of external forces 

and the coupled inertia, Coriolis and friction is done. The method was tested with a 

3-DOF robot.  

The first observers for robots which use the complete manipulator model were imple-

mented by S. Nicosia and P. Tomei and a large amount of research has been derived 

from their findings. Their aim was to design observers to perform robotic control with-

out using velocity measurements which tend to introduce a big amount of noise [79]. 

The dynamic model of a manipulator can be written in the following way: 

� = �(�)� ̈+ �(�, �)̇ +  !(�) +  "(�)̇   (2.1) 

Where, 

�: denotes the vector of motor input torques exerted in each joint. 

�(�): is the symmetric positive definite robot inertia matrix which is bounded for any 

�. 
�(�, �)̇: is the the centrifugal and Coriolis forces matrix in the Cristoffel form. 

 !(�): is the gravity forces vector. 

 "(�)̇: is the friction torques vector,  "(�)̇ = # · � ̇
Assuming the joint displacements as the output variables of the robot system, the 

observer output would be the following: 

$ = �     (2.2) 

And defining the observed state as $ ̂and the observation error as $ ̃ = $ − $,̂ the pro-

posed observer is described by: 

⎩{⎨
{⎧,̂1̇ = ,2̂ + 
/$ ̃                                                

,̂2̇ = �−1($)[−�($, ,̂1̇),̂1̇ + � + 
3 $ ̃ − τg(q) − #,̂1̇]$ ̂ = ,1̂                                                             
   (2.3) 

Where  
/ is a positive scalar constant and 
3  is a symmetric positive definite matrix. 

They prove the convergence of this observer by using Lyapunov if the joint velocities 
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are assumed to be bounded and the initial observation error belongs to a suitable 

region of attraction. 

Afterwards, P.J. Hacksel and S.E. Salcudean [80] employed the mentioned observer to 

estimate external forces on robots by splitting the total force in two terms, the control 

force and the environmental force: � = �;<= + ��=> .On the robot state, the term � is 

applied while in the observer, only the known control force �;<= is taken into account. 

By calculating the observed estimation error they yield to: 

H(q)ẍ̃1 + C(q, q)̇ẋ̃1 + C(q, ẋ̂1 )ẋ̃1 = −Kpx̃1 − Kv H(q)ẋ̃1 + uenv  (2.4) 

Which has an equilibrium point that acts as a stretched spring: 

x̃1 = Kp−1uenv     (2.5) 

They found that in equilibrium, the external force can be assumed to be proportional 

to the observation error and establish the conditions for that to happen. From [79] 

they get the condition of bounded joint velocities. Also, if 
; > 0 is such that 

‖�(�, �)̇‖ ≤ 
;‖�‖̇ and 
> > 
;K/ M_OPQ (�), then the equilibrium point, [,1̃, ,̃1̇ ] =
[0, 0], is asymptotically stable, and a region of attraction is given by (2.6). 

 S = {  xϵℝ2N: ‖x‖ < √ σmin(Hd) /σmax (Hd ))  (λmin(H)kvkc − M)} (2.6) 

Where �n = nPop[r�, �(�)], and t�u= and tmax  denote the minimum and maximum 

singular value, respectively. A constant environmental force can shift the equilibrium 

from [,1̃, ,̃1̇ ] = [0, 0] to [,1̃, ,̃1̇ ] = [r�−1��=>, 0] and has a shifted region of attraction 

as in (2.6), [80]. 

The same approach is employed again in [81] to predict the external forces acting in 

an ABB IRB2000 robot at the Robotics Lab, in Lund. The ABB control hardware has 

been replaced by an external VME-based control computer. They establish that exter-

nal forces at robot end-effector can be estimated with the following expression: 

v2,̃1̈ + v1,̃1̇ + v0,1̃ = xy #     (2.7) 

With 

v2 = �(,1) 
v1 = �(,1, ,1̇) + �(,1, ,̂1̇) + τf + �(,1)r1 
v0 = r2 
The environmental force is estimated by: 
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 # ̂ = xy†(,1)v0,1̃     (2.8) 

With † denoting the matrix pseudo-inverse. 

This observer has the advantage of no assuming a measurement of the joint velocities. 

However, it has the following drawbacks [82]: 

• It needs to compute the Coriolis matrix for different input values, and also the 

friction effects separately.  

• It assumes a perfect model of the manipulator, because otherwise, the observa-

tion errors will be manifested has an external force offset.  

• Means of calculating the observer gains ru are not provided. 

• A good value of the external force is only guaranteed at steady state, this is 

when ,̃1̇ } 0, and ,̃1̈ } 0. The Coriolis term is very hard to compute or measure 

and the force estimation may have large error and slow response to external 

force steps. 

Different approaches based on robust observers [82], [83], [84], [85], [86] were also fo-

cused on avoiding the smaller stability margins of the disturbance observers during 

motion control [87]. Particularly interesting is the work of Adrià Colomé et al. in [82] 

during their experiments with a cable driven robot called WAM. They use an observer 

based again in [79], where only the inertial term is calculated with an a-priori 

knowledge of the robot and the rest is learnt by using methods like Locally Weighted 

Projection Regression (LWPR) and Local Gaussian Process (LGP). These approaches 

allow to improve the model even when the system is in operation. The observer makes 

use of the position and velocity errors with the related differentiation errors due to the 

numerical differentiation. They also find high complexity driving the robot with low 

control gains due to the static friction and cogging effects which are impossible to learn 

by the algorithm.  

The proposed observer in [82] it is based in [88] and it estimates the state and the 

disturbance at the same time. The robot state space is represented in (2.9) while the 

observer state space equations are in (2.10). 

,̇ = ~, + �(,)n + Γ∗(�, ,)    (2.9) 

Where n is the disturbance external torque with the sign changed, and ~ = [0 �0 0], 
� = [ 0�−1(,1)] and  

Γ∗(�;, ,) = [ 0Γ (�, ,)] 



Chapter 2. State of the art    44 

 

 

Where, Γ (�;, ,) = K−1(,1)[�; − �(,1, ,2),2 −  " −  !]. While the state observer is 

defined in the following way: 

,̂̇ = ~,̂ + �n ̂+ r(, − ,)̂ + Γ∗(�, ,)̂   (2.10) 

With this, the external force estimation is derived and it yields: 

n ̂= K(,1̂) ( ,̂2̇ + Σ(,2 − ,2̂)) + Q̂(,1̂, ,2̂) − �;  (2.11) 

Where Q̂(,1̂, ,2̂) is the learned function which comprises the Coriolis Effect, friction 

torque and gravity torque and Σ is a set of gains. With this approach, the measurement 

of the joint velocity is necessary, but at the same time, no requirements for the system 

to be in equilibrium is given. The approximate value of the learned function will appear 

as an error in the contact force estimation, although this may happen in most of model 

based observers.  

Different techniques are based in Ohishi’s previous work and have employed the adap-

tive disturbance observer scheme [89] testing the proposed method for a 2-DOF planar 

robot. This research presents a novel approach in which a simple disturbance observer 

is developed with the nominal model of a robot. This model matches with the Ohishi’s 

work in the sense that the nominal inertia of each axis is used as a constant inertia 

matrix with only diagonal terms. Additional torque due to the coupled inertia, Coriolis, 

friction, etc. is considered torque disturbance together with the external torque. In 

absence of external forces the disturbance observer is used to calibrate a complete 

model of the robot by adjusting it using the gradient method. Once the model is cali-

brated, it is used to compute in real time the external force by subtracting the model 

output to the observer output (See Figure 2-23). The main drawback of this algorithm 

is the necessity of using the velocity and acceleration values in real time in order to 

estimate the external forces and the errors in the dynamic model which will produce 

noise in the force estimation. Nevertheless this method involves an improvement with 

respect Ohishi previous work solving the lack of estimation of some torque components, 

which is accomplished with the use of the model.  

In [90] a �∞ robust force observer (See Figure 2-24) is designed with the objective of 

controlling a robot joint by joint and considering all the force effects, except the nom-

inal inertia, as a disturbance. This research completes the Ohishi work in robot control 

with robust observers. Again, the external force is estimated inside the entire disturb-

ance, being impossible its independent determination. In Figure 2-24 �O(�) represents 

the nominal model of the plant. In the lower part the real plant is represented with 

the real inertia and viscous damping. �(�) of the force observer is designed by the 

mixed sensitivity method. 
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Kalman filter has also been used to estimate external disturbances. In [91] the Adaptive 

Kalman Filter (AKF) is employed to estimate the disturbances of a 2 DOF robot. The 

particular advantage of using this method is the continuous updating of the noise 

covariance during the disturbance estimation process. Unfortunately this research does 

not details the effect of considering a 6 DOF robot without having the complete model. 

The theoretical solution works well with 1 DOF DC motor and all the disturbance is 

due to external torque effects, but when considering a 6 DOF robot, if the complete 

model is not considered, it would be difficult to distinguish the external torque from 

the internal torques caused by un-modelled effects. 
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Figure 2-23. Block diagram of the force estimator. 
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Figure 2-24. Block diagram of robust force observer. 
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Additionally in [91], an alternative approach based on disturbance observers is used 

where a PID-like observer gain is employed to guide the observer convergence. The 

drawbacks of this method are similar than in the AKF implementation due to the lack 

of complete model for a 6 DOF robot.  

Canudas de Wit and Slotine introduced the concept of sliding observers for robot 

manipulators [92]. The sliding observers had been used before to control highly non-

linear processes through using a nonlinear control action. This technique has been good 

for controlling certain systems where the control chattering is not important, as in 

motor control, but cannot be used when no chattering is allowed. In state observers is 

clear that discontinuities in control action are not important since it is not a real 

system and the chattering problem is not considered. They prove the exponential con-

vergence of sliding state observers under some circumstances and show the results 

when applying a time-varying gain observer. This technique is excellent when the exact 

model of the system is not known since observation errors tend to zero asymptotically.  

Sliding observers have also been use in teleoperation to estimate velocities and forces 

in presence of delays in [93] by using only position measurements. Although this had 

been tested only in simulation. This observer will be discussed later since it constitutes 

a key point in this thesis.  

In [94] three non-conventional state observers are compared, these are: high-gain ob-

servers, sliding mode and nonlinear extended state observers. The high-gain observer 

[95] of a plant described by (2.12) is indicated by (2.13). 

$ ̈ = �($, $,̇ �) + 
 · �     (2.12) 

{ ,̂1̇ = ,2̂ + ℎ1($ − ,1̂),̂2̇ = �0 + �0� + ℎ2($ − ,1̂)    (2.13) 

Where � represents the dynamics of the plant and disturbance, � is the unknown input 

disturbance, � is the control action and $ is the output that can be measured. �0 is a 
nominal model of the function � . With this, the estimation error equations are de-

scribed by (2.14). 

⎩{⎨
{⎧ ,̃1̇ = − ℎ1,1̃ + ,2̃

,̃2̇ = − ℎ2,1̃ + �(,, ,)̃ ,̃ = [,1 − ,1̂,2 − ,2̂]
   (2.14) 

Where �(·) = �(·) − �<(·). The convergence of the error is achieved in absence of dis-

turbance if the observer gain matrix is designed such that the matrix ~0 is Hurwitz. 

That is, for every positive constants ℎ1 and ℎ2. In the presence of �, the observer gains 

are adjusted as (2.16). 
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~0 = [−ℎ1 1−ℎ2 0]     (2.15) 

ℎ1 = �1� ,  ℎ2 = �2�      (2.16) 

Where 0 < � ≪ 1, and the gains �1 and �2 can be determined via pole placement. 

The sliding observer is explained extensively in chapter 5 and Annex III and no more 

detail will be given here. Both high-gain observer and sliding require some knowledge 

of the plant dynamics. An alternative method termed Nonlinear Extended State Ob-

server has been created by Han [96] as follows. The plant in (2.12) is firstly augmented 

as: 

⎩{{
⎨{
{⎧      ,1̇ = ,2              ,2̇ = ,3 + �0� ,3̇ = �($, $,̇ �)      $ = ,1                 

    (2.17) 

Where � is an extended state, ,3. Here both � and its derivative are assumed unknown. 

By making � a state it is now possible to estimate it by using a state estimator. Han 

proposed and nonlinear observer for (2.17) as follows: 

⎩{⎨
{⎧�1̇ = �2 + �1p1(�)�2̇ = �3 + �2p2(�) + �0��3̇ = �3p3(�) 

    (2.18) 

Where � = $ − �1 and �1 is the estimation of the function � . Then, p(·) is defined has 

a modified exponential gain function: 

pu(�, �u, �) = {|�|� �PpQ(�), |�| > ��¡1−¢  , |�| ≤ �   � > 0   (2.19) 

As �u is chosen between 0 and 1, pu yields high gain when error is small. � is a small 

number to limit the gain in the neighbourhood of the origin. Starting with linear gain 

pu(�, �u, �) = �, the pole placement method can be used for the initial design of the 

observer, before the nonlinearities are added to improve the performance.  

The comparison of these three types of observers is accomplished in [94], proving best 

performance for the Nonlinear Extended Observer and followed closely by the Sliding 

Gain Observer. 

In parallel with the force estimation techniques, based on disturbance observers, an-

other research approach has been using sensor fusion has been developed to reduce the 

noise levels of the force sensors. In [97], [101] the information from a force sensor is 

fused with an accelerometer measurement in order to eliminate the effect of the tool 

inertia in the force sensor measurements. This sensor fusion is performed with the 
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Kalman filter In [98], data from force sensors and position encoders are fused. In [99] 

and [100] data gathered by means of a force sensor is combined with visual information 

to estimate position measurements between a grasped object and other objects in the 

environment





 

Chapter 3 New approach for dis-

similar master-slave teleoperation 

A general bilateral framework to cope with the dissimilarities of master and 

slave is presented in this chapter. Two new functional blocks are added to the 

conventional bilateral control scheme in order to cope with the differences in 

kinematics and dynamics when teleoperating a slave with a dissimilar master. 

A set of requirements for teleoperating an industrial robot is introduced, where 

some variables as the bilateral loop frequency or the command execution time 

are introduced. A detailed explanation of the use of assistive forces in order to 

guide the operator when performing a task is also given in this chapter. To 

conclude, the real issues encountered when teleoperating an ABB IRB 2400-16 

with a Phantom OMNI are explained in detail, especially the optimisation tech-

nique used for the scaling of the workspace. 
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3.1 Dissimilar master-slave teleoperation requirements 

In this section, the requirements for a dissimilar master slave teleoperation are pre-

sented. The developed method should cope with the kinematic and dynamic differences 

between master and slave and it is specially focused to teleoperate an industrial robot 

by means of a desktop haptic master.  

In the industry is very common the need of teleoperating a slave with a kinematically 

dissimilar master due to the fact that in most cases the slave device is optimised for 

the task and the master device is optimised to be used by the operator. 

A general approach shall be introduced in this chapter to manage all the events occur-

ring during a teleoperation task, e.g. the managing of kinematic differences, creation 

of assistive forces to assist the operator, a method for scaling in position, and force 

feedback when non-backdrivable slaves and no sensors are employed. 

An improved version of the axis-crossing method presented in [48] is suggested here in 

order to check when the position pointed by the haptic device belongs to the slave’s 

workspace. When this condition is not verified, this method also helps to calculate the 

assistive forces which have to be applied on the haptic device to guide the operator 

through the correct path. 

In order to obtain a smooth and stable bilateral control, it is well-know from the 

literature that at least 1 KHz real-time update rate is advised in order to achieve the 

required haptic fidelity [106]. The ability to reach the required frequencies is studied 

in detail in the particular case of an ABB robot with an SC4+ controller. Also, a 

discussion about different robot manufacturers is proposed at the end 

Different methods have been developed in the past to cope with the workspace scaling 

issues. Having kinematically different devices with different workspace sizes leads to 

scaling problems. The human operator uses a haptic device to steer e.g. an industrial 

robot during a handling process. These haptic devices are usually designed for the 

convenience of the human operator and not prepared for the huge size of industrial 

robots which are prepared for handling heavy loads. Therefore, the physical workspace 

of a desktop haptic device is significantly smaller than the target workspace of the 

slave. In these circumstances, the human operator will not be able to reach and interact 

with objects located outside this limited workspace. To overcome this problem, several 

scaling techniques have already been reported in the literature [103], [104] (See over-

view in Table 3-1). The most common technique is position control, by which the 

displacements of the haptic device are scaled, translated and mapped to the motions 

of the slave. Position control with indexing is used to solve when the operator reaches 
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the limit of the workspace of the haptic device during position control. This is achieved 

by disconnecting the communication channel between haptic device and manipulator, 

typically by pressing a button, then moving the handle of the haptic device back to its 

origin. Afterwards the communication is resumed. Ballistic control is another method 

of copping with the workspace limits of the haptic device which adjusts the scale dy-

namically depending on the velocity at which the device is travelling within its work-

space. Rate control is also used to manage the scaling problem. The displacements of 

the haptic device are interpreted as a velocity commands in the slave robot. Some 

hybrids controllers make use of a division of the master workspace in two regions, in 

the inner region, position control will be used whereas in the outer region, rate control 

is used to be able to reach big workspaces. Another technique called workspace drift 

control was introduced for manipulation in virtual environments. 

 

Method Pros Cons 

Position control 

Simple 

Poor spatial resolution 
in case of large scaling 

Understandable 

Direct kinematic correspond-
ence 

Ballistic control 

Adaptive scaling factor Complex implementa-
tion 

Linear and nonlinear scaling 
factors 

Rate control 

Simple 
No direct kinematic 

correspondence 
Understandable 

Infinite workspace 

Workspace drift 
control 

Manipulating large objects Only virtual environ-
ments 

Using small haptic device Conservative method 

Hybrid position / 
rate control 

Position and rate control at 
once 

Complex implementa-
tion 

No manual switching 

Table 3-1. Overview of scaling techniques. 

3.2 Proposed general approach for bilateral teleoperation 

Figure 3-1 represents an approach of a bilateral teleoperation where only conventional 

positional and force feedback are considered. Also, no delay in transmission of the 
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information is taken into account. The operator (human) exchanges forces and torques 

with the master device, in such a way that they both share their position, ,ℎ = ,�, at 

all time. While the operator applies position commands and reaction forces, the haptic 

master conveys the external forces, measured or estimated from the environment, as-

sistive and dragging forces, to the operator. The measured or estimated forces, which 

are transmitted to the human, have been previously processed in the dissimilar dy-

namics block and sent to the master controller as reference torques for the master 

joints. The assistive forces are those ones artificially created and conveyed to the op-

erator in order to ease the teleoperation tasks. These can be vibratory, kinaesthetic or 

from different type and their objective is to guide the operator in his movement along 

the master´s workspace. On the other hand, the dragging forces are unintentional 

forces created in some control architectures where the force feedback depends on the 

positional and velocity errors. Due to the fact that, in some control schemes such as 

position-position a positional error is required in order to produce a set of torques that 

will move the slave manipulator towards the master´s pose and vice versa. In these 

cases, the operator would feel a resistive force like if he was continuously pulling from 

the haptic device. Finally, the inertial forces arise by the fact that the master device 

is not ideal, and it presents mass and inertia which will induce a reaction force to the 

movement.  

In the most common scenario, the master control system would receive the positional 

feedback from the master device and send the appropriate joint torque to the haptic 

master, i.e. current to the actuators if an electrical manipulator or voltage to the valves 

if a hydraulic device. The master control is in charge of interfacing with the dissimilar 

kinematics algorithm by sending the master´s position and receiving the forces to be 

applied. The assistive forces are calculated in the dissimilar kinematics block in order 

to correct the trajectory of the human operator in a way such the movement is always 

performed inside the slave’s workspace. Afterwards, these are processed in the dissim-

ilar dynamics block to be transformed into the joint space. The remaining forces are 

calculated by the dissimilar dynamics block depending on the external forces or control 

scheme utilised. This block typically employs the master’s jacobian to transform the 

external forces and torques from cartesian space to the master’s joints space. 

The dissimilar kinematic block interfaces the master´s control with the slave´s control 

in a way such the master´s end-effector pose and position is mimicked by the slave’s 

end-effector as much as possible. The slave´s control will close the loop with the slave 

device by controlling its position by means of torque commands applied on its actua-

tors.  

A state observer of the slave is introduced here as a general scenario for those control 

schemes where a force has to be estimated without using force sensors, central topic of 
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this research. In a common scenario, this observer would receive the torque command 

issued to the slave device, and all the available feedback from it, such as position, 

velocity or acceleration. With this information, it will estimate the value of the external 

forces and torques applied on the slave, if any. Afterwards, the dissimilar dynamic 

block will transform all these forces from the slave´s reference to the master´s refer-

ence. 

 

Figure 3-1. General control scheme for a bilateral system for dissimilar master-slave. 
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3.3 Kinematics considerations 

The block diagram represented in Figure 3-3 describes, in pseudo-code, the before 

mentioned, dissimilar kinematics algorithm, that is executed in each cycle of the bilat-

eral control. This algorithm receives the input position from the master´s control and 

a flag indicating whether the bilateral control has already started or not. Afterwards, 

a set of parameters which define the kinematic structure of both master and slave, the 

starting transformation matrix and joint limits are loaded in memory. During the first 

execution, independently whether the master is at home position or not, it will lead to 

the calculation of the master´s direct kinematics in order to find the transformation 

matrix. This is indicated by (3.1) and particularized for a 6 dof robot which relates 

the base system (0) with the end-effector system (6). 

£ = ~ 0 1 · ~ 1 2 · ~ 2 3 · ~ 3 4 · ~ 4 5 · ~ 5 6   (3.1) 
 

Where, the ~ u−1 u matrices are the Denavit-Hartemberg homogeneous matrices for 

transforming a vector expressed in system P − 1 to a vector expressed in system P. 
These set of matrices can be calculated with a well-known expression once the Denavit-

Hartemberg parameters of a manipulator have been established (§u, nu, ou, �u). 
Once the Denavit-Hartemberg rules have been followed to number and choose the 

reference system, the mentioned expression is applied to obtain each transformation 

matrix. The parameter §u, is the angle that has to be turned around �u−1 such as ,u−1 
and ,u become parallel. In a similar manner, the parameter nu is the distance measured 

along �u−1 that would have to displace {¨u−1 } such as ,u−1 and ,u become aligned. 

Also, the parameter ou is the distance measured along ,u (which now agrees with  ,u−1) 
so its origin matches completely with {¨u }. Finally, the angle �u is the angle to be 

turned around ,u, such as the new system {¨u−1 } matches with {¨u }. 

After obtaining the transformation matrix, the position of the haptic master is com-

pared with a standard initial position fixed a priori. In order to avoid an abrupt track-

ing of the master, the initial position and pose of the slave should be made similar to 

the master at the starting point. A methodology for performing the initial coordination 

will be explained below. 

If the fixed starting point is given by (3.2), the vectors Q, © , o are referred to the 

orientation of the end-effector with respect the base system and the vector ª expresses 

the position of the end-effector with respect the base.  
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£�«¬­« =
⎝⎜
⎜⎛

Q±< ©±< o±< ª±<Q²< ©²< o²< ª²<Q³< ©³< o³< ª³<0 0 0 1 ⎠⎟
⎟⎞ = [Q̅<, ©<̅, o<, ª<]               (3.2) 

 

£ u� =
⎝⎜
⎜⎜⎛

Q±  ©±u o±  ª±uQ²  ©²  o²u ª² Q³  ©³   o³u ª³ 0 0 0 1 ⎠⎟
⎟⎟⎞ = [Q̅u, ©u̅, ou, ªu]�     (3.3) 

In order to compare each homogeneous matrix of the master (£ u�) with £�«¬­«, orien-

tation and position are compared separately. The orientation is compared by calculat-

ing the angle between both reference systems by means of the three direction cosines 

and the position difference is easily calculated by the absolute value of the error for 

each coordinate. 

� ̅ = (acos (=̅̅̅̅½·=̅̅̅̅ )acos (<½̅·< ̅)acos (¬̅̅̅̅½·¬̅̅̅̅ ))    (3.4) 

¿ ̅ = ⎝⎜
⎛∣�Á½−�Á ∣∣�Ã½−�Ã ∣∣�Ä½−�Ä ∣⎠⎟

⎞    (3.5) 

Where ª±<, ª²< and ª³< are the components of the ª�̅«¬­« vector which defines the 

starting point with respect the base origin. 

Only when the angular distance falls inside the allowed tolerance for the angular error, 

and the Cartesian distance is inside the tolerance for the positional error, is when both 

transformation matrices are considered similar. This is given by (3.6) and (3.7): 

P� (�1 < �1ÅÆÇ) ~ÈÉ  (�2 < �2ÅÆÇ) ~ÈÉ  (�3 < �3ÅÆÇ)   (3.6) 

P� (¿1 < ¿1ÅÆÇ) ~ÈÉ  (¿2 < ¿2ÅÆÇ) ~ÈÉ  (¿3 < ¿3ÅÆÇ)   (3.7) 

The fulfilment of conditions (3.6) and (3.7) will trigger a conditional flag which enables 

the bilateral tracking. 

That process will allow the master and slave to converge before the beginning of the 

bilateral loop. Until the haptic-master does not acquire the wanted position and ori-

entation, the slave will not perform any movement and the forces exerted by the master 

will be zero.  

Once the operator reaches the desired starting point with the appropriate orientation, 

the algorithm will start to calculate continuously the inverse kinematics of the slave, 
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in order to check if the commanded point is inside of the slave’s workspace. The equa-

tion (3.8) shows how the slave´s inverse kinematics is applied receiving the transfor-

mation matrix of the master as an input. 

[Ê u�] = ¨ËoÌ�_�r(£ u�)    (3.8) 

The inverse kinematics will provide with the necessary joint values that the slave 

should have to allow the manipulator’s end-effector to reach the position commanded 

by the master’s end-effector. In that case, the slave’s control will receive those joints 

values as a reference. 

{P� ∀ Êu ∈ [�u,ÅÑÒ� , �u,ÅÆÇ� ] → £ u� ��Ë©Qp� Ô© ¨ËoÌ�′� �©Ö
�ªo×�                 
P� ∀ Êu ∉ [�u,ÅÑÒ� , �u,ÅÆÇ� ] → £ u� n©�� Q©Ô ��Ë©Qp Ô© ¨ËoÌ�′� �©Ö
�ªo×�         (3.9) 

When the result of the inverse kinematics checking indicates that the haptic master is 

pointing to a position or presenting a pose which is not reachable by the slave, a force 

proportional to the distance between the current point and the workspace border will 

be conveyed to the master in order to force the operator returning inside the allowed 

workspace. The position of the slave will not be modified. In some cases it might be 

convenient to correct the master´s pose as well, so it will belong to the dexterous pose 

of the slave in the Cartesian point where the master is pointing inside the slave´s 

workspace. This can be done by finding the closest angular position to which the haptic 

master has to be rotated so it enters into the dexterous workspace of the slave. 

For the simplest scenario where only reachable workspace is considered, the slave for-

ward kinematics is calculated with the angular joints values which will be typically 

slightly out of range, but which still will generate valid Cartesian coordinates. This 

assumes that the bilateral loop has already started and the master has entered in a 

non-reachable position by the slave. The transition between the inner and outer part 

of the slave workspace will happen in two consecutive time instants spaced by the 

sample time £Ù, normally on the order of 1 ms. Let us consider these two transfor-

mation matrices £� and £<Ú« as the previous point which still belonged to the slave 

workspace and the first point which does not belong, respectively. The distance be-

tween these two points in Cartesian space can be calculated with the position vector 

of both matrices. 

£ �� = [Q̅�, ©�̅, o�̅, ª�̅]�  and  £ <Ú«� = [Q̅<Ú«, ©<̅Ú«, o<̅Ú«, ª̅<Ú«]� 
nP�ÔoQ×� = ∥ª�̅ − ª<̅Ú«∥    (3.10) 

The direction of the force, in this case, is calculated relatively to the starting point 

although a different convention could be chosen.  
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Ì"̅<­;� = ª<̅Ú«-ª�̅«¬­«    (3.11) 

And the force value would be proportional to the calculated distance and with the 

direction pointing to ª�̅«¬­«. 
#Æ̅��u�«u>� = r¬��u�«u>� · nP�ÔoQ×� · Ì"̅<­;�/∥Ì"̅<­;�∥  (3.12) 

A different scenario arises when the master is out of the slave workspace before the 

bilateral loop starts. This situation can occur while the operator is manoeuvring during 

his search for the starting point. In this circumstance, no ª�̅ exists and the assistive 

force has to be calculated in a different way.  

The framework shown in Figure 3-3 implements the calculation of the assistive force 

that guides the operator to return to the slave’s workspace if the bilateral loop has not 

started yet. If that situation arises, the slave will have not executed any movement 

and it will be on hold, waiting for the master to reach the starting point. In order to 

obtain the assistive forces, an extended version of the Axis-Crossing Method Winding 

Number Algorithm, developed by Alciatore and Miranda in 1995, has been imple-

mented. In addition, it also provides the distance of the master’s Cartesian position to 

the slave’s workspace border. This can also be used when a numerically more efficient 

method is desired to determine if a point belongs to a workspace without needing the 

calculation of the inverse kinematics.  

3.3.1 Improved axis-crossing method  

The axis-crossing method presented in [48] determines very efficiently if a point is 

within a polygon independently of the shape of this. It also generates the winding 

number, which measures not only whether the polygon Ü encloses the point Ý, but 

also how many times and in which direction, Ü winds around Ý. This last property is 

not of special interest in robotics because of the nature of the workspaces, however the 

primary function of this algorithm presents some interest. By transforming the robot 

workspace in a polygon with the number of segments depending on the desired accu-

racy it is possible to employ this method.  

The winding number (�) can present these different values: 

⎩{⎨
{⎧ 0   P, � P� Q©Ô PQ�Pn� �                                                              Q > 0   P� � �PQn� oÖ©�Qn , Q ÔPO�� ×©QÔ�Ö×Ë©×
�P��                       Q < 0    P� � �PQn� oÖ©�Qn , (−Q)ÔPO�� ×Ë©×
�P��                           (3.13) 

 
Where � = (,0, $0) ∈  ℝ2 is the point to test, � = ⋃ ÌßÌß+1̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅=1   is the closed polygon to 

be tested, and Ì1̅,…, Ì=̅ are the ordered vertices of �, where Ìu̅ = (,u, $u). 
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Without loss of generality, it is assumed that � is the origin, which can be obtained 

by translating all the vertices of the polygon so in the end, � occupies the origin’s 

position. Since the point-in-polygon test is invariant under horizontal and vertical 

translations, this operation simplifies the algorithm. The pseudo-code which imple-

ments the conventional axis-crossing method [48] is shown in Figure 3-4. The evalua-

tion of � determines if the point � is inside the workspace. 

Once � is present, the algorithm extension shown in Figure 3-5 allows the identification 

of the nearest polygon edge to � and the calculation of the force vector which will be 

supplied to the master in order to guide the operator so this can return into the work-

space. In the axis-crossing method extension, the Euclidean distance from � to the 

middle point of each polygon edge is calculated and the nearest edge is selected. Sec-

ondly, a perpendicular force to that edge and passing through � is created to be 

conveyed to the haptic master. 

With this method, it is possible to control a manipulator with a kinematically different 

master having a standard initial pose and position which will ensure a safe system. 

Nevertheless, in order to implement this algorithm, it is necessary to solve the inverse 

kinematics of the slave by either numerical or analytical methods. 

 

Figure 3-2. Example of calculation of the assistive force when a commanded point is 

out of slave´s workspace. 
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Are slave’s joints inside range?

yes

Slave new position = Slave previous position

Master assistive forces = Ka · Border distance · unitary vector

no

Compare T matrix with the Transformation matrix on the starting position

Is Master on the starting position?

no

yes

Calculate assistive force

Scale & Translate Master Transformation matrix

Calculate Slave Inverse Kinematics(Master Transformation matrix)

Calculate unitary vector of the assistive force 

Calculate distance to Slave’s workspace

Calculate Master Forward Kinematics, T matrix 

Start

Read Master’s Position and Pose 

End

Move Slave to Master’s 

position

Assistive forces =0

End while

While 1

 

Figure 3-3. Dissimilar kinematics algorithm. 
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Figure 3-4. Pseudo-code of the axis-crossing method for determining if a point is in-

side a polygon. 

3.4 Dynamics considerations 

This section continues with the flowchart of Figure  which describes the general frame-

work of teleoperation for dissimilar master and slave. In addition to the assistive forces, 

created to help the operator, and processed in the dissimilar kinematics block, the 

major part of the dynamic content is based on the external forces sensed or estimated 

and the dragging forces provoked depending on the chosen control algorithm. The 

output of the force estimation process, carried out in the slave observer block, are the 

estimated forces and torques in Cartesian space referred to the slave´s system and the 

errors in position and velocity, of the real slave, with respect the master. 
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The dissimilar dynamics algorithm is in charge of transforming these forces from the 

slave´s reference to joint torques applied on the haptic master. 

 

 

Figure 3-5. Extension of the axis-crossing method to calculate the direction of the as-

sistive force. 
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It applies the equation (3.14) and scales the forces conveniently. 

 = xy #      (3.14) 

Where   is the joints’ torques that have to be applied on the master’s joints in order 

to replicate the forces and torques given by #  on the master’s Cartesian space. The 

xy  denotes the master´s jacobian transpose which depends only on the joints values.  

In Figure 3-6 a case example of the bilateral control based on two channels, position 

and velocity used in Dexter 20 is shown. It is worth noting that the forces 
>1 · à� and 

�� · 
�� would be also calculated inside the dissimilar dynamic block. By doing this, 

every force and torque that is going to be conveyed to the operator is firstly processed 

in this functional block. 

 

Figure 3-6. General bilateral control used in Dexter 20. 

3.5 Case example: Teleoperating an ABB IRB 2400-16 

With the objective of testing the algorithms explained in this chapter, an experimental 

setup was planned and commissioned. This setup was based on a bilateral control with 

dissimilar master and slave. The master used was the Phantom OMNI, manufactured 

by Sensable (Figure 3-7) whose characteristics are detailed in Annex I. It is worth 

noting that this haptic master presents 6 dof of positional feedback although only 3 

dof of force feedback. The first three joints are the only ones creating torque which is 

able to render a force in (,, $, �) in the master tip. The slave device used for his 

experiment was the industrial robot ABB IRB 2400-16, controlled using an SC4+ 

controller shown in Figure 3-8 and with its main characteristics described in the Annex 
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I. The robot controller is equipped with the operating system BaseWare OS. This 

system controls every aspect of the robot, like motion control, development and exe-

cution of application programs communication etc. For additional functionality, the 

robot can be equipped with optional software for application support - for example 

gluing and arc welding, communication features - network communication - and ad-

vanced functions such as multitasking, sensor control etc, although that was not the 

case of this experiment. 

In Figure 3-9 the interface between the different elements of the experiment is shown. 

A PC running LabView 2011 was dedicated to interface the different components and 

provide the human interface. The master control was written in C code and called 

from the LabView interface. Both pieces of software were communicating with each 

other by means of TCP sockets. The master control was running at 1 KHz.  

 

Figure 3-7. Phantom OMNI haptic master from Sensable. 

In order to interface with the slave, only a serial port RS 422 was available in the 

SC4+ controller but no Ethernet was included in it. Also, there were no real time 

communication utilities or multi-tasking options like those ones used for correcting the 

trajectory while welding or painting in the manufacturing industry.  

The lack of communication utilities was the main drawback when teleoperating this 

robot and it was the cause of the very low loop frequency obtained. In [52], the research 

of a Swedish university, proposed to use additional hardware parts such as a PowerPC 

board, a PMC-PCI interface and a flash disk which are added to the original SC4+ 

controller to be able to run software in a fastest way and improve the communication 
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capabilities. Nevertheless, this system is still under development, and it is of extremely 

difficult implementation and there is not enough information for its development, so 

it could not be implemented. The specifications of this industrial robot can be seen in 

the Annex I. 

 

Figure 3-8. ABB IRB 2400-16 with SC4+ controller. 

In Figure 3-9, it is shown how, the human machine interface (HMI) running in the PC 

with LabView, is connected to the robot controller via serial channel. Independently 

of the communication channel used, the information transmitted between the LabView 

controller and the robot controller corresponds to the diagram of Figure 3-3. This 

means that only the reference value of the 6 joints is commanded to the robot control-

ler, liberating the SC4+ of accomplishing the laborious inverse kinematics. Thereby, 

the robot controller function was just executing a continuous loop that reads joints 

reference value coming from the dissimilar kinematics algorithm and writing real joints’ 

value. The pseudo-code of the ABB language (RAPID) used for teleoperating is repre-

sented in Figure 3-10. A loop is executed continuously to read the new target joints’ 

values, execute the movement and send the real joints’ values back to the PC control-

ler. 
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Different approaches can be used in order to read and send information back to the 

robot controller depending on the instructions used to read and write data on the serial 

channel. For the RAPID language used on the ABB robots and basic serial communi-

cation, the following variants for reading and writing are available: reading instructions 

and writing instructions (See Table 3-2 and Table 3-3) [105]. 

