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Abstract  

 The aim of this thesis is to investigate the development and control of electro-pneumatic 

actuators in a haptic teleoperation system. For controlling the mass flow rate of such actuators, two 

types of valve technology are sudied, i.e. solenoid (on/off) valve and proportional servovalve. The 

servovalves have found widespread applications in which high accuracy of force/position control are 

needed. They are however typically expensive due to the requirements of high-precision 

manufacturing. Therefore, the low-cost solenoid valves can be an alternative to the servovalves for 

achieving acceptable-performance pneumatic control. Generally, the highly nonlinear of the pneumatic 

actuator is heightened when it uses on/off solenoid valves instead of servovalves. In this case, precise 

control is challenging due to the discrete-input nature of the system. Our first objective is to 

demonstrate that it is possible to design an acceptable performance teleoperation system using master-

slave robots that have pneumatic actuators equipped with only inexpensive on/off solenoid valves. 

 To control efficiently the switching on/off valves, several control approaches have been 

proposed, namely pulse width modulation (PWM), hybrid algorithm, and sliding mode control. PWM 

is the most popular method utilized for controlling the discrete on/off valves due to its simplicity of 

implementation and design. A main problem with this method is chattering phenomenon that is caused 

by the high frequency switching of the valves. A hybrid control theory, which includes more switching 

control modes, allows to reduce the chattering problem and improve the energy consumption of the 

valves. Experimental results show that the teleoperation transparency in terms of force and position 

but also the dynamic behavior of the pressures are better in the case of the hybrid control than the 

PWM control. It is noteworthy that neither robustness nor stability analysis of overall hybrid system 

has been investigated in our study due to the complexity of the control approach which is based on the 

nonlinear model of the pressures and the discrete model of the mass flow rates. Consequently, another 

strategy (i.e. a sliding mode control), which does not depend on the pneumatic model, is proposed. 

This control stratgy allows to perform not only the transparent analysis but also the stability analysis. 

To evaluate the efficiency of the proposed approach, a comparison of transparency has been 

investigated between three control architectures (position-error-based, force-error-based and direct-

force-reflection controls) in a two-channel bilateral teleoperation framework. In order to improve the 

dynamic performance and reduce the chattering problem in solenoid valve actuated pneumatic 

teleoperation systems, a five-mode sliding control scheme (consisting of five switching levels) has 

been used, which can be considered as an extension of the three-mode sliding controller. Our study 

demonstrates that by increasing the number of possible control actions for the valves, we can reduce 

the valves’ switching activities, hence improving the valve’s life times at no cost to teleoperation 

transparency. 

 The second objective of the thesis involves in implementing the proportional servovalves on the 

pneumatic teleoperation system. A comparison related to the teleoperation performance between an 

on/off valve and a servovalve is carried out. In experiments, it is observed that with the four-channel 

bilateral teleoperation architecture employing either solenoid valves or servovalves, satisfactory force 

and position tracking between the master and the slave is obtained under both free-motion and contact-

motion conditions. Nonetheless, compared to the on/off valve, the servovalve technology displays less 

audible noise and smothers signals in terms of force and pressure, which allows to improve the haptic 

teleoperation performance as well as the human’s perception. 

 In bilateral teleoperation control, force sensors are often omitted to save cost and to lessen 

weight and volume. Therefore, another aspect of our work consists in using observers for an 

estimation of operator and environment forces. Experimental results show that acceptable 

teleoperation transparency based on a simple Nicosia observer and a tangent linear control approach 

can be achieved. Furthermore, good agreement between force observation and force measurements of 

the operator and environment at steady state were obtained.  

  

Keywords: Pneumatic actuator, proportional servovalves, on/off valves, PWM control, hybrid 

algorithm, sliding mode control, observers, teleoperation, stability, transparency. 
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Résumé 

 L’objectif des travaux entrepris au cours de cette thèse concerne le développement d’un système 

haptique de téléopération contrôlé à l’aide d’actionneurs électropneumatiques. Pour réaliser le contrôle 

du débit de ce type de modulateur, deux solutions technologiques sont possibles : soit des servovalves 

soit des électrovannes. La première solution est utilisée pour contrôler précisément des systèmes de 

hautes performances, mais l’apparition d’électrovannes rapides compactes à faible coût offre la 

possibilité de les utiliser à la place des servovalves (éléments couteux). Même si cela entraîne des 

défis dans la réalisation de la commande, à cause de l’augmentation des non-linéarités intrinsèques de 

l’actionneur pneumatique lorsqu’il est piloté par les électrovannes au lieu des servovalves. Le premier 

objectif a consisté à démontrer la possibilité de réaliser des interfaces maître-esclave à performance 

acceptable à l’aide d’électrovanne, afin de produire des systèmes à faible coût. 

 La méthode la plus courante pour commander des électrovannes consiste à utiliser un signal 

modulé en largeur d’impulsion (PWM). Cependant, les commutations hautes fréquences des 

électrovannes réduisent dramatiquement leur durée de vie. Afin de contrôler de manière plus optimale 

les électrovannes, une nouvelle stratégie de la commande basée sur l’algorithme hybride a été 

développée. Cette commande a été implémentée et testée sur un système de maître-esclave à un degré 

de liberté développé au cours de ces travaux de recherche. Une comparaison entre la commande 

hybride et la commande classique de type PWM a été réalisée. L’ensemble des résultats a démontré de 

meilleures performances dans le cas de la commande hybride en termes de dynamique de pression, des 

performances de suivi en force/position, ainsi que d’un point de vue énergétique et de durée de vie des 

composants. L'analyse de la stabilité dans le cadre d’une commande hybride n’a pas été étudiée dans 

notre cas en raison de la complexité de l’approche qui est basée sur le modèle non linéaire des 

pressions et le modèle discret des débits. Afin de disposer de l’ensemble des informations 

(transparence et stabilité) la commande par mode glissant a été choisie. Dans le but d’évaluer 

l’efficacité de cette approche, une comparaison de la transparence a été réalisée parmi trois 

architectures (position-position, force-force et force-position) pour un système de téléopération à deux 

canaux. L’approche théorique a été mise en parallèle avec des tests pratiques et une bonne cohérence 

de l’ensemble a été obtenue. Pour améliorer les performances dynamiques du système tout en 

réduisant les phénomènes de « chattering »,  une commande à cinq-mode (consistant à 5 modes de 

commutations) qui est étendu à partir de la comamnde à 3-mode a été utilisée. Les résultats ont 

démontré qu’en augmentant le nombre de modes de commande d’une électrovanne, l’activité de 

commutation réduite provoquant ainsi une augmentation de la durée de vie des composants, sans pour 

autant influencer sur les performances en terme de transparence. 