 

Figure 3-9. Experimental setup for teleoperating the ABB IRB 2400-16. 

Reading instructions in RAPID code 

ReadBin (Read Binary) is used to read a byte (8 bits) from a file or serial 
channel. This function works on both binary and character-based 
files or serial channels. 

ReadNum ReadNum (Read Numeric) is used to read a number from a charac-
ter-based file or serial channel. 

ReadStr ReadStr (Read String) is used to read a string from a character-
based file or serial channel. 

ReadStrB
in 

ReadStrBin (Read String Binary) is used to read a string from a 
binary serial channel or file. 

Table 3-2. Reading instructions available in RAPID code. 

A string based communication was implemented due to the relative easiness of use in 

comparison with binary based instructions, with ReadNum and Write  instructions. 

The complete source code is completely shown in Annex I. 
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Writing instructions in RAPID code 

Write Write is used to write to a character-based file or serial channel. 
The value of certain data can be written as well as text. 

WriteAny
Bin 

WriteAnyBin (Write Any Binary) is used to write any type of 
data to a binary serial channel or file. 

Writ-
eStrBin 

 WriteStrBin (Write String Binary) is used to write a string to a 
binary serial channel or binary file. 

WriteBin WriteBin is used to write a number of bytes to a binary serial 
channel 

Table 3-3. Writing instructions available in RAPID code. 

The additional StopMove and ClearPath instructions play a crucial role in a teleoper-

ation software. Ideally the slave robot should follow perfectly the master’s command 

with minimum error. However during practical implementation it might be a common 

situation when the slave manipulator cannot replicate the master’s movements as fast 

as it should due to mechanical limitations or due to a slow loop frequency. If this is 

the case, it is important to be able to correct the trajectory on real time. When the 

slave is moving and before it reaches the target joint value there might be a new 

available joint target from the master. 

The only way of issuing a new command for the slave is interrupting the current 

command and executing a new one. To interrupt the current path these two instruc-

tions have to be executed in RAPID, StopMove to stop the current planned path and 

ClearPath to clear the planned movement. This strategy produced a discontinuous 

robot movement because move and stop commands were continuously issued. Ideally, 

if a robot with an open control architecture is used, torque commands could be issued 

instead of position commands, improving the control efficiency and speed. But unfor-

tunately, in a closed system as the one present in ABB, this option could not be used 

and only position commands can be issued. Other alternative to improve the control 

smoothness could be to perform velocity control in a way such that the robot does not 

have to stop its movement in each iteration. Unfortunately this option was not avail-

able either.  

3.5.1 Delay issues found during the RS422 serial communication and 

RAPID program execution 

Different programming and communication techniques were tested under the develop-

ment of the optimum teleoperation control. Some of them have already been explained 

before, and some others related with the loop delay will be commented here.  
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Figure 3-10.  Pseudo-code of RAPID program running on the SC4+ controller. 

In a serial communication channel, a common baud rate between sender and receiver 

has to be established. Different baud rates were tested with the objective of increasing 

as much as possible the loop frequency of the bilateral control. The measured bilateral 

loop frequency with each baud rate was the indicated by Table 3-4. It can be seen how 

the obtained frequency is slow and it is not able to overcome the 13 Hz barrier. In 

order to study the origins of this unacceptable delay, experiments were performed to 

measure the execution time of simple instructions written on RAPID code. The meth-

odology used to measure the execution time was the following: certain digital outputs 

of the SC4+ controller were turn high and low before and after a command execution. 
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They were read with an oscilloscope in order to estimate the elapsed time during the 

execution of basic instructions. 
 

Baud rate Max loop frequency [Hz] 

600 0.5 
1200 1.08 
2400 2 
4800 3.7 
9600 13 
19200 13 
38400 13 

Table 3-4. Bilateral loop frequency reached at different baud rates. 

The IO unit used for measuring the time lapses was the DSQ328, consisting in 16 

digital inputs and 16 digital outputs. The results obtained, which are summarized in 

Table 3-5, are the following: 

A. Changing the state of a digital output. 

The time elapsed on changing the state of a digital output was characterized to take 

into account the minimum amount of time required for measuring the rest of instruc-

tions. These set of commands shown in Table 3-5 (Test 1) turn the first digital output 

on, then off and finally on again. With this methodology it is possible to characterize 

the time invested in changing the value of a digital output. This set of instructions 

produce a voltage profile as shown in Figure 3-11. This result means that the first two 

instructions that turn on and off the digital output 1 have a time lapse of 5 ms, or 

approximately 2.5 ms in executing each instruction. 

B. Write a binary data on the serial channel 

The same procedure was applied for the set of commands shown in Table 3-5, test 2. 

They took a total time of 6.5 ms. This result helps to infer the time needed to write a 

binary number, which is around 1.5 ms. 

C. String conversion and writing on the serial channel 

In Table 3-5, test 3 it can be seen that the total time expend on this operation is 6.5 

ms, which gives a total time for the string conversion and sending of 1.5 ms.  

D. Time invested in reading 6 joints’ values 

It is important to estimate the required time taken by the robot controller in reading 

the 6 joint values because these set of instructions are going to be repeated in each 
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cycle and the total time should be minimized. In Table 3-5 test 4, the total time taken 

by this set of instructions is 35 ms. Due to the basic set of on and off instructions takes 

5 ms, it is possible to infer that the reading of 6 joints values takes 30 ms. 

E. Time invested on reading 6 joints values with channel opening and closure. 

It is shown in Table 3-5, and test number 5, than the total time for this set of instruc-

tion was 40 ms. This establishes the time required for opening and closing the commu-

nication channel in approximately 10 ms. 

F. String operations. 

Some string manipulations were also quantified to check if the predicted longer oper-

ation times were finally measured. The time on reading a string with the values of 6 

joints turned out to be 25 ms, and this proved that string operations were not partic-

ularly slower. 

 

 

Figure 3-11. Oscilloscope waveform recreation of test A. 

G. Stop the movement and clear the path 

Finally the set of instructions for stopping a movement and clearing the buffer of stored 

movements were analysed and the results clearly indicated the origin of the big delay 

measured during the teleoperation loop. 

The movement stopping command turned out to be just 1 ms operation, while clearing 

the buffer took up to 300 ms. 

H. Moving operations 

The execution of a moving operations was also analysed. It was found that, as expected, 

that the time invested for the robot to move was obviously dependent on the target 
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point to be reached. Nevertheless, for a static target position, this is, executing a target 

position that is the same than the current one, the amount of time required for exe-

cuting the move operation without the concurrent movement was approximately of 

100 ms. The concurrent movement allows the execution of the following operations at 

the same time than the movement is being accomplished. Unfortunately there is a 

limitation of 5 instructions in succession, so this strategy could not be employed in an 

infinite loop. 

3.5.2 Discussion about timing analysis 

The methodology employed for measuring the instruction time using an oscilloscope 

to register the signal coming from the digital outputs of the controller board, proved 

to be successful. The large amount of time employed by the robot controller (SC4+) 

in executing simple set of instructions together with the slowness of the communication 

channel resulted in a very slow loop frequency of around 13 Hz. This low frequency 

created a very jittery movement and an erroneous reference tracking since the slave 

was not able to follow the master properly. With the default loop configuration, every 

time a movement instruction is executed, the controller waits until it is finished before 

a new movement command is executed. The slow loop frequency and this characteristic 

provoked a big error when tracking the master. The operator moved the master much 

faster than the slave was able to update its position. This operating condition was the 

cause of instabilities and poor performance on the bilateral control. With the objective 

of increasing the performance, the ability of interrupting the robot movement to up-

date the robot target position on real time was investigated. The only option available 

without having additional and expensive software extensions was to use the couple of 

instructions before mentioned of stopping the movement and clearing the buffer. This 

set of commands allows to stop the current joint target value and prepare the controller 

for the new one by clearing the planned path. It has been shown the large amount of 

time required for clearing the buffer which decreased the loop time to around 4.5 Hz. 

These values are significantly smaller than those ones recommended in the literature 

as in [33], [60], [106] where values ranging from 100 Hz to 1000 Hz are recommended 

for positional bandwidth. Even faster frequencies are recommended in order to obtain 

a good force response [60]. 
 

Test 
Nº 

Description RAPID code 
Time 
[ms] 

1 SetDO, do1, 1 7.5 
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Changing the value of a 
digital output. 

SetDO, do1, 0 

SetDo, do1, 1 

2 
Write a binary q on the 

serial channel 

SetDO, do1, 1 

6.5 WriteAnyBin, q1 

SetDO, do1, 0 

3 
String conversion and 

write to the serial chan-
nel 

SetDO, do1, 1 

6.5 
String=ValToString(ValueJoint1) 

Write PC, String 

SetDO, do1, 0 

4 Reading 6 joints values 

SetDO, do1, 1 

35 

Read q1 

…. 

Read q6 

SetDO, do1, 0 

5 

Time invested on read-
ing 6 joints values with 

channel opening and clo-
sure 

SetDO, do1, 1 

40 

Open PC 

Read q1 

…. 

Read q6 

Close PC 

SetDO, do1, 0 

6 Stop a movement StopMove 1 

7 Clear the buffer ClearPath 300 

Table 3-5. Timming analysis for SC4+ controller instructions. 

The loop frequency obtained during the practical implementation on the ABB IRB 

2400-16 with the SC4+ controller, would make a bilateral teleoperation unpractical. 

Typical values obtained when the slave is in movement are in the order of 4 Hz due 

to strong hardware limitations. Given the time required by the controller to execute 

some basic functions, even updating the communication channel and installing Ether-

net would not guarantee much better performance. During conversations with ABB 

representatives from United Kingdom, the best time response they had achieved was 

a position update frequency range of 100 ms to 200 ms, meaning that the maximum 

achieved loop frequency was 10 Hz. This is not much faster than the frequency achieved 

in this experiment. However, it is expected that in newer controller versions, i.e., IRC5 

the controller speed would be faster, allowing a better performance of the teleoperation 

tasks when force feedback is needed. It seems that ABB does not facilitate the rapid 

interfacing with the low level control system on its robots, giving the research commu-

nity difficult alternatives such as the mentioned in [52]. It was possible to find out that 

the team of Lund University have manage to run the teleoperation loop at 250 Hz 

using the IRC5 controller after an intense research carried out during years. However, 
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for force-controlled manipulation and teleoperation applications, especially in stiff en-

vironments, there is a unanimity of the literature, that control rates of more than 1 

KH are essential to avoid damaging the robot and its environment [106]. In this sense 

it has been an effort of the research community to overcome the limitations of the 

commercially available control systems for the industrial robots manipulators [108]. 

Also, although ABB seems reluctant to allow a quick access to its controller, several 

industrial robots suppliers including Mitsubishi [109], COMAU Robotics [110], KUKA 

Roboter GmbH [111], and Staubli [112] have introduced a possibility of interoperability 

of their robot controllers with control algorithms executing on external computers and 

developed new control interfaces enabling open communication channels with rates 

higher than 1 kHz in some cases. 

3.5.3 Dissimilar kinematic solution based on optimum manipulabil-

ity. Application of sequential quadratic programming (SQP) for ob-

taining an optimal workspaces overlap.  

When teleoperating a slave with a dissimilar master one must pay attention on how 

the master’s movements are tracked by the slave. In positional terms, the tracking 

conditions can be classified in two different modes, relative and absolute. A teleopera-

tion algorithm is carried out in relative mode when the master´s movements are imi-

tated by the slave by doing only relative movements. This is, starting from different 

initial positions, an increment of ∆, of the master will be followed by an increment of  

� · ∆, on the slave, where � is the scale. An absolute tracking mode is when not only 

the increment in the coordinates are tracked, but also, the absolute positions. The last 

method presents the advantage of having the master and slave with the same position 

and orientation at all times, facilitating the understanding of the situation by the 

master’s operators and the intuitiveness of the whole system. Also, with this technique 

the workspaces can be better exploited. This technique has been employed during the 

teleoperation of the ABB robot with the Phantom master.  

Although both systems present joints similarities, as it is described in Annex I, the 

joints’ range differs. The links’ length also differs considerably, provoking a situation 

where the workspaces are greatly different. The similar configuration of joint 1, allows 

to reduce 1 order the 6 dof problem by symmetry criteria. In this scenario, with the 

problem reduced to a 5 dof, one must fix a geometrical transformations which allow to 

map both Cartesian spaces. Different criteria could be used for solving this issue, i.e. 

maximizing the workspace overlap by scaling and translating the master´s workspace, 

reducing the slave’s task space to a preferred manipulability area, etc. Independently 
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of the selected criteria it is important to highlight that for every reachable Cartesian 

point in the three-dimensional space there might be an infinite number of different 

orientations the manipulator can present. For this reason, it would be impractical to 

carry out the workspaces mapping based on an exhaustive study of every possible pose 

that both master and slave could have in each Cartesian point. A common criteria is 

to analyse the reachable workspaces by accounting only joint movements which pro-

duce a displacement of the end-effector in a plane. In practical terms, this means taking 

into account only joints 2 and 3 and 5 of master and slave. By doing this, the end-

effector coordinates in Cartesian space are projected over a radial plane defined by two 

perpendicular axis, the first rotational axis (vertical) and a radial axis which rotates 

with joint 1. 

In order to transform the Cartesian coordinates from the master space to the radial 

plane, the transformation indicated by (3.15) is used. 

{¿�­ =√(±â·�)2+(²â·�)2       ��­ = ��                         (3.15) 

Where the duple (¿�­  , ��­ ) define the new master’s coordinates in a radial plane and 

(,�, $�, ��) are the Cartesian coordinates of the master. This duple resultant from 

the forward kinematics of the haptic device has to be properly scaled and translated 

with appropriate values in order to achieve the selected overlapping criteria. Let us 

call ª ̅�­  , the end-effector’s position vector, projected on a radial plane, output value 

from the forward kinematics transformation of a vector of joint values �.̅ Applying 

(3.17) will lead us to define the new master´s position ª ̅�′  resulting from the scaling 

and transformation of the original projected value. 

ª ̅�­ = #r(�)̅|ã1=;«�     (3.16) 

ª ̅�′ = � · ª ̅�­ − Ô ̅     (3.17) 

By doing this, it is possible to reduce the search of an optimum overlap between master 

and slave’s workspaces to the search of the appropriate translation vector on the plane, 

Ô ̅and the scale factor (�) to be applied on the master’s coordinates.  

The problem of finding appropriate values for Ô ̅and � in a way that the overlapping is 

maximized and the desired manipulability criteria are fulfilled is an optimisation prob-

lem which can be established as follows: 

(«½̅äå�½äå) = min �(« ̅� ),     (3.18) 

{Ô ̅�u= < Ô ̅ < Ô ̅�¬±��u= < � < ��¬±        
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Where � is the cost function and Ô ̅�u=, Ô ̅�¬±, ��u= and ��¬± the extreme values of the 

variables, constituting a set of 6 inequality constraints. The selection of the cost func-

tion represents the key point during the optimisation process and its final result is 

highly dependent on the right selection of this function. In this research, it has been 

found important to optimize the transformation vector and scale based on the manip-

ulability of both master and slave. A robot manipulability is a scalar value � defined 

by (3.18) [115]. Where x(�)̅ is the jacobian matrix depending on the joint vector �.̅ 
The manipulability index measures the easiness of changing arbitrarily the position 

and orientation of the end-effector at the tip of the manipulator, which is also related 

with the distance to the singular points. 

� = √detx(�)̅ x(�)̅y      (3.19) 

If for some � ̅ vectors, it is found that ÖoQ
(x(� ̅)) < O, where O is the dof number of 

the robot, then we say that the manipulator is in singular state [115]. The value of the 

manipulability index in a certain point of the manipulator’s workspace increases with 

the distance to a singular point. For this reason it would be convenient on the point 

of view of the manipulation dexterity, to place the master’s workspace wherever the 

manipulability of the slave is greater. Also, a good criteria to reject points in both 

workspaces, is to choose those ones with less manipulability.  

Being ℳ and ì the workspaces of master and slave respectively, the common area is 

denoted by ℳ⋂ì. We say that the manipulability is lost in those areas which do not 

intersect. Let us define the two different zones where the manipulability is lost in both 

spaces as ℳî<�� and ìî<��., being ℳî<�� = {∀ ,, (, ∈ ℳ) ∧ (, ∉ ℳ⋂ì)} and 

ìî<�� = {∀ ,, (, ∈ ì) ∧ (, ∉ ℳ⋂ì)}. It is thus possible to define a new index which 

measures the loss of manipulability of both devices as: ðℳò½óó and ðôò½óó as in (3.20) 

and (3.21). 

ðℳò½óó = 1Max(det÷ø(ãø̅)÷ø(ãø̅)ù  ∬ √det xÅ(�Å̅) xÅ(�Å̅)y 
ℳò½óó  n�  (3.20) 

ðôò½óó = 1Max(det÷û(ãû̅)÷û(ãû̅)ù  ∬ √detxÙ(�Ù̅) xÙ(�Ù̅)y 
ôò½óó  n�            (3.21) 

Where xÅ(�Å̅) and xÙ(�Ù̅) are the jacobians of master and slave respectively. It is 

important to note that both indexes are normalized to avoid numerical inconsistencies 

since the jacobian is influenced by the links’ length. Also the achieved manipulability 

in the common area could be defined accordingly. For sake of simplicity let us define 

first the normalization values as: 

È� = 1Max(det÷ø(ãø̅)÷ø(ãø̅)ù      (3.22) 

È� = 1Max(det÷û(ãû̅)÷û(ãû̅)ù      (3.23) 
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And then, the manipulability achieved on the common area will be: 

ðℳ⋂ô = È� · È� ∬ √detxÙ(�Ù̅) xÙ(�Ù̅)y √detxÅ(�Å̅) xÅ(�Å̅)y 
ℳ⋂ô  n� (3.24) 

 

Figure 3-12. Schematic workspaces representation and manipulability zones. 

This is a pure kinematic criteria that allows to define the cost function � that mini-

mizes the loss of manipulability and maximizes the achieved manipulability. 

� =  üℳò½óó+üþò½óóüℳ⋂þ       (3.25) 

In order to evaluate the � function, both workspaces were discretized up to the centi-

metre level and represented in two matrices of (500 x 500) where each element corre-

sponds to 1 ×O2. The forward kinematics of each device was used to fill in those 

workspaces matrices when going through all the joints whose variation keeps the ma-

nipulators in a plane. This is, joints 2, 3 and 5 where covered for the master and slave 

in small intervals. The indexes of the matrices were given by the coordinates 

(¿�­ , ��­ ) of the end-effector projected on a radial plane, which are output of the for-

ward kinematics. The value given to the element indicated by this duple is the nor-

malized manipulability. With these operations, two workspaces were obtained com-

posed by a cloud of sparse points (See Figure 3-13 and Figure 3-14).  

To facilitate the optimisation process, both workspaces composed by sparse points 

were extended so the final workspaces do not present any point with no manipulability 

value. This action of eliminating the alternating zeros was performed to ease the later 

algorithm. Once this has been carried out, the Matlab® Optimisation Toolbox was 
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used to find the optimum values for the scale � and the transformation vector Ô ̅ which 

minimize the cost function � . 

 

Figure 3-13. Normalized manipulability of the ABB IRB 2400-16. 

The Sequential Quadratic Programming algorithm was used due to its power for re-

solving constrained nonlinear optimisation processes. The constraints were fixed to 

limit the variation of the variables so they belong to a sensible range, as given by 

(3.26). 

The starting point for the algorithm was estimated manually with a scale of 8 and a 

translation vector of (¿�­ , ��­ ) = (1.014, 0.769) [8] (See Figure 3-16). After 10 iterations 

and 131 function evaluations, the optimum point was reached for: = 7.57 , ¿�­ =
0.657 O and ��­ = 0.537 O. Figure 3-15 shows the final intersection of the two work-

spaces with the optimum parameters for the scale and transformation vector. In this 

figure, two different workspaces are displayed. The green line corresponds to the ABB 

IRB 2400-16 industrial robot and the blue line corresponds to the Phantom OMNI 

workspace, scaled and moved to a the starting point of the optimisation process. The 

original master’s workspace is denoted by the orange line, and the result of scaling the 

master´s workspace by a factor of 8 is shown by the red continuous line. The purple 

diamond indicates the starting point of the bilateral control. 
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Figure 3-14. Normalized manipulability of the Phantom OMNI with a scale factor of 

x8. 

{ 1 < � < 12−3 < ¿�­ , ��­ < 3     (3.26) 

3.5.4 Starting the bilateral loop and assistive forces 

This section describes the steps carried out for initiating the bilateral loop and the 

creation of assistive forces in the haptic master in order to guide the operator to return 

to the correct path once he has abandoned the slave’s workspace.  

In Figure 3-16 four workspaces are shown. These are: slave’s workspace in green, the 

master workspace in orange and additional modifications to this in order to optimize 

the overlapping. These were detailed before. The starting point for the optimisation 

algorithm carried out in previous section is indicated by the blue workspace of Figure 

3-16, which means a scale factor of x8 and a translation vector of (-1.014, -0.769). The 

starting position of the bilateral teleoperation has been established on the purple point 

of Figure 3-16, which corresponds to a high manipulability area of both slave robot 

and haptic master. Also, it has been considered as a comfortable position for the op-

erator to reach, even when reducing the allowed positional and pose errors.  

When the bilateral loop is initiated, the haptic master occupies its hold position which 

corresponds with the tip inserted into master’s base, as shown in Figure 3-7. This 

position, indicated by the yellow point in Figure 3-16, does not belong to the slave’s 

workspace. During the initial period, the operator should manoeuvre the master up to 

the slave’s starting position in order for the bilateral control to start. During this 
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coordination trajectory, no assistive forces are exerted and the operator is able to move 

the master freely until the tracking mode is activated. 

 

Figure 3-15. Intersection of master and slave workspaces corresponding to the opti-

mum found by SQP algorithm.  

When the bilateral control is started and before the operator reaches tracking position, 

the slave is programmed to go to the starting position and hold until the tracking is 

activated. Once the master has reached this point, the tracking starts and master and 

slave are linked. In the specific case of this bilateral control, the selected starting po-

sition for the slave was determined by (3.15). 

 £Ù«¬­« =
⎝⎜
⎜⎛

0.9995 0 0.0292 0.24310 −1 0 00.0292 0 −0.9995 0.18410 0 0 1 ⎠⎟
⎟⎞   (3.27) 

The maximum angular error allowed to the haptic master in order to start the tracking 

phase corresponds with the expression (3.7) and the selected value was: �u = 0.2 Öon. 

However, the maximum error in Cartesian position, was fixed dependant on the scale, 

following the formula in (3.28). 

 ¿ ̅ = 0.2Ù;¬î� (P,  	, 
) [O]     (3.28) 

These manually tuned values gave a compromise between positioning accuracy and 

speed of positioning for the human operator. A test case designed to evaluate the 

effects of the assistive forces algorithm is shown in Figure 3-17 to Figure 3-20. In them, 

the bilateral control is initiated with the master device on its parking position as men-

tioned before. The operator guides the master through a trajectory indicated by the 
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dashed line until it reaches the starting position indicated by a red cross in Figure 3-

17. 

 

Figure 3-16. Projected workspaces of ABB IRB 2400-16 and Phantom OMNI. Slave 

workspace generated by the first two dof, while master workspace generated by the 

last 5 dof. The final master’s position corresponds to a scale of x8 and translation in 

coordinates of -1.014 m on the radial coordinate and -0.769 m on the vertical coordi-

nate. 

This process might require some time depending on the calibration of the positional 

and angular thresholds. Also, during this period and until master and slave are not 

linked, no assistive forces are exerted. This is shown in Figure 3-19 and Figure 3-20. 

After initiating the tracking, the slave device follows master’s movements until its 

workspace limits. When the master reaches a non-possible position for the slave, this 

stops and waits for the master to return. The operator can actually go beyond slave’s 

limits but the assistive forces and torques shown in these figures force him to return. 

The effectiveness of the assistive force will depend on the calibration of the elastic 

constant. 
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Figure 3-17. Trajectory of the haptic master tip during a movement. The first part of 

the trajectory starts outside the slave's workspace. The bilateral teleoperation starts 

when the master reaches the starting point indicated with a red cross. During the 

execution of the trajectory, the master leaves the slave’s workspace and assistive forces 

are created conveniently. 

 

Figure 3-18. Radial and vertical coordinates during the execution of the trajectory.  
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Figure 3-19. Assistive torques on the first three degrees of freedom. These efforts are 

created to guide the operator to return to the slave´s workspace. 

 

Figure 3-20. Cartesian forces on the master tip during trajectory of Figure 3-17. 

3.6 Conclusions and discussion 

In this chapter, the bilateral control with a kinematically dissimilar master and slave 

has been presented. Most of the issues arisen during teleoperation of devices with dif-

ferent kinematics have been reviewed here. It has been highlighted the advantages and 
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disadvantages of employing the explained methodology. The teleoperation algorithms 

have been proved to be successful to teleoperate and industrial robot with a haptic 

master under the point of view of the kinematics. Nothing has been detailed here in 

relation to the always necessary force feedback, this will be deeply developed in the 

following chapters. 

This chapter was started by proposing a framework to develop a general master-slave 

teleoperation where the most important interactions between elements in the system 

such as slave, haptic master and environment have been highlighted. This new ap-

proach includes the concept of force estimation in addition of force measurement. 

A method for determining if a point is inside a polygon called axis-crossing method 

have been adapted for the calculation of assistive forces in the first stages of bilateral 

control. During this period of time, the coordination between master and slaves has 

not been established yet and this new approach is helpful in determining the distance 

between the point referred by the master and slave’s workspace with minimum com-

putational effort. 

It has been shown a methodology for solving the kinematic disparities between master 

and slave in order to perform teleoperation when the workspaces are different. Also, 

an optimised implementation of guiding and assistive forces has been demonstrated to 

help the operator during the teleoperation task. 

These techniques have been successfully applied on teleoperating an ABB industrial 

robot where the pros and cons have been widely explained with special emphasis on 

the timing analysis. Although a control system such the one used has been enough for 

a kinematic study and an open loop teleoperation, more open control architectures 

should be used when using industrial robots for bilateral teleoperation with force feed-

back. 

An innovative metric and technique based on optimum manipulability has been devel-

oped during this chapter, in order to establish optimised values for the scaling and 

translation between different workspaces. The manipulability of both devices is origi-

nally combined with the workspace to find a good value for the kinematic transfor-

mation where the manipulability is optimised. This is always needed when teleoperat-

ing master and slave with dissimilar kinematics. 

Experiments proving the good performance of the assistive forces in guiding the oper-

ator to the correct area inside manipulator’s workspace have been also presented at 

the end of the chapter filling the gap on the kinematic study related to dissimilar 

teleoperation. 

 



 

Chapter 4 Robot modelling and 

identification for teleoperation on ra-

dioactive environments 

This chapter introduces the need of employing a dynamic model of the slave 

in order to estimate the environmental forces and torques applied on it. These 

will be fedback to the operator during the teleoperation process. Traditionally 

this task would have been done by force/torque sensors attached on the tip of 

the end-effector, but given the high radiation requirements of the environment, 

a new approach has to be developed. This brings additional difficulties such as 

robot modelling and parameter identification which have to be performed ac-

cordingly to the teleoperation requirements. 

Experiments have been designed for a hydraulic manipulator presenting a 

closed loop structure which was included in the model. New ways for identifying 

these robotics structures are given. Different techniques for parameter identi-

fication are evaluated and new design criteria is proposed that proves to in-

crease the model performance.  
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4.1 Introduction 

It has been explained in chapter 2 that when performing a teleoperated control of 

industrial robots, a force-position control scheme is typically employed due to the non-

backdrivability of these manipulators [28], [60], [61], [62]. Due to the mechanical design 

of these devices, it is not possible to use the positional error as a force estimator. If 

teleoperating these devices using conventional position-position control, excessive 

forces could be applied corresponding to a small or null positional errors. But not only 

a force-position control scheme would be used when the slave is not backdrivable, also 

when the undesirable effects of position-position, such as drag effect, should be avoided. 

In Figure 4-1 the schematic of force-position algorithm is shown, pointing out the 

position that a force/torque sensor would occupy on this algorithm to measure the 

external forces and conveying them to the operator.  

 

Figure 4-1. Force-Position bilateral control with force measurements performed with 

a 6 dof force/torque sensor. 

There are some situations in which the force/torque sensor cannot be used or it is 

unpractical, such as when performing remote handling tasks in highly radioactive en-

vironments or when the hardware cost has to be minimized. Especially in facilities 

where the dose rate can overcome the tenth of kGy [26], no commercial electronic-

based solutions to measure forces have been found so far. The approach presented in 

this research is displayed in Figure 4-2 where the force/torque sensor is substituted by 

a dynamic model of the robot or a force observer. The central idea is to convey to the 
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operator the estimation of environmental forces as if they were measured by the sensor. 

Several approaches can be used to perform this estimation, but most of them make use 

of the knowledge of the slave’s dynamic model, the commanded torque and the state 

space variables of the manipulator. As described in chapter 2, some approaches try to 

reduce the complexity of the model and implement a learning algorithm to avoid the 

analytic calculation [82], some others are based on Kalman [93], [101], [98], [94], [95] 

or Luenberguer [80], [81], observers, but almost all of them need at least a basic model 

of the slave manipulator. 

),(ˆ
ste Xff ϕ=

 

Figure 4-2. Force-Position with force estimations performed with a dynamic model. 

In this chapter, the methodology used for modelling a robot for teleoperation is exten-

sively analysed and applied on the dynamic model identification of a hydraulic manip-

ulator Kraft GRIPS. Different techniques for parameter identification are evaluated 

and the best one is selected. 

4.2 Defining the dynamic model 

The conventional robotics equation describing the inner forces (4.1) of a kinematic 

chain of rigid forces in the absence of external forces can be obtained by employing 

any established algorithm, e.g. Newton-Euler iterative method or the Lagrangian 

method.  

 � = �(�) · � ̈+ �(�, �)̇� ̇+  !(�) +  "(�)̇   (4.1) 
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where, 

 �: vector of motor torques exerted in each joint. 

�(�) is the robot inertia matrix, which is a function of the joints’ values. 

�(�, �)̇: is the Coriolis and centripetal forces vector, which also depends on the joints’ 

values and velocities. 

 !: is the gravity forces vector depending on the robot position. 

τf : is the friction torques vector. In general terms, it also dependent on the joints ve-

locities. 

Although the friction is a complex nonlinear phenomenon, in many robotics applica-

tions it is modelled by considering only the Coulomb term and viscous friction yielding 

to (4.2). 

 

Figure 4-3. Typical shape of friction torque versus joint speed. 

 " = �;�PpQ(�)̇ + �>� ̇     (4.2) 

This expression of the friction maintains the linear model and ensures the possibility 

of applying linear estimators for the model identification. In (4.1), the motor torque is 

also linear with the inertial parameters. On a hydraulic actuator based on servo-valves 

the motor torque τm can be estimated by using the expression in (4.3) [66], where Kp 
is a constant and ∆�  is the differential pressure between the two chambers of the 

hydraulic actuator. 

 � = r� · ∆�       (4.3) 
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Similar expression is often employed to estimate the motor torque in an electrical 

actuator, such as the three-phase brushless motors, typically mounted in robotics. In-

stead of using the differential pressure, the measured quadrature current is employed 

to estimate the feedback torque by using the motor torque constant in [ÈO ~⁄ ]. The 

quadrature current is proportional to the amplitude of the three-phase current, thus 

either the amplitude or the RMS value can be easily obtained from it. 

 � = r� · �ã      (4.4) 

When no access to the quadrature current is possible, the Park transformation [113] 

can be used to transform a three-phase system (P¬, P�, P;) into a direct and quadrature 

system (P
, Pã, P<) (4.5). 

P
ã< = r · P¬�; = √23 ⎝⎜
⎜⎛ 

×©� (§) ×©� (§ − 2�/3) ×©� (§ + 2�/3)−�PQ (§) −�PQ (§ − 2�/3) −�PQ(§ + 2�/3)√22
√22

√22 ⎠⎟
⎟⎞ · (u�u�u�

)(4.5) 

4.2.1 Modelling a robot with closed loops 

It is common of several manipulators, especially those ones with bigger payloads, to 

include a closed loop in the serial chain to allow the placement of one actuator closer 

to the base and making possible to distribute the mass symmetrically. Therefore, the 

problem of yielding to a model described by (4.1) needs to take into account the closed 

loop and apply a loop closure function to the tree dynamics obtained by e.g. the New-

ton-Euler algorithm. This procedure is generously described in [114] by Roy Feather-

stone by creating a connectivity graph for a rigid body system. A robot described as a 

connectivity graph is simplified by representing the bodies and joints as a nodes and 

arcs respectively. A graph is a topological tree if there exists exactly one path between 

any two loops in the graph. If the connectivity graph of a rigid body system is a 

topological tree, then we call the system itself a kinematic tree [114]. 

Whether � is any connectivity graph, a spanning tree of �, denoted �«, is a subgraph 

of �, containing all of the nodes in �, toghether with any subset of the arcs in � such 

as �« is a topological tree. 

If � is the vector of joint values for the spanning tree for a given closed loop system, 

and let $ be a vector of independent joint variables for the same system. It is possible 

to define the relationship (4.6). 

� = �($)     (4.6) 

Differentiating this equation as in [114] yields to (4.7): 
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� ̇= �$ ̇     (4.7) 

Where, 

� = ���²      (4.8) 

� is the loop closure function. Defining �Ú and �0 as containing the rows of the 

actuated and the unactuated degrees of freedom, respectively. These matrices are re-

lated to � by an n x n permutation matrix designed by Ê in the equation (11). 

� = Ê [�Ú�0]     (4.9) 

It is shown in [114] than the torque of the $ joints can be calculated by having the tree 

torques, τID , and applying (4.10) if the system is properly actuated. This is, if �Ú is 

invertible, and therefore, there is a unique solution. 

 = �Ú−y�y   Ñ/    (4.10) 

 

Figure 4-4. Original graph of a closed loop system and a possible spanning tree. 

4.3 Parameter identification  

When modelling a real robot one must consider the kinematics and dynamics of it. 

While the kinematic model only requires knowledge of the relative movement of each 

link and the links dimensions, a dynamic model needs more advance knowledge of the 

robot parameters. This model relates robot motion to joint torques, and describes the 

rigid-body dynamics of the robot including Coulomb and viscous friction in the joints. 

The additional parameters required for the proper construction of this model apart 

from the friction are: links’ masses, first mass moments, moments of inertia, position 

of the centre of gravity, and other considered nonlinear effects. 

Although inertia estimations can be derived from CAD drawings, robot manufactures 

do not provide these drawings for all parts of the robot, for example, parts manufac-

tured by external suppliers. Also, it is common to find inaccurate models that for 
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example do not include the void in hollow links, leading to incorrect density calcula-

tions and thus incorrect inertias and centres of gravity. Dismantling the robot and 

carrying out links measurement is not always the most convenient option. Moreover, 

estimates of friction components are not provided by the manufacturer and they cannot 

be foreseen from the first principles. 

Experimental identification of the robot parameters using motor torques and motion 

data is thus needed to cope with the lack of knowledge of some of the robot variables 

and the drifting of some of them during the time. 

Traditionally this problem has been solved [115], [116], [117], [118] following the ap-

proach presented in Figure 4-5. The model equations are created based on the Newton-

Euler algorithm, revealing a linear dependence on the inertial parameters. With this 

model, appropriate conditions are created for applying least mean squares for param-

eters estimation.  

 

Figure 4-5. Robot identification and validation flowchart. 

This procedure begins from an a priori knowledge of the robot in form of the kinematic 

configuration, links’ dimensions, specification and minimum requirements for the dy-

namic model. Although there are also techniques to calibrate the robot’s kinematic 
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parameters [119], this is not considered as critical as identifying the dynamic condition 

since the kinematic configuration can be extracted easier from CAD models.  

During the modelling stage, the key point is to transform the equation (4.1) into a 

linear expression with the robot parameters. This is obtained applying the so called 

Modified Newton-Euler algorithm.  

From the classical Newton-Euler equations in spatial vectors given by (4.11) [119], it 

can be expressed the spatial force acting on the last link Q  of a robot and referred to 

its origin as: 

�= = �= · o= + Ì=  × �= · Ì=    (4.11) 

Substituting for the spatial inertia �=, the spatial acceleration o=, and the spatial ve-

locity Ì=, of a link Q operating and simplifying, yields to the matrices product expres-

sion (4.12) for the spatial force. 

�= = ( 0 −¨(n<̈=) �(�̈=) + ¨(�=)�(�=)
n<̈= ¨(�̇=) + ¨(�=)¨(�=) 0 )× (

O=O=×=Ë(�=̅)) (4.12) 

Where ¨ indicates the skew-symmetric operator, � is an operator which transforms a 

vector in a 3 × 6 matrix as in (4.13) and Ë is and operator which transforms a matrix 

in a vector with its elements following an increasing order. 

�(o) = ⎝⎜
⎛o1 o2 o3 0 0 00 o1 0 o2 o3 00 0 o1 0 o2 o3⎠⎟

⎞    (4.13) 

Ë(�=̅) =
⎝⎜
⎜⎜⎜⎜
⎜⎜⎜⎜
⎛�11�12�13�22�23�33⎠

⎟⎟⎟⎟
⎟⎟⎟⎟
⎟⎞

    (4.14) 

Or, in a more compact form, the spatial force acting on that robotic link: 

�= = ~= · ø =     (4.11) 

And with this expression it would be possible to estimate the inertial parameters of 

the last link and the load attached to the end –effector. However here the interest lays 

on identifying the inertial and mass parameters of the whole robotic structure and the 

effect of all links should be taken into account. Defining �u    as the spatial force at 

joint P due to movement of 	 alone. Then �uu   is the spatial force at P due to its own 

movement. The equivalent expression for the (4.11) would thus be (4.12) where Q it 
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has been substituted by P. And the superscript P has been added to indicate that the 

vectors are expressed in terms of joint P. 
� u uu  = ~ u u · ø u    (4.12) 

In this way, the total spatial force at joint, �u u , it is the sum of the spatial forces �u  u  

for all links 	 distal to P, following the results of [119]. 

� u u  =∑ �u  u=
 =1    

    (4.13) 

The spatial force �u  u  at joint P its determined by the spatial force transformation 

matrix � " u , 

� u u,u+1 = �u+1" u  �u+1,u+1 u+1    (4.14) 

So the forces and torque on link P due to the movements of the link 	 can be obtained 

by cascading a series of transformation matrices: 

� u u, = �u+1" u  �u+2" u+1 … � "    −1 � , = � "  u u  ~    ·ø    (4.15) 

With this approach, the spatial forces of a serial chain robot can be easily expressed 

in a matrix: 

⎝⎜
⎜⎜⎜⎛

�1 1�2 2 ⋮�= = ⎠⎟
⎟⎟⎟⎞ =

⎝⎜
⎜⎜⎜⎛

�1"1~1 1 �2"2~2 1 … �="=~= 10 �2"2~2 2 … �="=~= 2⋮ ⋮ ⋱ ⋮0 0 … �="=~= = ⎠⎟
⎟⎟⎟⎞

⎝⎜
⎜⎜⎛

v1  v2⋮v= ⎠⎟
⎟⎟⎞  (4.16) 

Or in compact form: �     = ~   
 

·ø  . Since only the torque  u can be usually measured 

around the axis �u, the spatial force can be projected around that rotation axis and 

simplifying (4.16) to: 

 = rø       (4.17) 

Where,   u = (�u0) · �u , ru = (�u0) � "  ~   , u  ø=
⎝⎜
⎜⎜⎛
ø 1..ø =⎠⎟

⎟⎟⎞ 

However, for the very common manipulator with a closed loop such the one presented 

in Figure 4-6, equation (4.16) has to be adapted with the inclusion of the closed loop. 

In order to perform this adaptation, firstly (4.16) is modified so to include the spanning 

tree joints as the graph of Figure 4-7. That leads to an expression similar to (4.18) for 

the matrix ~   when a non-serial manipulator is modelled.  
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Figure 4-6. Schematic of a manipulator with a closed loop. 

 

Figure 4-7. Graph of a manipulator with closed loop. Dashed line indicates the chord 

or extra joint no included in the spanning tree represented with red continuous line. 
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~  =

⎝⎜
⎜⎜⎜⎜
⎜⎜⎜⎜
⎜⎜⎜⎜
⎜⎜⎜⎜
⎜⎜⎜⎛

�1"1~1  1 �2"2~2  1 �3"3~3  1 �2"4~4   1 �2"5~5  1 �2"6~6  1 �77~7  1 �88~8  10 �2"2~2  2 … … … … �77~7  2 0
0 0 �3"3~3  3 … … … �77~7  3 0
0 0 0 �4"4~4  4 … … 0 0
0 0 0 0 �5"5~5  5 … 0 0
0 0 0 0 0 �6"6~6  6 0 0
0 0 0 0 0 �6"6~6  7 �77~7  7 0
0 0 0 0 0 0 0 �88~8  8 ⎠⎟

⎟⎟⎟⎟
⎟⎟⎟⎟
⎟⎟⎟⎟
⎟⎟⎟⎟
⎟⎟⎟⎞

(4.18) 

In order to take the closed loop into account, for a given spanning tree of the robot 

with an observation matrix ~ , it is straight forward to apply (4.19) to obtain the 

closed loop observation matrix   ACL  of (4.20). 

   = �Ú−y · �y · ~ · ø      (4.19) 

     = ~)* · ø      (4.20) 

By projecting the spatial forces as in (4.17) and expressing the matrix in a more com-

pact way it is yielded to: 

     = r)* ø       (4.20) 

Where    is the vector of measured input torque for a given point with particular 

conditions of pose, velocity and acceleration, KCL is the regressor matrix, - also called 

observation matrix-, with any closed loop of the robot taken into account and v    is 
the vector of dynamic parameters. The inertial parameters are the link mass, centre of 

mass moment, and inertias with respect to each link P frame: 

Ou, ×,u, ×$u, ×�u,  �,,u, �$$u, ���u,  �,$u,  �,�u, �$�u. These can also be augmented with 

frictional parameters such as f
ci
 and f

vi
 following the friction model given in (4.2). 

The regressor matrix of (4.20) includes the data gathered for only one sample point in 

certain kinematic conditions. The matrix r)* and vector   are augmented with �  

data points of a programmed trajectory to achieve a complete excitation of the robot. 

From now on, in this chapter   and r will indicate the augmented vector and matrix 

of a complete trajectory. 

 = ( 1⋮ 3
),  KCL = ⎝⎜

⎛KCL1⋮KCL3 ⎠⎟
⎞, 

where now,   is a vector of Q ⋅  � × 1, with Q the degrees of freedom of the robot and KCL is a Q ⋅  � × o ⋅  Q, with o the number of parameters being identified, commonly 

10 or 12. 
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Once a convenient set of data points have been sampled, one could employ the least 

mean squares solution to get the parameters which best approximate the collected 

data. 

v = (r)*y r)*)−1r)*y     (4.21) 

However, the matrix KCLTKCL is typically non-invertible due to the loss of rank derived 

from the fact that not a complete force and torque sensing is presented on the 6 degrees 

of freedom of each joint and just a torque estimation can be done in each joint’s axis. 

In order to cope with that issue, an a-priori parameter estimation v0 can be introduced 

here to build the damping least squares solution. 

v = (r)*y r)* + M2�)−1r)*y  ̃   (4.22) 

Where M is the damping factor and  ̃ =  − r)*v0. The damping factor modifies the 

singular value decomposition of the least mean squares solution and then balances the 

final adjustment between a well fitted least mean squares solution and the a-priori 

knowledge. Depending on the reliability of the a-priori information, M can be increased 

accordingly avoiding the loss of rank of the regressor matrix. 

 

Figure 4-8. Solution variability with damped least mean squares. 

This a-priori information can be obtained from the CAD model of the robot, a previ-

ously fitted model or an initial guess.  

4.3.1 Obtaining the excitation trajectories, data processing and po-

sition differentiation. 

In order to solve the least mean squares problem, a set of sample points must be 

collected in an appropriate way. The performance of the estimation will be seriously 

affected by the way these points are calculated. The process of working out the most 

convenient trajectories for robot’s parameters identification is called trajectory param-

eterisation. 
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Several techniques have been applied to trajectory parameterization for robot dynamic 

model identification, e.g. finite sequences of joints accelerations [120], fifth order poly-

nomials and periodic trajectory [116]. The polynomial technique is adequate for indus-

trial manipulators which only accept velocity commands while periodic trajectory is 

more adequate for open control systems. 

In this research a trajectory that can be parameterised by finite Fourier series is em-

ployed since processing a periodic and band-limited measure is more accurate and has 

more advantages in terms of signal processing [116]. Thus, each robotic joint is param-

eterised as follows in (4.23): 

�u(Ô) = �u0 + ∑ (ou,- sin(
�"Ô) + �u,-cos (
�"Ô)Ò
-=1    (4.23) 

Where Ô is the time and �"  is the fundamental frequency of the excitation trajectories 

and should be chosen carefully not to excite the un-modelled dynamics of the manip-

ulator. The coefficients ou,- and �u,- are the amplitudes of the sine and cosine functions, 

and �u0 the joint offset. By selecting appropriate values of the amplitudes and funda-

mental frequency, the joint workspace varies together with the joint speed. In the next 

section different frequencies are utilized covering the maximum joint positional and 

acceleration range without compromising the robot structural flexibilities. 

The problem of finding the coefficients ou,-, �u,- and �u0 is called trajectory optimisation 

and several approaches have been used in the literature. A popular optimisation crite-

rion is known as a d-optimality and it is based on the logarithm of the determinant of 

the covariance matrix of the model parameter estimation [115]. Other methods are 

centred on minimizing cost functions dependent on the condition number and the sin-

gular values of the observation matrix.  

Two different methods have been tested in this research for obtaining the coefficients 

ou,-, �u,-. Firstly, a method based on trial and error and secondly two different optimi-

sation processes with very different number of parameters. The results of these meth-

ods are then compared and evaluated, analysing the main differences encountered.  

During the trial and error approach, trajectories based in equation (4.23) have been 

designed with È = 1 and the robotic joints have been moved independently. After data 

acquisition process and signal conditioning, this has been followed by an elimination 

process of those points which fulfil that the condition number of the observation matrix 

is above a certain threshold, established on 100 from experience of the statistical com-

munity [119]: 

×©Qn(~u) > 100    (4.24) 
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The second method implies designing trajectories based again in (4.23) although the 

coefficients have been obtained through an optimisation process based on sequential 

quadratic programming. È = 1 has also been used to be able to compare the results 

with the first method. Finally, the last method uses È = 5 where more complex tra-

jectories excite the robot dynamics. 

The calculated trajectories are then programmed in the robot controller. The robot 

repeats the trajectory during a certain number of periods while the measured joints 

values are acquired by the DAQ system.  

Calculation of the observation matrix requires estimation of joints velocities and ac-

celerations. Since most manipulators do not have accelerometers, a numerical differen-

tiation must be carried out. The approach employed here is based on a well-established 

procedure for offline signal processing where the exact differentiation is done by trans-

forming the position signal to the frequency domain using the discrete Fourier trans-

form (DFT). Thereafter, the spectrum is multiplied by a rectangular window which 

selects the appropriate frequencies and sets to zero all other frequencies. Then the 

derivate in the frequency domain is realized multiplying the spectrum by 2�
��/�  , 

where P is the number of time domain samples, �� is the sampling frequency and 
 the 

index of the selected frequencies in the discrete spectrum. The result is then trans-

formed back to the time domain using the inverse Fourier transform. The results after 

applying this method eliminate all the noise but that contained in the selected fre-

quencies.  

The actuator torque data are obtained applying either equation (4.3) or (4.4) with 

data from the robot manufacturer or a previous torque constant identification phase. 

4.4 Optimisation of identified parameters 

The fact that the solution of the identified inertial parameters provided by the LMS 

does not necessarily present physical sense makes their use with certain control schemes 

very difficult. Also, this issue makes their application for integrating the robot equa-

tions of motion, impossible. This prevents its use for dynamic simulation, which inval-

idates a powerful tool in robotic system design [117], [116]. This issue suggested to 

include additional requirements on the model which are transformed into an optimisa-

tion stage after the parameter identification. This promising approach makes use of 

constrained optimisation tools to adjust the LMS result up to get a set of parameters 

with physical sense. The physical meaning of the identified parameters can be guaran-

teed imposing appropriate constraints during the estimation. 
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During this research, it has been found that the nonlinear optimisation problem of 

finding the optimum set of parameters gives a solution influenced by the initial condi-

tion and typically presenting larger RMS error than the output obtained with the LMS 

method if the initial condition is not very accurate. However, the large improvement 

achieved on their physical feasibility overcomes the drawbacks of obtaining an estima-

tor with increased error. Thus, one must try to find a compromise between large pre-

diction error and physical sense. 

When identifying inertial parameters, they can be divided in three groups depending 

on the robot structure: fully identifiable, completely unidentifiable and identifiable in 

linear combinations [118]. Some parameters cannot be identifiable due to the restricted 

motion near the base and the lack of full force sensing in every joint. By using numer-

ical analysis of the regressor matrix it is possible to identify a base set of parameters 

which represents the whole v vector via a linear combination matrix L. 

v1 = � · v     (4.25) 

The base set of parameters will produce the same torque than the extended set of 

parameters for a given observation matrix. Considering the best solution of the equa-

tion (4.20) the one provided by LMS method (v*ÅÙ), the optimisation problem tries 

to find a compromise between the solution provided by LMS and a solution which 

accomplishes with the physical feasibility aforementioned. Ideally the new set of opti-

mised parameters will have similar base than the LMS solution and it will be physically 

feasible. The method used for determining the linear combination matrix L is thus 

useful to compare the base parameters of two different sets.  

The approach presented here improves the guidelines given in [117] by creating two 

different metrics to quantify the magnitude to minimize, these are the torque error �2  
which takes into account the divergence between the measured torque and the torque 

produced by the identified parameters and the base error �3which counts for the devi-

ation with respect the base parameters. The main improvement presented here with 

respect the classical approach given by (4.26) consists in introducing a weighting vector 

�  in order to normalise the effect of the different torque amplitude depending on the 

joint. The final expression is shown in (4.27) where * represents element-wise multi-

plication of vectors. 

�2 = ( − ~)*v1)y ( − ~)*v1)    (4.26) 

�2 = � ∗ ( − ~)*v1)y � ∗ ( − ~)*v1)   (4.27) 



Chapter 4 Robot modelling and identification for teleoperation 99 

 

 

Where v1 is given by (25) and represents the current base parameter solution and 

v′ the current vector of dynamic parameters. This is, the solution corresponding to the 

current iteration. The error with respect the base parameters is the following: 

�3 = (v1 − �v*ÅÙ′ ) y (v1 − �v′*ÅÙ )   (4.28) 

Where v*ÅÙ′  is the parameters solution given by the LMS method. With the errors 

already defined, it is straight forward to infer the cost function of the optimisation 

problem which will be: 

� = �2�2 + �3�3     (4.29) 

Where �2  and �3 are the weighting factors used to vary the influence of both metrics. 

Different types of constraint equations should be defined here. In the literature, con-

ditions are usually given for the links’ masses and inertias. However, in this research 

it has been proved that the introduction of an additional type of constraints is neces-

sary to ensure the feasibility of the model. These will be called here, “link coherence 

constraints”. The usual constraints presented in the literature are: the positive mass 

value of every link and the definite positiveness of each link’s inertia matrix ( � u ;<! ). 
The link coherence constraints are related with the location of the link’s centre of 

gravity. Although it is intuitive that each link’s centroid has to be content inside the 

cuboid of minimum volume where the link can be inscribed, this condition is not im-

plicit in the previous conditions and has to be added independently. Otherwise the 

obtained parameters might not produce a definite positive manipulator’s inertia ma-

trix. When having certain a priori information of the robotic system, e.g. in case of 

having a CAD model from the manufacturer, as occurs in this research, it is sensible 

to assume that the centres of gravity of each link should not differ much from those 

calculated from the model. Thus, the optimisation problem can be established as fol-

lows: 

v<�« = min �(v′)     (4.30) 

{ Ou > 0�Pp( � u ;<! ) > 0    (4.31) 

⎩{⎨
{⎧×,u ∈ [×,u Åu=, ×,u Å¬±]×$u ∈ [×$u Åu=, ×$u Å¬±]×�u ∈ [×�u Åu=, ×�u Å¬±]    (4.32) 

Where (4.30) states the objective of minimizing the cost function � while the con-

straints dictated by (4.31) and the centre of gravity constraints (4.32) are accom-

plished. The problem presented above constitutes a constrained nonlinear optimisation 
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problem. Algorithms like the Sequential Quadratic Programing have been proved effi-

cient to solve this kind of problem [117], [121]. 

 

4.4.1 Numerical calculation of the base parameters, L matrix. 

The calculation of the matrix L it is crucial to apply the optimisation technique men-

tioned before which looks for a parameters solution whose base is similar than the base 

given by least mean squares. The technique employed in this research is based in [122] 

where the QR decomposition of the regressor matrix is used to find the minimum 

number of parameters. This method can be summarized on the following steps: 

1.) Find the orthogonal-triangular (QR) decomposition of the regressor matrix 

r)*. This produces unitary Ê, upper triangular 5 and a permutation matrix 

6 so that r)* · 6 =  Ê · 5. The column permutation 6 is chosen so the ab-

solute value of the main diagonal of 5  is decreasing. 

2.) Defining the numerical tolerance (�=) to obtain the rank of the observation 

matrix. Due to round off errors the tolerance its defined in [122] as: 

�= = o��(�ª� · 511)    (4.33) 

Where �ª� is the precision of the machine which is being used for computation 

and 511 the first element of the 5 matrix.  

3.) Determining again the QR decomposition of the observation matrix without 

any pivoting 6. This will be valuable to find the rank of the observation matrix. 

This will allow to obtain the matrices Ê′ and 5′ so r)* = Ê′ · 5′ . The rank 

(�) is determined by the number of elements of the main diagonal of 5′ which 

are greater than �=.  

4.) Decomposition of 5 in 51(� , �) and 52 (� , × − �) so that 5 = [51 ,52] and 

× is the number of parameters used. 

5.) Choosing the columns to be deleted. The × − � diagonal elements 5uu which are 

smaller than the tolerance indicate the subscripts P of the columns of r)* to 

be deleted. With this, a permutation matrix �  is obtained such that: � · v  

gives an sorted set of parameters whose first elements are the parameters which 

can be identified independently and the second set are the parameters which 

cannot. Also the matrix r)*, can be sorted in the same way: r)* · � . 
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6.) Performing a QR decomposition of the sorted matrix r)* · �  gives: 

[r)*1,r)*2] = [Ê1 · 51 Ê152], where 51 is a regular � , � matrix. Then it is 

possible to deduce r)*2 = r)*1 · 51−152, which expresses the c-b columns of 

r)*2 as linear combinations of r)*1. 
7.) In order to get finally explicit relationship for the parameters �  is divided in 

two elements as follows: �1 includes the first b rows and c columns of P. �2 
has the rest of rows of � . The matrix which expressed the linear dependencies 

can be obtained as: � = (�1 + 51−1 · 52 · �2)  

4.5 Experiments using a hydraulic manipulator, KRAFT 

GRIPS 

The experimental setup is composed by the following elements: 

• 1 x KRAFT GRIPS hydraulic telemanipulator. 

• 1 x NI-PXIe-8108 Real Time controller. 

• 1 x PC running Labview 2011 interfacing with the PXI. 

• 1 x Force/Torque sensor, ATI, Gamma SI-130-10. 

• 1 x Resilient interface with an elastic constant of 5000[N/m]. 

The Kraft GRIPS (Figure 4-9) manipulator from Kraft Telerobotics has been used in 

a number of teleoperation applications such as underwater and maintenance of electri-

cal lines [43]. One of the main advantages of this manipulator is the possibility of 

evaluating experimental control algorithms in a commercial platform. GRIPS is a 7 

dof hydraulic manipulator with a maximum payload of 45 kg at full extension and a 

horizontal reach of 1.289 m. It is equipped with 6 force controlled servo-valves control-

ling the first 5 axis and the gripper. The 6th axis is controlled in position with a fixed 

torque of 20 Nm. A potentiometer for measuring the angular position of each joint is 

used in the six dof within a range of ±10 V. The servo-valves signals are proportional 

to the difference of pressure between the two chambers of each hydraulic actuator. 

This signal ranging ±6 V is proportional to the applied torque. The output signal of 

each servo-valve together with the potentiometers signals were sampled at 1 KHz by 

means of the PXI. In every test included in this paper the gripper was not mounted 

and the force/torque sensor along with the spring were mounted on the end-effector 

provided by the last link. 
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The robot model for the first 5 dof contains 10 barycentric parameters and 2 friction 

parameters per link. The tie bar parallel to the second link between the shoulder and 

the elbow creates a closed loop structure included in the model. Three different ap-

proaches have been tested and evaluated for identification the robot’s dynamics pa-

rameters. The first method involves independent joint excitation. This is, the different 

robotic joints are excited sequentially and the excitation trajectory is calculated by 

trial and error with a reduced number of parameters. Later, two different methods are 

also evaluated where all the joints are excited simultaneously with different optimised 

trajectories. 

 

Figure 4-9. Kraft GRIPS hydraulic telemanipulator. 

Very different number of parameters are tested and compared. The three methods are 

evaluated in this chapter by comparing the root mean square of the error between 

predicted torque and motor torque in each joint and conclusions are obtained. 

4.5.1 Calculation of identification trajectories 

4.5.1.1 Independent excitation 
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A set of trajectories corresponding to equation (4.34), which is (4.23) particularised for 

È = 1 was programmed in order to perform independent joint movements at different 

excitation frequencies. The complete range of frequencies is shown in Table 4-1. The 

amplitudes ou,- and �u,- are equal and corresponding with the amplitude column of the 

table. These were chosen in a way that maximizes the angle covered by each joint. 

Afterwards, as it will be explained in the next sections, a discard process was carried 

out with all the gathered sample points based on applying equation (4.24) to the ob-

servation matrix. This guarantees a minimum quality of each selected sample point. 

�u(Ô) = ou sin(
�"Ô) + �ucos (
�"Ô)   (4.33) 

Joint No. Min. 78 [rad/s] Max. 78 . [rad/s] Amplitude 

1 0.1916 2.4903 0.8200 

2 0.6283 5.0265 0.2500 

3 0.4054 3.8406 0.7750 

4 0.6386 5.7114 0.4950 

5 0.6414 8.2498 0.5000 

Table 4-1. Maximum and minimum excitation frequencies during the identification. 

4.5.1.2 Simultaneous excitation with N=1 

During this set of tests, the parametric trajectories correspond to the equation (4.35), 

where each joint trajectory is defined by three parameters. 

�u(Ô) = �u0 + ou sin(
�"Ô) + �ucos (
�"Ô)   (4.35) 

However in choosing the excitation frequency one must reach a compromise between 

covered space and enough excitation of the dynamic properties of the robot. If selecting 

low fundamental frequencies �" , the excitation period increases and a larger part of 

the robot workspace can be covered at the cost of longer measurement time. However, 

if using higher fundamental frequencies, which implies higher velocities and accelera-

tions, the inertias are excited accordingly [115]. For this test, a constant 
 = 1 and 

fundamental frequency �" = 0.2� were selected in order to obtain a period of approx-

imately 10 seconds for each trajectory. A sampling frequency of 1 kHz was used during 

the experiment which results in 10,000 sample points. 
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The obtaining of the trajectories’ parameters has been carried out in several ways in 

the literature. In some works, sometimes intuitively designed special motions of one or 

several joints are employed [123], [124], [125], [126], [127]. Other researches have made 

use of any optimality criteria during an optimisation process [128], [129], [130], [131]. 

In this research, an optimisation process based on Sequential Quadratic Programming 

has been employed to select adequate parameters minimizing a cost function that takes 

into account the condition number of the observation matrix and a factor of workspace 

coverage. The cost function �(�u0 , ou,-, �u,-) is described by (4.36). 

⎩{{
{⎨
{{{
⎧�(�u0 , ou,-, �u,-) = �1�1 + �2�2 + �3�3�1 = ×©Qn(~u)                               �2 = 1min(: )                                   �3 = 1

∑ (�¬±(ã )−min (ã )); =1
                   

  (4.36) 

Where �u are conveniently selected weights, tu are the singular values of the regressor 

matrix ~u and �u are the joints values. With this strategy we ensure that joint space 

is covered and the regressor matrix presents good properties. 

The optimisation based on SQP admits a set of linear and nonlinear constraints to be 

applied on the solution. The only set of constraints used during the optimisation tra-

jectories has been the condition that each joint trajectory needs to be inside the joint’s 

range. The optimisation problem is then completed with the inequality constraint ex-

pressed in (4.36). 

∀ �u0 , ou,-, �u,-,/ �u(Ô)  ∈ [�u inf ËPOPÔ, �u sup ËPOPÔ]    (4.37) 

Where Ô ∈ [0, £ ], and , £ = 2�/� 

The algorithm requires the establishment of an initial condition, which was taken as 

the unitary vector for �0, and zeros for o0 and �0. After running the optimisation 

process, the resulting parameters are given by Table 4-2. 
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Figure 4-10. Resulting end-effector trajectory when using 2 parameters per joint. 

 

Figure 4-11. Trajectory covered by the first 5 dof. Resulting from an optimisation 

process. 
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�1 -1.2590 

�2 -0.6855 

�3 -0.7 

�4 0.6347 

�5 0.5 

�6 -0.3256 

�01 0 

�02 -0.5303 

�03 -4 

�04 0.28 

�05 0.2 

�06 0 

Table 4-2. Parameters found after SQP optimisation. 

4.5.1.3 Simultaneous excitation with N=5 

A similar procedure than in previous section was implemented, although this time the 

number of harmonics was increased to 5. It was expected that major excitation of the 

inertias was carried out and better results achieved. The followed trajectories were 

identical to equation (4.23) particularised for È = 5. The set of obtained coefficients 

are shown in Table 4-3. As before, the angular frequency was 0.6283 Öon �⁄ . 

<=> 0.0000 

<=? -0.9384 

<=@ -4.6800 

<=A 0.3978 

<=B 0.5421 

<=C -0.0795 

Table 4-3. Values of the joint offset for each joint after an optimisation based on SQP 

for N=5. 

 D> D? D@ DA DB 

<> -0.0004 0.0004 0.0001 0.0001 1.4106 

<? 0.1876 -0.2768 0.3163 -0.3168 -0.0989 

<@ 0.1526 -0.2531 0.3014 -0.2588 -0.0288 

<A -0.0293 -0.0892 0.2021 -0.3180 -0.2407 

<B -0.2029 0.2134 -0.1387 0.0669 -0.2102 
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<C 0.1752 0.0879 -0.2041 0.5955 0.9028 

Table 4.4. Values for the parameter a for each joint after an optimisation based on 

SQP for N=5. 

 E> E? E@ EA EB 
<> 0.0005 -0.0001 -0.0002 -0.0002 -0.2222 

<? -0.2998 0.1318 -0.0277 -0.0746 0.0596 

<@ -0.2621 0.1600 -0.0166 -0.0863 0.1457 

<A 0.0768 0.1532 -0.2813 0.2294 0.1072 

<B 0.2912 -0.1590 0.0889 -0.0549 0.1176 

<C 0.1132 -0.2730 0.4866 -0.3009 0.0738 

Table 4-5. Values for the parameter b for each joint after an optimisation based on 

SQP for N=5. 

 

Figure 4-12. End-effector trajectory when implementing joint's trajectories with N=5. 
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Figure 4-13. Trajectory covered by the first 5 dof. Resulting from an optimisation 

process. 

4.5.2 Parameter identification 

The procedure explained exhaustively in 4.2 was implemented during these experi-

ments. For a parameter identification based on damped least mean squares, an a-priori 

knowledge of the system is necessary. As it has been explained before on this thesis, 

the CAD model of the robot can be used for this purpose. Later, the equation (4.21) 

can be applied to obtain the desired vector of parameters.  

4.5.2.1 A priori knowledge 

A CATIA V5© model of the KRAFT GRIPS manipulator was available from the 

manufacturer. Unfortunately this model did not represent the robot accurately in terms 

of masses and inertias. For example, the internal characteristics of each link or actuator 

were not represented, being only representative the external shape. With this repre-

sentation style, the actuator cylinders were rendered as solid bodies instead of being 

hollow cylinders. The hoses were also omitted in this model. 
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Figure 4-14. CATIA model of the KRAFT GRIPS manipulator. 

Once having an approximate model of the manipulator, the first possible option is to 

assume that the mass is evenly distributed throughout its volume. This option was 

possible after obtaining the total mass from the manufacturer. Once all these data was 

gathered, the CATIA software was utilised to calculate the masses of each link, first 

mass moment with respect the centre of mass and moments of inertia of each link with 

respect the reference system displayed in Figure 4-6. The resultant parameters are 

shown in Table 4-6. One can easily realise that most of mass is concentrated on the 

first links, leaving very little for the last two links. This is due to the non-realistic 

effect produced by using a non-hollow model. It is worth highlighting that with this 

approach one ensures that every a-priori parameters present physical sense. 

In addition to the inertial parameters, in order to complete the manipulator model, it 

is crucial to model the actuators’ torque properly. For that reason, the torque constant 

of each actuator and the links’ friction has to be estimated as well. This will allow to 

complete all the necessary data to apply equations (4.2) and (4.3). In this research, no 

additional information from the manufacturer could be gathered and appropriate tests 

had to be designed to calculate those values. 
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Parameters Link 1 Link 2 Link 3 Link 4 

O [rp] 41.614 3.645 5.007 0.689 

O · ×± [rp · O] -0.109 -0.003 0.038 0.044 O · ×² [rp · O] 0.002 0.828 -0.779 0.000 

O · ×³ [rp · O] 7.532 0.000 0.000 0.000 

�±± [rp · O2] 1.442 0.296 0.195 0.002 �±²[rp · O2] 0.002 -0.003 0.000 0.000 

�±³[rp · O2] -0.020 0.000 0.000 0.000 �²²[rp · O2] 1.392 0.013 0.010 0.005 �²³[rp · O2] 0.000 0.000 0.000 0.000 

�³³[rp · O2] 0.095 0.293 0.4261 0.004 

Table 4-6. Inertial parameters measured in the CAD model, links 1 to 4. 

Parameters Link 5 Link 6 Link 7 Link 8 

O [rp] 4.758 1.500 0.731 0.453 

O · ×± [rp · O] 0.456 0.000 0.000 -0.021 O · ×² [rp · O] 0.003 0.000 -0.190 0.000 

O · ×³ [rp · O] 0.087 0.045 0.000 0.000 

�±± [rp · O2] 0.011 0.003 0.042 0.000 �±²[rp · O2] 0.000 0.000 0.000 0.000 

�±³[rp · O2] 0.011 0.000 0.000 0.000 �²²[rp · O2] 0.072 0.003 0.000 0.003 �²³[rp · O2] 0.000 0.000 0.000 0.000 

�³³[rp · O2] 4.758 0.001 0.042 0.453 

Table 4-7.Inertial parameters measured in the CAD model, links 5 to 8. 

For estimating the torque constant of each joint, a set of tests were designed where 

the robot exerted a force approximately perpendicular to a plain surface with each 

joint. A 6-dof force/torque sensor placed on the robot tip was used to measure that 

force and the robot jacobian was employed to project the end-effector torques and 

forces into the joint to be analysed. In Figure 4-15 the joint differential pressure scaled 

by a factor of 10 is displayed in green and the forces and torques measured with the 

sensor and projected on axis 1 are represented in red. The relationship of the two 

graphs is represented as a cloud of points in Figure 4-16. By applying least squares it 

is possible to get a solution for the torque constant in equation (4.31). 

 ̅ = 
� · ∆�̅̅̅̅ ̅̅ ̅̅ ̅      (4.38) 
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Where 
� is the torque constant based on the differential pressure of the hydraulic 

actuators in [Ò�F ] and , ∆�̅̅̅̅ ̅̅ ̅̅ ̅  is the vector of differential pressure in volts. The length of 

the vector is the number of sampling points used to calculate the torque constant. And 

 ̅ is the vector of measured and projected torque on each link, in [ÈO]. 

 

Figure 4-15. Projected torque and differential pressure for joint 1. 

The small steps which appear in the differential pressure of Figure 4-15 are produced 

by the inertial effort the hydraulic actuator suffers when moving the manipulator. 

They are omitted during the calculations by setting up two thresholds in the collected 

data. Only the sampling points which produce a force between these thresholds are 

used. The results are summarized in Table 4-8 for the first 5 degrees of freedom which 

are those ones with pressure feedback. The last joint does not present a torque control. 

Only in the third joint a voltage offset was observed. In addition to the torque con-

stant, a complete set of experiments were realised to characterise the friction behaviour 

of the hydraulic robot. Each joint was moved at a constant speed and a different speeds 

to neglect the inertial torque. The differential pressure in each actuator was sampled 

for each speed level. In Figure 4-17, joints’ friction graphs are represented. 
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Figure 4-16. Least mean squares solution for the relationship differential pressure VS 

projected joint torque. 

It is common from most robotic actuators to present different friction depending on 

the sense of rotation. This fact has been checked during the experiments and two 

different group of lines appear represented, one for each velocity direction. The linear-

ization of the sampled data is shown in a form of equation in each graph. If no trans-

formation was performed on the data, this would lead to an equation of the type: 

⎩{⎨
{⎧ " = r�(�;1�PpQ(�)̇ + �>1� ̇)   P� � ̇> 0 " = r�(�;2�PpQ(�)̇ + �>2�)̇    P� � ̇< 0 " = 0   P� � ̇= 0    (4.39) 

However, in order to use the modified Newton-Euler method to identify the friction 

parameters, these have to be transformed into a more linearized expression similar to 

(4.40) which takes also into account the voltage offset in the joints. This is shown in 

the figure by the linearized lines. 

 " = r�(�;�PpQ(�)̇ + �>� ̇− à<""��«)    (4.40) 

With these considerations, the summary of the friction data from the robot is given in 

Table 4-9. These experiments complete a set of trials necessary to perform a minimum 

robot modelling. Once these parameters are obtained the a-priori knowledge of the 

robot is complete and next steps forward can be performed. It is worth summarising 

that the parameters obtained for an a-priori model are: the kinematic characteristics, 

dynamic parameters such as masses, mass moments, inertias, actuator torque constants 

and joints’ friction. 
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Joint No. 
Torque constant 

[Nm/V] Offset [V] 

1 23.769 -0.053 

2 -85.617 0.044 

3 -22.0233 -1.468 

4 40.180 -0.060 

5 -15.040 -0.060 

Table 4-8. Torque constants value of KRAFT GRIPS for the joints with pressure 

feedback. 

Joint No. �; [V] �> [V·s/rad] 

1 -0.0716 -0.0314 

2 -0.0680 -0.0614 

3 -0.0936 -0.0417 

4 -0.2928 -0.1669 

5 -0.2789 -0.1100 

 
Fig. a.) Friction torque for joint 1. 

 

 
Fig. b.) Friction torque for joint 2. 

 
Fig. c.) Friction torque for joint 3. 

 
Fig. d.) Friction torque for joint 4. 
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4.5.2.2 Damped least mean squares 

With the a-priori information already gathered it is now possible to apply equation 

(4.22) with a determined M which adjust the confidence in the a-priori parameters. 

Three different optimised trajectories were obtained in section 4.3 and thus, here three 

different set of damped least mean squares solutions will be achieved. 

Independent excitation 

For the first case scenario where the joints excitation was carried out independently, 

2000 sampling points were selected for different frequencies, and a vector of parameters 

was calculated by damped least mean squares for different values of M. Each resultant 

vector of parameters was used afterwards to replicate the torque with the given kine-

matics conditions. This is, for each sampling point, the necessary torque to excite the 

robot was calculated with the identified parameters. The set of parameters with least 

torque error with respect the real motor torque was selected. For each P sampling point, 

a regressor matrix ~u whose values depend not only in the position, but also in the 

joint speed and acceleration was computed. During the data acquisition, only joint 

positions and differential pressure were gathered and thus, joint velocity and acceler-

ation were obtained during an off-line signal processing. One of the advantages of 

having induced a periodic movement in each joint is the easiness of applying signal 

processing methods for obtaining the velocity and acceleration. It has been seen how 

one of the best methods to perform this operation off-line [115] is accomplishing a 

filtering on the frequency domain by multiplying the Discrete Fourier Transform of 

the signal by a rectangular window. The window is made by filling with zeros where 

the non-desired frequencies and ones where the frequencies that should be maintained 

 
Fig. e.) Friction torque for joint 5. 