 Le second point de recherche entrepris est passé par l’utilisation de servovalves dans un système 

de téléopération, permettant ainsi de réaliser une comparaison entre les deux technologies (servovalve 

et électrovanne). Dans le cas d’une architecture de téléopération bilatérale à quatre canaux, les 

données expérimentales pour les deux types d’organes de commandes, ont donné des résultats 

satisfaisants en termes de suivi de force et de position pour le maître et l’esclave (en espace libre ou en 

contact). Au final l’étude a démontré que l’avantage de la technologie des servovalves réside dans une 

nuisance sonore plus faible et la production de signaux plus lisses en termes de force et de pression, 

permettant ainsi l’amélioration des propriétés haptiques du système de téléopération. Dans le cas de 

système de téléopération bilatérale, le capteur de force est souvent supprimé dans le but de réduire les 

coûts ainsi que le poids et le volume du système global. C’est la raison pour laquelle les travaux se 

sont intéressés à la possibilité d’utiliser des observateurs, à la place de capteurs de force pour 

déterminer les forces d’interactions entre l’opérateur et l’interface maître ainsi que l’environnement et 

l’interface esclave. Les données expérimentales montrent ainsi qu’il est possible d’obtenir des bonnes 

performances de transparence en utilisant un simple observateur de Nicosia. 

 Finalement ces différents résultats démontrent le potentiel des actionneurs électropneumatiques 

pour la réalisation le système de téléopération.  
 

Mots-clés: Actionneur pneumatique, servovalves proportionnelles, électrovannes, commande PWM, 

algorithme hybride, commande par mode glissante, observateurs, téléopération, stabilité, transparence. 
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Parameter Unit Description 

Patm Pa Atmosphere pressure 

Psa Pa Supply pressure 

r J/kg/K Perfect gas constant 

Ta K Supply temperature 

Cval kg.s
–1

.Pa
–1

 Sonic conductance 

Cr  Critical pressure ratio 

α  Polytropic constant 

l m Cylinder stroke 

S● m² Piston area  

P● m² Pressure  

q● m² Mass flow rate  

M kg Load 

b N.s.m
–1

 Viscosity coefficient 

Fext N External force 

Fst N Stiction force 

U V Voltage control signal 

Parameter Unit Description 

F●* N Exogenous input force 

Fh N Operator force exerted on the master 

Fe N Environment force exerted on the slave 

Fm  and  Fs  Controller forces 

Y●  m Position 

Z● N.m
–1

 Impedance 

Cs and Cm  Local position controllers 

C5 and C6  Local force feedback controllers 

C1 to C4  Position or force transfer controllers 

M● kg Mass 

B● N.s.m
–1

 Damping 

K● N.m
–1

 Stiffness 

hij  Hybrid parameters 

H  Hybrid matrix 
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Indices 

                                                          
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Exponent 
 

 

 

 

 

 

 

 

 

 

Abbreviations 

 
 

 

 

 

 

Parameter Description 

p Chamber p 

n Chamber n 

s Slave 

m  Master 

h Human operator 

e Environment 

Parameter Description 

e Equilibrium 

* Exogenous force 

DOF Degree-of-freedom 

CH Channel 

PEB Position-error-based 

FEB Force-error-based 

DFR Direct-force-reflection 

MCS Mode control scheme 

PWM Pulse width modulation 

MIS Minimally invasive surgery 

LTI Linear time invariant 

MRI Magnetic resonance imaging 
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Introduction 

 The growth of virtual reality systems for medical training, human motor control research, 

entertainment applications, etc. has driven development of haptic interface systems which are able to 

perform a variety of tactile/kinesthetic experiences. By manipulating the haptic device, the user 

manipulates through a computer rendered virtual environment, and actuators in the device push against 

the user to synthesize a mechanical interaction with the virtual environment. Realistic representation 

of the environment places significant demands on the design of both haptic device and control system. 

As a result, existing design practice struggles to achieve acceptable feedback properties including 

performance and stability robustness.  

 

 Whereas a virtual reality system connects the user to a virtual environment, a teleoperation 

system, which involves operating one or several robots remotely, connects the user to a physical 

environment via master and slave manipulators. Applications of teleoperation include robot-assisted 

surgery, nuclear waste handling, space and sub-sea explorations, etc. where the environments are 

hazardous or difficult to attain. It is therefore preferable to have the operator remotely located at a 

safer and more comfortable site.   

 

  When the haptic feedback provides to the human operator is representative of the actual forces 

between the slave robot and the environment, teleoperation is said to be haptic or bilateral. In this case, 

the operator enables to experience touch-based interaction with the remote environment without 

requiring direct physical contact. The basic control requirements on a bilateral teleoperation system 

are related to its stability and transparency. Transparency corresponds to the quality of reproduction of 

the remote environment mechanical properties for the operator. Transparency in conjunction with 

stability can ensure successful completion of tasks in the teleoperation mode. 

 

 Not all teleoperation systems provide force-feedback; indeed, commercial surgical robots such 

as Zeus system (from Computer Motion) and daVinci system (from Institute Surgical) used for 

Minimally Invasive Surgery (MIS) are not force-reflecting (or bilateral) teleoperators. A lack of force 

information, which has been often reported by surgeons and robotics researchers, is a major limitation 

of the current MIS systems. In order to provide a realistic impression of the actual contact during 

surgery, a measurement of the contact forces at the instrument tip is obviously required. Therefore, the 

development of a teleoperation with force feedback is certainly a future trend in telerobotic 

applications, especially for the minimally invasive operations. 

  

 In teleoperation systems, electrical direct-current (DC) motors are generally used as they are 

reasonably safe, simple and capable of providing forces suitable for small haptic devices. In DC motor 

actuated haptic devices that require reflecting high output forces to the operator, the use of gears 

becomes necessary. This, however, will result in backlash, high inertia and discontinuity in output 

forces (cogging), which are undesirable as they distort the reflected forces. In addition, electrical 

motors are not compatible to applications that have extensive magnetic interference, e.g., applications 

involving Magnetic Resonance Imaging (MRI) because they produce their own magnetic fields and 

contain ferromagnetic materials. Concerning the pneumatic actuators, their output force is a function 

of the compressed air pressure that allows to drive much higher force-to-weight ratios than DC motors. 

Thus, a pneumatic system is capable of consistently reflecting both low and high forces against the 

human operator's hand while avoiding the traditional DC motor actuation pitfalls. Also, air is inert to 

magnetic fields, which is crucial in applications such as robot-assisted surgery under MRI guidance. 

Besides the above benefits, the pneumatic systems also suffer from common drawbacks including 

friction and limited bandwidth. Moreover, from a control perspective, controlling a pneumatic actuator 

is a challenge because the system dynamics are highly nonlinear. 

 

 The goal of this research is to investigate the development and control of a certain class of 

electro-pneumatic actuators in a haptic teleoperation system. To control efficiently the input (air) flow 
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of the pneumatic actuator, most of pneumatic systems have utilized servovalves which allow for a 

continuous change of the input mass flow rate. However, servovalves are costly due to the precision 

machining required in their manufacturing. A low-cost alternative to a servovalve is the on/off 

solenoid valve, which can be as a result found promising applications. Firstly, we demonstrate that 

good teleoperation transparency can be achieved with the inexpensive on/off valves. Secondly, a 

comparison in terms of transparency and pressure dynamic behavior between the two technologies 

(i.e. solenoid valve and the servovalve) is carried out. Finally, we deal with the problem of bilateral 

teleoperation in force-sensor-less device setups by using observers for force estimations.  

 

 The outline of this thesis is described as following: 

 

 Chapter 1 gives an overview of haptics including its challenges, achievements and prospects. It 

consists of three principal points. The first one is dedicated to the fundamental specifications of haptic 

interfaces such as haptic-rendering algorithms, human-sensing capabilities, and design requirements. 