Figure 4-17. Friction torque with joint velocity for KRAFT GRIPS' joints. 
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are. Afterwards an Inverse Fourier transform can be accomplished and the resultant 

signal is almost noise-free. In order to perform a differentiation on the frequency do-

main, the resulting spectrum after performing the DFT is then multiplied by 	� in the 

frequency domain, which is equivalent to the differential operator. Afterwards, the 

time domain signal is restored by performing the Inverse Fourier Transform.  

 

Figure 4-18. Root mean square error for of motor torque for identified parameters de-

pending on lambda. 

Parameters Link 1 Link 2 Link 3 Link 4 

O [rp] 41.614 3.645 4.874 0.378 

O · ×± [rp · O] -0.109 -0.078 -1.141 0.258 O · ×² [rp · O] 0.002 -0.591 1.055 0.168 

O · ×³ [rp · O] 7.532 0.000 -0.056 -0.052 

�±± [rp · O2] 2.805 1.755 -0.451 -0.980 �±²[rp · O2] 0.002 0.912 -0.916 -0.669 

�±³[rp · O2] 0.000 0.087 -0.266 -0.311 �²²[rp · O2] 2.755 -1.675 0.361 0.573 �²³[rp · O2] 0.000 0.107 0.015 -0.063 

�³³[rp · O2] -0.322 1.441 5.518 -1.633 

�;[ÈO] -0.179 -0.812 0.281 -1.847 

�>[ÈO · � O⁄ ] -2.833 -18.846 2.375 -13.490 

Table 4-10. Inertial parameters identified through LMS, links 1 to 4. Independent link 

excitation. 

The root mean square error of the torque with the identified parameters for the iden-

tification trajectories is given in Figure 4-18 for several values of lambda parameter. 
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For a small value of lambda the least mean squares solution is more accurate, how-

ever its values diverge from the a-priori solution. It is not crucial to maintain the so-

lution very close to the CAD values because it is known they are not completely 

true, but at least physical sense on the parameters is necessary. A compromise solu-

tion should be taken and then M = 10 is selected to represent the best approximation 

of the robot parameters for the given trajectory. The resultant values for the chosen 

value of M are collected in Table 4-10 and Table 4-11. 

Parameters Link 5 Link 6 Link 7 Link 8 

O [rp] 4.457 1.166 0.825 0.453 

O · ×± [rp · O] 0.240 0.028 -0.397 -0.905 O · ×² [rp · O] 0.132 0.020 1.331 -0.046 

O · ×³ [rp · O] 0.345 -0.046 -0.057 0.000 

�±± [rp · O2] -3.092 0.125 1.343 0.351 �±²[rp · O2] -1.726 -0.071 0.914 0.922 

�±³[rp · O2] 0.142 -0.003 0.144 0.082 �²²[rp · O2] 0.600 0.171 -1.688 -0.763 �²³[rp · O2] 0.062 0.011 -0.175 -0.281 

�³³[rp · O2] -0.078 0.027 -1.709 0.400 

�;[ÈO] -0.817 0.006 -2.232 1.203 

�>[ÈO · �/O] -3.409 -0.248 -1.367 3.179 

Table 4-11. Inertial parameters identified through LMS, links 5 to 8. 

Eigenvalues Link 1 Link 2 Link 3 Link 4 

M1 2.804 2.003 5.530 -1.804 

M2 2.755 -1.905 -1.054 -1.057 

M3 -0.322 1.421 0.950 0.822 

Table 4-12. Eigenvalues of the inertia matrices, links 1 to 4. 

Eigenvalues Link 5 Link 6 Link 7 Link 8 

M1 -3.780 0.223 -2.063 -1.329 

M2 1.281 0.074 1.599 0.880 

M3 -0.072 0.026 -1.589 0.437 

Table 4-13. Eigenvalues of the inertia matrices, links 1 to 4. 

It is important to note that the least mean squares solution does not guarantee physical 

feasibility of the parameters, which is crucial for some tasks as robot control. In this 
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solution, all the link masses have been positive. To guarantee the physical feasibility 

of the inertia matrices, these have to be definite positive which is accomplished if their 

eigenvalues are positive and non-zero. For the eight inertia matrices shown before the 

eigenvalues are given in Figure 4-12 and Figure 4-13. 

 Joint1 Joint 2 Joint 3 Joint 4 Joint 5 

RMS [Nm] 0.7329 3.58 0.986 4.98 1.18 

Table 4-14. RMS errors for the identification trajectories when using parameters cal-

culated through damped least mean squares. 

Simultaneous excitation with G = H and G = I 

The same technique for parameter identification was employed for the more advanced 

trajectories detailed in section 4.5.1. The resultant parameters are detailed in Table 4-

15 to Table 4-18. 

Parameters Link 1 Link 2 Link 3 Link 4 

O [rp] 41.614 3.645 3.075 -2.676 

O · ×± [rp · O] -0.109 -1.254 -4.539 0.018 O · ×² [rp · O] 0.002 -3.109 3.948 0.601 

O · ×³ [rp · O] 7.532 0.000 -0.582 -1.708 

�±± [rp · O2] 2.805 1.520 -2.198 -1.437 �±²[rp · O2] 0.002 -1.337 0.632 -0.874 

�±³[rp · O2] 0.000 -0.157 1.939 -1.027 �²²[rp · O2] 2.755 -2.786 0.762 -0.315 �²³[rp · O2] 0.000 1.120 -4.315 -1.595 

�³³[rp · O2] -1.668 -0.115 -0.099 5.276 

�;[ÈO] -2.594 6.441 -1.851 -4.914 

�>[ÈO · � O⁄ ] -6.269 -5.794 -2.228 -10.685 

Table 4-15. Inertial parameters identified through LMS, links 1 to 4. Excitation tra-

jectory based on 2 parameters per joint. 

Parameters Link 5 Link 6 Link 7 Link 8 

O [rp] 1.477 -1.697 -0.758 0.453 

O · ×± [rp · O] 0.594 0.037 1.123 4.686 O · ×² [rp · O] -0.483 0.059 -3.405 3.305 

O · ×³ [rp · O] 0.805 0.692 -0.150 0.000 
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�±± [rp · O2] 2.252 0.421 1.108 0.752 �±²[rp · O2] -0.344 0.084 -1.335 -0.626 

�±³[rp · O2] -0.228 0.483 0.647 0.946 �²²[rp · O2] 1.707 0.769 -2.799 -2.510 �²³[rp · O2] -0.375 -0.023 -2.562 4.256 

�³³[rp · O2] -0.291 0.175 -1.359 -1.200 

�;[ÈO] -2.735 -0.305 0.805 -0.606 

�>[ÈO · �/O] -11.568 0.511 -0.889 0.825 

Table 4-16. Inertial parameters identified through LMS, links 5 to 8. Excitation tra-

jectory based on 2 parameters per joint. 

Parameters Link 1 Link 2 Link 3 Link 4 

O [rp] 41.614 3.645 2.637 -3.046 

O · ×± [rp · O] -0.109 -0.461 -0.992 1.043 O · ×² [rp · O] 0.002 -4.209 3.437 0.165 

O · ×³ [rp · O] 7.532 0.000 0.200 0.171 

�±± [rp · O2] 2.805 2.416 0.557 0.051 �±²[rp · O2] 0.002 -0.396 1.048 0.257 

�±³[rp · O2] 0.000 -0.664 -0.267 -0.006 �²²[rp · O2] 2.755 -1.584 0.104 0.294 �²³[rp · O2] 0.000 -0.385 -0.113 -0.098 

�³³[rp · O2] 0.430 -0.517 -3.801 -0.456 

�;[ÈO] 0.455 5.864 -0.518 -4.560 

�>[ÈO · � O⁄ ] -3.114 3.069 -6.910 -22.291 

Table 4-17. Inertial parameters identified through LMS, links 1 to 4. Excitation tra-

jectory based on 5 parameters per joint. 

Parameters Link 5 Link 6 Link 7 Link 8 

O [rp] 1.153 -2.063 -1.257 0.453 

O · ×± [rp · O] 0.702 -0.137 0.197 3.928 O · ×² [rp · O] -0.163 -0.100 -2.185 0.175 

O · ×³ [rp · O] 0.218 0.198 0.212 0.000 

�±± [rp · O2] -0.261 -0.106 2.005 0.094 �±²[rp · O2] 0.198 -0.025 -0.394 -1.042 

�±³[rp · O2] -0.139 0.000 0.445 -0.111 �²²[rp · O2] -0.023 -0.104 -1.597 0.246 �²³[rp · O2] 0.000 -0.023 1.161 0.402 
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�³³[rp · O2] 0.038 -0.005 0.327 0.198 

�;[ÈO] -1.898 1.098 2.024 -2.322 

�>[ÈO · �/O] -6.894 -1.595 -0.629 0.605 

Table 4-18. Inertial parameters identified through LMS, links 5 to 8. Excitation tra-

jectory based on 5 parameters per joint. 

  Joint1 Joint 2 Joint 3 Joint 4 Joint 5 

2 parameters 1.193 1.600 1.043 1.631 0.775 

5 parameters 1.040 3.058 1.703 2.098 1.452 

Table 4-19. RMS errors [Nm] for the identification trajectories when using parameters 

calculated through damped least mean squares. Comparison between optimised trajec-

tories with 2 and 5 parameters. 

4.5.2.3 Parameters optimisation 

The technique explained in 4.3 was used here to optimize the three set of parameters 

found with LMS for the three different trajectories. The initial condition for every case 

is the solution found with least mean squares. The optimisation algorithm selected was 

Sequential Quadratic Programming due to its flexibility with these type of constraints 

and its proven ability for this type of problems. 

Independent excitation 

For this set of data, the weight factors which appear in equation (4.29) where evenly 

selected as �2 = 1 and �3 = 1. For this reason, both error components presented the 

same influence on the optimisation process.  

Parameters Link 1 Link 2 Link 3 Link 4 

O [rp] 41.614 3.645 4.000 0.300 

O · ×± [rp · O] -0.109 0.399 -1.738 0.682 O · ×² [rp · O] 0.002 1.772 0.744 -0.141 

O · ×³ [rp · O] 7.532 -30.000 30.000 -7.380 

�±± [rp · O2] 12.664 7.044 0.103 0.099 �±²[rp · O2] 10.066 1.395 0.003 0.000 

�±³[rp · O2] -0.012 0.160 -0.190 0.000 �²²[rp · O2] 17.274 0.380 0.104 0.098 
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�²³[rp · O2] -0.012 0.029 -0.220 0.000 

�³³[rp · O2] 0.101 2.195 12.435 0.100 

�;[ÈO] -0.182 -0.970 0.239 -1.840 

�>[ÈO · � O⁄ ] -2.830 -12.026 9.149 -13.490 

Table 4-20. Inertial and friction parameters optimised through SQP from the initial 

solution based on LMS, links 1 to 4. 

Parameters Link 5 Link 6 Link 7 Link 8 

O [rp] 4.000 0.100 0.100 0.453 

O · ×± [rp · O] 0.572 0.092 -0.697 -0.786 O · ×² [rp · O] 0.050 0.086 0.467 0.539 

O · ×³ [rp · O] 0.680 -0.418 -22.789 -30.000 

�±± [rp · O2] 0.099 0.124 0.099 0.100 �±²[rp · O2] 0.000 0.000 0.000 0.000 

�±³[rp · O2] 0.000 -0.020 0.000 -0.005 �²²[rp · O2] 0.099 0.100 0.099 0.103 �²³[rp · O2] 0.000 0.000 0.000 -0.030 

�³³[rp · O2] 0.099 0.116 0.099 0.461 

�;[ÈO] -0.808 -0.026 -2.258 1.244 

�>[ÈO · � O⁄ ] -3.415 -0.244 -8.226 10.000 

Table 4-21. Inertial and friction parameters optimised through SQP from the initial 

solution based on LMS, links 5 to 8. 

Eigenvalues Link 1 Link 2 Link 3 Link 4 

M1 25.295 7.328 12.441 0.099 

M2 4.641 2.189 0.099 0.098 

M3 0.101 0.099 0.099 0.099 

Table 4-22. Inertia matrices’ eigenvalues of the optimised parameters, links 1 to 4. 

Eigenvalues Link 5 Link 6 Link 7 Link 8 

M1 0.099 0.140 0.099 0.463 

M2 0.099 0.099 0.099 0.099 

M3 0.099 0.099 0.099 0.100 

Table 4-23.Inertia matrices’ eigenvalues of the optimised parameters, links 5 to 8. 
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The initial condition is given by the parameters of Table 4-10 and Table 4-11. An 

optimisation process using the MATLAB© R2014a Optimisation Toolbox was carried 

out using sequential quadratic programming as explained in 4.4. A sensible set of limit 

values was established for every parameter so the optimisation process did not output 

a value too far from the realistic solution. Nonlinear constraints to force definite posi-

tive eigenvalues and positive masses have been used. The starting point of the optimi-

sation algorithm was chosen as the least mean squares solution. With this approach, 

the parameters are varied in a way that the output function takes into account the 

torque prediction error and the divergence of the new base of parameters with respect 

the base calculated via LMS. 

  Joint1 Joint 2 Joint 3 Joint 4 Joint 5 

JKL [GM] 1.81 4.14 1.24 5.05 0.43 

Table 4-24. RMS errors for the identification trajectories with optimised parameters. 

In Table 4-24 the RMS errors for the identified trajectories calculated with optimised 

parameters are shown. It is worth noting that the total RMS error is greater than the 

calculated via the LMS solution of Table 4-14. This effect is the usual because the 

optimisation algorithm tends to deteriorate the results obtained with least mean 

squares in exchange for a realistic physical sense towards the fulfilling of the constraints 

and bounds. 

Simultaneous excitation with G = H and G = I 

The resulting optimised parameters for the Kraft manipulator are shown in Table 4-

25 and Table 4-26 for the simultaneous excitation with È = 1 and in Table 4-27 and 

Table 4-28 for È = 5. In every solution presented here, the links’ masses are positive 

and the inertia matrices are definite positive. 

Parameters Link 1 Link 2 Link 3 Link 4 

O [rp] 41.614 3.645 4.000 0.300 

O · ×± [rp · O] -0.109 -1.233 -4.514 -0.575 O · ×² [rp · O] 0.002 -7.769 5.802 -6.612 

O · ×³ [rp · O] 7.532 26.200 -24.500 -9.689 

�±± [rp · O2] 18.845 3.023 0.264 0.806 �±²[rp · O2] -7.676 -0.347 0.082 0.073 

�±³[rp · O2] 0.033 -0.038 0.588 -1.005 �²²[rp · O2] 9.868 0.238 0.296 0.235 
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�²³[rp · O2] -0.023 0.005 0.713 -0.485 

�³³[rp · O2] 0.193 0.196 5.278 6.893 

�;[ÈO] -2.558 -0.003 -5.197 -4.911 

�>[ÈO · � O⁄ ] -6.240 -0.051 3.546 -10.682 

Table 4-25. Inertial and friction parameters optimised through SQP from the initial 

solution based on LMS, links 1 to 4. Optimised trajectory with two parameters per 

joint. 

Parameters Link 5 Link 6 Link 7 Link 8 

O [rp] 4.000 0.100 0.100 0.453 

O · ×± [rp · O] 4.213 0.003 1.158 4.644 O · ×² [rp · O] -0.489 0.048 -3.381 3.355 

O · ×³ [rp · O] 8.037 -3.354 29.691 0.000 

�±± [rp · O2] 0.605 1.067 3.308 0.188 �±²[rp · O2] -0.316 0.119 -0.482 -0.001 

�±³[rp · O2] -0.202 0.326 0.576 0.001 �²²[rp · O2] 1.047 1.422 0.271 0.192 �²³[rp · O2] -0.340 -0.014 -0.090 0.001 

�³³[rp · O2] 0.689 0.319 0.303 0.189 

�;[ÈO] -2.736 -0.279 -2.332 5.848 

�>[ÈO · � O⁄ ] -11.570 0.543 -6.700 6.630 

Table 4-26. Inertial and friction parameters optimised through SQP from the initial 

solution based on LMS, links 5 to 8. Optimised trajectory with two parameters per 

joint. 

Parameters Link 1 Link 2 Link 3 Link 4 

O [rp] 41.614 3.645 4.000 0.300 

O · ×± [rp · O] -0.109 0.140 -2.132 0.547 O · ×² [rp · O] 0.002 -8.305 4.938 -0.014 

O · ×³ [rp · O] 7.532 0.000 30.000 -8.986 

�±± [rp · O2] 29.917 3.203 0.100 0.129 �±²[rp · O2] 3.492 0.184 0.000 -0.012 

�±³[rp · O2] 0.002 -0.497 0.000 0.025 �²²[rp · O2] 0.526 0.111 0.100 0.105 �²³[rp · O2] 0.000 -0.030 0.000 -0.011 

�³³[rp · O2] 0.100 0.180 0.100 0.122 

�;[ÈO] 0.000 0.000 -1.371 -5.615 
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�>[ÈO · � O⁄ ] -2.625 0.000 -6.640 -20.000 

Table 4-27. Inertial and friction parameters optimised through SQP from the initial 

solution based on LMS, links 1 to 4. Optimised trajectory with five parameters per 

joint. 

In Table 4.29 the RMS errors of each trajectory are presented with their respective set 

of parameters. Although one cannot exactly compare the two sets because their errors 

are evaluated against different trajectories, it is however possible to compare them 

against their non-optimised counterpart shown in Table 4-19. It seems clear that the 

optimisation process increases the RMS error when correcting the physical sense. A 

compromise must be achieved.  

Parameters Link 5 Link 6 Link 7 Link 8 

O [rp] 4.000 0.100 0.100 0.453 

O · ×± [rp · O] 30.000 -0.087 0.526 3.552 O · ×² [rp · O] -0.180 -0.045 -4.345 1.105 

O · ×³ [rp · O] 0.333 -29.502 -21.125 0.000 

�±± [rp · O2] 0.103 4.394 1.376 0.102 �±²[rp · O2] 0.114 -0.046 0.012 -0.008 

�±³[rp · O2] -0.117 0.029 -0.413 0.024 �²²[rp · O2] 8.202 4.393 0.100 0.135 �²³[rp · O2] -0.022 0.024 -0.004 -0.108 

�³³[rp · O2] 8.175 0.100 0.234 0.428 

�;[ÈO] -1.931 0.272 0.000 -1.603 

�>[ÈO · � O⁄ ] -7.018 -2.428 0.000 0.916 

Table 4-28. Inertial and friction parameters optimised through SQP from the initial 

solution based on LMS, links 5 to 8. Optimised trajectory with five parameters per 

joint. 

  Joint1 Joint 2 Joint 3 Joint 4 Joint 5 

2 ªoÖoO�Ô�Ö� 3.990 3.496 2.542 1.705 0.789 

5 ªoÖoO�Ô�Ö� 1.535 5.912 3.271 2.709 1.582 

Table 4.29. RMS errors [Nm] for the identification trajectories when using parameters 

calculated through damped least mean squares. Comparison between optimised trajec-

tories with 2 and 5 parameters. 
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4.5.3 Validation experiment 

To verify the proposed method, the three sets of optimised parameters were evaluated 

by predicting the motor torque for the identification trajectories. Afterwards, the three 

different methods, i.e. independent excitation, optimised trajectory with two parame-

ters and optimised trajectory with 5 parameters are compared together on their three 

different trajectories in order to validate the proposed parameters. This allows the 

comparison of the three different identification trajectories directly and the effective-

ness of their solution. The RMS errors of each experiments are provided for compari-

son. 

4.5.3.1 Independent excitation 

The estimated joint torques for joints 1 to 5 are shown in the figures below. Two 

different set of parameters have been used for comparison purposes, the LMS param-

eters without optimisation and the optimised parameters. 

 

Figure 4-19. Estimated and measured torques for identification trajectories on joint 1.  
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Figure 4-20. Estimated and measured torques for identification trajectories on joint 

2. 

 

Figure 4-21. Estimated and measured torques for identification trajectories on joint 

3. 
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Figure 4-22.Estimated and measured torques for identification trajectories on joint 4. 

 

Figure 4-23. Estimated and measured torques for identification trajectories on joint 

5. 
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squares for all joints. The optimised set also improves the a-priori knowledge although 

this is done in less amount due to the price paid by giving the parameters physical 

sense. The estimation carried out for joint 3 with the CAD parameters fails completely 

and is dramatically corrected by the other methods. In every joint apart from the first 

one, the optimisation does not deteriorate the predictor substantially. However in the 

first joint the error is greater due to the action of the hydraulic hoses in the table 

which creates a strong nonlinear and unpredictable effect on the torque. 

4.5.3.2 Simultaneous excitation with N=1 

In Figure 4-24 to Figure 4-28 the estimated torques are compared against the real 

torque measured in the Kraft manipulator for the optimised parameters based on È =
1. It is seen how the estimation based on pure LMS gives the best results in terms on 

error, however in order to get a realistic model one must choose between the parame-

ters with physical sense, which are the a-priori knowledge and the optimised set. In 

every joint the optimisation set of parameters improves the predicted torque calculated 

with its CAD counterpart. Caution must be taken when comparing the first joint due 

to the harmful effect of the hydraulic hoses. 

 

Figure 4-24. Estimated and measured torques for identification trajectories on joint 1. 
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squares solution and the optimised set improve the prediction dramatically. The step 

effect observed on the optimised parameters is due to the friction parameter which 

causes a torque step when changing the direction of the speed. The estimations ob-

tained for joints 4 and 5 are also very good in comparison with the CAD model. 

 

Figure 4-25. Estimated and measured torques for identification trajectories on joint 

2. Simultaneous joint excitation with N=1. 

 

Figure 4-26. Estimated and measured torques for identification trajectories on joint 

3. Simultaneous joint excitation with N=1. 
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Figure 4-27. Estimated and measured torques for identification trajectories on joint 

4. Simultaneous joint excitation with N=1. 

 

Figure 4-28. Estimated and measured torques for identification trajectories on joint 

5. Simultaneous joint excitation with N=1. 
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4.5.3.3 Simultaneous excitation with N=5 

The same approach is taken for the more elaborated trajectories obtained with a more 

complex excitation. On this case, more harmonics are involved on each joint’s trajec-

tory and it is expected that more speed and acceleration are required to fulfil them. A 

complete set of torque estimation is presented from Figure 4-29 to Figure 4-33 showing 

the improvements achieved with the proposed identification procedure.  

 

Figure 4-29. Estimated and measured torques for identification trajectories on joint 

1. Simultaneous joint excitation with N=5. 

The estimated torques of joint 1 shown in Figure 4-29 show a poor performance of the 
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great influence of the acceleration in the motor torque, mainly on the inertial torque. 

One can then guess that the inertial components calculated via the CAD model are 

not correct and lead to incorrect joint torques on the first joint when the accelerations 

are increased. This effect is not such in Figure 4-24 due to the more reduced accelera-

tions. On joint 2, the results are impressive and it is possible to see a good torque 

estimation even for larger accelerations. The optimised parameters improve the per-

formance of the CAD ones. The same situation arises on joint 3 although this time the 

effect is considerably more important. The performance of the optimised parameters 

overcomes the a-priori model and it is not far from the LMS solution. On the last two 

joints the estimation is also very good, leading to an improved model. 
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Figure 4-30. Estimated and measured torques for identification trajectories on joint 

2. Simultaneous joint excitation with N=5. 

 

Figure 4-31. Estimated and measured torques for identification trajectories on joint 

3. Simultaneous joint excitation with N=5. 
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Figure 4-32. Estimated and measured torques for identification trajectories on joint 

4. Simultaneous joint excitation with N=5. 

 

Figure 4-33.  Estimated and measured torques for identification trajectories on joint 

5. Simultaneous joint excitation with N=5. 
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Figure 4-34. Kinematic conditions of joint 1 during the identification trajectory. 

4.5.3.4 Comparison of the three optimised set of parameters 

For validation purposes the torques involved on the two trajectories used for parame-

ters identification are examined for the three set of optimised parameters that have 

been found. These are compared and validated against the real torque measured on 

the hydraulic manipulator.  

Trajectory A: Simultaneous excitation with N=1 

During this trajectory, displayed in Figure 4-10 the kinematic conditions are displayed 

below for each joint together with the torque estimation for each set. The RMS errors 

of each estimation are shown in Table 4-31.  

Trajectory Sampled points 

Independent excitation 42000 

Simultaneous N=1 12000 

Simultaneous N=5 12000 

Table 4-30. Number of sampled points utilised in each identification trajectory. 
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For sake of clarity let us denote the three different set of parameters as: N0, N1 and 

N5 for the independent excitation, simultaneous with N=1 and simultaneous excitation 

with N=5 respectively. The number of sampling points used during these three trajec-

tories are shown in Table 4-30. The considerably big amount of sampling points of the 

independent trajectory is justified due to the variety of frequencies included. 

During the torque estimation for joint 1, although the set N5 presents the smallest 

error, the friction effect of the hoses deteriorates the performance of the estimation 

and leads to unexpected torques.  

 

Figure 4-35. Kinematic conditions during trajectory A for joint 1. 
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Figure 4-36. Torque estimation for joint 1 during trajectory A. 

 

Figure 4-37. Kinematic conditions during trajectory A for joint 2. 
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Figure 4-38. Torque estimation for joint 2 during trajectory A. 

The predicted torques for joint 2 are displayed in Figure 4-38 showing a good perfor-

mance for every set of parameters although this time N1 gives the best approxima-

tion. It is expected this to happen since N1 has been optimised for this trajectory. 

Surprisingly the independent excitation behaves better than N5 for this joint. The 

same effect is observed on joint 3. 

 

Figure 4-39. Kinematic conditions during trajectory A for joint 3. 
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Figure 4-40. Torque estimation for joint 3 during trajectory A. 

The estimated torques for joint 4 present a-priori more expected behaviour than in 

previous joints. The same situation arises for the last joint equipped with force feed-

back. Finally the average result for every joint given in Table 4-32 proves that the 

best approximation for trajectory A is the set N1 which was an expected result since 

this set of parameters was obtained from the same trajectory. One can also see how 

the parameterised trajectory with ten parameters per joint (N=5) is superior to the 

independent excitation even when having a big difference on sampling points number. 

RMS values of the torque estimation error [Nm] 

 Joint1 Joint 2 Joint 3 Joint 4 Joint 5 Average 

Independ-
ent exc. 

5.68 4.03 3.67 6.63 5.71 5.14 

Simultane-
ous N=1 

3.98 3.49 2.54 1.70 0.78 2.50 

Simultane-
ous N=5 

3.02 6.03 5.89 3.88 3.39 4.44 

Table 4-31. RMS error [Nm] for the three different set of parameters during trajectory 

A. 
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Figure 4-41. Kinematic conditions during trajectory A for joint 4. 

 

Figure 4-42. Torque estimation for joint 5 during trajectory A. 
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Figure 4-43. Kinematic conditions during trajectory A for joint 5. 

 

Figure 4-44. Torque estimation for joint 5 during trajectory A. 
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exaggerated on the first joint due to the great acceleration of its trajectory and the 

enormous inertia with respect the first axis. 

 

Figure 4-45. Kinematic conditions during trajectory B for joint 1. 

 

Figure 4-46.  Torque estimation for joint 1 during trajectory B. 
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Figure 4-47. Kinematic conditions during trajectory B for joint 2. 

 

Figure 4-48. Torque estimation for joint 2 during trajectory B. 
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Figure 4-49. Kinematic conditions during trajectory B for joint 3. 

 

Figure 4-50. Torque estimation for joint 3 during trajectory B. 
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Figure 4-51. Kinematic conditions during trajectory B for joint 4. 

 

Figure 4-52. Torque estimation for joint 4 during trajectory B. 
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Figure 4-53. Kinematic conditions during trajectory B for joint 5. 

 

Figure 4-54. Torque estimation for joint 5 during trajectory B. 
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independent trajectory gives better predictions than simultaneous with N1 but is over-

come clearly by N5. However once the trajectory optimisation have been carried out, 

the set of data taken with a simultaneous movement is lighter and easier to analyse. 

A compromise trajectory which included a small portion of each frequency would be 

desirable to obtain a more precise identification.  

 Joint1 Joint 2 Joint 3 Joint 4 Joint 5 Average 

Independ-

ent exc. 
21.15 6.614 4.417 11.087 3.530 9.358 

Simultane-

ous N=1 
17.963 14.628 29.768 22.493 3.486 17.605 

Simultane-

ous N=5 
1.533 5.912 3.271 2.709 1.581 2.98 

Table 4-32. RMS error [Nm] for the three different set of parameters during trajectory 

B. 

4.5.4 Effects of implementing centre of mass constraints on the iner-

tia matrix 

In this experiment, the constraints highlighted in (4.32) are evaluated, proving the 

need of applying a set of conditions that locate the centre of gravity inside of a volume 

that inscribes the link.  

An experimental trajectory has been used to evaluate the total torque and inertial 

torque obtained after simulation of two different set of parameters found beforehand. 

They are also compared with the real motor torque obtained from the measurements 

of the differential pressure.  

The two different set of parameters tested are termed T5param18 and T5param19 and 

are shown in Table 4-33 to Table 4-36. In order to obtain the first set, conditions over 

the centre of gravity have been applied. However, these were eliminated before obtain-

ing the second set of parameters. Both sets have been calculated with an optimisation 

process via SQP from a previous optimised set used as a seed for the algorithm. 

The objective of these tests is thus to show that although two different set of param-

eters could present similar estimation of the total torque, one of them is giving incor-

rect inertia values derived from a non-definite positive inertia matrix.  
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In Figure 4-55 the total torque estimated with the two different set of parameters is 

shown to check the accuracy of the obtained estimation. As mentioned before, when 

adding additional constraints to the optimisation process, the prediction tends to 

worsen slightly.  

In order to highlight the problem derived of different parameterisations, the trajecto-

ries used to obtain the graphs of Figure 4-55 have been used to compare different 

torque components. From Figure 4-56 to Figure 4-60, the total estimated torque and 

inertial torques are shown for the two sets of parameters and the five joints. The inertia 

torque is scaled by a factor of 10 for a better visualisation. It is important to mention 

that although the trajectory used for this comparison is the same than in Figure 4-55, 

the joint’s accelerations have been forced to be positive during the estimations from 

Figure 4-56 to Figure 4-60. This has been done for sake of simplicity to highlight the 

issue introduced in this section. 

 

Figure 4-55. Measured torque and estimated torque with two different set of parame-

ters. The set termed T5param18 implements constraints over the centre of gravity 

during the optimisation process while the set T5param19 does not. Although both es-

timations seem similar, the main difference lies in the distribution of the torque be-

tween the different components, i.e. gravity, inertia and Coriolis. 

The total estimated torque is similar for the two different set of parameters for every 

joint. However it is important to see how this torque is split in its different components, 

i.e. Inertia, gravity and Coriolis. By applying centre of gravity constraints one achieves 
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a full physical sense in the set of parameters, which produces a definite positive inertia 

matrix for every robot configuration and hence positive inertia torque for a given pos-

itive acceleration. 

The inertia torque for joints 1, 2, and 5 becomes negative at some point of the trajec-

tory for a given positive acceleration during the estimation achieved with T5param19. 

However this never happens for the set of parameters with full physical sense given by 

T5param18. 

  

Figure 4-56. First joint’s inertia and total torque for two different set of optimised 

parameters. 

  

Figure 4-57. Second joint’s inertia and total torque for two different set of optimised 

parameters. 
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Figure 4-58. Third joint’s inertia and total torque for two different set of optimised 

parameters. 

  

Figure 4-59. Fourth joint’s inertia and total torque for two different set of optimised 

parameters. 

In summary, new restrictions have been defined to improve the classical methods found 

in the literature. They are necessary to ensure a precise model with fully physical sense. 

The main idea is to limit the position of the optimised centre of mas in a way that this 

stays inside of the link’s volume. 
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Figure 4-60. Fifth joint’s inertia and total torque for two different set of optimised 

parameters 

Parameters Link 1 Link 2 Link 3 Link 4 

O [rp] 41.614 13.059 0.500 2.173 O · ×± [rp · O] -0.109 0.367 -0.045 0.535 O · ×² [rp · O] 0.002 3.687 -0.068 0.177 O · ×³ [rp · O] 7.532 -0.066 0.005 0.044 �±± [rp · O2] 11.136 0.101 0.101 0.108 �±²[rp · O2] -3.413 -0.001 0.000 0.004 �±³[rp · O2] 0.000 0.017 -0.093 -0.002 �²²[rp · O2] 1.907 0.103 0.100 0.102 �²³[rp · O2] 0.000 -0.033 -0.024 -0.001 �³³[rp · O2] 0.100 0.498 11.358 0.101 �;[ÈO] 0.000 -6.310 0.181 -3.137 �>[ÈO · � O⁄ ] -2.829 -2.870 8.223 -23.597 

Table 4-33. Set of optimised parameters T5param18. Links 1 to 4. 

Parameters Link 5 Link 6 Link 7 Link 8 

O [rp] 2.021 0.100 7.000 6.241 

O · ×± [rp · O] 0.376 0.008 -0.423 -0.469 O · ×² [rp · O] -0.066 -0.005 -2.374 -0.450 

O · ×³ [rp · O] 0.091 -0.001 0.083 0.000 

�±± [rp · O2] 0.100 0.100 0.122 0.104 �±²[rp · O2] 0.000 0.000 -0.006 0.006 

�±³[rp · O2] 0.000 0.000 0.140 -0.042 �²²[rp · O2] 0.100 0.100 0.102 0.109 
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�²³[rp · O2] 0.000 0.000 -0.037 -0.063 

�³³[rp · O2] 0.100 0.100 0.983 0.547 

�;[ÈO] -1.387 -0.758 -1.900 1.196 

�>[ÈO · � O⁄ ] -7.878 0.852 -8.337 9.999 

Table 4-34. Set of optimised parameters T5param18. Links 5 to 8. 

Parameters Link 1 Link 2 Link 3 Link 4 

O [rp] 41.614 3.287 0.500 0.300 

O · ×± [rp · O] -0.109 -3.847 -1.303 0.891 O · ×² [rp · O] 0.002 28.900 5.183 2.866 

O · ×³ [rp · O] 7.532 -0.037 -27.797 7.628 

�±± [rp · O2] 1.802 12.300 0.101 0.100 �±²[rp · O2] 5.237 1.097 -0.001 0.000 

�±³[rp · O2] 0.000 -0.455 -0.102 0.000 �²²[rp · O2] 16.267 0.199 0.101 0.100 �²³[rp · O2] -0.001 -0.045 0.083 0.000 

�³³[rp · O2] 0.100 13.800 12.224 0.100 

�;[ÈO] 0.000 -5.490 0.676 -3.877 

�>[ÈO · � O⁄ ] -2.854 -6.742 6.530 -23.028 

Table 4-35. Set of optimised parameters T5param19. Links 1 to 4. 

Parameters Link 5 Link 6 Link 7 Link 8 

O [rp] 1.000 0.100 0.100 6.604 

O · ×± [rp · O] 30.000 0.036 4.022 4.500 O · ×² [rp · O] -0.123 0.026 -22.587 0.462 

O · ×³ [rp · O] -2.502 -29.403 20.747 0.000 

�±± [rp · O2] 0.101 5.397 12.555 0.100 �±²[rp · O2] 0.091 0.000 1.117 0.000 

�±³[rp · O2] -0.045 0.048 0.737 0.000 �²²[rp · O2] 7.347 5.386 0.201 0.100 �²³[rp · O2] -0.025 -0.007 0.003 0.000 

�³³[rp · O2] 7.111 0.100 10.888 0.100 

�;[ÈO] -1.426 -0.379 -1.966 0.931 

�>[ÈO · � O⁄ ] -7.718 0.432 -4.391 9.895 

Table 4-36. Set of optimised parameters T5param19. Links 5 to 8. 

 



Chapter 4 Robot modelling and identification for teleoperation 151 

 

 

4.6 Discussion 

In this chapter it has been extensively reviewed the methods for modelling an industrial 

robot even in the presence of closed loops in its structure. A systematic approach has 

been defined, explained and demonstrated with a hydraulic manipulator from KRAFT 

telerobotics. A very well-defined method have been proposed to identify the parameters 

that define completely a robot in presence of closed loops. These parameters are the 

link’s masses, inertias, centres of gravity and link’s friction. 

It has been shown how from a very poor a-priori information of the robot, obtained 

from a CAD model, it has been possible to develop a sensibly accurate model, with 

physical sense, that can be used later for different applications, such as: developing 

model based controllers, observers, force estimation or simulations. 

It is important to highlight, that for most applications, the model needs to present 

physical sense. For example, if using the model for dynamic simulation when the robot 

accelerations are calculated from motor torques, the inverse of the manipulator’s iner-

tia matrix is needed. This computation cannot be done if any link’s inertia matrix is 

not positive definite. Also when implementing dynamic control, the inversion of the 

manipulator’s inertia matrix is typically needed as well. Although an available option 

could be to use a lambda value big enough to obtain a LMS solution which is not far 

from the a priori parameters, thus obtaining parameters with physical sense, the esti-

mation error would be big. Also, with larger lambdas the physical sense is not always 

guaranteed. 

 

Normalised RMS error with standard deviation 

Trajectory Parameterisation 
Joint 

1 2 3 4 5 

A Independent 1.12 0.11 1.28 0.53 0.71 

N=1 0.79 0.10 0.49 0.16 0.11 

N=5 0.60 0.17 1.13 0.36 0.47 

B Independent 2.72 0.28 1.29 0.40 0.54 

N=1 2.31 0.62 8.71 0.81 0.53 

N=5 0.20 0.25 0.96 0.10 0.24 

Table 4-37. RMS error normalised with the standard deviation of the motor torque for 

each joint and trajectory for the optimised parameters. 

Different methods for driving the inertia matrix to be definite positive have been tested 

during the development of this research, especially during the work carried out for 
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next chapter. However, the best solution has been the introduction of the innovative 

set of constraints added during the optimisation process and given by (4.32). These 

complements the traditional constraints found in the literature which are only focused 

on the link’s masses and inertias. It has been proved here how the constraints based 

only on imposing a positive value for the link’s mass and a definite positive inertia 

matrix are not enough. By applying only those constraints, the optimisation could 

diverge up to a point where each link’s centre of gravity is unrealistic. These findings 

could be considered an important step towards a better identification of the robot’s 

parameters. 

Normalised RMS error with standard deviation 

Trajectory Parameterisation 
Joint 

1 2 3 4 5 

A Independent 0.89 0.13 0.86 0.64 0.81 

N=1 0.24 0.05 0.20 0.15 0.11 

N=5 0.56 0.12 0.50 0.30 0.53 

B Independent 2.10 0.29 3.31 0.46 0.99 

N=1 2.47 0.38 8.82 0.77 0.55 

N=5 0.13 0.13 0.50 0.08 0.22 

Table 4-38. RMS error normalised with the standard deviation of the motor torque for 

each joint and trajectory for the LMS parameters. 

Different trajectories have been tested for parameters identification. By adjusting con-

veniently the weights in an optimisation function and establishing proper bounds, it 

has been possible to get an estimator that provides an acceptable value of the motor 

torques via independent joint excitation. However the residual error decreases when 

using more elaborate trajectories when all the joints are commanded simultaneously. 

It has been proved in this chapter the convenience of designing adequate identification 

trajectories which are capable of excite the inertias without reaching the robot resonant 

frequency or excitation of flexible modes. A good optimised trajectory that excites the 

robot parameters conveniently has provided up to six times better performance than 

a more relaxed trajectory.  

Also, it has been validated that the use of a convenient trajectory calculated by ad-

justing the coefficients of a formula given by (4.23) improves the estimated torque with 

respect a trajectory made by independent joint excitation. This result is important for 

future work where a robot model has to be obtained from a real device. 

In Table 4-37 a summary of the normalised RMS errors for each joint and trajectory 

is presented. It is a good table to compare the estimation quality achieved for each 
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joint depending on the trajectory used for parameters identification. For most cases, 

the best result is achieved for joint 2 followed by joints 4 or 5 depending on the pa-

rameterisation used. The worst results are however achieved for joints 1 and 3, except 

for the trajectory B and parameterisation N5 where joint 1 presents good behaviour. 

However in Table 4-38 the same table is given for the LMS parameters were is clearly 

shown that joints 2 and 4 are always providing the less amount of error. Then, the 

inconsistencies between both tables proves that the optimisation process sometimes 

worsen the behaviour of these links in favour of others. 

Percentage of joint's range coverage during excitation trajectory 

 Joint 

 1 2 3 4 5 

Trajectory A 87.91 83.98 40.00 81.03 86.07 

Trajectory B 43.16 66.01 17.03 80.93 80.85 

Table 4-39. Percentage of joint’s range coverage during excitation trajectory. 

The greater error for joint 1 has been found to be affected by the effect of irregular 

friction caused by the hose movement which is less for N=5 due to the less coverage 

of the first joint, as given by the trajectories graphs. However, increasing the excitation 

frequency improves the estimation for this joint. The case of joint 3 is explained due 

to the small joint range covered during the excitation trajectories to maintain all the 

joints inside their range. This small coverage affects the reliability of estimation. In-

deed, by comparing joint 3 in Table 4-38 one can compare estimations N1 and N5 in 

its own trajectories which are A and B respectively, how the error on joint 3 is inferior 

for the trajectory with more coverage (A). In Table 4-39 the percentage of each joint’s 

coverage is given during excitation trajectories. This serves to explain why joint 3 

tends to provide with less accurate estimation than others. 

Also, for the estimation of joint torque in joint 1 and 3 is where the a-priori model is 

given the worst results and this is affecting the next steps of the identification proce-

dure. It is important to achieve a homogeneous quality on the excitation with the same 

harmonic strength on every joint in order to obtain balanced joints’ torque estimation 

errors. Also the fact that each parameter set presents much better performance on its 

own trajectory, although expected, suggests that more effort has to be put on defining 

a more complete trajectory. 

On summary, care must be put on defining the excitation trajectories for identification 

purposes. These must excite a wide range of frequencies without affecting the robot 

nonlinearities and cover the maximum joint range as possible. This chapter introduces 
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an innovative cost function as described in (4.36). With this new approach, that in-

cludes the joint’s range into the cost function, an improvement on the estimation is 

achieved with respect previous modelling techniques. Also, with the introduction of 

the new type of constraints given by equation (4.32) the physical meaning of the model 

is now guaranteed.  
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Chapter 5 Estimation of external 

forces for robots 

In previous chapters, it has been discussed means to cope with the kinematic 

dissimilarity in teleoperation and the need of creating a dynamic model of the 

slave. However nothing has been said in relation to force estimation apart from 

employing the robotics dynamics equation. In this chapter, different options for 

force estimation found in the literature are analysed and tested. The sliding 

observer, a well-known method for controlling nonlinear systems has been 

adapted here to be used in force estimation for teleoperation, considering its 

particular constraints. The advantages of this new approach are extensively 

explained in this chapter and an analysis of the convergence is provided. 
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5.1 Introduction 

In the literature, all teleoperation designs which involve industrial robots and most of 

bilateral operations where a backdrivable manipulator is used, employ force/torque 

sensors for measuring external forces/torques. These devices are typically attached to 

the robot’s end-effector which implies that only external forces on that end can be 

measured. It has been shown in chapter 2 the advantages and disadvantages of using 

this type of devices. The need of additional wiring, its fragility under radiation and 

their high cost are the main drawbacks of these sensors. However, their proven accu-

racy has shown that they can be applied for teleoperation.  

When performing remote handling in a radioactive environment, the use of electronic 

devices is forbidden due to its susceptibility to radiation and the criticality of the 

equipment failure. Therefore, a different research approach has been taken to estimate 

the forces and torques acting on a manipulator by employing a variety of methods, 

most of them using a type of dynamic model of the manipulator. 

In this chapter, a review of the main methods for force estimation is carried out, start-

ing from evaluating the robotics dynamics equation. A set of experiments accomplished 

by means of a hydraulic manipulator is shown, highlighting the benefits and drawbacks 

of such approach.  

Later, a Luenberger observer of a robot, based on the observer presented by S. Nicosia 

and P. Tomei in [79] which was adapted by P. J. Hacksel and S. E. Salcudean [80] for 

force estimation, has been designed and tested for estimating forces and compared with 

the basic approach mentioned before. This method is considered one of the main ap-

proaches for force estimation so far and presents clear advantages over the evaluation 

of the robot dynamics equation. 

However, these results have been overtaken with what it is one the most important 

contributions of this thesis, the adaptation of sliding observers for force estimation in 

teleoperation. This scenario lead the research to the search of force estimators with 

zero offset in absence of external forces in a way that the human operator does not 

receive unnecessary stimuli that could lead in tiredness and lack of concentration. Also, 

during a remote handling operation with high payloads it is not crucial to perceive the 

forces with a high accuracy, since the operation usually can be carried out with an 

approximate force value. Another requirement that guides this research is the need of 

minimum delay which is an essential for most of teleoperation tasks to avoid instability 

issues. With these criteria in mind, a Luenberger-Sliding observer is designed to create 

a robust estimator of the external forces which is able to estimate forces with minimum 
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offset. Its properties and convergence are explained. A complete set of experiments are 

presented here to prove the suitability of this observer to be used as an estimator. 

Also, comparative results are shown, proving the improvement achieved. 

5.2 Evaluation of the forward dynamics equation  

As the forces and torques applied on the master device are proportional to those ap-

plied to the slave in bilateral control using force channel, the estimation of the robot 

end effector torques in a sensorless system is crucial. In this section, to obtain the force 

information from the disturbance signal, the external torques are estimated by using 

the robot dynamic equation (4.1) modified to take into account the external effect. 

 � = �(�)� ̈+ �(�, �)̇� ̇+  !(�) +  "(�)̇ +  �±«   (5.1) 

Where, 

 �: vector of motor torques exerted in each joint. 

�(�) is the robot inertia matrix, which is a function of the joints’ values. 

�(�, �)̇: are the Coriolis and centripetal forces vector, which also depends on the joints’ 

values and velocities. 

 !: is the gravity forces vector depending on the robot position. 

 " : is the friction torques vector. In general terms, it also dependent on the joints 

velocities. 

 �±«: is the vector of external torques on each joint. 

 

The external forces can be estimated by applying the kinematic information con-

tained in the robot jacobian and obtaining (5.2). 

£�±« = xy †( � − �(�) · � ̈+ �(�, �)̇� ̇+  !(�) +  "(�)̇)  (5.2) 

where, 

£�±«: is the vector of forces and torques ejected in the robot end effector and expressed 

in the base coordinates system. 

x : is the robot jacobian with † denoting the matrix inverse or pseudo-inverse when 

corresponds. 

 

In chapter 4, the inertial parameters have been identified, the model has been built 

and experimental validation tests were designed. The validation process has been done 
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offline by gathering real data and comparing the actuator torques with the predicted 

ones. 

When a force estimation is needed in online mode, i.e. for teleoperation purposes, a 

real time estimation of the speed and acceleration should be accomplished. When a 

tachometer is available on the robot there is no need of differentiation of the position 

measurements, however this is not the case of most of manipulators, and velocity and 

acceleration have to be obtained from position measurements. Also, generator type 

tachometers and encoder based velocity measurement electronics often provide unsat-

isfactory outputs at very slow velocities due to noise and low resolution [132] and are 

not compatible with radioactive environments.  

It has been explained before that a recommended sampling time of 1 kHz should be 

used for teleoperation when requiring force feedback. Therefore any method imple-

mented for obtaining the velocity data should not introduce a delay superior than 1 

ms. 

The simplest velocity estimation method is the Euler approximation that takes the 

difference of two sampling positions divided by the sampling period. Typically the 

position measurements are taken with encoders or resolvers which contain stochastic 

errors which result in enormous noise during the velocity estimation by the Euler 

approximation when the sampling period is small and the velocity low [132]. Different 

alternatives have been tried which utilise more backwards steps to reduce the noise 

but introducing a small delay. In [133] a first order adaptive method is shown which 

is able to vary the backward steps depending on the speed. Also, in [134] it has been 

found that 3 steps is the best for a sampling rate of 2500 Hz in their experiments with 

an encoder of 655360 pulses per revolution. They also implemented a Kalman observer 

and nonlinear observers, obtaining the same results than an averaging of the Euler 

formula. In [135] a Kalman filter is tested assuming a normal distribution of the posi-

tion error. In [132] a dynamic method which varies the samples used for averaging 

depending on the speed is developed with very good results.  

For example, given a desired relative accuracy (Ö ) of the velocity calculation, with 

encoder measurements by the formula (5.3) taken from [132], it is possible to derive 

the required amount of time for obtaining a velocity measurement. This is assuming 

that the velocity is not calculated with two consecutive samples, but with two samples 

separated by a certain number of backwards steps 	 in order to increase the velocity 

resolution. For an incremental encoder with a resolution 5, if the position �(Ô) is sam-

pled with a sampling period £ , and for 
 = 1, 2,…, the discrete sampled position at 

time 
£  is given by §(
). The relative accuracy is given by (5.3). 
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Ö = ∣>N̂−>N>N̂ ∣ < ∣ 2OP(-)−P(-− )∣ = ∣ 1P(-)−P(-− )∣25 = 2/�    (5.3) 

Where Ì  is the real velocity and Ì ̂ is the estimated with the measurements. For 

example, in order to obtain a relative accuracy of Ö = 2%, � = 100, i.e. 100 past pulses 

have to be traced back on the velocity calculation. If this is wanted to be achieved 

with an encoder of 10.000 lines/rev, the elapsed angular space for 100 pulses would 

result to be: 3.6 °. With a motor running at 1 rev/s, the required amount of time for 

completing that angular slot is 10 ms. This amount of delay is detrimental for a good 

bilateral performance. 

The scheme used in this research for obtaining the smoothed position, velocity and 

acceleration makes use of a Savitzky-Golay filter due to its good properties for smooth 

differentiation. A conventional low-pass filter can be utilised for smoothing the torque 

data since no differentiation is needed. 

5.3 Force estimation results of a hydraulic manipulator by 

direct evaluation of the dynamics equation 

To verify the proposed method, the identification procedure described in chapter 4 was 

implemented in the described robot on the first 5 dof and an action against the external 

environment was accomplished to reproduce the real efforts performed by the robot 

during a remote handling operation [15]. An offline force estimation of this experiment 

has been performed imitating the methods that would be used during teleoperation. 

The experimental setup was composed by the following elements: 

• 1 x KRAFT GRIPS hydraulic telemanipulator. 
• 1 x NI-PXIe-8108 Real Time controller. 
• 1 x PC running Labview 2011, © National Instruments, interfacing with the 

PXI. 
• 1 x Force/Torque sensor, ATI, Gamma SI-130-10. 
• 1 x Resilient interface with an elastic constant of 5000[N/m]. 
• 1 x Friction foam with a thickness of 100 mm. 

The elastic interface was attached on the robot end-effector with an ATI force sensor 

between them in order to verify the effectiveness of the proposed approach (See Figure 

5-2). Initially the robot was commanded to a pose with the end effector approximately 

perpendicular to the horizontal plane. An up-down movement was accomplished com-

pressing the elastic interface by commanding joint 2, while the PID controllers of each 

joint maintained the other joints’ positions.  
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Figure 5-1. Reference system used for the identification of the manipulator's dynam-

ics. 

Figure 5-3 to Figure 5-8 present the result of the proposed method comparing the 

estimated torque for the given dynamics with the real torque exerted on the actuators. 

The external torque has been calculated by subtracting the estimated torque from the 

measured one.  

During the compression effort, the model only estimates the dynamics given by the 

movement accomplished by the robot, this is, the inner torque, ignoring the existence 

of external elements. However the measured torque takes into account the real effort 

exerted by the joints which considers the addition of external forces and torques plus 

the torques required for moving the robot. During this test, the main effort was realized 

by joints 2, 3 and 4 while the non-zero torque in 1 is explained due to the non-totally 

perpendicular pose of the end effector during the compression effort, which is producing 

a tangential force on the contact point supported mainly by this joint. 
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Figure 5-2. Robot's end-effector reference system equipped with the ATI torque sen-

sor and the elastic interface. 

 

Figure 5-3. Measured, estimated and external torque on joint 1 during the compres-

sion of an elastic interface. 
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Figure 5-4. Measured, estimated and external torque on joint 2 during the compression 

of an elastic interface. 

The good results achieved for predicted torques of the manipulator’s joints conducted 

the research towards a further validation against the measurements provided via force 

sensor Figure 5-8 shows the vector sum of end-effector forces along x, y and z as 

indicated in Figure 5-2. So far the comparison of estimated and measured torques has 

been influenced by the values of the torque constant which have been characterised at 

the beginning of Chapter 4. If those values were inaccurate this would lead into force 

offsets. However, as explained before, for teleoperation purposes it is more crucial to 

have a fast response time without delays and minimum offset in absence of forces 

rather than a precise estimation of the force magnitude.  

The study of the results presented in previous graphs reveals that torque estimation 

for some of the joints and the forces on the end effector tend to present an offset that 

could lead to a feedback of inexistent forces to the operator. Although an initial cali-

bration of torques in a known pose with no external forces will ease this issue, it would 

not disappear completely. The main causes of this divergences are the error on the 

estimation of parameters and modelling inaccuracies.  

0 2000 4000 6000 8000 10000 12000 14000 16000
-200

-150

-100

-50

0

50

100

150
Torques on joint 2

Time[ms]

T
or

qu
e[

N
m

]

 

 
Measured Torque
Estimated Torque
External Torque



Chapter 5 Estimation of external forces for robots 164 

 

 

 

Figure 5-5. Measured, estimated and external torque on joint 3 during the compres-

sion of an elastic interface. 

 

Figure 5-6. Measured, estimated and external torque on joint 4 during the compres-

sion of an elastic interface. 
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Figure 5-7. Measured, estimated and external torque on joint 5 during the compression 

of an elastic interface. 

 

Figure 5-8. Vector sum of the forces on X, Y and Z directions. 

The major issue to overcome when applying this method is the differentiation of posi-

tion and velocity to obtain the joints’ velocity and acceleration respectively. In this 

experiment the sampling rate has been 1 kHz and an offline Savitzky-Golay filtering 

has been applied to smooth the position and differentiate it trying to approach to a 

hypothetic solution given for a real time implementation. Performing this operation in 

real time with conventional low pass filters would lead to either unaffordable delays 

that would cause an unstable teleoperation or prohibitive errors due to the noisy posi-

tional feedback of the Kraft manipulator based on potentiometers and the noise am-

0 2000 4000 6000 8000 10000 12000 14000 16000
-50

0

50
Torques on joint 5

Time[ms]

T
or

qu
e[

N
m

]

 

 
Measured Torque
Estimated Torque
External Torque

2000 4000 6000 8000 10000 12000 14000
-400

-350

-300

-250

-200

-150

-100

-50

0

50

100

150
Vectorial sum of the external force

Time [ms]

F
or

ce
 [

N
]

 

 
Measured Force
Estimated force



Chapter 5 Estimation of external forces for robots 166 

 

 

plification effect of the differentiation process. However, an increased sampling fre-

quency up to a minimum of 4 kHz would help to cope with the delay caused by filtering 

allowing the filter to have any delay lower than 1 ms. Also the application of more 

advanced filtering techniques would be desirable. This important issue motivated the 

development of the critical part of this thesis which is explained next. A state observer 

was found to be useful in order to avoid differentiation of the position and the unde-

sirable effects produced by it. 

5.4 Torque estimation via observation error 

This section considers defined the dynamic model of a manipulator as in (5.1). The 

nonlinear velocity observer of [79] will be used where ,1=� and ,2=� ̇are the joints’ 

position and velocity respectively. The state space representation of the robot dynam-

ics is then the following: 

,1̇ = ,2        (5.4) 

,2̇ = �−1(,1)[−�(,1, ,1̇),1̇ −  !(,1) −  "(,1̇) +  � −  �±«]  (5.5) 

Assuming that only joint’s positions are measured and without accounting explicitly 

for the external forces, it is possible to construct a nonlinear observer by copying the 

manipulator dynamics. The output variable will then be ,1. 
,̂1̇ = ,2̂ + 
1,1̃         (5.6) 

,̂2̇ = �−1(,1)[−�(,1, ,̂1̇),̂1̇ −  !(,1) −  "(,̂1̇) +  � + 
2,1̃]  (5.7) 

,1̃ = ,1 − ,1̂         (5.8) 

Where 
1and 
2 are the Luenberger (Observer) gains and they will be symmetric and 

definite positive gains properly selected to place the poles of the linearized system into 

the desired positions.  

Applying the same procedure as in [43] based on a Taylor expansion of �(,1, ,1̇),1̇ it 
is possible to demonstrate the following expression: 

�(,1, ,1̇),̂1̇ = �(,1, ,̂1̇),̂1̇ + �(,1, ,̂1̇),̃1̇   (5.6) 

With  �(,1, ,̂1̇),̃1̇ = ��±̇1 (�(,1, ,1̇),̂1̇)∣±̇1=±̇̂1. This expression will be useful to calculate 

the error of the Coriolis torques as: 

(�(,1, ,1̇),1̇ − �(,1, ,̂1̇)),̂1̇ = �(,1, ,1̇) · (,̃1̇ + ,̂1̇) − �(,1, ,̂1̇),̂1̇   = (�(,1, ,1̇) −
�(,1, ,̂1̇)),̂1̇ + �(,1, ,1̇),̃1̇ = −�(,1, ,̂1̇),̃1̇ + �(,1, ,1̇),̃1̇  
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The friction torque can be divided in two different components which are the Coulomb 

and viscous friction and then the friction becomes: 

 "(,1̇) = É,1̇ + �(,1̇)     (5.7) 

Where É = nPop{nu} and �(,1̇) = nPop{�u�pQ(,1̇)} for P = 1, 2,… , Q, being Q the dof 

of the system. This is, the friction is represented by means of two diagonal matrices. 

Subtracting (5.7) from (5.5) we obtain the observer error: 

,̃1̇ = ,2̃ − 
1,1̃     (5.8) 

,̃2̇ = �−1(,1)[−�(,1, ,1̇),1̇ + �(,1, ,̂1̇),̂1̇ −  "(,̃1̇) −  �±«−
2,1̃]  (5.9) 

And applying the result from (5.6) it yields: 

,̃1̇ = ,2̃ − 
1,1̃        

 (5.10) 

,̃2̇ = �−1(,1)[−�(,1, ,1̇),̃1̇ + �(,1, ,̂1̇),̃1̇ −  "(,̃1̇)− �±«−
2,1̃]  

 (5.11) 

In order to obtain the dynamics of the error for ,1̃, (5.10) is differentiated and (5.11) 

it is used. 

,̃1̈ = ,̃2̇ − 
1,̃1̇ = �−1(,1)[−�(,1, ,1̃),̃1̇ + �(,1, ,̂1̇),̃1̇ −  "(,̃1̇)− �±«−
2,1̃] − 
1,̃1̇ 
(5.12) 

Collecting the terms of (5.12) leads to: 

ø2,̃1̈ + ø1,̃1̇+ø0,1̃ =  �±«    (5.13) 

Where,  

ø2 = �(,1) 
ø1 = �(,1, ,1̇)-�(,1, ,̂1̇)+ "(,̃1̇)+�(,1)
1 

 

ø0 = 
2 
 

And thus, in the equilibrium, the expression in (5.13) could be simplified to (5.14), 

which provides an expression to estimate the external torques. 

 �±« = 
2,1̃     (5.14) 
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5.4.1 Luenberger-Sliding observer 

In this section the theory behind the Luenberger-Sliding observers are summarized in 

a way so it is possible to follow the force estimation strategy used and the results of 

the experiments.  

5.4.1.1 Introduction to Sliding observers 

Sliding observers are a special application of the first developed sliding control. This 

type of control is a nonlinear control method that alters the dynamics of a nonlinear 

system by application of a discontinuous signal that forces the system to “slide” along 

a cross-section of the system’s normal behaviour. The state-feedback control law is not 

a continuous function of the time and it can switch between two different continuous 

functions depending on the state of the system’s variables. The motion of the system 

is designed so that in each of the zones the system moves towards the adjacent region 

with a different control structure and so the ultimate trajectory will not exist entirely 

within one control structure. It is said that the system will slide along the boundaries 

of the control structures. This movement is called sliding mode and the geometrical 

locus consisting of the boundaries is called the sliding hyper-surface [136]. Broad detail 

on sliding control and sliding observers is given in the Annex II. In order for the reader 

to familiarize himself with the sliding effect a concise explanation of the shearing effect 

and sliding patches must be given here.  

A sliding behaviour in a second order system needs to be created through input switch-

ing according to the value of a single component of the state. The system is then: 

{,1̇ = ,2                    ,2̇ = −
4 �pQ(,1)           (5.15) 

Where 
4 is a positive constant and �pQ is the sign function. If representing the phase-

plane trajectories of this system the Figure 5-9 is obtained. This clearly does not pre-

sent any sliding behaviour.  

Let us consider now a different system with the nonlinear control action in both vari-

ables: 

{,1̇ = ,2 − 
3�pQ(,1),2̇ = −
4�pQ(,1)         (5.16) 

Where 
3 and 
4 are positive constants. The resulting phase-plane trajectories are 

shown in Figure 5-10. This shearing effect generates a sliding behaviour in the region 

given by (5.17), which is known as the sliding patch in the literature. 



Chapter 5 Estimation of external forces for robots 169 

 

 

|,2| ≤ 
3, ,1 = 0    (5.17) 

 

Figure 5-9. Phase-plane trajectories of the system described by equations (5.15). 

 

Figure 5-10. Phase-plane trajectories of the system described by equations (5.16). 

The dynamics in the patch can only be a convex combination (e.g. and average) of 

the dynamics on each side of the discontinuity surface. Inside the patch, the dynam-

ics are determined by the invariance of the patch itself: 

,1̇ = 0 ⇛  ,2̇ = −(-4-3),2    (5.18) 

Thus, ,2 exponentially decreases to 0 after reaching the sliding patch with a time 

constant (-3-4).  Once the patch is reached, it is not abandoned. The sliding observer is 

thus defined with the error function in a way such as when the sliding patch is reached, 

the systems stays in a zone with minimum error. If a system with a nonlinear function 

� is considered, unknown function depending on the state ,̅ = [,1, ,2]: 
,1̈ = �      (5.19) 

A sliding observer of the system would then be: 
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{,̂1̇ = ,2̂ + 
3�pQ(,1̃),̂2̇ = � ̂+ 
4�pQ(,1̃)     (5.20) 

5.4.1.2 Adding a damping to the sliding observer, Luenberger-

sliding observers 

This section continues the previous analysis by considering now a system with damp-

ing in addition to the sliding gains. The system described in (5.16) is now converted 

into (5.21): 

{,1̇ = −
1,1 + ,2 − 
3�pQ(,1)     ,2̇ = −
2,1−
4 �pQ(,1)                (5.21) 

The resulting phase-plane trajectory is represented by Figure 5-11. What is happen-

ing now is that the region of attraction is expanded and all the points in the plane 

which verify: 

,2 ≤ 
3 + 
1,1       P� ,1 > 0 

,2 ≥ −
3 + 
1,1   P� ,1 < 0 
Are affected by the sliding condition as illustrated in Figure 5-11. Also, the addition 

of the value 
2 only affects to the capture phase but not the dynamics of the patch 

itself, which remain unchanged [137]. 

By exploiting this result, and considering the methodology for obtaining (5.21) we 

now create an observer where W is a nonlinear function of the state.  

{,̂1̇ = ,2̂ + 
3�pQ(,1̃) + 
1,1̃       ,̂2̇ = � ̂− 
4�pQ(,1̃) + 
2,1̃            (5.22) 

5.4.2 External torque estimation on steady state 

Let us now apply the same reasoning as in 5.4 with a completed Luenberger-Sliding 

observer to see how the forces and torques can be estimated when in steady state. 

Following the same approach but including now the sliding gains one can yield to the 

Luenberger-Sliding observer for robots of equation (5.23), where 
1 and 
2 are the 

Luenberger gains and they will be symmetric and definite positive gains properly se-

lected to place the poles of the linearized system into the desired positions. 
3 and 
4 
are the sliding gains. 
3 can be seen as a boundary of the steady state error and 
4 is 
chosen to be higher than the modelling error. 
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Figure 5-11. Phase-plane trajectories of the system described by equations (5.21). 

{
                                                                                     ,̂1̇ = ,2̂ + 
3�pQ(,1̃) + 
1,1̃                                                ,̂2̇ = �−1(,1)[−�(,1, ,̂1̇),̂1̇ −  !(,1) −  "(,1̇) +  � + 
4�pQ(,1̃)+
2,1̃ ](5.23) 

with ,1̃ = ,1 − ,1̂.  
Applying the same reasoning than in previous section for manipulating Coriolis torques 

and friction torques, it is possible to get to the expression for the observer error: 

{
                                                                                              ,̃1̇ = ,2̃ − 
1,1̃ − 
3�pQ(,1̃)                                                           ,̃2̇ = �−1(,1)[−�(,1, ,1̇),1̇ + �(,1, ,̂1̇),̂1̇ −  "(,̃1̇) −  �±«−
2,1̃ − 
4�pQ(,1̃)]

 (5.24) 

By differentiating and combining the two terms the expression for the dynamics of the 

position error is obtained. 

,̃1̈ = ,̃2̇ − 
1,̃1̇ − 
3�pQ(,̃1̇) = �−1(,1)[−�(,1, ,1̃),̃1̇ + �(,1, ,̂1̇),̃1̇ −
 "(,̃1̇)− �±«−
2,1̃ − 
4�pQ(,1̃)] − 
1,̃1̇ − 
3�pQ(,̃1̇)    

 (5.25) 

Collecting the terms of (5.25) leads to: 

ø4,̃1̈ + ø3,̃1̇+ø2�pQ(,̃1̇) + ø1,1̃ + ø0�pQ(,1̃) =  �±«  (5.26) 

Where,  

ø4 = �(,1) 
ø3 = �(,1, ,1̇)−�(,1, ,̂1̇)+,̃1̇(,̃1̇)+�(,1)
1 

 

ø2 = �(,1)
3 ø1 = 
2 ø0 = 
4 
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And thus, the equilibrium point will be reached at (5.27) which provides an expression 

to estimate the external torques. 

 �±« = 
2,1̃ + 
4�pQ(,1̃)    (5.27) 

Although this theoretical result seems feasible during steady state force estimation, it 

is not adequate for practical implementation due to the likely strong chattering effect 

on the estimated torques. In order to avoid that effect, a smoother transition has to 

be created on the border around ,1̃ = 0. This has been done by varying the value of 

the 
4 gain depending on the torque predicted via Luenberger observer only, so (5.27) 

is converted to (5.28). 

 �±« = 
2,1̃ + X
4�pQ(,1̃)    (5.28) 

{X = 0                               P� |
2,1̃| <  «ℎ­��ℎ<î
 
X = |-2±̃1−2åℎZ[óℎ½ò\|

2åℎZ[óℎ½ò\               P� |
2,1̃| ≥  «ℎ­��ℎ<î
   (5.29) 

In addition to that transformation, X is saturated to a maximum value which is 1. This 

allows a progressive increase of the effect of the nonlinear observer action so the chat-

tering is avoided.  

 

Figure 5-12. Effect of the smoothing coefficient. 

5.4.3 Observer’s convergence analysis. 

In order to show the convergence of this observer the following assumption has to be 

made: the external forces acting on the slave have to be bounded for all time with 

some known upper bounds. Also, several properties characteristics from the robot dy-

namics have to be considered: 

(i) �(,1) > 0 

(ii) ‖�(,1)‖ ≤ t< 
(iii) ‖�(,1, ,1̇ ),1̇‖ ≤ t1‖,1̇‖2 
(iv) �(,1) 2⁄ − �(,1, ,1̇ ) P� �
�� − �$OO�ÔÖP× 
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Let us begin by showing the stability of the first order observer state. Choosing as a 

Lyapunov function candidate:  

à1 = 12 ,1̃2
 
     (5.30) 

Let us take the derivative of the Lyapunov function along the trajectories of the sys-

tem one obtains the following expression, 

à1̇ = ,1̃,̃1̇ = ,1̃(,2̃ − 
1,1̃ − 
3�pQ(,1̃)) = ,1̃,2̃ − 
1,1̃2 − 
3|,1̃| ≤ |,1̃|(|,2̃| −
1|,1̃| − 
3)          

 (5.31) 

Choosing 
3 > |,2̃| − 
1|,1̃| + �1, where �1 > 0, ensures that à1̇ < 0 for all ,2̃ ≠

1|,1̃|. As in [93], it is shown in [138] that the surface ,1̃ = 0 is reached in finite time 

with upper bound Ts. After that time, the state ,1̃ will have converged to the sliding 

surface ,1̃ = 0 and thus ,1̇ = 0.  

We may then choose the Lyapunov function candidate as à2 = (1 2)⁄ ,1̃2
 
+

(1 2)⁄ ,2̃2
 
= (1 2)⁄ ,2̃2

 
, since ,1̃ = 0. Deriving à2 along the trajectories of the system, 

the following is obtained: 

à2̇ = ,2̃y  
 
�(,1) ,̃2̇ 

+ (1 2)⁄ ,2̃ 
 
�̇(,1),2̃   (5.32) 

 

From (5.24), (5.18) and (5.32) it is straight forward to infer: 

�(,1),̃2̇ = −�(,1, ,1̃),1̇ + �(,1, ,̂1̇),̃1̇ − -4-3 − É],2̃ − �(,2̃) −  �±«  
 (5.33) 

Leading to the expression of à2̇: 
à2̇ = −,2̃y [−�(,1, ,̂1̇) + -4-3 + É],2̃ + �(,2̃),2̃ +  �±«,2̃ + ,2̃[`̇(±1)2 − �(,1, ,1̃)],̃2 

 (5.34) 

The last term of (5.35) cancels out due to the property (iv) and the gains -4-3 have to 

be computed such that the first term of the equation is positive definite. Proceeding 

similarly as in [92] but letting � = �(,2̃)+ �±« the expression of à2̇ can be factorized 

on the following way:  

à2̇ = −[,2̃y  , �y ][ Ê − Ñ2− Ñ2 � ] [,2̃� ] + �y  � = −�y K� + �y  �   (5.35) 
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Where Ê = −�(,1, ,̂1̇) + -4-3 + É is the first term of equation (5.35). Now, some oper-

ations must be done in order to find an upper bound for à2̇ and establish the condi-

tions where the error converges.  

à2̇ ≤ Mu="(K)‖�‖2 + ‖�‖2 = Mu="(K)‖x2̃‖2 + (1 − Mu="(K))‖�‖2  (5.36) 

Since the external forces and friction parameters are bounded, ‖�‖ is bounded. It can 

be demonstrated [43] than when ,1̃(0) = 0, condition that can be easily accomplished 

since the position can be read from the positional feedback, and the rest of conver-

gence criteria is also fulfilled, ‖,2̃‖2 converges exponentially with a radius �. 
� = ( 1d ef(Å) − 1) �<     (5.37) 

Where, �< = sup {‖�‖}. 

5.5 Force estimation results of a hydraulic manipulator 

via state observers. Comparison between Luenberger and 

Luenberger-Sliding observers. 

In this section, the theoretical approach explained before is tested with real data gath-

ered during tests carried out with the Kraft manipulator mounted with a force/torque 

sensor. Although the tests are developed on simulation, all the algorithms are applica-

ble in real time operation. 

5.5.1 Development of a robot simulator 

A robot simulator has been developed using Simulink and Matlab 2011 © Mathworks. 

This simulator is useful to interact with the robot model with a lean and agile ap-

proach. It has been proved to be extremely convenient to execute the manipulator’s 

state observer and tune its gains properly. The measured data has been stored in a 

variable which is accessed during simulation to be compared with the estimation. The 

process followed to encapsulate the dynamic model into Simulink blocks has been the 

following: 

a) The identification procedure carried out in Chapter 4 led to an optimised set 

of parameters with physical sense. 

b) The iterative Newton-Euler method has been programmed and used to gener-

ate a symbolic expression of each joints torque as a function in the robot’s 
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state space. The torque has been split into its conventional components, i.e. 

gravity torque, inertial torque, Coriolis torque and friction torque. 

c) The symbolic expression of each torque component has been transformed into 

a Matlab function which is called inside a Simulink block. 

The complete result is presented in Figure 5-13 with its two main components: the real 

robot and the state observer. The block titled “Real Kraft” reads the tests data from 

stored variables. Only the position measurements and joint torques are passed to the 

observer block, which outputs the estimated position at the next simulation step, esti-

mated speed and the error between the last joint measurement and the joint estima-

tion. It also outputs the gains to be used in the force estimation algorithm. There is 

an additional block which computes the inverse of the jacobian transpose of the ma-

nipulator in order to infer the external forces at tip from the external torques on each 

joint. The simulator presented in Figure 5-13. is valid for computing the Luenberger-

Sliding observer, and by cancelling the Sliding gains, it gets transformed into a simpler 

Luenberger observer. Figure 5-14 details the observer block from previous figure. Two 

main sub-blocks appear in this Figure: the robot model and the S-Function of the State 

Observer. In the S-Function, only the integration of the dynamic model is accomplished 

with the time-varying parameters supplied by the Optimised model, such as: the robot 

inertia matrix, and the different torque.
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Figure 5-13. Force estimation simulator developed on Simulink ®. 
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Figure 5-14. Detailed structure of the observer block.
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5.5.2 Experimental results on force estimation implementing Luen-

berger observers 

The experimental setup employed in 5.3 is used here together with the algorithm de-

veloped in 5.4.  