The second one describes a brief survey on actuator technologies as well as some concepts and 

examples of haptic devices which are commercially available and under current research. Application 

areas will be discussed in the last point, showing the wide range of technologies involved in haptics. 

 

 Chapter 2 provides an introduction of the bilateral teleoperation systems, followed by a linear 

modeling of different components such as human operator, environment, controllers, and master and 

slave robots. As a typical example for bilateral control, the four-channel architecture – a generalization 

of many existing approaches – is first presented. Next, performance of other control schemes, 

including the two-channel and three-channel architectures, is investigated. Stability and transparency 

are the major goals in every bilateral control design that are also briefly reviewed at the end of this 

chapter.  

 

 Chapter 3 describes the design of a one-degree-of-freedom (1-DOF) haptic interface used in 

pneumatic-actuated teleoperation system. After a description of the device performance specifications 

(i.e., bandwidth, life span, maximum and resolution of force and position), a detailed study on the 

pneumatic cylinders as well as position, pressure and force sensors is carried out. Performance and 

characteristics of the valve technologies (i.e., proportional servovalves and on/off solenoid valves) 

which play a key role in pneumatic control, is mentioned in the final of this chapter.  

 

 Chapter 4 is aimed at providing different control approaches for the pneumatic teleoperation 

systems with low-cost on/off valves. Firstly, the pulse width modulation (PWM) method, which is the 

most commonly used due to its simplicity of design, is presented for force tracking and teleoperation 

control problems. Secondly, the hybrid strategy is investigated in order to improve the tracking 

performance and reduce the chattering problem causing by high switching frequency of the PWM. 

These two control strategies are then implemented and tested on a four-channel master-slave 

experimental setup. Thirdly, our study focuses on a development of the sliding mode control that 

enables to perform both transparent and stability analysis for a two-channel bilateral teleoperation 

framework. Experimental results of different control architectures (position-error-based, force-error-

based and direct-force-reflection systems) are presented and a comparison in terms of performance 

and stability is carried out. Finally, in order to improve the actuator dynamic performance and reduce 

the switching activities of the valves, we propose an enhanced control design that consists of 

extending the three-mode sliding control scheme into a five-mode control scheme. Frequency- and 

time-domain analyses of the new approach are then experimentally investigated, allowing to validate 

the proposed control law in a bilateral master-slave system. 

 

 Chapter 5 deals with modeling and controlling of pneumatic actuator driven by proportional 

servovalves. In order to implement linear controllers on a bilateral teleoperation system, a tangent 

linearization of the nonlinear pneumatic actuator is carried out. Stability and transparency analyses of 

the four-channel master-slave system are then presented. Next, we provide a performance comparison 

of the two valve technologies (i.e., servovalves and the solenoid valves) in the bilateral teleoperation 

system. Another aspect of our work is to investigate the use of observers, in place of force sensors, for 
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an estimation of the operator and the environment forces exerted on the master and the slave devices. 

Performance analysis of the observers is carried out and then validated by experiments performed on 

1-DOF teleoperation system. 

 

 Finally, the results of current work and considerations for future investigation are summarized 

at the end of the manuscript. 
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I. Introduction 

 Generally, the word “haptic” refers to the sense of touch, which is one of the most informative 

senses that human being possess. Mechanical interaction with a given environment is vital when the 

sense of presence is desired. The aim of haptic interfaces is to enhance the user's immersion in a 

virtual environment through a stimulation of the haptic sense, or allow them to interact with remote 

systems through a master-slave telemanipulator. 

 Haptic interaction essentially combines both tactile feedback and kinesthetic feedback, which 

differ in several aspects such as physiology, control requirements, and functionality. Tactile feedback 

is sensed by receptors placed close to the skin, with the highest density being found in the hand. These 

high-bandwidth receptors (50–350Hz) sense the first contact with the environment, its surface 

geometry, temperature, texture, rugosity, and slippage. Force feedback is sensed by low-bandwidth 

receptors (10–20Hz) placed deeper in the body, typically on muscle tendon attachments to bones and 

joints (Burdea & Akay 1996). These receptors provide information on the contact force, as well as 

grasped object compliance and weight. Concerning the functionality, namely the ability to opposite 

actively the user volitional hand movement, force feedback can stop the user’s motion, whereas tactile 

feedback cannot (Burdea & Coiffet 2003). It therefore cannot prevent virtual or robot hands from 

possibility destroying remotely grasped objects.  

 The chapter is organized as follow. Section II gives some specifications of haptic interfaces. 

Section III is dedicated to the technology of haptic feedback, including different type of actuators and 

a number of devices which are commercially available and under current development. Some 

application areas will be discussed in section IV. The aim is to show the application fields where 

haptic feedback has been used. Concluding remarks will be provided in section V. 

II. Specifications of Haptic Interface 

 This section describes the fundamental specifications of haptic interfaces, including basic 

haptic-rendering algorithms, some requirements for good haptic feedback design, and capabilities of 

the human sensing system. 

II.1. Haptic rendering algorithms 

 To be able to feel and manipulate virtual objects through a haptic interface, there must be 

algorithms and computer programs capable of delivering correctly force feedback to the user. The 

term haptic rendering is used to describe these operations, in analogy with the familiar rendering of 

graphics on a computer display. Unlike graphical rendering which can satisfy the eye by update rates 

of 30 frames per second or even less, haptic rendering must be done at rates approaching a kilohertz in 

order to feel accurately the force feedback to the hand (Mahvash & Hayward 2005). In many cases, 

haptic rendering can be accompanied by simultaneous graphical rendering in what is more properly 

referred to a visual/haptic interface. 

 Typically, a haptic rendering algorithm consists of two main blocks: collision detection and 

collision response whose the definitions are given as follow (Salisbury et al. 2004) 

 Collision detection enables to detect collisions between the haptic device and the virtual objects in 

order to yield information about where, when, and ideally to what extent collisions (penetrations, 

indentations, contact area, and so on) have occurred. 

 Collision response enables to compute the interaction force between the haptic device and the 

virtual objects when a collision is detected. This force approximates as closely as possible the 

contact forces that would normally arise during contact with real objects. 

 The principle of the haptic rendering loop is illustrated in Fig. 1.1. When the user manipulates 

the haptic device, new position and orientation are acquired. The collision detection algorithm uses 

position information to find collisions with the virtual object and report the resulting degree of 
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penetration or indentation. The collision response algorithm computes interaction forces between the 

manipulator and the virtual object involved in collisions. These force feedbacks are then conveyed to 

the user through the haptic device to provide him/her with the sensation of 3D objects and their 

surface details.  
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Fig. 1.1.  Principle of haptic rendering  

 In the haptic loop algorithm, there exists a trade-off between rendering accuracy and rendering 

time that is severely imposed on computer resources. There are also issues of control stability. When 

we interact haptically with real objects, energy is almost always dissipated, but if the interaction 

between the haptic device and the virtual object is not correctly modeled, energy can be generated 

leading to vibration and sudden loss of control. Finding the best haptic rendering algorithms for a 

given situation continues to be an active area of research. 

 Another challenge of haptic research is the fidelity of the force feedback in the haptic loop. This 

fact depends on a number of requirements which are detailed in the following subsection. 