5.5.2.1 Spring compression 

During a similar scenario to the one the employed in 5.3, the KRAFT manipulator 

was commanded to different poses carrying an elastic interface and the ATI 

force/torque sensor between the interface and the last link. The objective of this test 

is to validate the approach presented in 5.4. and to extract conclusions. During this 

test the robot was moved in free space by a human operator. At intermediate points 

of its trajectory the robot was forced to compress the spring against the horizontal 

surface. The joints’ trajectories of this movement are shown in Figure 5-16 and Figure 

5-17 

 

Figure 5-15. Kraft GRIPS exerting compression forces on the spring. 
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Figure 5-16. Trajectory of joints 1 to 3 accomplished during the spring compression 

test. 

 

Figure 5-17. Trajectory of joints 4 and 5 accomplished during the spring compression 

test. 

Luenberger observer gains r1 50 r2 100·diag([1.5, 7, 2.3029, 0.345, 0.2918, 0.0651]) (*) 

Table 5-1. Observer gains used during the experiment.(*) The function diag() indicates 

a diagonal matrix composed by the elements between brackets. 

A Luenberger observer has been tuned as described in 5.4.2 with the gains shown in 

Table 5-1. The motor torques which take into account all the torques involved on the 

manipulator movement are represented in Figure 5-18 and the external torques that 
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the algorithm is able to predict are shown in Figure 5-19. The observer behaves well 

and after a period of convergence of approximately 8 seconds, it is able to estimate the 

external torques. It is clear that the algorithm eliminates the torque offset due to 

different actions other than the external, acting as a filter in that sense. For validation 

purposes it is interesting to see the transformation carried out from torques to forces 

on the end-effector and the comparison with the sensor mounted on the last joint. This 

graph is shown on  

Figure 5-20. Although the estimation is not perfect, the method explained here exhibits 

good performance and clearly improves the results of the method based on evaluating 

the robot’s dynamics equation.  

 

Figure 5-18. Motor torques during the spring compression test. The values represented 

here include the gravity, inertial and Coriolis torque and also the action of external 

torques and forces. 
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Figure 5-19. External torques predicted using the Luenberger observer during the 

spring compression test. Three different parts can be distinguished here, e.g. the pre-

convergence stage, where external torques are estimated appear even in absence of 

external forces. This only happens during the first seconds of estimation until the 

observer converges to zero error. Afterwards, four impacts are performed on a plane 

surface where the spring is compressed, these conform the second stage. Finally, after 

25 s, a period of instability is shown when the robot was placed on hold position and 

disconnected.  

Additionally, this method does not need position differentiation. The force estimation 

offset along directions g  and h are caused by parameterization error or incorrect 

torque constant calculation. Also it is dependent on the values chosen for the observer 

gains. Increasing the gains improves the average of the estimated torques but increases 

the noise of the estimation. A compromise must be reached when tuning the observer 

gains.  

The incorrect offset presented in the force estimation on the force through Y direction 

(See Figure 5-20) that is seen as small waves after each impact is created by the offset 

during the estimation of joint torque 2. The fact that the torques on joints 2 and 3 do 

not match on the zero torque line is transformed by the jacobian into a force offset 

through the Y component. 

The inaccuracies found when implementing this algorithm led this research through 

the search of a more robust estimator which was not affected in such a way by the 

modelling errors. The sliding observers were found to be an extremely effective solu-

tion with easiness of implementation. 
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Figure 5-20. Forces obtained via Luenberger observer validated against forces meas-

ured with the ATI force sensor. Test name: TLR5. Three different parts can be distin-

guished here, e.g. the pre-convergence stage, where external torques are estimated ap-

pear even in absence of external forces. This only happens during the first seconds of 

estimation until the observer converges to zero error. Afterwards, four impacts are 

performed on a plane surface where the spring is compressed, these conform the second 

stage. Finally, after 25 s, a period of instability is shown when the robot was placed 

on hold position and disconnected. The estimation error shown in the graph is small 

for X and Z coordinates and presents a big error in Y. This is e the discrepancy found 

in the estimation of the torque of joint 3 and the offset of estimation on joint 2. 

 

Figure 5-21. Estimated external torque via the Luenberger observer compared against 

the motor torque. The estimation of external forces after the convergence period elim-

inates the effect of the non-external torque components such as gravity and inertia. 
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Also, it is worth mentioning the exaggerated estimated torque of joint 3 that creates 

additional forces as seen in previous figure. Different causes have been studied to pro-

duce this: modelling errors, absence of a robust estimator and the lack of calibration 

after modelling.  

Luenberger-Sliding observer gains r1 50·diag([1,1,1,1,1,1]) r2 60·diag([ 1.5;8;1;0.345;0.2918; 0.0651]) (*) r3 0.01 r4 25·diag([1,2,0.9,1,1,1]) 

Table 5-2. Gains used on the Luenberger-Sliding observer on the test TLSIR5. 

Here the results of the robust observer which implements the gains of Table 5-2 are 

analysed. Predicted external torques are shown on Figure 5-22. One can appreciate big 

differences with respect the basic version of the observer illustrated on Figure 5-19. 

Offsets and unmodelled torques have almost disappeared, resulting on a clearer shape. 

The external forces are shown on Figure 5-22. The results are impressive, improving 

the performance obtained previously with Luenberger observer. The estimation of the 

force along Z axis is almost perfect, and the torque misalignment of joint 2 with respect 

to joint 3 that was causing the errors along the Y component has been eliminated. 

Estimated forces along X are also very accurate.  

 

Figure 5-22. External torques predicted using Luenberger-Sliding observer. Test num-

ber TLSIR5. Data from the same test based on a spring compression have been used 

here with a robust estimator. One can see how only joints 2 and 3 are involved on the 

estimation. The little effort made on joint 5 has been neglected with this observer. 

0 0.5 1 1.5 2 2.5 3 3.5

x 10
4

-200

-150

-100

-50

0

50

100

150

Time [ms]

T
or

qu
e 

[N
m

]

Estimated external torque via Luenberger Sliding observer

 

 
Joint 1
Joint 2
Joint 3
Joint 4
Joint 5



Chapter 5 Estimation of external forces for robots 184 

 

 

However the results are outstanding since no torque offset is present anymore after the 

convergence period. One can see how the convergence has not finalised before the first 

impact and that will lead into a force estimation errors. However, as the time passes, 

better estimations are obtained. 

On Figure 5-23 to Figure 5-26, the estimated external forces are shown and explained. 

Figure 5-23 represents the estimated forces versus the measured ones for the three 

different directions. Estimation errors decrease greatly with respect to the estimation 

from previous observer. Three different parts are clearly distinguished here: the con-

vergence period, which starts on the beginning of the estimation and is characterised 

by an estimation with a hill-like shape of an external force which does not exist, the 

impact period and the high dynamic stage where the robot was placed on stop position 

previous to the disconnection. The convergence period is the necessary time required 

for the observation error to decrease up to zero. It is only needed at the beginning of 

the estimation process and it will not be created again. It has been shown for illustra-

tive purposes. After that stage, four impacts are registered on this tests and their 

estimated force are given for x, y and z coordinates. 

 

Figure 5-23. External forces predicted using Luenberger-Sliding observer. Test number 

TLSIR 5. This figure is comparable with  

Figure 5-20 and shows the estimated forces in X, Y, and Z compared to the measured 

magnitude. The estimation error on X and Y decreases greatly from previous observer 

and the offset forces disappear totally. Although there is still a dynamic error on the 

estimation due to the approximations taken in the equation of the estimated torque 

that neglected the dynamic terms, the behaviour on static is impressive. The potential 
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errors introduced in the calculation of the torque constant are also affecting the accu-

racy of the estimation.  

In Figure 5-24 comparative results for the force estimation between Luenberger and 

Luenberger-Sliding observers are shown for the x direction. One can check that esti-

mations carried out without the sliding action present offset errors due to modelling 

errors. These offsets disappear when implementing the sliding-observer as a result of a 

more robust action and a perfect zero force is achieved after the convergence period.  

In Figure 5-25 the resultant estimated forces for the y-axis are represented. It is worth 

to point out the slight depression which appears at the end of every impact when using 

the conventional observer. This effect is created by estimation errors on torque of joints 

2 and 3 as shown in Figure 5-22. When the torque of these joints does not intersect 

the zero at the same time, an offset force is resultant after the application of the 

jacobian. This effect is eliminated in the tests carried out with the Sliding observer. 

The forces in the z direction are given in Figure 5-26, presenting remarkable good 

behaviour. Both estimators reach similar amplitude but only the sliding action elimi-

nates the pernicious force offset during static forces.  

 

Figure 5-24. Detailed view of the estimation force through X direction during test 

TLSIR 5. The main difference between the two observers presented here lies in the 

correct estimation during absence of external forces. No offset forces are estimated for 

Luenberger-Sliding which however tend to appear without the sliding action. 

The discrepancies found when comparing estimations against measurement arise due 

to different reasons. Although this method is able to distinguish a divergence of the 

real robot movement from the expected one, that divergence has to be translated to a 
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torque action applied to each joint. The observer is using the joint error fed-back into 

the system in order to correct the next estimations, however the comparison with the 

measurements taken by the force/torque sensor are in open loop, meaning that no 

calibration is performed on real time. A post-modelling calibration could be added to 

this estimator, to correct the effects of an incorrect torque constant estimation. 

 

Figure 5-25.Detailed view of the estimation force through the Y direction during test 

TLSIR 5. The main difference between the two observers presented here lies in the 

correct estimation during absence of external forces. No offset forces are estimated for 

Luenberger-Sliding which however tend to appear without the sliding action. The es-

timation of the external force through Y direction for the conventional observer pre-

sents more error than through the rest of directions. This is because of estimation 

errors on the torque of joint 3 and the offset on the estimation of joint 2, as explained 

before. 
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Figure 5-26. Detailed view of the estimation force through Z direction during test 

TLSIR 5. The main difference between the two observers presented here lays on the 

correct estimation during absence of external forces. No offset forces are estimated for 

Luenberger-Sliding which however tend to appear without the sliding action. 

 

Figure 5-27. Comparison of estimated torques. Luenberger observer versus Sliding ob-

server for joints 2 and 3 during test TLSIR 5. The main difference lays in the accuracy 

of the estimation of joint 3. With sliding action, the torque estimation for joint 3 

improves dramatically. The torques offset also disappear when using the sliding gains, 

improving the forces. On joint 2, one can see how the red line does not reach the zero 

torque after the first and second impacts, however this effect disappears completely in 

sliding mode (black line). 
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In Figure 5-27 one can see the actual differences of the force estimation methods and 

the improved behaviour obtained with the Luenberger-Sliding observer.  

 

Figure 5-28. Comparison of the total force magnitude between estimation performed 

via the Luenberger observer during test name TLSIR 5. An average error of 7 % has 

been achieved during dynamic impact. In absence of external forces the error is im-

portant.  

 

Figure 5-29. Comparison of total force magnitude between estimation performed via 

Luenberger-Sliding observer during test name TLSIR 5. An average error of 10% has 

been achieved during dynamic impact. In absence of external forces the error is negli-

gible.  
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Figure 5-30. Comparison of the total error between estimation performed via the Lu-

enberger-Sliding and the Luenberger observer during the test name TLSIR 5.  

5.5.2.2 Influence of the inertia into the torque estimation 

It has been highlighted multiple times the importance of obtaining a sensible model 

based on parameters with physical sense. Otherwise the model will tend to instabilities 

and thus, incorrect force estimation. It is also important for the modeller to obtain an 

acceptable estimation of the inertia matrix that can be used when integrating the 

equation of the robot dynamics to estimate joint’s accelerations.  

An example of this issue is illustrated in Figure 5-31. In this example the inertia has 

been lowered deliberately, resulting into an acceleration which is faster than real and 

thus an estimated position which goes ahead of the real position. This results into a 

model with a faster response which might correspond to a lighter mechanism. Its links 

tend to accelerate faster than the real links would do with the same motor torque and 

an advanced estimation is then obtained. 
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Figure 5-31. Estimation of external forces implementing a deliberate lower inertia. 

5.6 Observer based teleoperation 

5.6.1 Modelling a bilateral system 

The results presented on previous sections are promising for a final implementation of 

a sensorless force estimator. The good results achieved with the sliding observer led 

the research to a test under a bilateral scenario. Is thus important to study the influ-

ence of the robust estimator when closing the loop, in order to discover further possible 

issues which could be introducing instabilities in the system. Also, a simulation of such 

a system could help to compare the proposed approach against traditional teleopera-

tion architectures such as position-position. 

The objective of this section is then, to explain the development of a bilateral teleoper-

ation simulator made with previous results which can be used to test and compare 

different bilateral teleoperation schemes. 

In Figure 5-32 and Figure 5-33 the simulators for position-position and force-position 

bilateral control developed in Simulink from Mathworks © are shown. The objective 

of the model developed on Figure 5-32 was to reproduce the classical approach made 

with the model of the Kraft robot, embedded in the block named “slave device” and 

shown on Figure 5-34. Additional detail on the robot model is given in Figure 5-35. 

An embedded Matlab function has been used to simulate the real device. The identified 

and optimised parameters have been used here to build a physically realistic model of 

the Kraft robot. By integrating the robot’s dynamic equation it is straight forward to 
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infer the robot movement. The starting position and the motor torques are required to 

generate the movement and obtain the acceleration of the links. This value will be 

integrated two times to obtain the joints’ velocity and position and decompose the 

motor torque in all the elements. 

The slave controller shown in Figure 5-35 comprises of an independent joint controller 

and a gravity compensation implemented by using the identified model. Once the 

model has been obtained it is easy to use it for more advanced controlling purposes. 

In Figure 5-36, two additional blocks used during the force-position teleoperation with 

observers are shown. The observer block includes the algorithm explained before on 

Figure 5-14.  This block employs the Luenberger-Sliding observer to estimate the the-

oretical new positions that the robot would have if no external forces were present on 

the environment. Later on, the so called “External force estimation” block computes 

the external forces based on the error of the predicted position with respect to the real 

position. 
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Figure 5-32. Position-Position simulator. Five main blocks are shown here, these are: The slave and slave control action, the operator action, 

master gains and the effect of the environment. 
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Figure 5-33. Simulator for Force-position control scheme via Luenberger-Sliding observer. In addition to the common blocks shown in position-

position, this system includes the observer block and the force estimation calculations. 
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Figure 5-34. Simulink model of the Kraft hydraulic robot. An embedded Matlab func-

tion represented as a Simulink block performs the integration of the dynamic equation 

of a robot. The input element is the motor torque and the main output is the acceler-

ation. After integrating, position and velocity are obtained which are used in the next 

steps to calculate the torque components. 



Chapter 5 Estimation of external forces for robots 195 

 

 

 

Figure 5-35. Slave controller used during the simulations of a bilateral control. An 

independent joint control with gravity compensation has been used for these tests. 

 

Figure 5-36. Additional blocks on the force-position teleoperation with observers. 

5.6.2 Tests on bilateral control. Comparison of conventional posi-

tion-position control against force-position with the Luenberger-Slid-

ing observer. 

An extensive set of tests implementing the presented approach has been performed to 

study the possible issues that could arise when teleoperating a manipulator with a man 

in the loop. The main expected issues could be derived from the calculation delays or 

lack of sensibility which could introduce instabilities or poor performance.  
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A closed loop simulation has been performed on a system including a simulated slave 

with its own control with gravity compensation, a human operator and the character-

istics elements of the two different teleoperation architectures that are considered here, 

i.e. position-position and force-position. The simulated operator is closing the loop by 

receiving an external force and transforming it into a movement that introduces an 

error with respect to the ideal trajectory. In Figure 5-37 the trapezoidal reference 

position is shown involving 0.9 rad of angular movement of joint 2. The rest of the 

joints are not commanded in this test, although they are free to move in the slave 

robot. 

 

Figure 5-37. Position reference of the master device during the simulation. The refer-

ence or desired position is the objective that the human operator is trying to achieve. 

However, different effects act against the accomplishment of the reference. Here, a 

more realistic operator is considered and the action of the external forces. Those factors 

will deviate the operator from the desired trajectory. 

A virtual force is created, simulating a real environment, whose action depends on the 

position of joint 2 as if that joint was acting against an external element. This is shown 

on Figure 5-38 and the equation that describes the behaviour of this force is given by 

(5.39). Basically, there is no torque until the slave’s second joint reaches the position 

of 0.4 rad, then it receives an elastic force whose torque constant is 1000 Nm/rad until 

a certain value is reached in joint 2. Later, a fixed torque value of 100 Nm is added, 

simulating a stiff collision.  

 �±«(�2) = ⎩{⎨
{⎧ 0, �2 < 0.4  Öon1000 · (�2 − 0.4), �2 i [0.4, 0.9] Öon1000 · (�2 − 0.4) + 100, �2 >  0.9 Öon     (5.38) 
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Figure 5-38. Real torque exerted by the environment on the slave device. Several stages 

are distinguished here. Firstly, no torque is created on the slave and it is free to move 

during a small distance. When the second joint value is greater than 0.4 rad, a force 

proportional to the distance to that value is created with a torque constant of 1000 

Nm/rad. This resembles an elastic force on the slave device. Finally, if the manipulator 

overcomes 0.9 rad, a fixed torque of 100 Nm acts suddenly into the second joint. This 

can be considered as a strong collision against a very stiff surface. 

 

Figure 5-39. Real position of master's device second joint during the teleoperation 

experiment. Two control architectures are compared here against the reference, posi-

tion-position and force-position with observed forces. No important differences between 

both methods are observed in terms on the master´s position. The ideal reference 

cannot be followed perfectly due to the action of the external force. The human oper-

ator has to accommodate his movement to that external action. 
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The action of external torques is affecting the movement of the haptic master, and the 

operator is trying to correct his movement against the external action. This effect can 

be seen in Figure 5-39. While not important deviations are obtained depending on the 

control methods, they both present similar divergence from the reference. This means 

that no difference is perceived by the operator in terms of position error, and the 

potential torque differences are being absorbed by the man in the loop. 

 

Figure 5-40. Master and Slave position for joint 2 during F-P teleoperation. The ap-

pearance of positional error is caused by the action of the external force. With gravity 

compensation no important position errors are obtained. 

 

Figure 5-41. Comparison of positional errors on the slave device depending on the 

control architecture used. Both methods are proved to provide similar behaviour under 

slave’s performance point of view.  
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In Figure 5-40 the slave’s position error is represented together with the reference given 

by the master device and the real slave’s position when performing the movement 

against an external force. Position errors are due to the action of this force. On Figure 

5-41 both control systems are compared in terms of positional error on the slave. No 

differences are found. For sake of completeness, it has been included in Figure 5-42, 

the slave’s error in absence of external forces. It is clear that the control is performing 

well and only slight errors are observed for both control architectures. 

 

Figure 5-42. Slave position and position error in absence of external forces. 

Figure 5-43 is probably the most important result of this section. In this figure the 

differences in force estimation for the two studied control methods are shown. The 

performance of Position-Position from the point of view of the force feedback depends 

on the slave’s control performance. It is clear than the oscillations represented in the 

graph prove that the feedback to the operator is influenced by the control performance 

and in this case it is creating an undesirable effect on which is perceived by the oper-

ator. More advanced control architectures could be used, based on additional channels, 

to improve the performance of the force estimation by including, for example, the 

velocity error. However, the performance of Force-Position control via observers, de-

pends on the observer error and it is independent on the control technique employed 

on the slave. Figure 5-44 complements the previous figure by giving an analysis of the 

force estimation error of each control strategy with respect to its own environmental 

force. Although the maximum amplitude of both errors is comparable, P-P maintains 

a constant force estimation error during most of the contact phase which is slightly 

superior to the error found in F-P. Also, during motion in absence of external forces, 

the drag effect in the classical control method is creating an inexistent torque which is 

eliminated by the Sliding action on the F-P technique.
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Figure 5-43. Reaction torque on the operator due to external forces depending on the control strategy. The real environmental torque for each 

control strategy is also shown. The last two are important to be considered since due to different control strategy and estimation method used 
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for the prediction of external forces, the force feedback on the operator might vary, varying as well his commanded position as a consequence of 

the feedback. In conventional P-P control, the force error depends on the control performance, this is, having a poor slave’s control leads to a 

bad accuracy on force feedback. However, on F-P via observer error, the estimated torque depends on the observer error and it is independent 

on the control used for the slave. This effect can be seen in the oscillations of the P-P force estimation due to control errors when the robot is in 

movement which do not appear in the F-P algorithm. 
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The drawback of F-P in terms of force estimation error is the amount of noise obtained 

due to the chattering provoked by the sliding action. This noise effect could probably 

be filtered without a great dismiss of the force estimation because it only appears when 

the external torque is closed to zero.  

During periods of non-zero external torque, the estimation error of the observer comes 

from modelling errors and non-optimised tuning. These modelling errors are more im-

portant on the gravity torque when the manipulator moves at low speed or is exerting 

a static force. However, during periods of more intense acceleration, deviations on the 

inertial terms of the torque become important as well. Also, it should not be forgotten 

that the estimation used in this approach comes from equation (5.26) which has been 

simplified on the terms depending on speed and acceleration to avoid the differentiation 

of the position and the numerical problems related with that operation. This simplifi-

cation is also introducing a component of error during non-static force estimation. 

Nevertheless the implementation of the Luenberger-Sliding observer improves previous 

methods and drastically reduces the error when the external forces are zero. 

 

Figure 5-44. Force estimation error depending on the control strategy used. 

5.7 Discussion 

It has been widely explained the use of Luenberger-Sliding observers for force estima-

tion during this chapter. Particularly when the application of force sensors is not pos-

sible due to radiation issues which impose a high dose rate that makes impossible the 

application of electronics in certain environments. Also, when it is not practical in 

terms of cost or additional wiring, this approach could be substituted by the use of 
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observers which do not require additional hardware and software processing other than 

the performed on a usual robot controller which always exists.  

The pros and cons of this approach have been explained through the development of 

this chapter during simulations and real implementation with a hydraulic manipulator. 

During the development of the chapter, the theoretical basis of the proposed observer 

have been explained, resulting that the external torque can be approximated by the 

estimation error of the observer with respect the real robot. This estimation process 

does not need position differentiation and then, avoids a noisy velocity and acceleration 

which would introduce a huge amount of noise as it has been demonstrated at the 

beginning of the chapter when evaluating the robotics dynamics equation. It was 

proved that the simple evaluation of this equation was not possible due noise problems 

unless the position was sampled at a much higher frequencies than those used for the 

bilateral loop. This approach should only be used when estimating forces during an 

off-line process, when for example, the determination of the end-effector mass is 

wanted.  

Afterwards, this chapter introduced the use of Luenberger observer for estimating the 

internal state of a robot manipulator, a common mathematical tool. However, this 

observer has been proved to be also useful for force estimation by demonstrating that 

the observation error is proportional to the external force.  

During the development of this research, it was found and proved that the only use of 

a Luenberger observer does not provide accurate results when the robot model is not 

perfectly known, which most of the cases are. Real tests were implemented on the 

Kraft manipulator, showing that incorrect torque offsets were introduced when the 

model was not perfectly known. This lead the research to the search of a more robust 

observer which was more reluctant to model inaccuracies. A simple but powerful non-

linear observer was found, called Sliding observer which was previously used to control 

highly nonlinear processes. The main disadvantage of this observer was the chattering 

action which provoked a switching around the zero torque which created a high level 

of noise. This chattering action was corrected with a coefficient depending on the value 

of the Luenberger observer in a way that the Sliding strength was made softer when 

less external forces were observed and stronger when they become bigger. This pro-

posed solution gave good results allowing the Sliding action to reduce the offset error 

almost totally with minimum chattering. The results were shown by estimating exter-

nal forces in a manipulator and evaluating them against the measurements taken by a 

force sensor. During the tests performed based on spring compression, the average error 

on force estimation during the impact was 7% for Luenberger and 10% for Luenberger-
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Sliding. The direct comparison is not totally fair since the offset errors on the Luen-

berger observer tend to decrease the error observed during the impact, i.e. the estima-

tion is moved upwards. Thus, good results have been achieved and a promising solution 

has been identified to be used as a force estimator. 

In the last part of the chapter, a simulator to study teleoperation algorithms has been 

presented. The simulator was developed in Simulink © to compare the classical Posi-

tion-Position control scheme against the proposed solution based on observers. It was 

demonstrated that a similar capabilities for force estimation can be achieved with the 

observer method than the ones obtained by means of the conventional position error. 

Even less error was achieved during theoretical simulation assuming certain error on 

the robot model. While the accuracy of force estimation based on Position-Position 

depends on the slave’s controller, the accuracy on the observer-based estimation de-

pends on the observer. Luenberger-Sliding observer eliminates steady state torque es-

timation errors in absence of external torques, which constitutes the major improve-

ment of this technique. With this technique, the two requirements set at the beginning 

of the chapter for a force estimator for teleoperation, are satisfied. An estimator with 

very low force offset in absence of external forces has been obtained with enough ac-

curacy to carry out a remote handling task. 

However, one cannot ignore the difficulties related to this approach. Firstly a complete 

robotic model is needed, and the accuracy of the force estimation will depend strongly 

on the quality of the obtained model. Although an important robustness has been 

added with the Sliding action, this is mainly concentrated during the zero external 

torque situations. For obtaining a decent model, useful techniques go through param-

eter identification and optimisation in order to give the model physical sense. Once the 

model is obtained, the translation to mathematical functions that could be evaluated 

with enough speed should not be a problem but the major difficulty resides in the 

correct tuning of the observer gains. It has been experienced after numerous tests that 

tuning on the first place the Luenberger gains and, later on, the Sliding gains was the 

best approach. When these last ones have been tuned, an iteration can be done to 

decrease the value of the previous ones in order to achieve a reduced noise observation.  

No instabilities have been created with this method during the teleoperation scenarios 

analysed which is an excellent result. 
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Chapter 6 On the effect of cable 

length on control performance for tel-

eoperation in radioactive environ-

ments. Implementation of solutions. 

Due to the increase of the energy levels on the scientific facilities and fusion 

reactors such as CERN, ITER and other particle accelerators, it has been 

foreseen that the maintenance operations will be carried out remotely. In case 

of ITER the total amount of maintenance operations will be performed by re-

mote means, either by pre-programmed routines or with the man in the loop. 

At CERN, the remaining operations performed manually have to be progres-

sively substituted by remote handling means. The robot controller is conven-

iently sheltered far from the radioactive area, in dedicated rooms, which can 

be hundreds of meters away from the operations zone. In this chapter, the 

drawbacks of increasing the cable length on motor safety and performance are 

presented and a list of possible solutions is analysed. Several solutions are tested 

on a motor test bench and on simulation. The preferred one has been selected 

for further study. An extensive set of tests has been designed to analyse the 

influence of the proposed solution on the control performance of a brushless 

motor, which is the most common option for electrical manipulators. The result 

of the extensive set of trials prove that the preferred solution does not alter 

significantly the control performance of the motor and can be implemented on 

teleoperation when using most common control methods.  
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6.1 Introduction  

Since radiation levels in most modern nuclear facilities or nuclear experiments are 

increasing dramatically, new protection measures are needed and the use of remote 

handling techniques becomes crucial. For example, the radiation conditions inside the 

ITER vessel (See Figure 6-1) impose that the remote handling equipment entering into 

the tokomak shall not contain any conventional electronic devices (See Chapter 1). 

For that reason, power and control drivers for electrical motors (called “servo-drives”) 

must be mounted in cubicles placed at distant locations with respect to the remote 

handling equipment under control. In these circumstances the cable length for this 

equipment is expected to be significantly longer than the typical values recommended 

by the manufacturers. On [139] Allen-Bradley recommends maximum distances based 

on the insulation rating of the motor, and establishes limitations on 15 m for a 1000 

Volts peak-to-peak insulator rated, 40 m for 1200 Vpp and 170 m for 1600 Vpp. On 

this document it is mentioned that longer distances can be achieved with special de-

vices connected to the drive output. For Delta Tau drives [140] used for controlling 

Dexter manipulator, maximum distances of 15 m are recommended for 480 V drives 

and 60 m for 230 V. ABB [141] recommends a maximum length of 50 m for its ACS 

150 when driving a motor without any external protection.  

 

Figure 6-1. ITER: The world largest Tokomak. Retrieved from www.iter.org on 

28/04/2015. 
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When commanding servo motors with a PWM output via long cables, a well-known 

effect in transmission line theory arises, called reflections or standing waves. Two main 

issues may appear from this when teleoperating these devices. Firstly, the safety of the 

system drive and motor can be compromised, and secondly, a reduction on the motor 

control performance with the effect of noise, vibrations and oscillations. When the 

remote handling equipment is accomplishing critical activities such as dexterous ma-

nipulation, the effect of the noise, vibrations and oscillations could lead to unacceptable 

performance. 

In this chapter, a theoretical introduction on the effects of PWM signals over long 

cables will be given. Then, a summary of the main solutions to deal with this issue is 

explained. Afterwards, the results of an extensive set of measurements to characterise 

the effect of the standing wave in form of overvoltage is shown. On the third part, 

simulations have been performed to identify adequate solutions for this problems. Fi-

nally a commercial solution is selected and the core of this chapter is focused on eval-

uating the performance of this solution according to different aspects such as the over-

voltage reduction and the effects on the control quality of that device. In order to 

analyse the efficiency of this device, an extensive set of trials has been designed. Dif-

ferent control methods are tested, such as torque control and velocity control. 

6.1.1 Standing waves in PWM drives 

The inverter of the PWM (Pulse Width Modulation) drives does not produce sinusoidal 

output voltage waveforms; instead, it generates a continuous train of pulses which are 

transmitted to the motor terminals via the motor cable. Peak pulse voltage at the 

drive output is equal to the drive DC bus magnitude (à�Ú�) and it is characterised by 

the step rise and fall times (Ô­u��, Ô"¬îî) controlled by the GTO, BJT or IGBT semicon-

ductor switching device used. The peak pulse seen at the motor end is not necessarily 

the à�Ú� sent by the drive as it depends on a combination of factors which define the 

whole system behaviour. These factors are, the Ô­u�� and Ô"¬îî characteristics of the 

PWM, the cable transmission line characteristics, cable length and motor impedance 

[142]. Theoretically [142] peak voltages up to twice of the à�Ú� can appear at the motor 

end of the cable, although in other references [143], more than double of that voltage 

is observed in practical experiments. Unfortunately is not straight forward to derive 

theoretically the effects of a combination of factors on the standing wave magnitude 

and a practical study is recommended. 

The PWM pulse rise times are so short that time needed for the signal to travel to the 

motor can easily exceed the rise time. The velocity of the pulse is close to half of the 
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speed of light, typically 1.7 · 108 O�−1, so in 100 ns it has travelled only 17 m. When 

this happens, one needs to rely on the transmission line theory. This mechanism follows 

basically these steps: 

• At each pulse, the drive has to charge the characteristic inductance and capac-

itance of the cable. This pulse of energy travels at a speed characteristic to the 

cable, which typically is around 1.7 · 108 O/�, approximately half of the speed 

of light. 

• When the pulse reaches the motor end of the cable a reflection occurs because 

of the step change in impedance (that of the motor is almost invariably much 

higher than that of the cable). This effect is more pronounced with small motors 

due to their higher impedance, consequently they constitute the critical condi-

tions for the cable length issue. The voltage tends towards the double of the 

initial step magnitude.  

• The impedance of an induction motor hî<¬
 is not well documented, not easily 

measured, nor well understood, since it requires a new high frequency induction 

motor equivalent circuit that is dominated by stray winding parameters. Ex-

perimental results show motors < 5hp have a surge impedance of 2kΩ to 5kΩ, 

a 125 hp motor has around 800 Ω, while a 500 hp motor has a load surge 

impedance in the vicinity of 400 Ω [142]. Note that typical cables are < 200 Ω. 

A possible explanation to this effect is the skin effect. This effect results from 

the fact that at high frequencies the real conduction area is limited to a very 

thin volume which in case of small motors is even more reduced due to the 

small cable section. 

• The reflection returns to the drive where it is reflected again but with reverse 

polarity, and when it returns to the motor, it cancels the over-voltage. More 

detail of this effect can be found in [143]. Therefore the overshoot lasts about 

twice the time of flight in the cable. If the rise time of the pulse is longer than 

twice the time of flight in the cable, the overshoot is cancelled before it reaches 

100 %. 

A measure of the overshoot size that can be caused in the motor end of a cable is 

defined has a “Reflection Coefficient”, Г, and it is a function of the cable surge imped-

ance (h0) and the load surge impedance (hî<¬
) presented at the receiving end of the 

cable [142]. 

à O©Ô©Ö�=
 = (1 + Г) à nÖPÌ��=
   (6.1) 

Г = jò½�\−j0jò½�\+j0     (6.2) 
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h0 = √�/� (assuming lossless cable)    (6.3) 

h0 = √O+ k*l+ k)  (real cable) 

Where � is the cable inductance per unit length of cable and � is the cable capacitance 

per unit length of cable. Whenever the cable surge impedance does not match the surge 

impedance of the motor, a reflected wave will occur at the motor terminals.  

6.1.2 Effects of the Standing waves in drives, motors and control 

performance 

It has been found in the literature that the effect of the voltage overshoot on the motor 

end has little effect in the main motor insulation systems between phases and from 

phase to earth, which are designed to withstand large overvoltage pulses. This may 

only become a problem with some small low-cost motors whose insulator has not 

properly chosen [144]. In that research, it is mentioned that the effect on the inter-

turn insulation and between windings turns should not be very harmful except in small 

motors when the coils ends are in close proximity. However there is a set of require-

ments defined for cables transporting PWM signals [145] which fixes the insulation 

depending on the rise time of the signal and voltage. In [142] it is mentioned that the 

long term use of long cables with PWM over-voltages can reduce the life expectancy 

of the cables. Standard insulation voltages ratings are 600 Vrms (850 Vpk), 2 kVrms 

and 5 kVrms, with 1 kVrms available on a limited basis. But reflected wave stress of 

2 to 2.4 times the Vdc on 480 V systems is 1300 to 1560 Vpk. A concern is whether a 

20 year service life of a 600 V rated cable is achievable with 2 to 2.4 p.u peak repetitive 

reflected wave stress.  

In the literature, little is mentioned about the effects of the reflections on power drives, 

however it has become the weakest point of the chain on this research. What is more, 

it has constituted the only point of failure during the trials. 

There is a common agreement in the literature about the adverse effects in motor 

control when using long cables due to overshoot voltages. In [146] a different set of 

cables are simulated with a PMSM (Permanent magnet synchronous motors) motor in 

Matlab ©. They implement a PI regulator and study the influences on the control 

performance during velocity control. The results show speed controller rejects load 

disturbance faster at shorter cable length. In a different test, loading the motor at a 

certain instant with a constant torque, they prove that steady state error is increased 

when the speed is lowered. However, on the author’s knowledge, there is no information 
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in the literature about experiments evaluating the control performance under real 

standing waves. 

6.1.3 Established solutions to the reflected wave issue 

In order to protect drive, cables and motors from the overvoltage caused by reflections 

the obvious solution would be to reduce the bus voltage [142] with respect the cable 

insulation rating. Even with 100% overshoot in voltage, an IGBT drive with 300 Vdc 

bus can use a standard 1000 Vpk cable since the overshoot of 600 V will be far from 

the cable insulation limits. When this is not possible most solutions are based on in-

serting special electronic devices to reduce the standing wave via impedance matching, 

filtering or active modification of the PWM pulses [150], [149]. 

Simpler solutions consist in an output reactor at inverter end. In [142] it is proved how 

this approach modifies the reflected waveform by changing it into a less destructive 

wave with slower rise-time and possibly a reduced amplitude. The reactor equivalent 

core resistor provides damping to the circuit. The disadvantage of this solution is the 

potential introduction of a voltage drop at the fundamental output frequency. This 

effect would reduce the ability of the motor to provide the rated torque. The overvolt-

age suppression is almost proportional to the reactor impedance, and a high value of 

impedance will cause an increase in cost and weight, and it will also deteriorate the 

drive systems’ power factor. 