II.2. Requirement for a good haptic feedback design  

 In order to produce a good haptic feedback device, several requirements need to be taken into 

account. It is difficult to produce a complete set accurate for all devices as the ideal requirements vary 

for different devices and depend on the application. Some requirements have been compiled from the 

following source (Massie & Salisbury 1994). A common goal as set out by (Mahvash & Hayward 

2005) describes the need to allow unimpeded motion but to be able to exert high fidelity forces and 

torques. In other words, when the user moves through free space, nothing should be felt, and when a 

hard virtual surface is contacted, it should feel perfectly rigid. To do this, the device must be able to 

resolve extremely small changes in position and force. Also, the mechanical constraints for the device 

should include low inertia, backlash, weight and friction.  

 When using a device it is important that if the contact point of the device is not colliding with 

anything in the virtual world then negligible friction should be perceived. A friction level of 5% of the 

force range was set by (Adelstein & Rosen 1992) during their design phase. Low frictions enable the 

user to move the device freely when this one is not in contact. Obtaining negligible frictions can be a 
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problem particularly when high stiffness is required (Hayward & Armstrong 2000). In fact, high 

stiffness implies a stiff mechanical interface which needs to be constructed from metal. These heavy 

materials increase the friction as well as increasing the overall weight of the device. This provides a 

conflict between obtaining high stiffness while keeping low friction. When considering the 

construction of a force feedback device, two designs are possible, i.e. serial and parallel mechanisms. 

Serial mechanisms have a larger work space and are easier for control implementation. The downside 

is that as each section is added to the chain, the total inertia increases and the total stiffness decreases. 

Parallel mechanisms do not exhibit the above problem and have a much higher stiffness. The 

disadvantage over serial mechanisms is that the mechanism’s elements can physically interfere. 

 Ensuring the device is statically balanced is another design consideration. This means that the 

centre of mass of the moving parts remains stationary regardless of movement. If this property can be 

achieved then there is no need for active gravity compensation and the average torque required from 

the actuators is zero. The materials used in such devices need to be considered. Some parts of the 

device will need to be strong enough to take the stress and strain applied by the user and the actuators.

 Another consideration, which affects the overall weight of the device, is the type of actuators 

incorporated. Actuators, as will be discussed in detail in section III.1, provide the forces for the device. 

In most cases, a good actuator should be compact and light as well as capable of producing the 

necessary power to deliver the forces. There are tradeoffs between power, volume and weight since 

actuators capable of producing large forces are generally heavier and are larger in size than those 

capable of small forces. The power-to-weight ratio of the actuators used is a critical factor when 

considering portable devices, particularly when multiple degrees of freedom (DOF) are required. For 

certain devices these constraints can be relaxed. For example, on motion platforms used in flight 

simulators, the weight and size of the actuators are less critical since low power output is required. 

 Often haptic devices will be used for long periods of time and so they must be comfortable to 

use. The weight of a device needs to be taken into consideration. If some components are very heavy 

then moving them around may cause fatigue in a short space of time, particularly if the device is 

carried out the user. The position in which the user is expected to operate the device also needs to be 

considered. For small desktop devices, it is important that the hand and wrist can be positioned 

comfortably. Many small devices allow the wrist to be supported by the surface on which they sit, 

similar to operating a mouse. According to (Mahvash & Hayward 2005), a study of wrist motion was 

undertaken to show that a square region of 150 mm side could be utilized as the workspace area and 

that 50 g masses were acceptable for applications requiring approximately 30 min to complete. For 

larger devices, ensuring a comfortable position for operation can be more of a problem. The 

workspace of such systems should be sufficient and should not restrict the user in natural movement. 

For the motion of larger devices such as arm exoskeletons, the characteristics of the human arm need 

to be noted. Moreover, in order for humans to perceive forces smoothly, the device must match or 

exceed the human sensing resolution.  

 The following section will examine closely the human sense of touch since it is necessary for 

the haptic feedback design.  

II.2.1. Human haptic perception 

 Human haptic perception, comprised of tactile and kinesthetic perceptions, is the process of 

acquiring, interpreting, selecting, and organizing haptic sensory information. Kinesthetic perception 

refers to the sense of force and motion within the muscles and tendons, whereas tactile perception 

specifically concerns the acquisition and interpretation of sensations realized through the 

mechanoreceptors of the skin. 

 Many scientists have studied human perception thresholds in order to understand the limits of 

our abilities. Current studies of the just-noticeable differences (JND) for kinesthetic and tactile senses 

have focused on discernment of geometries, textures, and volumetric properties of objects held by the 

human (Allin et al. 2002). The JND (also referred to as the difference limen or the differential 

threshold) is the smallest change in a specified modality of sensory input that is detectable by a 

human. The Weber fraction defined as the JND divided by stimulus intensity is a common parameter 
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used to evaluate the performance of the discrimination. It is usually assimilated to JND (%) in 

literature. 

 Early kinesthetic studies by (Clark & Horch 1986) investigated human perception of limb 

positions. The authors concluded that humans are capable to detect joint rotations of a fraction of a 

degree performed over a second of time interval. (Jones et al. 1992) also reported the JND for limb 

movement as 8 % (of stimulus intensity). Further psychophysical experiments conducted by (Tan et al. 

1994a) determined the JND for the finger joints as 2.5 %, for the wrist and elbow as 2 %, and for the 

shoulder as 0.8 %. 

II.2.2. Sensory motor control 

 In addition to tactile and kinesthetic sensory channels, human haptic system also includes a 

motor subsystem which is based on control body postures, motions as well as forces of contact with 

objects. In performing manual tasks of real or virtual environments, contact force is perhaps the most 

important variable that produces an effect both tactual sensory information and motor performance. 

 The key aspects of human sensory motor control are maximum force exertion, sustained force 

exertion, compliance, hand mechanical impedance, and sensing and control bandwidth. 

II.2.2.1. Maximum force exertion 

 Several studies have been conducted to measure the controllable manual maximum force 

exertion. (An et al. 1986) found a maximum power grasping force of 400 N for males and 228 N for 

females. Power hand grasping force measurements are illustrated in Tab. 1.1. 

 

 

 Power grasp  Tip pinch Pulp pinch Key pinch 

Male 400 N 65 N 61 N 109 N 

Female 228 N 45 N 43 N 76 N 

TAB. 1.1.   FORCE DISTRIBITION AMONG HAND PHALANGES AND GRASPS (AN ET AL. 1986)  

 Note that the maximum force exertion capability is dependent on the user’s posture. It was 

found that maximum force exertion grows from the most distal joint in the palm to the most proximal 

one (shoulder). In order to ensure user safety, a haptic interface should never apply forces that the user 

can not successfully counter. 

II.2.2.2. Sustained force exertion  

 It is important to remember that humans can exert a maximum force only for a short period of 

time before the onset of fatigue. Muscle fatigue in turn adversely affects both sensing and motor 

control, and eventually leads to discomfort and pain. Another negative effect of prolonged exertion of 

high forces is the shift in force perception. It is therefore necessary to determine what force can be 

sustained comfortably by users for long durations. This information will help to determine the forces 

that haptic interfaces need to produce during task simulations. Tab. 1.2 shows the sustained forces of 

human hand, determined by (Tan et al. 1994b). 

 

 Wrist Elbow Shoulder 

Male 64.3 N 98.4 N 101.5 N 

Female 35.5 N 49.1 N 68.7 N 

TAB. 1.2.   SUSTAINED FORCES OF HUMAN HAND 
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 Alternatively, (Wiker et al. 1989) performed a study of the relationship between fatigue during 

grasping as a function of force magnitude, rest duration, and progression of the task. The tests showed 

a direct correlation between magnitude of discomfort and magnitude of pinch force. The higher the 

pinch force is, the higher the discomfort is, which also increase linearly as the task progressed. 

II.2.2.3. Compliance 

 Another variable that is important for designing the human-computer interface is the ability to 

judge compliance of manipulated real or virtual objects. Human perception of compliance (i.e., change 

in displacement divided by change in force) is presumably based on the perception of both force and 

displacement, since humans possesses no known special “compliance sensors” in peripheral sensory 

organs (Tan et al. 1995). Compliance information is critical in certain applications such as training for 

palpation tasks or telesurgery, since many medical procedures require accurate discrimination of tissue 

properties (O’Malley et al. 2006). The following discussion presents a short summary of the literature 

on compliance both with and without the presence of additional visual or auditory clues. If haptic 

interfaces are involved to be used for exploratory tasks, which require discrimination among objects 

based on their compliance, designers should ensure that the simulated virtual objects appear 

sufficiently different to the human operator.  

 Human perception of compliance involves both the kinesthetic and tactile channels. In fact, 

spatial pressure distribution within the contact region, which is sensed through the tactile receptors, 

plays a fundamental role in compliance perception. However, for objects with rigid surfaces, the 

information available through the tactile sense is limited and in this case, kinesthetic information 

becomes the dominant information channel. In studies involving such objects, (Jones & Hunter 1990) 

reported the differential thresholds for stiffness as 23 %. A comparison of compliance discrimination 

between objects with deformable surfaces and rigid surfaces was found in (Srinivasan & LaMotte 

1995). The results showed that subjects can discriminate compliance quite well if the objects have 

deformable surfaces, but results were much poorer for compliant objects with rigid surfaces. 

 In further investigations, (Tan et al. 1995) studied compliance discrimination in the context of 

its dependence on mechanical work (defined as force integrated over displacement) or maximum force 

applied. When work or terminal force cues were available, subjects exhibited a high sensitivity to 

compliance (the JND or Weber fraction of 8%). However, when work and force cues were removed, 

the JND for compliance discrimination was 22%.  

 Investigating the effect of other cues on compliance perception (DiFranco et al. 1997) observed 

the importance of auditory cues associated with tapping harder surfaces and concluded that the objects 

are perceived to be stiffer when such auditory cues are present. In a similar work, (Durfee et al. 1997) 

investigated the influence of haptic and visual displays on the stiffness perception, while (O’Malley & 

Goldfarb 2004) studied the implications of surface stiffness for size identification and perceived 

surface hardness in haptic interfaces.  

II.2.2.4. Hand mechanical impedance 

 The relationship between the applied force and displacement of the hand is given by its 

impedance. The human arm impedance as well as finger impedance plays a key role in determining in 

the sensitivity and stability of human-machine interface. (Yoshikawa & Ichinoo 2003) considered the 

finger impedance as a mass-damper-spring system. Their study was motivated by the need of better 

modeling the haptic interfaces which are used to provide force feedback to the fingers. Over all 

subjects and forces, they estimated the equivalent mass to vary from 3.5 to 8.7 g, the equivalent 

damping from 4.02 to 7.4 Ns/m, and stiffness from 255 to 1255 N/m. It was noted that the damping 

and stiffness increased linearly with the applied force.  

 Concerning the human arm impedance, several general models have been found from literature 

as shown in Tab. 1.3. As it can be seen, the mass, damping and stiffness parameters differ greatly in 

magnitude because they depend on the task at hand. For example, when performing a very sensitive 

microsurgery task, surgeons are accustomed to hold the instrument firmly. Finding a general human 
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model or even a suitable model for a specific application seems to be difficult. In many cases, only a 

lower and upper bound, together with a nominal impedance model are considered (see Tab. 1.3).  

 

 

 Mass (kg) Damping (Ns/m) Stiffness (N/m) 

(Lawrence 1993) 17.51 175.12 175.12 

(Kazerooni et al. 1993)  4.54 6.83 12.5 

(Yokokohji & Yoshikawa 1994) 2.0 2.0 10.0 

(Daniel & McAree 1998) 1.0 12.6 39.5 

(Hogan 1989) 0.8 5.5 568.0 

(Lee & Lee 1993) 0.15 0.5 7.0 

(Salcudean et al. 2000) 0.5 70 2000 

Lower bound 0.12 0.42 4.59 

Upper bound 25 501 2500 

Nominal 1.44 15.98 68.22 

TAB. 1.3.   VALUE USED FOR HUMAN ARM IMPEDANCE MODEL (KLOMP 2006) 

II.2.2.5. Sensing and control bandwidth 

 Sensing bandwidth refers to the frequency with which tactile and kinesthetic stimuli are 

received by human sensors. On the other hand, control bandwidth refers to the frequencies at which 

the human can respond and voluntarily initiate motion of their limbs. In humans, the input (or sensing) 

bandwidth is much larger than the output (or control) bandwidth. We sense tactile and kinesthetic 

stimuli much faster than we can respond to them (Burdea & Akay 1996).  

 In a review paper, (Shimoga 1992) showed that the output loop, which represents the ability of 

the hand and fingers to exert force, has a 5 to 10 Hz bandwidth. By comparison, the kinesthetic 

sensing has a bandwidth of 20 to 30 Hz, and tactile sensing has a 0 to 400 Hz bandwidth. Very fine 

feature recognition, such as surface textures with small rugosities, requires a much higher bandwidth 

(up to 5000 to 10000 Hz). Tab. 1.4 summarizes the sensing-and-control bandwidth characteristics of 

the human finger (Shimoga 1993a, Shimoga 1993b).  

 

 

Bandwidth range Descriptions 

5000–10000 Hz 
The bandwidth over which the human finger needs to sense vibration 

during skilful manipulative tasks 

320Hz  
The bandwidth beyond which the human fingers cannot discriminate 

two consecutive force input signals 

20–30 Hz 
The minimum bandwidth with which the human finger requires the 

force input signals to be present for meaningful perception 

12–16 Hz 
The bandwidth beyond which the human finger cannot correct their 

grasping force if the grasped object slips 

8–12 Hz 
The bandwidth beyond which the human finger cannot correct for its 

positional disturbance 

5–10 Hz 
The maximum bandwidth with which the human finger can apply 

force and motion commands comfortably 

1–2 Hz 
The maximum bandwidth with which the human finger can react to 

unexpected force/position signals 

TAB. 1.4.   HUMAN SENSING AND CONTROL BANDWIDTH 
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 Finally, it is critical to ensure that the level of haptic feedback is sufficient for task completion 

while being comfortable for the user. For example, when we design an application that needs 

repetitive force exerted by the user, the required rate should not be more than 5 to 10 times a second 

(Brooks 2002). 

III. Technology of Haptic System 

 Haptics research grew rapidly in the 1990's as researchers and corporations discovered more 

uses for force feedback technology. A number of application areas of haptic feedback are under 

exploration, some of them have been recently available commercially in a wide range of designs and 

sizes. The commercialization of haptic devices is due primarily to technological advances that have 

reduced the cost of necessary components, including sensing, computer control platforms, and 

actuation. 