 

Figure 6-2. Output reactor at inverter end. 

The effects of adding a reactor at motor end are similar to those of adding a reactor 

at the drive end. A very interesting solution mentioned in [142], [147] is the potential 

installation of 
>
« filters which transform the PWM driver output into a smooth sine 

wave. These filters combine appropriate R-L-C components to form a damped low pass 

filter. The critical distance for a sine wave is around hundreds of kilometres so the 

voltage at the motor end will match the voltage at the drive end. The major drawback 

of this system, apart from the cost, is that although the line to line voltage waveform 

is sinusoidal, it has been found that the motor stator neutral to ground voltage widely 
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overshoots Vdc because the new inductance of the filter resonates with the line to 

ground capacitance. 

A low-loss LC filter clamped by diode bridges, as shown in Figure 6-3, has been put 

forward in [147]. For this filter, the LC resonating voltage is clamped to the dc-bus 

voltage by virtue of the fast recovery diodes, and the rising time of inverter output 

voltage can be controlled by the values of L and C of the filter. Compared with the 

traditional LC filters, the physical dimensions of diode clamping filters are smaller. 

Moreover, the power losses in the clamping circuit are decreased in comparison to the 

losses in the damping resistors of RLC filters [147]. 

 

 

Figure 6-3. LC clamp filter with diode bridge at the inverter terminal. 

A cost effective method for controlling the voltage reflection is a termination network 

or a terminator device that removes impedance discontinuities to maintain the re-

flected waveform below potentially destructive levels. A terminator device is installed 

in parallel with the motor and based on the transmission lines theory, it loads the 

receiving end of the cable with a hî<¬
 ohmic resistor value equal to the cable h<, 
which makes Г = 0 in (6.2) and eliminates the reflected wave.  

6.2 Experimental analysis of reflections on the system 

safety and performance 

In order to study the magnitude of the reflections on a real setup and its hazardous 

effects, an experimental test bench has been designed and commissioned. This system 

reproduces the conditions that could be found on a manipulator based on electrical 

motors, performing telerobotics operations on a scientific facility or fusion reactor. 
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6.2.1 Experimental setup and equipment 

The proposed test bench cabling setup is composed of the elements described in the 

electrical diagram shown on Figure 6-4. In order to study the effects of long cables in 

motor safety and control performance, two different types of motors were selected, 

termed “tested motor” and “load motor” respectively. The load motor is used to convey 

resistance torques which are varied very accurately depending on different parameters.  

 

Figure 6-4. Electrical diagram of the test. 

 

 

Figure 6-5. CAD design of the test. Load and motor are coupled via gearbox. 

Both motors are coupled together by means of gears for three primary reasons: firstly 

to reduce the effects of the rotors’ misalignment from the solution based on coupling 

both motors to the same shaft. Also, avoiding the possible effects of shaft bending and 

the convenience of reproducing the real conditions led the test design to a gear based 

implementation. 
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Section Cable length [m] 

Short 5 

Long 100(95+5) 

Very long 200 

Extremely 

long 
300 (200+95+5) 

Table 6-1. Length of selected cable sections. 

The power cable for the tested motor will be composed of 4 different lengths described 

in Table 6-1. On Figure 6-4 the cabling setup is explained. The main motor can be 

powered via different cable lengths which are varied to study the influence of the 

distance on the reflected waves. The positional feedback cable was varied accordingly. 

 

Figure 6-6. Experimental equipment with the long cables. 

The experimental equipment of Figure 6-6 consisted on the following elements: 

• Oscilloscope, Iso-Tech IDS8104 Calibrated 

• LCR meter, Agilent U1733C Calibrated 

• Tektronix P5200A Differential probe Calibrated 

• TH10A hall effect current sensors mounted in a measuring box. 
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• PC with Signal Express, © National Instruments and Soloist © Aerotech driv-

ers. 

• Resolver cables, Niltox LF-316, 3-pair screened cable 0.5mm2. 

• Power cable Niltox LF-329 LSHF 

• Tested motor drive, Delta Tau drive GPH 102. 

• Load motor drive, Aerotech Soloist Hpe 

• Infranor motor XtraforsPrime FP0609, 400V. 

• Set of gearbox and gears with a total transformation ratio of 3:28. 

• Supporting structure for motors. 

Parameter Units Value 

Nominal voltage Vo/V 300/500 

Max voltage AC and 3 phase V - 

Peak value V - 

Test voltage V 2000 

Insulation resistance MΩ/km - 

Coupling resistance M/km - 

Radiation resistance Mrad - 

Insulation material - - 

Cores x cross-sec n x mm2 7 x 1.5 

Screening - Double 

Capacitance core/core (specified) nF/m - 

Capacitance core/core (measured in 5m 
length) 

nF/m 0.113 

Capacitance core/screen (specified) nF/m - 

Capacitance core/screen (100 Hz, measured 
in 5m length) 

nF/m 0.153 

Resistance core (100 Hz, measured in 5m 
length) 

Ω/m 0.0167 

Resistance core (120 Hz, measured in 5m 
length) 

Ω/m 0.0167 

Resistance core (1 KHz, measured in 5m 
length) 

Ω/m 0.0169 

Resistance core (10 KHz, measured in 5m 
length) 

Ω/m 0.0194 

Inductance core  (100 Hz, measured in 5m 
length) 

mH/m 0.0015 
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Characteristic impedance assuming lossy line 
(13.554 KHz) 

Ω 100.1710 

Attenuation constant (13.554 KHz) Np/m 1.012E-04 

Table 6-2. Characteristics of the Niltox LF-329 LSHF power cable use don the exper-

iment. Some of those values were given by the manufacturer but most of them were 

experimentally acquired with a calibrated LCR meter. 

Details on the internal characteristics and impedance of the power cable can be found 

on Table 6-1. Each one of the motors was commanded with a different motor controller 

and drive. The oscilloscope was utilised with a differential probe to measure the voltage 

waveforms on the motor end and the drive end. The Infranor motor was equipped with 

resolver because this is the main feedback method in radioactive environments. In 

these scenarios, the use of electronic devices such as encoders is forbidden. 

6.2.2 Drive, motor and cable safety conditions. Voltage at drive and 

motor ends. 

In this section, oscilloscope captures of the PWM waveform in both drive and motor 

ends are shown and explained. The measurements represented on each image have to 

be scaled by a factor of X 500 in order to convert them to volts due to the reduction 

factor applied on the oscilloscope probe. 

A.) 5 m of cable 

 

Figure 6-7. PWM waveform on the power cable with 5 m length at drive end. Time 

length of 25 us for each square on the horizontal axis. 
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Figure 6-8. PWM waveform on the power cable with 5 m length at motor end. Time 

length of 25 us for each square on the horizontal axis. 

B.) 100 m of cable 

 

Figure 6-9. PWM waveform on the power cable with 100 m length at drive end. Time 

length of 25 us for each square on the horizontal axis. 
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Figure 6-10. PWM waveform on the power cable with 100 m length at motor end. 

Time length of 25 us for each square on the horizontal axis. 

C.) 200 m of cable 

 

Figure 6-11. PWM waveform on the power cable with 200 m length at drive end. Time 

length of 25 us for each square on the horizontal axis. 
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Figure 6-12. PWM waveform on the power cable with 200 m length at motor end. 

Time length of 25 us for each square on the horizontal axis. 

6.2.2.1 Issues found during motor testing related to cable length  

During the testing of 5 m cables no problems were found and the experiment could be 

accomplished successfully. When the cable length was progressively increased, some 

difficulties were found. 

Residual current device protection tripping 

The residual current protection started tripping when the cable was changed from 5m 

to 100. The control cubicle was designed with a Siemens 3+N Pole Type AC Residual 

Current Circuit Breaker, 25A, 30mA. This device had to be substituted for a new one 

with sensitivity of 300 mA. After this change, no further problems were observed. 

Motor drive failure 

When the cable length was increased to 200 m, and after 2 minutes of testing, the 

drive failed giving a “C” code fault. This error code means:” DC bus fault, or no voltage 

input, voltage has dropped below the permissible threshold”. This error is believed to 

be produced by the accumulative effect of the reflected wave on the drive components. 

It was not necessarily caused by the 200 m cable explicitly because the standing wave 

amplitude of 200 m does not differ much from the 100 m as explained above. The 

experiment had to be stopped and the drive sent to be repaired.  
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6.2.2.2 Discussion on the standing wave voltage depending on 

the cable length 

Considering the 5m length cable as the unitary value, with amplitudes of PWM values 

of approximately 650 V, the differences on voltage levels when this distance is increased 

will be analysed further. 

From the oscilloscope measurements, it can be seen how the reflected wave amplitude 

increases greatly when the distance is increased to 100m. In relative terms, the change 

observed on the amplitude is approximately of 150%, reaching to 1000 V in both cables. 

When varying the length from 100 m to 200 m it was found that no additional increase 

on amplitude is observed on the drive end. However, slightly greater readings are reg-

istered on the motor end, reaching in worst cases 1250 V, which constitutes a 190 % 

of the original amplitude with short cable. This result proves one of the main assertions 

of the reflected wave theory, which establishes that the motor end is the critical point 

on the transmission line. The reflected waves are attenuated on their way back to the 

motor controller. 

For medium or short distances there appears to be no great differences on the voltage 

depending on the cable length and only a slightly major harmonic content can be seen 

on the waveform of motor end. This effect increases substantially when the length is 

increased to 200 m, at this point the harmonics content on the motor end is a signifi-

cant component. In Figure 6-12 it can be seen how harmonics of higher frequencies 

increase its amplitude with respect the input end and shorter lengths. The original 

wave is distorted more when the length is increased but specially on the motor end. 

One possible explanation of this difference is the attenuation of the smaller harmonics 

when the wave returns to the drive end due to the cable impedance.  

Due to the strong overvoltage observed and the breakage of the motor drive, no further 

testing was accomplished on terms of control performance without protection means. 

For this reason it is not necessary to evaluate the worsening on control performance 

of electric motors when commanded with long cables without any means of copping 

with this effect. The overvoltage is so harmful for the drive and motor that it is not 

practical to drive a manipulator in these conditions without implementing any correc-

tive action. 
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6.3 Implementing a corrective action against the standing 

wave. Simulation on PSPICE. 

In order to limit the number of possible solutions to the reflected wave issue and to 

find adequate values for the electronic components involved, a complete set of simula-

tions were performed using Orcad and PSPICE. Several alternatives were evaluated 

based on the most critical components, this is: controlling a low-power motor with 300 

m of cable. All the simulated circuits are based on an idealized PWM waveform with 

trapezoidal profile and a frequency similar to the real conditions measured as appear 

on the Delta Tau drive. The PWM frequency of the drive that was selected was 13.554 

KHz, which is a compromise between the maximum frequency recommended by the 

manufacturer for the particular drive model used and the minimum frequency required 

to drive the motor. 

The minimum PWM frequency of a system is based on the time constant of the motor. 

In general, the lower the time constant, the higher the PWM frequency should be. The 

motor time constant is calculated by dividing the motor inductance by the resistance 

(phase-phase). The minimum PWM Frequency is then determined using the following 

relationship [148] 

  ��; > 20 2·m·"noø     (6.4) 

Where  ��; = *ℎO½ℎâ, Lh is the line-line inductance of the motor in Henries whereas Rohm 

is the line-line resistance of the motor in Ohm. By isolating the PWM frequency it 

yields to (6.5). 

�3üÅ(��) = 20·O½ℎâ 2·m·*ℎ       (6.5) 

 

Figure 6-13. Simulated PWM waveform. 
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And evaluating (6.5) with the motor parameters given by Table 6-3 a minimum PWM 

frequency of 12.4 kHz is obtained. Infranor motor parameters for calculating the min-

imum PWM frequency. Equations (6.4) and (6.5) establish the minimum PWM fre-

quency so that the current ripple is negligible. Maintaining the PWM period several 

times lower than the electrical time constant of the motor windings guarantees that 

the inductance of the windings is not charged and discharged on every PWM period. 

Furthermore, several PWM periods would be needed to charge and discharge it, re-

ducing the current ripple for a PWM waveform. This minimum PWM frequency should 

not be confused with the minimum frequency when the motor is being driven by a 

sinusoidal current, value which depends on the required dynamic performance of the 

motor. 

Inductance Line-Line (Meas-
ured)[mH] 

1.25 

Resistance Line-Line (Meas-
ured) [Ohms] 

4.9 

Time constant [s] 2.56E-04 

Minimum PWM frequency 
[Hz] 

12437.94 

Table 6-3. Characteristics of the Infranor motor. 

The equivalent circuit per phase of 300 m of Niltox power cable, drive and stall motor 

is shown on Figure 6-14. The inductance, resistance and capacitance per unit length 

are also displayed at 16 KHz. This equivalent circuit has been used for all the simula-

tions performed. 

It is also important to estimate the maximum electrical frequency of the motor, this 

can be done with equation (6.6). 

��î�;«­u;¬î ÅÆÇ = 3·kâ2m      (6.6) 

Where P is the pair of poles of the motor and �� is the maximum foreseen mechanical 

speed in rad/s. 

For example, for the Infranor motor, and assuming a maximum speed of 1000 deg/s, 

substituting into (6.6) leads to: 

��î�;«­u;¬î ÅÆÇ = 8 · (1000 · 2�360 )
2� = 22.2 �� 

Ideally, the equivalent sinusoidal current of the PWM should be able to provide at 

least that electrical frequency, so that the motor can run at desired speed. In case of 

using a PWM filter, the cut-off frequency shall be greater to that value. 
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In Figure 6-14 the equivalent circuit for one electrical phase of 300 m of cable, drive 

and stall motor is shown. The values used for the cabling resistance, capacitance and 

inductance were taken from the measurements carried out on the Niltox 329 cable at 

16 KHz which is a realistic frequency for a common inverter. By building the equivalent 

circuit with a series of π-shape circuits it is possible to study the behaviour at inter-

mediate points and to perform a more realistic simulation. With this model as a start-

ing point, several solutions for the standing wave were implemented and tested. 

In Figure 6-15, the output of the simulated circuit of Figure 6-14 is presented. The 

PWM waveform with the correct output voltage is highlighted in red, and on green 

line the output voltage at motor end. It is very noticeable how the reflections produce 

a multiplication effect of the voltage up to 1.3 kV and at higher frequencies than the 

PWM.  

6.3.1 LC filter 

On Figure 6-16 an implementation of an LC filter has been simulated. Resistors have 

been included on the model with the objective of reproducing the behaviour of real 

and non-ideal components. The cut-off frequency of this filter was placed on 1300 Hz 

based on equation (6.7). 

�; = 12m√*f)f      (6.7) 

Where �" and �" are the inductance and capacitance selected for the filter. For a 5μF 

capacitor and 3 mH inductor, the resulting cut-off frequency is: 1299 Hz. The simulated 

effect on the motor voltage is shown on Figure 6-17 The good results for reducing the 

standing wave effect are noticeable. The main action of the filter is transforming the 

high frequency of the inverter into a smoother sinusoidal wave whose main harmonic 

is equal to the electrical frequency of the motor. With this approach, the cut-off fre-

quency shall be chosen between the PWM frequency and the maximum angular fre-

quency of the motor. 
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Figure 6-14. Equivalent circuit for one phase of the system composed by PWM drive, 300 m of cable and Aerotech stall motor. 
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Figure 6-15. Simulated voltages at drive end and motor end on 300 m of cable without implementing any correction. 
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Figure 6-16. LC filter at drive end with 300 m of cable. 
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Figure 6-17. Voltage at inverter and at the motor end when implementing an LC filter. 
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6.3.2 Termination network  

A cost effective method for controlling the voltage reflection is a termination network 

or a snubber that maintains the reflected waveform below potentially destructive lev-

els. A terminator device is installed in parallel with the motor and based on the trans-

mission line theory, it loads the receiving end of the cable with a hî<¬
 ohmic resistor 

value equal to the cable h<, which eliminates the reflected wave. This solution provides 

a superior motor voltage reduction vs cable length.  

The characteristic impedances of the Balanced and Niltox cables are 115 Ω and 100 Ω 

respectively. The termination network is composed by a parallel branch to the motor 

which presents the same impedance than the cable. In order to reach a compromise 

between these characteristic impedances and the market availability, the chosen values 

for the components are: R=94 Ω and C=2 µF. In Figure 6-18 a simulated circuit 

implementing the termination network is shown. The results of the simulation are 

presented in Figure 6-19, and show how this device is able to reduce the reflections 

caused by the long cable. Although the resulting wave is not as smooth as when using 

an LC filter, it manages to reduce the mentioned effect and reduce the voltage at motor 

from 1.5 kV to 500 V. The drawback of this solution with respect the LC filter is the 

dissipated energy from the resistors that have to be included for impedance matching. 

This would produce an energy loss depending on the current that goes through them.  

6.3.3 Other tested techniques  

Other techniques were tested on simulation such as different LCR filters, reactors, etc. 

It is worth mentioning the good effect of LCR filters on the reflected wave, although 

these implementations were not chosen due to the energy loss in the resistive elements. 

The circuit and the simulated results are shown on Figure 6-20 and Figure 6-21. 
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Figure 6-18. Simulated circuit implementing a Line Terminator or Snubber at motor end with 300 m of cable. 
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Figure 6-19. Voltage at inverter and at the motor end when implementing a Line Terminator or snubber. 
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Figure 6-20. Simulated circuit implementing an LCR filter. 
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Figure 6-21. Voltage at inverter and at the motor end with an LCR filter. 
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6.4 Solving the overvoltage issue. Real implementation of 

a commercial LC filter. 

Once the simulation results were carried out to identify the most reliable alternative, 

a commercial LC filter (Schaffner FN 530-4-99) was selected for a real implementation. 

An oscilloscope with a calibrated differential probe was used to capture the inverter 

waveform in both drive and motor ends. The measurements represented on each image 

have to be scaled by a factor of X 500 in order to convert them to volts due to the 

reduction factor applied on the oscilloscope probe. 

6.4.1 Overvoltage reduction with a Schaffner FN 530-4-99 LC filter 

The outstanding results obtained with this commercial filter (See Figure 6-22) are 

presented from Figure 6-23 to Figure 6-25. The filter accomplishes its specification and 

manages to reduce the high frequency harmonics from the inverter and transforms 

them to a sinusoidal-like waveform of around 150 Hz. With this frequency, the cable 

length required to reproduce a standing wave would be much longer than 300 m, which 

is the maximum cable length studied on this experiment. For that reason, in all the 

cases the result is equivalent and no difference has been found for any length, cable 

end, motor control, etc. in terms of voltage amplitude. 

 

Figure 6-22. Schaffner FN-530-4-99 LC filter installed in the control cubicle. 



Chapter 6 On the effect of cable length on control performance 234 

 

 

In [142] and [151], an equation to find the critical cable length depending on the voltage 

frequency is given by (7) for sinusoidal voltages. 

Ë; = M/4      (6.8) 

Which applied to a sinusoidal frequency of 150 Hz, and wavelength (M = ×/�) of 2e6 

m, gives a critical length of 500 km. For that reason, the cable length expected at 

facilities such ITER will not be subjected to standing waves for voltage frequencies of 

150 Hz. 

 

Figure 6-23. PWM waveform on the Niltox cable with 5 m length at motor end. Time 

length of 2.5 ms for each square on the horizontal axis. Scale factor x500. 

 

Figure 6-24. PWM waveform on the Niltox cable with 100 m length at motor end. 

Time length of 2.5 ms for each square on the horizontal axis. Scale factor x500. 
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Figure 6-25. PWM waveform on the Niltox cable with 300 m length at motor end. 

Time length of 2.5 ms for each square on the horizontal axis. Scale factor x500. 

Of every mitigation strategy analysed, most include energy dissipating elements that 

waste energy and are inefficient from that point of view. The LC filter is one of the 

few solutions which dissipate a very reduced amount of energy. It also presents best 

results in terms of harmonic suppression. It has been found in the literature, that the 

LC filter could resonate under some circumstances that have to be carefully deter-

mined. In order to avoid that, advanced versions of these filters implement a protective 

system based on diodes or include resistors that damp the possible oscillations. Some 

Schaffner filters include these protective strategies to ensure that the system does not 

resonate. Unfortunately the exact circuit diagram could not be obtained because of 

confidentiality for the manufacturer but it could be confirmed with Schaffner that they 

actually are a type of LC filter.  

In addition to the system safety and the reduction of the over-voltage, it is important 

to quantify the influence on the control performance, when using this kind of filtering 

caused by the reduction of the voltage frequency. Although the Schaffner FN 530-4-99 

is rated up to 200 Hz of motor frequency, this reduced effect, over the conventional 

KHz of the inverter, could lead in decreased dynamic performance. This introduces the 

next section, where the control performance of the best solution is analysed and com-

pared with the direct connection between inverter and motor. 
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6.5 Influence of using a Schaffner FN 530-4-99 LC filter 

on the control performance. Comparison with direct con-

nection for 5 m cable. 

In this section the control performance when implementing a commercial solution for 

the standing wave is carefully analysed. Two different control methods are analysed 

here for the Infranor motor and Niltox cable, these are: torque control and servo con-

trol. 

6.5.1 Torque control 

The objective of these tests is to evaluate the dynamic characteristics of the system 

composed by drive, filter and motor being driven by short cables. To study and isolate 

the filter influence, a set of torque steps were issued with only a setup mounting 5 m 

cables. In Figure 6-29 and Figure 6-32, a torque step in two directions has been issued 

with two different torque amplitudes. For each of them, a different resistant torque 

was created on the load motor in order to set the steady state speed to a different 

values. Friction torque has the form described by equation (6.9) and the current com-

mand of the load motor is given by (6.10). 

 

 " = r"�     (6.9) 

�; = r�r"�     (6.10) 

where,  

r" is the viscous friction constant in [Nm s /rad], 

r� is the torque constant of the load motor [Nm/A], 

� is the angular speed of the load motor in [rad/s]. 

The control scheme used for torque control is shown on Figure 6-26 and Figure 6-27. 

On the amplifier side, the current of the two phases are sampled, and sent to the 

PMAC motion controller. The phases currents are transformed into direct and quad-

rature currents to be controlled. On a brushless motor the magnetization current or 

direct current is zero because it employs permanent magnets. 
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Figure 6-26. Torque control diagram for the PMAC controller. 

 

Figure 6-27. Detail of current loop with expanded IpfGain and IiGain. 

IpfGain, IpbGain, and IiGain are the gains of the PI (proportional-integral) current-

loop algorithm. The algorithm is the same for both current loops. Iigain is the integral 

gain term. There are two proportional gain terms: IpfGain is the “forward-path” pro-

portional gain, and IpbGain is the “back-path” proportional gain. IpfGain is multiplied 

by the current error (commanded minus actual) and the result is added to the output 

command. IpbGain is multiplied by the actual current value and the result is sub-

tracted from the output command. 
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A.) Load 1 (pW = q GM · r/sDt), equal current controller 

The control gains shown on Table 6-4 were implemented on this test. 

 Direct connection Schaffner filter 

IIGAIN 0.2278 0.2278 

IPFGAIN 0 0 

IPBGAIN 1.9461 1.9461 

Table 6-4. Gains implemented on the current loop when maintaining the same tuning 

configuration. 

 

Figure 6-28. Comparison of velocity profiles of Infranor motor running with direct 

connection and Schaffner filter. Test case correspond with a friction load type 1.No 

tuning variations on the current control. Data test TR3. 

The same test was repeated without performing any variation on the current control. 

Thus, the control via direct connection was similar to the one used during the tests 

accomplished by using the filter. The current control was tuned with the filter installed. 

The results observed indicate that the velocity achieved when implementing the filter 

is slightly greater than when not using the filter. However the difference decreases with 

respect the previous test. The average measured current during the stage of positive 

command is 0.1956 A and 0.1975 A for the non-filtered and filtered cases respectively. 

Thus, there is a very small difference on the average current that influences the veloc-

ity. The frequency of the small waves on the speed corresponds with the rotational 

frequency and it is due to the irregular friction on the shaft and possibly the coupling 
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imperfections. This differential velocity is translated into a positional difference of 272 

deg as seen on Figure 6-30. Due to the fact that the motor presents the same amount 

of differential speed in both directions, the final position matches with that achieved 

by implementing a direct connection. This effect is explained in terms of a more effi-

cient energy conversion in the motor when applying a reduced voltage frequency than 

when a high frequency PWM signal is applied.  

As in the previous case, no particularly striking vibrations were observed during this 

test. 

 

 

Figure 6-29. Comparison of quadrature current of Infranor motor running with direct 

connection and Schaffner filter. Friction load type 1. No tuning variations on the cur-

rent control. Data test TR3. 
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Figure 6-30. Angle covered by the motor during its movement performing torque 

control. Data test TR3. 

B.) Load 2 (pW = uv − w GM · r/sDt), equal current controller 

For the realisation of this test, control gains of Table 6-4 were implemented. 

 
Figure 6-31. Comparison of velocity profiles of Infranor motor running with direct 

connection and Schaffner filter. No tuning variations on the current control. Data test 

TR3. 
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Figure 6-32. Comparison of quadrature current of Infranor motor running with direct 

connection and Schaffner filter. Test corresponding with a friction load type 2. No 

tuning variations on the current control. Data test TR3. 

The velocity discrepancies under load can be considered negligible. This is because as 

the friction load increases, the effect of small changes on the current average value 

decreases. No important vibration effects were observed during the realisation of this 

test. 

6.5.2 Servo Control 

A basic PID servo control algorithm was implemented on the PMAC (See Figure 6-

33). The desired position is compared with the actual position. In this control scheme, 

r� is the proportional gain. Delta Tau implements the derivative gain in a non-con-

ventional way, because this is affecting the real velocity, instead of the velocity error. 

r>"� is the derivative gain on this case. And r>u"� is a different derivative gain which 

affects the system before the integration is done. ru is the integral gain and a set of 

feed-forward gains are also employed. On the point of view of the current loop, the 

control configuration from Table 6-4 was used. A servo control strategy was imple-

mented instead of velocity control due to the expected better performance for the 

control scheme used on PMAC. 

r�: proportional gain 

r>"�: derivative gain proportional to the velocity after integral term. 
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r>u"�: derivative gain proportional to the velocity before the integral term. 

ru: integral gain. 

r>"" : velocity feed-forward gain. 

r¬"" : acceleration feed-forward gain. 

 

Figure 6-33. Power PMAC basic servo control algorithm. 

A step response has been tested in order to compare the effect of the Schaffner filter 

under the point of view of servo control performance. The angle covered can be seen 

in Figure 6-34  together with the angle reference. The detail view is shown in Figure 

6-35 to Figure 6-36 and it includes the range of ±1%  of the steady state value, repre-

sented by the dashed red lines. It can be seen how the filter introduces a very small 

delay on the step response which, for a margin of ±1% of the steady state, presents a 

value of 3 ms. No delay is observed on the rise time. As in every test carried out with 

short cables, no particularly striking vibrations were observed during this test. A 

dashed circle on Figure 6-35 shows the point where the settling time has been measured 

for both graphs. The control gains employed for this test are: 

px 1.2 
py8z 105 
py{8z 0 
p{ 6e-4 
py88 165 
py{88 0 
p|88 100 
p888 0 

Table 6-5. Control gains employed for servo control loop. 



Chapter 6 On the effect of cable length on control performance 243 

 

 

It is worth mentioning, that in the position graph (Figure 6-36), it can be seen a lag 

on the filtered option. This is due to maintaining the same control gains for the two 

scenarios. This deterioration of the control performance could be corrected by tuning 

the control gains accordingly.  

 

Figure 6-34. Covered angle for a step response during servo control. Comparison be-

tween filtering and non-filtering for 5 m cable. Data test VC4. 

 

Figure 6-35. Detailed view of the covered angle for a step response during servo control 

showing where the settling time has been measured. Comparison between filtering and 
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non-filtering for 5 m cable. Dashed lines correspond with ±1% of the steady state 

value. Data test VC4. 

 

Figure 6-36. Detailed view of the covered angle for a step response during servo control. 

Comparison between filtering and non-filtering for 5 m cable. Dashed lines correspond 

with ±1% of the steady state value. Data test VC4. 

6.5.3 Effect of the Schaffner FN 530-4-99 LC filter real manipulator 

trajectories during a remote handling task. 

Given the frequency limit that the use of the filter imposes on the motor movement, 

200 Hz with the selected model, it is worth studying potential harmful effects when in 

a real application. For this purpose, a real remote handling operation was designed 

and remotely performed with Dexter manipulator (See Figure 6-37). 

A bolting operation was carried out at a speed slightly higher than a conventional 

remote handling operation would be carried out. This was done in order to obtain the 

worst possible conditions. The position profile of Dexter’s actuators is shown in Figure 

6-38. The vertical axis are displayed in motor units. One can easily infer that the 

actuator termed Motor[4] is executing one the most demanding trajectories in terms 

of velocity and covered angle. The trajectory of this actuator was selected to be imi-

tated on this test. 

The objective of this test is thus to compare the performance of 5 m cable implementing 

a filter against the same length without any filtering. This allows to check if the cut-
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off frequency of the filter would affect the control performance when using it in a 

manipulator similar than Dexter. 

A servo control was tuned properly to be able to follow the mentioned trajectory. The 

remote handling operation was sampled at 500 Hz and the set of points was supplied 

to the PMAC controller of Delta Tau during approximately 60 s. This is shown in 

Figure 6-39. Three detail views are shown in Figure 6-40 to Figure 6-42 for different 

sets of time. They all shown that no important discrepancies are observed between the 

two solutions. It is then proved that introducing the Schaffner filter does not affect to 

the performance on this type of manipulator. 

 

 

Figure 6-37. Dexter manipulator in one arm version. Designed and manufactured by 

Oxford Technologies Ltd. 
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Figure 6-38. Dexter’s actuators movements when performing a remote handling task. 

Vertical axis is in motor units, horizontal axis is in seconds. 

 

Figure 6-39. Position of Infranor motor when following Dexter’s trajectory for 5m ca-

ble. 
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Figure 6-40. Detailed view of Figure 6-39. 

 

Figure 6-41. Detailed view of Figure 6-39. 
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Figure 6-42. Detailed view of Figure 6-39. 

 

Figure 6-43. Position error for 5 m cable length. Direct connection versus connection 

through filter. 
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Figure 6-44. Velocity profile for 5 m cable length during the following of a real ma-

nipulator trajectory. 

Figure 6-44 shows the velocity profile for the required trajectory. In revolutions per 

second. This is important to characterise Dexter’s trajectory and identify the order of 

magnitude of the motor frequency. It is possible to see how a maximum frequency of 

6 Hz is expected on a real teleoperation task. Multiplying this value by the pole pairs 

of the Infranor motor it yields to 48 Hz. This value is still far from the maximum 

recommended frequency by Schaffner for the FN 530-4-99 which is 200 Hz. Neverthe-

less it is possible than if a different manipulator design requires much higher motor 

frequencies, the capabilities of the motor in following the trajectory could deteriorate. 

6.6 Influence of using a Schaffner FN 530-4-99 LC filter 

on the control performance for long cables. 

In this section, an analysis of the effect of increasing the length of the cable is performed 

when the LC filter is used. The same control methods than in previous section are 

analysed here for commanding the Infranor motor: torque control and servo control. 

6.6.1 Torque control 

A set of tests involving 4 different lengths was performed in order to compare the 

performance of torque control when increasing the cable length. A first order low pass 
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filter was implemented in the first stage of the data processing that the drive carries 

out when reading the resolver signal (Called Encoder Conversion Table on Delta Tau 

software).  

A.) Load 1 (pW = q GM · r/sDt) 

 

Figure 6-45. Velocity profiles for different cable lengths measured on the Infranor mo-

tor when implementing a filter. Test code TR1. 

 

Figure 6-46. Angle covered for different cable lengths measured on the Infranor motor 

when implementing a filter. Test code TR1. 
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B.) Load 2 (pW = uv − w GM · r/sDt) 

 
Figure 6-47. Velocity profiles for different cable lengths measured on the Infranor mo-

tor when implementing a filter. Test code TR1. 

 
Figure 6-48. Angle covered for different cable lengths measured on the Infranor motor 

when implementing a filter. Test code TR1. 
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Figure 6-49. Current reference issued on the motor. Test code TR1. 

An interesting effect is obtained when the load is kept to the minimum. Although 

intuitively one can predict the opposite effect, the maximum speed is achieved with 

longer cables. However, when increasing the friction load, the speed differences become 

negligible and no special differences between cables are observed. 

6.6.2 Servo control 

A servo control strategy was implemented due to the better performance for the control 

scheme used on PMAC. A complete set of tests was designed in order to check the 

control performance of this control strategy when mounting long cables.  

px 0.2 
py8z 40 
py{8z 0 
p{ 5e-5 
py88 40 
py{88 0 
p|88 100 
p888 2 

Table 6-6. Control gains employed for servo control loop. 

Two different position profiles were defined and a step torque disturbance was issued 

by means of the load motor during the ascending slope of the position profile. 

0 5000 10000 15000

-1

-0.5

0

0.5

1

Infranor current command with Schaffner filter

[ms]

[A
]



Chapter 6 On the effect of cable length on control performance 253 

 

 

The control gains implemented for every servo control experiment which follow are 

shown in Table 6-6. 

Cable 
length 

[m] 

Res. Excitation 
Gain 

Res. Excitation 
Frequency 

Phase 
Shift 
(*) 

Sum of 
Squares (**) 

5 Full magnitude Phase frequency 70 28000-29000 

100 Full magnitude Phase frequency 22 29000-30000 

200 3/4 full magnitude Phase frequency 115 28000-29000 

300 3/4 full magnitude Phase frequency 63 28000-29000 

Table 6-7. Feedback configuration for different cable lengths. (*)Range= [0, 254], in 

units of 1/512 of an excitation cycle. (**) Only a range can be given due to the noise. 

Maximum value admitted on the variable is 37.767 

r888 affects on the derivate of the desired position. By adding a saturation effect of 

the velocity between [-1 and 1] and multiplying by the gain, the effects of static friction 

are taken into account. 

These tests study the influence of long cables in the torque control performance when 

the configuration of the resolver is optimised for each different case. The optimised 

parameters for the feedback configuration were taken from Table 6-7. Two different 

reference profiles are tested for measuring the velocity tracking during the application 

of a disturbance torque. 

Position reference profile B 

Again, the similarities between waveforms of position and speed lead to the conclusion 

that no important differences are observed when the cable length is increased if the 

feedback has been configured adequately. During the realisation of this test, no partic-

ular increase on vibration was observed when increasing the cable length. 

No noticeable differences under the control point of view are observed when choosing 

the proper values for the feedback configuration. A small deviation when driving the 

motor through the 300 m cable can be seen. However its effect is not always disadvan-

tageous. Since the resolver configuration could vary slightly between different lengths 

and the Sum of Squares cannot be maintained exactly constant, the difference is always 

going to exist, affecting the commutation and hence, the velocity. During the realisa-

tion of this test, no particular increase on vibration was observed when increasing the 

cable length. 
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Figure 6-50. Position profile B accomplished with the Infranor motor at different cable 

lengths. Power cable and signal cable present same length. 

 

Figure 6-51. Position error obtained with the Infranor motor at different cable lengths. 

Power cable and signal cable present same length. 
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Figure 6-52. Velocity accomplished with the Infranor motor at different cable lengths. 

Power cable and signal cable present same length. 

 

Figure 6-53. Velocity error obtained with the Infranor motor at different cable lengths. 

Power cable and signal cable present same length. 
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Figure 6-54. Disturbance torque reference issued with the load motor. 

6.7 Discussion 

When controlling electric motors via very long cables and PWM technique, reflections 

may occur due impedance mismatch. This is translated into a hazardous effect whose 

minimum consequence is poor control performance. A review of this effect and the 

mitigation methods is given in this chapter and a solution is proposed. Also, an exten-

sive analysis of the performance obtained when implementing the proposed solution is 

carried out. 

The dangerous effects of the reflected wave on the system composed by the drive, cable 

and motor can be successfully corrected with different techniques as demonstrated 

during simulation. These are LC filters, LCR filters, Snubbers, etc. The proposed com-

mercial LC filter (Schaffner FN 530-4-99) presents good performance for motor fre-

quencies under 200 Hz and it manages to filter the inverter signal up to frequencies 

where no visible standing wave is generated.  