 The key requirement of sensors for haptic applications is high resolution, and many solutions 

such as optical encoders and non-contact potentiometers are providing increased resolution without 

compromising the back-drivability of haptic devices due to their non-contact nature. 

 Another set of technological advances is in the area of computational platforms. First, data 

acquisition systems, which enable transformation from analog and digital signals to the sensors and 

actuators for the digital computation carried out by the control computer, are achieving higher and 

higher resolutions. Second, real-time computation platforms and increasing processor speeds allow 

haptic displays (typically rendered at a rate of 1000 Hz) to exhibit increasingly greater complexity in 

terms of computation and model realism. This, in turn, broadens the range of applications for which 

haptic feedback implementation is now feasible. Finally, embedded processors and embedded 

computing allows haptic devices to be more portable. 

 Improved actuator technology is a crucial criterion to increase the availability of high-quality 

haptic interface hardware. The novel actuators, such as piezoelectric, electro-active polymers, etc., 

enable the design and fabrication of small size and light-weight kinematic mechanisms that are well 

suited to the portable force feedback devices. The classical actuators, such as electrical motors, 

hydraulic and pneumatic cylinders, are used in almost all present haptic interfaces thanks to their well-

known characteristics and controlling. Nonetheless, it should be noted that these actuation 

technologies are still a key limitation in haptic device design (i.e., heavy, cumbersome, etc.). 

 In order to justify the choice of driven actuation for our further development, this section 

provides an overview of the different actuator technologies. Concerning the sensors and the computer 

control platforms, they will be detailed in chapter 3 (section IV) and chapter 4 (section IV.1.4.1), 

respectively. Some concepts and example of haptic devices that consist of both non-portable and 

portable feedback systems are reported in the final of this section. 

III.1. Actuation 

 Haptic interfaces incorporate actuators that are used to return force or tactile sensations to the 

user. Without actuators, the interface can only function as an input device to the computer. In this 

case, the haptic feedback loop is broken, and the simulation realism is degraded. Therefore, actuator 

plays an important role in providing good performance to haptic devices. 

 Ideally, the haptic interface should be transparent, which means that no force should be exerted 

on the user’s hand (or other parts of the body) when no physical interactions exist in the virtual reality 

simulation. In this case, the actuators could be able to follow the user’s hand motion rapidly, and 

without opposition, a quality called back-drivability. Also, the user should not feel any friction forces 

present in the actuator and gears or transmissions incorporated in the interface. Therefore, back-

drivability requires minimal static friction and low actuator inertia. An additional negative effect of 

friction is the possible masking of small feedback forces, calculated by the computer but never felt by 

the user. The ratio of maximum actuator output versus its friction defines its dynamic range. High 

simulation fidelity requires actuators with high dynamics range and high bandwidth. 
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 Finally, haptic feedback actuators are placed in close proximity to the user, therefore their 

intrinsic safety becomes a concern. High pressure fluids, high voltages, or high currents could be 

dangerous for the user during the operation. Additional harm to the user can come from excessive 

noise, thus noisy actuators should also be avoided. 

 In this subsection, we provide the various classical actuators technologies used today (e.g., 

electrical motors, hydraulic, and pneumatic cylinders) as well as several novel actuators which show 

interesting properties for use in tomorrow’s haptic interfaces (e.g., shape memory alloys, 

electro/magneto-rheological fluids, piezoelectric actuators, and electro-active polymers).  Depending 

on the characteristics and application requirements, some actuators can be employed in a master 

device, the other can be integrated into a slave one. Furthermore, certain of them may be suitable for a 

development of both master and slave interfaces. In the following, actuator technologies will be 

presented for the applications of master and/or slave systems. A comparison between the different 

haptic actuation technologies will be conducted at the end of the subsection. 

III.1.1. Classical actuators 

III.1.1.1. Electrical actuators 

 By far, the haptic actuators most used today are electrical direct-current (DC) motors (see Fig. 

1.2). They are easy to install (no complex piping, wiring, or pump room needed), clean (no leaks), 

quiet (no noise generating oscillations), and easy to control. It has been known that all the DC motors 

are active elements that apply power to the user. There is, however, a second class of passive electrical 

actuators that can absorb, or dissipate the power generated by the user during the operation. These are 

magnetic particle brakes (MPB) actuators which have been recently used in some haptic devices for 

the development of a safe and passive system (Conti et al. 2007). 

 

(a)  3DOF Phantom Omni (SensAble1)       (b)  6DOF Delta (ForceDimension2)                  (c)  5DOF haptic Wand (Quanser3) 

 

   (d)  7DOF Freedom 7S (MPB4)                (e)  6DOF Cyberforce (Immersion5)                      (f)  6DOF Virtuose (Haption6) 

Fig. 1.2.  Commercialized haptic devices based on electrical motors 

                                                      
1 http://www.sensable.com/products-haptic-devices.htm (last visit on 16 June 2011) 
2 www.sensable.com (last visit on 16 June 2011) 
3 http://www.quanser.com/net/industrial/Systems_and_Products/Sys_5Dof_Haptic.aspx (last visit on 16 June 2011) 
4 http://www.mpb-technologies.ca/mpbt/mpbt_web_2009/_en/7dof/index.html (last visit on 16 June 2011) 
5 http://www.immersion.com/ (last visit on 16 June 2011) 
6 http://www.haption.com/site/eng/index.html (last visit on 16 June 2011) 
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III.1.1.2. Pneumatic actuators 

 The second class of actuators discussed in this section is pneumatic actuators. Their force output 

is a function of the compressed air pressure used to transfer energy from the power source (i.e., 

compressor) to the haptic interface. Typically, air is compressed at low pressure (maximum of 700 

kPa), resulting in a smaller force/torque exertion capability than with hydraulic actuators (addressed in 

subsection III.1.1.3). The advantages of pneumatic actuator can be cited as follow: 

 Since their supply pressures are significantly lower, the pneumatic actuators have a lighter 

construction with respect to the hydraulic ones.  

 The manufacturing process of pneumatics is simpler and much cheaper than hydraulics. 

 Air is inflammable, cheap, and clean.  

 In pneumatics, unlike hydraulics, there is no return piping to the compressor, because air is 

exhausted at the control valve.  

 Compared to the electrical motors, pneumatic actuators have higher mass-to-force ratio and can 

generate larger force without any reduction mechanism. This leads to high power-to-weigh 

ratios that are superior to those of electrical motors.  

 Despite of all the above advantages, pneumatic actuators have their drawbacks. Air is 

compressible, therefore, the bandwidth is lower than those of hydraulic actuators. Static friction is 

important since air is not self-lubrication. Large friction forces can mask small feedback forces 

produced during interaction with soft virtual objects.  

 There exist two main types of pneumatic actuator, i.e. cylinders and pneumatic artificial 

muscles. 

 Air cylinders are available in a variety of sizes and can typically range from 2.5 mm diameter, 

which might be used for picking up a small object (e.g., transistor or other electronic components), to 

400 mm diameter, which would impart enough force to lift a car, for example. However, some 

pneumatic cylinders reach 1000 mm of diameter, and may be used in place of hydraulic cylinders for 

special circumstances where leaking hydraulic oil could impose an extreme hazard.  

 Pneumatic artificial muscles (PAMs) are extremely lightweight actuators and have much higher 

power-to-weight ratios (1000–1500 W/kg) than the cylinders (100–300 W/kg). Among different types 

of PAMs, braided muscles (or McKibben muscles), introduced by McKibben as an orthotic actuator in 

the late 1950’s, are the most commonly used today because of their simple design and assembly. In 

spite of their widespread use, the braided muscles present several drawbacks. Firstly, due to dry 

friction between the braid and the tube, substantial hysteresis of the tension-length relationship occurs, 

as determined by (Tondu et al. 1995). This leads to a complex actuator models of the controlled 

system. Secondly, the dynamic behavior of the McKibben muscles is extremely slow (about 0.3Hz 

against 1–15Hz in the cylinder case) due to a compression time of more than 20s and a return-

relaxation time of about 10s. Thirdly, deformation of the rubber tube requires additional energy 

consumption and therefore, applied pressure has to exceed a threshold value to start the expansion of 

the tube. This value depends on the toughness of the rubber (e.g., 100 kPa for typical McKibben 

muscles). A fourth weak point is related to the failure of “membrane material” (or rubber) that can 

reduce the actuators lifetime. In addition to the above drawbacks, the displacement capability of 

braided muscles is rather limited. Total displacement, which is usually expressed as a percentage with 

regard to a reference length (at rest), ranges between 20% to 30% (Chou & Hannaford 2002).  
 Recently, a variant of the McKibben muscles was designed and commercialized by Festo

1
. They 

are mainly used by several research groups for anthropomorphic design, prostheses and orthotics.   

Fig. 1.3 shows a Blackfingers
2
 and a Softech

3
 humanoid robot, actuated by the McKibben muscles.   

 

 

 

                                                      
1 http://www.festo.com/net/startpage/ (last visit on 16 June 2011) 
2 http://home.dei.polimi.it/gini/Humanoid.htm (last visit on 16 June 2011) 
3 http://www.softmech.net/index-eng.html (last visit on 16 June 2011) 
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(a) Blackfingers actuated by McKibben muscles                                (b) Softech humanoid robot with Festo muscles 

Fig. 1.3.  Example of PAM prototypes 

 To resume, Tab. 1.5 shows a comparison between pneumatic cylinders and pneumatic artificial 

muscles. 

 

 

Technologies Advantages Disadvantages 

Cylinders 
Large range of displacement 

No fatigue of material → long lifetime 

High static friction 

More cumbersome and heavier than PAMs 

→ limit design and architecture 

Artificial Muscles 

High power-to-mass ratio 

Light weight 

Flexible → similar to human muscle 

Very slow dynamics 

Non-negligible hysteresis 

Limited displacement 

Rubber’s fatigue failure  

Complex actuator models and control 

TAB. 1.5.   COMPARISON OF TWO PNEUMATIC ACTUATORS 

III.1.1.3. Hydraulic actuators 

 Hydraulic actuators exhibit a superior bandwidth over pneumatic actuators. This is due to the 

incompressibility of the hydraulic fluid (oil) transmitting energy from the pump to the feedback 

interface. Additionally, the large oil pressure (10 to 20 MPa) involves in a very large force/torque 

exertion capability. The actuators designed to withstand such pressures are necessarily heavier, but 

their resulting power-to-weigh ratio is very high (300–700 W/kg). Another advantage of hydraulic 

systems is their high stiffness because of incompressible oil. Furthermore, oil is self-lubrication 

(unlike pneumatic systems), so that friction does not pose a problem.   

 The drawbacks of hydraulic actuation come at a price. First, using high-pressure oil requires a 

complex hydraulic system to pressurize, transmit, and regulate oil flow. Secondly, large valve pressure 

losses involve low energy efficient and systems that are costly to produce and operate. Finally, despite 

of careful fitting and piping design, oil leaks do occur. In the best case, the leaks result only in the 

contamination of the simulation site. This possibility makes hydraulic haptic interfaces unusable in 

clean environment (such as hospital operating room). In the worst case, high-pressure oil leaks are a 

safety hazard. Indeed, according to (Stadler 1995), oil can quickly soil a large area, and the nearly 

invisible high-pressure stream can damage equipment and injure the human operators. Also, oil is 

flammable, which requires extreme caution to maintain proper operating temperatures, whereas 

pneumatic systems are relatively indifferent to temperature changes. 

 One of the first applications of hydraulic force feedback systems in the hazardous/hostile 

environments are proposed by (Ostoja-Starzewski & Skibniewski 1989). These authors have shown 

that thanks to force feedback, enhancements in tracking performance and operator’s perception could 

be achieved by such an interface. 
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 Recently, Computational Neuroscience Laboratory
1
 develops a SARCOS teleoperation system, 

which is designed to emulate the human arm (see Fig. 1.4). The system consists of 10-DOF for each 

robotic manipulator (i.e., master and slave) where 7-DOF in the arm, and three additional DOF in the 

finger. The system is used for manipulation experiments and real-time learning of motor skills. 

 

                     

(a) Hydraulic slave arm                                                      (b) Hydraulic master arm                                                                                                         

Fig. 1.4.  SARCOS telemanipulator (ATR Computational Neuroscience Labs, Japan) 

 Another example of the telemanipulation using hydraulic actuators is a MAESTRO robot 

(Modular Arm and Efficient System for Telerobotics), developed by CEA
2
 (Commissariat à l'énergie 

atomique et aux énergies alternatives), in collaboration with CYBERNETIX
3
 company (specialized in 

robotics and automation for interventions in hostile environments) and IFREMER
4
 (French Research 

Institute for Exploitation of the Sea). As it can be seen in Fig. 1.5, this manipulator is a serial robot 

composed of six links and six hydraulic rotational joints (rotary jack fed by flow control servovalve). 

The MAESTRO is used when human intervention is not possible such as operation in nuclear or 

offshore hostile environments. Thanks to the dexterity, accuracy and strength of the hydraulic 

technology, this powerful remote handling robot can be dedicated to many tasks like inspection, 

maintenance, dismantling, and cleaning, etc. 

 

 

 

Fig. 1.5.  MAESTRO robot (CEA, France) 

                                                      
1 http://www.cns.atr.jp/(last visit on 16 June 2011) 
2 http://www.cea.fr/(last visit on 16 June 2011) 
3 http://www.cybernetix.fr/(last visit on 16 June 2011) 
4 http://wwz.ifremer.fr/(last visit on 16 June 2011) 
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III.1.2. Novel actuators for haptic devices 

 The design of dextrous force-reflecting hand master, in particular the portable haptic devices 

(will be introduced in section III.2.2), presents daunting challenges. Power densities require from the 

actuators in such systems are not attainable with the classical technology, and may be impossible 

without significant innovations. Therefore, researches are currently investigating a number of novel 

technologies including piezoelectric actuators, shape memory alloys, electro- and magneto rheological 

fluids, electro-active polymer, etc. These actuators are developed based on smart materials which can 

be significantly changed in a controlled fashion by external stimuli, such as stress, strain, temperature, 

moisture, pH, electric or magnetic fields (Smith 2005). However, most of the developments on such 

actuators still stay within laboratory and only few of them are commercially available.  