Under the control performance point of view, the implementation of the FN 530-4-99 

has introduced a delay of about 3 ms in the settling time for the step response that 

has been analysed, however no delay on the rise time has been seen. This behaviour 

corresponds with the foreseen results since the filter acts as a damping for high fre-

quencies, thus increasing the response time. However, this effect could be corrected by 

optimising the servo loop gains accordingly when a PWM filter is introduced.  
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This issue arises an important point for teleoperation stability and performance. Alt-

hough servo control is not the most common type of control for dexterous manipulators 

operating in radioactive environments, it could be used in some configurations. It 

should not be confused the harmful effects produced by a delay in the communications 

between master and slave with delays due to a non-optimised slave control. The former 

is a very well-known source of instabilities and could lead in an unusable system. It is 

well-known from the literature that at least 1 kHz real-time update rate is advised in 

order to achieve haptic fidelity in teleoperation with force feedback [152]. On the other 

hand, when implementing a bilateral system with no delay or minimum delay in the 

communications but a non-optimised slave control, a settling time delay can be ob-

served. This settling time delay is different than the communications delay in the sense 

that the operator would perceive it and thus, he would be able to react. Besides, 

depending on the bilateral algorithm implemented, a force on the master would be 

applied so that the operator movements will be restricted with the slave’s dynamics. 

In this way, if the slave is not able to react as fast as the operator wants, he would 

not be able to move. This is equivalent of perceiving a system with increased inertia. 

It becomes slower but not necessarily unstable.  

During this research it has been extensively proved that increasing the power cable 

length when implementing the FN 530-4-99 does not introduce major discrepancies 

with respect to the 5 m connection. Also, increasing the cable length up to distances 

of 300 m does not affect the control performance significantly and it is expected the 

same behaviour for even longer distances since no reflections are generated on sinusoi-

dal waves for this order of magnitude.  

These results are extremely important to guarantee the teleoperability in these scenar-

ios where the control cubicles must to be placed hundreds of meters far from the 

manipulator area. It is crucial to know how to deal with the harmful over-voltage 

effects that are produced due to the PWM voltages when operating with long cable 

distances. And also, it is important to know that no major drawbacks are introduced 

when implementing this filtering techniques. It has been also proved how the filter 

does not affect the capabilities of the drive to deliver the required current demanded 

on a real teleoperation task with a dexterous manipulator. These results complement 

the first part of this thesis, and allow a force feedback teleoperation over long distances 

for radioactive environments. 



 

 

Chapter 7 Conclusions 

 
This thesis presents a step forward on the force estimation for industrial robots on a 

radioactive environments. It analyses the requirements of the final application which 

is, the teleoperation or remote handling on facilities subjected to ionizing radiation. 

These are facilities such as particle reactors, heavy ion reactors, fusion reactors, fission 

reactors or other nuclear environments. In this scenarios, the increasing radiation levels 

make prohibitive the use of electronics such as force and torque sensors. Although 

conventional teleoperation techniques could be applied without needing a force sensor, 

this would require the manipulator to be backdrivable in order to be implemented 

appropriately. However, the more demanding payload capabilities in the most modern 

nuclear facilities such as ITER, tend to increase gear ratios and backdrivability. Addi-

tionally, as explained on the first chapter, the potential adaptability of an industrial 

robot to operate in a radioactive environment would not involve huge modifications 

and facilities such as the Isolde at CERN would be able to count with an alternative 

method of operation if the automated routines fail. 

There was little done on the literature for teleoperating industrials robots on nuclear 

environments. Most of it was performed by the CEA (Commissariat à l'énergie 

atomique et aux énergies alternatives) and it was based on implementing force/torque 

sensors with certain rad-hard capabilities. However those sensors would not operate 

for long on harsher environments such as ITER. For these reasons it was important to 

investigate additional paths that could lead in a stable teleoperation under these de-

manding requirements.  

The development of this thesis was divided in three topics, which study three im-

portant aspects of the teleoperation in these facilities. Firstly, it is important to con-

sider the kinematic disparities between master and slave. While the control room of a 

nuclear facility which requires remote handling could employ optimised haptic masters 

prepared for the man in the loop activity, the remote devices or slaves could vary 

depending on the remote task. This variation requires the definition of new framework 
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which simplifies the dissimilar kinematics. A novel algorithm is proposed which opti-

mises the overlapping of master and slave’s workspaces in terms of the kinematic ma-

nipulability in order to select an adequate scale and translation coordinates.  

A study on a real ABB robot was performed showing the difficulties of teleoperating 

robots with closed system and a set of manufacturers which provide easiness of inter-

facing for real time control was given.  

Finally an experiment with a Phantom OMNI haptic device was explained to prove 

the applicability of mentioned algorithms. Proposed control algorithm resulted very 

good for teleoperating master and slave with dissimilar kinematics and the novelty of 

using optimisation for adjusting the parameters of the transformation was important.  

Afterwards, the research work looked towards the dynamics and the need of force 

estimation to create a force feedback on the master device. When only proprioceptive 

sensors can be involved, one possible solution to the problem goes through modelling 

the robot and comparing the expected output with the real one. In order to fulfil this 

approach, it was necessary to develop an acceptable robotic model which was able to 

predict external forces. A lot of effort was put on modelling and parameter identifica-

tion of robots equipped with a parallelogram structure and an optimum way was 

broadly explained and developed. We quickly realised that no appropriate robot’s dy-

namics integration could be done if the estimated parameters did not present physical 

sense. This led the research through an optimisation of the identified parameters which 

transforms a predictive model into a structural one. This worked satisfactorily and 

allowed to complete a structural model of a robot which was adequate for developing 

a state observer.  

During the parameters identification stage, it was required to design an appropriate 

trajectory to excite most of robot dynamics without affecting the structural flexibilities. 

It was proved that increasing the harmonic content of the identification trajectory 

tends to improve the accuracy of the estimation if the number of samples is kept 

constant. Innovative techniques for the calculation of the excitation trajectories were 

developed during this thesis which maximise the joint’s movement range. Also, novel 

constraints applied during the optimisation of identified parameters were proposed in 

order to obtain a robotic model with full physical sense. 

Obtaining a complete robot model was crucial to test different force estimations algo-

rithms. Firstly, the direct evaluation of the robot dynamics equation was performed. 

This method showed excellent behaviour when involving an off-line estimation. It was 

explained the convenience of this approach for load off-line load characterization when 

for example a new end-effector tool is introduced. We investigated the use of observers 

for force estimation. They were initially developed for velocity estimations but it was 
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proved that they were quickly adaptable for external force estimation. A classical Lu-

enberger observer was developed and tested for predicting forces during the teleopera-

tion of a hydraulic manipulator and the results were validated against an ATI 

force/torque sensor. The results were acceptable but any deviation of the model could 

be transformed in a torque offset for each joint that would be fed back to the operator 

creating inexistent forces. This led the research to the investigation of more robust 

alternatives to cope with model inaccuracies. The Sliding observer was found useful 

when controlling highly nonlinear systems. However the issue laid on a strong chatter-

ing effect of the control action, difficult to achieve in real systems. Nevertheless, this 

did not become a problem since the sliding effect was used in an observer instead of in 

a control system. The combination of Luenberger and Sliding action resulted excellent 

for eliminating the torque offset experienced before, in absence of external forces.  

A complete bilateral teleoperation system was simulated using Simulink © employing 

the previous results. This was used to test the applicability of this approach before 

real implementation and to study potential issues. The simulator was proved useful for 

comparing the classical Position-Position algorithm with the newer approach based on 

observers. It has been demonstrated how the Force-Position algorithm based on force 

observer is comparable to previous scheme and superior in some circumstances since 

avoids the drag effect and its performance does not depend on the control performance. 

The remote handling maintenance and operation of nuclear facilities is characterised 

for the occurrence of unexpected events that could require unexpected solutions oper-

ated by a man in the loop. It has been seen in numerous occasions that the use of off-

the-shelf robots or so called industrial robots could open new ways for remote opera-

tions by decreasing cost, avoiding development of new dexterous manipulators and 

ensuring an excellent behaviour. The new approach presented on this thesis must be 

considered when a teleoperation of an industrial robot is desired on a nuclear environ-

ment. However some issues must not be underestimated. Although the technique has 

been widely detailed here, the application to a new device could result complicated 

and efforts to automate the deployment on different equipment would be appreciated. 

Design, develop, identify and optimise a new dynamic model for a robot although 

possible, it is not an easy task that could be done as quickly as setting-up a new force 

sensor in a manipulator. Also, building the robot observer and tuning its gains properly 

is time consuming. It is then understandable that other research lines are investigating 

the development of new hard-rad FPGA based sensors which could replace traditional 

sensors. However, currently there is no such a solution available in the market and this 

justifies the application of observer techniques. 

During the last part of this thesis the attention has been focused on solving the addi-

tional problems that arise during the teleoperation in nuclear facilities. Teleoperation 
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is not only about perceiving the environment satisfactorily, but also about exerting 

motor actions that mimic operator’s movements. Slave’s actuators are powered via 

long power cables in electrical manipulators which are typically placed at long dis-

tances from the control cubicle on radioactive facilities. This is done to protect the 

control system against radiation. In these circumstances, cable length could reach hun-

dreds of meters in facilities such as ITER. It is well-known that transmitting high 

frequency signals, like those ones employed on the drive’s PWM, through long dis-

tances, leads in undesirable reflections. Reflections could damage any element in the 

system composed by drive, cable and motor and are then unacceptable in remote han-

dling. In order to cope with this issue, this effect was studied and characterised in a 

representative motor of a dexterous manipulator. Several solutions were found on the 

literature to solve the overvoltage but only the most important were selected and 

simulated using PSPICE ©. Finally an LC filter was selected in the end for final im-

plementation, proving extremely good performance. Extensive tests and comparison 

scenarios were performed to study the influence of the filter on the control performance. 

The results indicated that, in our range of frequencies, the filter was completely ac-

ceptable for eliminating the standing wave, without deteriorating the control perfor-

mance.



 

ANNEX I: Specifications and kinematic 

model of ABB IRB 2400-16 and Phan-

tom OMNI 

ABB IRB 2400-16 industrial robot 

The schematic representation of each link overlaid with the robot is shown on Figure 

A1-1. It should be noticed that ABB IRB 2400-16 presents and offset on the elbow 

which makes the calculation of the inverse kinematics more consuming. This manipu-

lator is a 6 dof robot with rotational joints whose main characteristics are shown on 

Table A1-1. 

ABB IRB 2400 16 Specifications 

Main applications 
 

Arc welding, cutting/deburring, glu-
ing/sealing, grinding/polishing, machine 
tending, material handling 

Specification 
 

Reach Payload Protection 
IRB 2400-16 1.55 m 20 kg FoundryPlus 
Number of axes 6 

Physical 
 

Dimensions IRB 2400-10 IRB 2400-16 
Total height 1564 mm 1564 mm 
Robot base 723x600 mm 723x600 mm 
Robot weight 380 kg 380 kg 

Performance (according to ISO 
9283) 
 

Position repeatability (RP) 0.03 mm 
Path repeatability 0.11-0.15 mm  

Movements 
 

Axis IRB 2400-16 Working range: 
Axis 1 360° 
Axis 2 210° 
Axis 3 125° 
Axis 4 400° 
Axis 5 240° 
Axis 6 800° 

Table A1-1. Specifications of the ABB IRB 2400-16 industrial robot. 
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Figure A1-1. ABB IRB 2400-16 simplified link model. 

On Figure A1-2, a more detailed schematic of the ABB robot is illustrated, with link 

dimensions and the reference system of each link used for the kinematics calculations. 

Also the Denavit-Hartember table for these reference system is shown on Table A1-2. 

Six transformation matrices which contain all the necessary information to compute 

the forward kinematics are also shown  
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Figure A1-2. Reference systems and link dimensions for ABB IRB 2400-16. 

The Denavit-Hartember parameters of this manipulator are shown on Table A1-2. 

 } t D ~ 

1 �1 n1 o1 �/2 
2 � 2⁄ + �2 0 o2 0 

3 � + �3 0 −o3 −�/2 

4 � + �4 n4 0 −�/2 

5 �5 0 0 �/2 
6 �6 n5 0 0 

Table A1-2. Denavit-Hartember parameters of the ABB IRB 2400-16. 
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Joint 
Max. value 

[deg] 
Min. value 

[deg] 

<> 180 -180 
<? 100 -110 
<@ 65 -65 
<A 180 -180 
<B 120 -120 
<C 180 -180 

Table A1-3. Joint range for the ABB IRB 2400-16 

Forward Kinematics of the ABB IRB 2400-16 

From the Denavit-Hartember parameters expressed on Table A1-2 it is straight for-

ward to calculate the Denavit Hartember matrices for the ABB robot on the reference 

system indicated on Figure A1-2: 

~ 0 1 =
⎝⎜
⎜⎜⎛
cos (�1) 0 sin(�1) o1 cos (�1)sin (�1) 0 −cos (�1) o1 sin (�1)0 1 0 n10 0 0 1 ⎠⎟

⎟⎟⎞   (A1.1) 

 

~ 1 2 =
⎝⎜
⎜⎜⎛

−sin (�2) −cos (�2) 0 o2 sin (�2)cos (�2) −sin (�2) 0 o2 cos (�2)0 0 1 00 0 0 1 ⎠⎟
⎟⎟⎞   (A1.2) 

 

~ 2 3 =
⎝⎜
⎜⎜⎛

−×©� (�3) 0 �PQ (�3) o3 ×©� (�3)−�PQ (�3) 0 −×©� (�3) o3 �PQ (�3)0 −1 0 00 0 0 1 ⎠⎟
⎟⎟⎞   (A1.3) 

 

~ 3 4 =
⎝⎜
⎜⎜⎛

−×©� (�4) 0 �PQ(�4) 0−�PQ(�4) 0 −×©� (�4) 00 −1 0 n40 0 0 1 ⎠⎟
⎟⎟⎞    (A1.4) 

 

~ 4 5 =
⎝⎜
⎜⎜⎛

×©� (�5) 0 �PQ(�5) 0�PQ (�5) 0 −×©� (�5) 00 1 0 00 0 0 1⎠⎟
⎟⎟⎞    (A1.5) 
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~ 5 6 =
⎝⎜
⎜⎜⎛

×©� (�6) −�PQ(�6) 0 0�PQ (�6) ×©� (�6) 0 00 0 1 n50 0 0 1 ⎠⎟
⎟⎟⎞    (A1.6) 

As in (3.1), it is possible to find the matrix £ , £ = ~ 0 1 · ~ 1 2 · ~ 2 3 · ~ 3 4 · ~ 4 5 · ~ 5 6 =~ 0 3 · ~ 3 6 
And also grouping the two transformation matrices in two parts, the first part takes 

into account the first 3 dof which define the position of the wrist, and the second part 

groups the last 3 dof which define the orientation of the end effector. This will allow 

to find useful expressions for the inverse kinematics. Each one of the matrices ~ 0 3 and 

~ 3 6 can be expressed as four column vectors where the first three define an orthonor-

mal triad which expresses the rotation of the final reference system with respect the 

original system. The last vector defines the final reference system’s position with re-

spect the initial. 

~ 0 3 = [Q03 ©03 o03 ª03]     (A1.7) 
Q03 ± =  �PQ(�2  + �3) · ×©�(�1)    (A1.8) 
Q03 ² = �PQ(�2  + �3) · �PQ(�1)     (A1.9) 

Q03 ³ =  −×©�(�2  + �3)     (A1.10) 
©03 ± = −�PQ(�1)      (A1.11 

©03 ² =  ×©�(�1)      (A1.12) 
©03 ³ = 0       (A1.13) 
o03 ± = ×©�(�2  + �3) · ×©�(�1)    (A1.14) 
o03 ² =   ×©�(�2  + �3) · �PQ(�1)    (A1.15) 

o03 ³ =   �PQ(�2  + �3)     (A1.16) 
ª03 ³ =  −×©�(�1) · (o3 · �PQ(�2  + �3)  − o1  + o2 · �PQ(�2))  

 (A1.17) 
ª03² = −×©�(�1) · (o3 · �PQ(�2  + �3)  − o1  + o2 · �PQ(�2))  

 (A1.18) 
ª03 ³ = n1  + o3 · ×©�(�2  + �3) +  o2 · ×©�(�2)  (A1.19) 

~ 3 6 = [Q36 ©36 o36 ª36]   (A1.20) 
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Q36 ± = �PQ(�4) · �PQ(�6) −  ×©�(�4) · ×©�(�5) · ×©�(�6)  (A1.21) 
Q36 ² = − ×©�(�4) · �PQ(�6) −  ×©�(�5) · ×©�(�6) · �PQ(�4)  (A1.22) 

Q36 ³ = −×©�(�6) · �PQ(�5)    (A1.23) 
©36 ± =  ×©�(�6) · �PQ(�4) +  ×©�(�4) · ×©�(�5) · �PQ(�6)  (A1.24) 
©36 ² =  ×©�(�5) · �PQ(�4) · �PQ(�6) −  ×©�(�4) · ×©�(�6)  (A1.25) 

©36 ³ = �PQ(�5) · �PQ(�6)   (A1.26) 
o36 ± = −×©�(�4) · �PQ(�5)   (A1.27) 
o36 ² = −�PQ(�4) · �PQ(�5)   (A1.28) 

o36 ³ =  ×©�(�5)   (A1.29) 
ª36 ± =  −n5 · ×©�(�4) · �PQ(�5)   (A1.30) 

ª36 ² = −n5 · �PQ(�4) · �PQ(�5)  (A1.31) 
ª36 ³ = n4  + n5 · ×©�(�5)   (A1.32) 

Inverse Kinematics of the ABB IRB 2400-16 

Inverse kinematics deals with the problem of finding the required joint angles to pro-

duce a certain desired position and orientation of the end-effector. Finding the inverse 

kinematics solution for a general manipulator can be a very tricky task. Generally they 

are nonlinear equations. Close-form solutions may not be possible and multiple, infin-

ity, or impossible solutions can arise. Nevertheless, special cases have a closed-form 

solution and can be solved. 

The sufficient condition for solving a six-axis manipulator is that it must have three 

consecutive revolute axes that intersect at a common point: Pieper condition [153]. 

Three consecutive revolute parallel axes is a special case of the above condition, since 

parallel lines can be considered to intersect at infinity. The ABB IRB 2400 meets the 

Pieper condition due to the spherical wrist. Since this manipulator has analytic solution 

for the inverse kinematics one must take advantage of it in order to reduce computa-

tional cost with respect the numeric solution. Below, the steps followed for the calcu-

lation of the complete inverse kinematic are explained. On Figure A1-3, the main 

angles and length parameters used for the calculation of the inverse kinematics are 

shown. 
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Firstly it is useful to know the coordinates of the wrist (�O point) with respect the 

system 0. This simple operation facilitates the calculation of all the joints. 

� �0  = £ · (0, 0, −n5, 1)y    (A1.33) 

Where the matrix £  expresses the forward kinematics of the robot. This operation 

transforms the wrist point expressed on the robot end-effector system to the system 0. 

Once the coordinates of this point are obtained, it is straight forward to get the first 

joint angle: 

�1 = oÔoQ2(��², ��±)    (A1.34) 

In order to obtain �2 it is necessary to translate now the �� point to the system 1. 

For doing that, 

� �1 = ( ~ 0 1)−1 · �� 0       (A1.35) 

And then translating this point to polar coordinates to simplify, taking into account 

that the reference of system 1 has different orientation than system 0: 

� � >�­«u;¬î1 =� �Ã
1  and  � � ­¬
u¬î1 =∣� �Á

1 ∣    (A1.36) 

By calculating now, Ë3 and the angle �, it is possible to infer the angle α and distinguish 

two different scenarios: 

Ë3 = ��ÖÔ((� � ­¬
u¬î1 )2 + (� � >�­«u;¬î1 )2)   (A1.37) 

� = oÔoQ2(� �Á
1 , � �Ã

1 )    (A1.38) 

⎩{⎨
{⎧� = acos(¬22+î32−¬32−
422¬2·î3 ) ,   P� ∣¬22+î32−¬32−
422¬2·î3 ∣ < 1

� = 0, P� ∣¬22+î32−¬32−
422¬2·î3 ∣ ≥ 1   (A1.39) 

Once � and � are obtained, the calculation of the second joint value is straight forward 

by looking the schematic: 

{�2 = −(� − �),   P� � �Á
1 > 0

�2 = −� + �, P� � �Á
1 ≤ 0     (A1.39) 

Now for �3, the � �  point is utilized again and its representation in different reference 

systems, thus: 

� �0 = ~ 0 1 · ~ 1 2 · ~ 2 3 · ~ 3 4 · (0, 0, 0, 1)y    (A1.40) 

( ~ 1 2)−1 · ( ~ 0 1)−1 · � �0 = ~ 2 3 · ~ 3 4 · (0, 0, 0, 1)y    (A1.40) 
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And operating both sides of the equality, taking into account than the left side is 

known, it yields to: 

⎝⎜
⎛P1P2P3⎠⎟

⎞ =
⎝⎜
⎜⎜⎛

o3 cos(�3) + n4 · sin (�3)o3 sin(�3) − n4 · cos (�3)01 ⎠⎟
⎟⎟⎞    (A1.41) 

�3 = asin (
4·u1+ ¬3·u2
42+¬32 )     (A1.43) 

 

 

Figure A1-3. Schematic of the ABB robot showing the main angles and points used for 

the inverse kinematics calculation. Now, the remaining 3 dof are easily calculated by 

doing a simple transformation based on the joints that have already been calculated: 

~ 3 6 = ( ~ 0 3)−1 · £     (A1.44) 

And the expression of the rotation matrix 5 3 6 is then: 

5 3 6 = ⎝⎜
⎛ s(�4)s(�6) − ×(�4)×(�5)×(�6) c(�4)c(�5)s(�6) + �(�4)×(�6) −×(�4)�(�5)−c(q4)s(�6) − �(�4)×(�5)×(�6) s(�4)c(�5)�(�6) − ×(�4)×(�6) −�(�4)�(�5)−�(�5)×(�6) �(�5)�(�6) ×(�5) ⎠⎟

⎞ 
(A1.45) 
 
So �5 is directly inferred from 5 3 6 taking into account the two possible solutions which 
can give the same cos (�5),  �51 = acos ( 5 3 6(3,3))    (A1.46) 
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�52 = −q51    (A1.47) 

�4 = oÔoQ2( 5 3 6(2,3), 5 3 6(1,3))   (A1.48) 

And finally the last joint is calculated with the following expression: 

�6 = oÔoQ2(− 5 3 6(3,2),− 5 3 6(3,1))   (A1.48) 

Also, in case of a singularity occurs, that, for this manipulator, happens when: 

�51 = 0  or �52 = 0, �4 will take the previous value, which is a good choice �4 =
�4�­�>u<Ú�,  and then it only left to calculate �6: 

�46 = oÔoQ2( 5 3 6(1,2),− 5 3 6(1,1))    (A1.49) 

�6 = �46 − �4     (A1.50) 

 

RAPID code for teleoperating the ABB IRB 2400-16 

%%% 
  VERSION:1 
  LANGUAGE:ENGLISH 
%%% 
 
MODULE TELEOPERAT1302 
  VAR jointtarget jointTARGET1:=[[-0.15,-
1.11,0.08,0.01,0.44,2.48],[9E+09,9E+09,9E+09,9E+09, 9E+09,9E+09
]]; 
  VAR string jointsVALstring:=""; 
  VAR jointtarget jointsVAL:=[[-0.15,-
1.11,0.07,0.01,0.44,2.49],[9E+09,9E+09,9E+09,9E+09, 9E+09,9E+09
]]; 
  VAR robjoint AXISrobjoint:=[0,0,0,0,0,0]; 
  <DDN> 
  CONST string delim:="\09 "; 
  VAR string string3:=""; 
  CONST string string2:=""; 
  CONST string string1:=""; 
  CONST string q1s:=""; 
  VAR num q1:=0; 
  VAR num q6:=0; 
  VAR num q5:=0; 
  VAR num q4:=0; 
  VAR num q3:=0; 
  VAR num q2:=0; 
  VAR num count1:=0; 
  VAR iodev PC; 
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  PROC main() 
    WHILE count1<10 DO 
      Open "COM3:",PC\Read; 
      q1:=ReadNum(PC\Delim:=delim); 
      q2:=ReadNum(PC\Delim:=delim); 
      q3:=ReadNum(PC\Delim:=delim); 
      q4:=ReadNum(PC\Delim:=delim); 
      q5:=ReadNum(PC\Delim:=delim); 
      q6:=ReadNum(PC\Delim:=delim); 
      Close PC; 
      AXISrobjoint:=[q1,q2,q3,q4,q5,q6]; 
      jointsVAL:=CJointT(); 
      jointTARGET1.robax:=AXISrobjoint; 
      jointTARGET1.extax:=[0,9E+09,9E+09,9E+09,9E+0 9,9E+09]; 
      StopMove; 
      ClearPath; 
      MoveAbsJ\Conc,jointTARGET1\NoEOffs,v1000,z50, tool0; 
      Open "COM3:",PC\Write; 
      jointsVALstring:=ValToStr(jointsVAL.robax); 
      Write PC,jointsVALstring; 
      Close PC; 
    ENDWHILE 
  ENDPROC 
ENDMODULE 

Phantom OMNI haptic master 

On Table A1-4 the main characteristics of the Phantom OMNI haptic master are 

shown. The same procedure is applied to the haptic master in order to get the forward 

kinematic which will be needed. The schematic representation of each link overlaid 

with the master is shown on Figure A1-4. It should be mentioned that this haptic 

master is a 6 dof device with rotational joints. The schematic of the links and their 

dimensions is represented on Figure A1-5. It also contains the chosen reference system 

for obtaining the Denavit-Hartemberg parameters of Table A1.5. 

Phantom OMNI Specifications 

Force feedback workspace ~160 W x 120 H x 70 D mm 

Footprint (Physical area device base occupies 
on desk) 

~168 W x 203 D mm 

Weight (device only) 1.79 kg 

Range of motion Hand movement pivoting at wrist 

Nominal position resolution ~ 0.055 mm 

Backdrive friction < 0.26 N 
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Maximum force at nominal (orthogonal arms) 
position 

3.3 N 

Continuous force (24 hrs) 0.88 N 

Stiffness X axis > 1.26 N / mm 
Y axis > 2.31 N / mm 
Z axis > 1.02 N / mm 

Inertia (apparent mass at tip) ~ 45 g 

Force feedback x, y, z 

Position sensing 
[Stylus gimbal] 

x, y, z (digital encoders) 
[Pitch, roll, yaw (± 5% linearity po-

tentiometers)] 

Interface IEEE-1394 FireWire® port: 6-pin to 
6-pin 

Supported platforms Intel or AMD-based PCs 

Table A1-4. Phantom OMNI specifications. 

 

 

Figure A1-4. Phantom OMNI simplified link model 
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Figure A1-5.  Reference systems and link dimensions for Phantom OMNI haptic mas-

ter. 

The Denavit-Hartember parameters of this haptic master are shown on Table A1.5 

 } t D ~ 

1 �1 Ë1 + Ë2 0 �/2 
2 �2 0 Ë3 0 

3 �3 0 0 �/2 
4 �4 Ë4 0 −�/2 

5 �5 − �/2 0 0 −�/2 

6 �6 Ë5 + Ë6 0 0 

7 0 −(Ë5 + Ë6 + Ë7) 0 � 

Table A1.5. Denavit-Hartember parameters of the Phantom OMNI. 

Joint Max. value [deg] Min. value [deg] 
<> 55 -55 
<? 100 0 
<@ 80 -10 
<A 147 -147 
<B 55 -75 
<C 180 -180 

Table A1.6. Joint range of the Phantom OMNI haptic master.



 

ANNEX II: Sliding control  

Most of literature on sliding surfaces refers to the concept investigated in [154] by 

Filippov where it was used to stabilize a class of nonlinear system [137].  

Although it has been used to stabilize a huge variety of systems due to its properties 

in the presence of parametric uncertainty, classical sliding control presents several 

drawbacks which limit its practical application on real control systems.  

For instance, it requires a large control authority and control chattering [137]. Some 

methods have been developed in [138] to cope with that chattering by smoothing the 

transition. Similar solution has been employed on this research to reduce the strong 

control action of the sliding mode when alternating from one zone to the next.  

Sliding observers present similar benefits than sliding control, in particular inherent 

robustness of parametric uncertainty and easy application to important class of non-

linear systems. In contrary to the sliding control, the observer implementation is not 

affected by mechanical implementations and only by numerical problems.  

Let us summarize the basic idea of a sliding mode and the advantages and disad-

vantages of using discontinuous control actions. Considering the dynamic system given 

by (A2.1). 

,(=)(Ô) = �(,,̅ Ô) + �(,,̅ Ô)�(Ô) + n(Ô)   (A2.1) 

Where �(Ô) is a scalar control input, , is the scalar output of interest and ,̅ =
[,, ,,̇… , ,(=−1)]y is the state of the system. The function �(,,̅ Ô) is in general nonlinear 

and non-exactly known, but the absolute value of the error is upper bounded by a 

function of , ̅and Ô. �(,,̅ Ô) is the control gain which is also not exactly known but it is 

also bounded and its sign is known. The disturbance  n(Ô) is unknown but bounded in 

absolute value by a function of time. 

The control problem is to get the state , ̅ to track a specific state ,
̅ = [,
, ,
̇,…., 

,
(=−1)
] in the presence of model imprecision in �(,,̅ Ô) and �(,,̅ Ô), and of disturbances 

n(Ô).  
Let ,̅̃ = ,̅ − ,
̅ be the tracking error in the vector ,.̅ Defining a time-varying sliding 

surface �(Ô) in the state space 5= as �(,̅,̃ Ô) = 0 with (A2.2) and the constant M being 
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positive. The problem of tracking ,̅ = ,
̅ is equivalent to remaining on the surface �(Ô) 
for all Ô > 0.  

�(,̅,̃ Ô) = ( 

« + M)=−1,̅,̃ M>0    (A2.2) 

For instance, if n=2, 

� = ,̃̇ + M, ̃i.e., s is simply a weighted sum of the position error and the velocity error, 

if n=3, � = ,̃̈ + 2M,̃̇ + M2,.̃ 

If the initial conditions are established as: ,|̃«=0 = 0, � = 0 represents a linear differen-
tial equations whose unique solution is ,̃ = 0. The problem of tracking the n-dimen-
sional vector ,
̅ can in effect be replaced by a 1st order stabilization problem in � 
Indeed, from A2.2 the expression of s contains  ,(=−1), we only need to differentiate s 
once for the input � to appear. 
 

The simplified, 1st-order problem of keeping the scalar s at zero can no be achieved if 

having a control law which satisfies the sliding condition (A2.3) with the constant � 
being positive, this control law has to be discontinuous across the sliding surface, thus 

leading to control chattering. 

(12) 

« �2(,; Ô) ≤ −�|�|    (A2.3) 

Condition (A2.3) guarantees that the error decreases in every trajectory. Thus, it con-

straints trajectories to point towards surface � as illustrated in Figure A2-1. 

� · � ̇ ≤ −�|�|,      (A2.4) 

{ P� � > 0, � ̇ ≤ −� P� � > 0, � ̇≥ �        (A2.5) 

 

Figure A2-1. The sliding condition 

Once on the surface, the system trajectories remain on the surface. In other words, 

satisfying (A2.3), or sliding condition, makes the surface an invariant set. Furthermore, 

¨(Ô) 
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A2.3 also implies that in presence of some disturbances or dynamic uncertainties the 

surface is still invariant. Graphically, this corresponds to the fact that in Figure A2-1, 

the trajectories can “move” while stil pointing towards the surface.  

The other interesting aspect of the invariant set S(t) is that once on it, the system 

trajectories are defined by ( 

« + M)=−1,̅̃ = 0. 

The idea behind the conditions (A2.2) and (A2.3), is to select a well defined function 

of the tracking error, �, according to (A2.2) and then select the feedback control law 

�(Ô) that satisfies (A2.3) even in presence of model uncertainties and disturbances 

[137]. If the initial conditions are not meet it can be demonstrated that the time in 

reaching the sliding surface would be Ô­�¬;ℎ ≤ �(Ô = 0)/�, and once on the surface, the 

tracking error tends exponentially to zero, with a time constant (Q − 1)/M. 

 

Figure A2-2. Graphical interpretation of equations (A2.2) and (A2.3) (n=2). 

 

Figure A2-3. Chattering as a result of imperfect control switching. 
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Control laws that satisfy (A2.3) have to be discontinuous across the sliding surface 

leading to control chattering. Obviously this approach has to be slightly modified to 

cope with the lack of knowledge of the complete state space.  

Equivalent dynamics  

The Filippov’s construction of the sliding surface gives a geometric interpretation as 

an average of the system on both sides of the surface. If the dynamics when in sliding 

mode can be written as � ̇ = 0. After solving this for the control input it is possible to 

obtain an expression for �, called equivalent control, ��ã, which can be interpreted as 

the control law that would maintain � ̇ = 0 if the dynamics were exactly known. For 

example, a system of the form: 

,̈ = � + �     (A2.6) 

The sliding surface would take the form: � = ,̃̇ + M,,̃ then � ̇ = ,̃̈ + M,̃̇ = 0, and it yields 

to: ,̈ = ,
̈ − M,̃.̇ And (A2.6) will take the new form of: 

��ã = −� + ,
̈ − M,̃ ̇    (A2.7) 

And the system dynamics while in sliding mode is of course, 

,̈ = � + ��ã = ,
̈ − M,̃ ̇   (A2.8) 

Geometrically, the equivalent control can be constructed as (A2.9). 

��ã = � · �+ + (1 − �)�_   (A2.9) 

Which correspond to the convex combination of the control action at both sides of the 

surface �(Ô). 
A basic example 

Consider the second order system: 

,̈ = � + �    (A2.10) 

Where � is the control input, , is the output of interest, and the dynamics � (possibly 

nonlinear or time-varying) is not exactly known, but estimated as � .̂ The estimation 

error on � is assumed to be bounded by some known function # . 

|� ̂− �| ≤ #      (A2.11) 

In order to have the system track ,(Ô) ≡ ,
(Ô), we define a sliding surface � = 0, ac-

cording to (A2.2) as: 
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� = ( 

« + M),̃ = ,̃̇ + M,̃,̇ and it is possible to yield: 

� ̇ = ,̈ − ,
̈ + M,̃̇ = � + � − ,
̈ + M,̃,̇ gives the best approximation of a control law �̂ 

that would achieve � ̇ = 0: 

�̂ = −� ̂+ ,
̈ − M,̃ ̇    (A2.12) 

In order to satisfy the sliding condition (A2.3) despite uncertainty on the dynamics � , 

it is possible to add to �̂ a term discontinuous across the surface � = 0: 

� = �̂ − 
 · �pQ(�)    (A2.13) 

where �pQ(�) is the sign function. And by choosing 
 = 
(,, ,)̇ in (A2.13)to be large 

enough, it is being guaranteed that (A2.3) is verified. Indeed we have from previous 

equations: 

12 nnÔ �2 = �̇ · � = [� − � ̂− 
 · �pQ(�)]� = (� − �)̂� − 
 · |�| 
So that, letting 

 
 = # + �    (A2.14) 

It yields from (A2.11): 

12 nnÔ �2 ≤ −�|�| 
As it was desired. It is worth mentioning that the control discontinuity 
 across the 

surface � = 0 increases with the extent of parametric uncertainty. 

 

Figure A2-4. Complex combination of two vectors. 



 



 

ANNEX III: Publications  

List of publications and dissemination activities that were published during the reali-

sation of this thesis. 

• Book chapters 

E. del Sol “Designing for Remote Handling”, openSE (an open, lean and participative 

approach to systems engineering), (in press).  

• Journal publications 

E. del Sol, R. King, R. Scott and M. Ferre. “External Force Estimation for Teleoper-

ation Based on Proprioceptive Sensors”. In: International Journal of Advanced Robotic 

Systems, 2014, 11:52. doi: 10.5772/58468 

E. del Sol, R. Meek, E. Ruiz Morales, R. Vitelli and S. Esqué. “On the control perfor-

mance of motors driven by long cables for remote handling at ITER”. In: Fusion En-

gineering and Design (In review). 

• Conferences 

E. del Sol, 2015 “Force estimation based on proprioceptive sensors for teleoperation in 

radioactive environments”. PURESAFE final conference, CERN, Geneva, Switzerland, 

January 2015.  

E. del Sol, P. Pagala, R. King, and M. Ferre. "External force estimation for telerobotics 

without force sensor". In Proceedings of the Robot 2013 First Iberian Robotics Con-

ference. 2013, Oct 28-29; Madrid, Spain. Berlin: Springer. vol 2, pp.631-644. 

E. del Sol, R. Scott, R. King. "A sensorless virtual slave control scheme for Kinemati-

cally dissimilar master-slave teleoperation". In Proceedings of HOTLAB 2012. ISBN: 

978-3-668-06270-2 
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