 In the following subsections, some of the novel actuators as well as their potential use in the 

field of haptic feedback will shortly be introduced. 

III.1.2.1. Piezoelectric actuators 

 Piezoelectric actuators have some properties that can be very interesting for feedback of tactile 

information. By applying a high voltage, the crystals change their shape. Accompanied by huge forces, 

translation can be achieved this way. Their disadvantages for haptic feedback applications are the tiny 

translations of a few μm. On the other hand, vibration around 1kHz (beyond the sensible frequency of 

the human) can be achieved without any problems. Tactile feedback is feasible (Caldwell & Gosney 

2002), thus simulations of different textures are possible. 

III.1.2.2. Shape Memory Alloys 

 Shape memory alloys (SMAs) belong to the group of metallic materials that demonstrate the 

ability to return to some previously defined shape when subjected to the appropriated thermal 

constraint. When SMAs encounter resistances during this transformation, they can generate large 

forces, which would be of great advantage for force feedback devices. The most two common SMAs 

available on the market are the NiTi or the copper-based alloys. A wide variety of applications can be 

found in free or constrained recovery, proportional control, super elastic applications (Auricchio et al. 

1997). SMA actuators can produce much more useful work per unit volume than most actuating 

mechanisms. However, we must take into account the forces, displacements, temperature conditions, 

and circle rates required by a particular actuator. Unfortunately their long relaxation time (from 

seconds to minutes) makes them useless for most haptic feedback tasks. 

III.1.2.3. Electro-rheological fluids 

 Electro-rheological fluids (ERFs) are materials that respond to an applied electric field with a 

change in viscosity behavior (Tao & Roy 1994). Typically, this change is manifested by the 

development of a yield stress that increases with applied field. Just as quickly, the fluid can be 

returned to its liquid state by the removal of the field. It was demonstrated in (Han & Choi 2006) that 

the electro-rheological actuators could be used for haptic feedback devices. Also, they can achieve 

high frequencies around 1kHz and high shear stress around 2-4kPa. However, high voltage is needed 

(around 2-4kV per millimeter gap between the electrodes) with the consequence that safety aspects 

have seriously to be taken into consideration. There exist other disadvantages, such as sedimentation 

(i.e., inhomogeneity) for instance, which can change properties of fluid and therefore resulting in 

degraded electric-mechanic power converter of the actuators. 

III.1.2.4. Magneto-rheological fluids 

 Magneto-rheological fluids (MRFs) show the same effect in a magnetic field, as the ERF do in 

the electric field. A change of viscosity is observed while the field is on. MRFs have much higher 
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shear stress (around 60-120kPa) than ERFs. The possibility of using MRF actuators in haptic 

interfaces is exploited by (Winter & Bouzit 2007). Although these actuators have been studied and 

developed in the laboratories, they are limited in commercial feasibility due to their disadvantages of 

being costly (high-quality fluids), cumbersome, and heavy (presence of iron particles). 

III.1.2.5. Electro-active polymers 

 Electro-active polymers (EAPs) exhibit a significant shape or size change in response to an 

electrical stimulation. In the last decades, they have received more and more attention by haptic 

designers due to their flexibility, light weight, highly dynamics, damage tolerant, and low power 

consumption. These attractive characteristics present great potentials for micro electromechanical 

systems (Liu & Bar-Cohen 1999), bionic robots (Staab et al. 2007) and biologically inspired 

technology (Bar-Cohen & Breazeal 2003). However, the disadvantages of the EAPs cannot be 

ignored, such as the required high voltages or the non-ideal polymers for instance. The important 

characteristics of latter have still to be completely understood. In addition, the manufacturing process 

is still very complicated and far away to be suited for mass production. Consequently, these polymers 

themselves are difficult to find and just a few of them are available on the market. 

III.1.3. Comparison of the different technologies 

 In order to justify the choice of the actuator for our further development, Tab. 1.6 summarizes 

some advantages as well as drawbacks of the classical and the novel technologies. 

 The novel actuators have a potential in terms of superior bandwidth, compactness, mass, and 

power consumption over the conventional actuators. Applications of these actuators include 

tactile/force feedback in virtual reality, artificial muscles, synthetic limbs and prostheses in medicine, 

miniature robotic arms, miniature insect-like robots, and ink-jet printers in process techniques. 

Although the novel technologies are rightly seen as having many potential applications, most of their 

developments stay within laboratory and only few of them are commercially available. Promising 

applications do exist, as mentioned, but will grow slowly until several problems such as poor 

knowledge of material characteristics, complicated manufacturing process, and cost are overcome. 

Due to these reasons, the novel actuator will not be chosen for the development of our device. 

 Concerning the classical actuators, electrical DC motors are currently the choice of most 

applications as they are simple and capable of providing high bandwidth at relatively low cost and 

maintenance. The drawbacks are that they exhibit some level of torque ripple and tend to be heavy. 

Transmission mechanisms are often used to overcome the weigh problem but they always introduce 

some friction and backlash that degrade performance. In addition, electrical motors are not compatible 

to applications involving Magnetic Resonance Imaging (MRI). Indeed, any ferromagnetic materials in 

electric motors will generate noises that make difficult to scan highly-precise MR images. Moreover, 

no ferromagnetic material is allowed inside the scanner (Oura et al. 2006). This represents a severe 

design limitation for surgical robots that have to work under MRI guidance. 

 On the other hand, hydraulic/ pneumatic actuators lead to higher force-to-weigh ratios than DC 

motors. Moreover, they are inert to magnetic fields and thus completely MRI-compatible (Yu et al. 

2008). Finally, these actuators can give an easier way to deal with the design and control of the 

mechanical compliance, that allow to ensure human safety when interacting with robots.   

 Although the pneumatic actuators are limited by low bandwidth and high friction, they lead to a 

smaller, cleaner, safer and cheaper haptic device than the hydraulic ones. Thus, this kind of actuators 

are considered to be the best suited for our future development, where the dynamics required by the 

system is slow enough. 

 In this section, we reviewed various actuator technologies could be used in present haptic 

interfaces. These actuators based on specific performance criteria (such as power-to-weight ratio, 

bandwidth, cost, etc…) which are crucial for haptic interface design. This discussion allows to justify 

the choice of actuator technology (i.e., pneumatic) for our device and also to provide the necessary 

foundation for the next section describing actuator integration in various haptic feedback systems. 
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Technologies Advantages Disadvantages 

Electric 

Simple energy transmission from power supply to 

device (flexible wires) 

Easy to control and high bandwidth 

Clean and quiet 

Low cost 

Low force-to-weight ratio  

High inertia 

Backlash → distortion force/torque 

Over-heating with heavy load 

Not compatible in MRI environment 

Pneumatic 

Lightweight, small size, high mass-to-weight ratio 

Compliance 

No return lines required for exhausted fluid 

Clean system, non-flammable fluid, inert to magnetic 

fields → MRI application 

Low bandwidth 

High stiction friction 

Highly nonlinear properties (compressibility of 

air, friction effect, dynamics of valve) 

Leakage 

Hydraulic 

Very high power-to-weigh ratio  

Compliance 

High bandwidth 

Self-lubricating → low friction 

 

Viscosity of oil changes with temperature 

High-pressure oil leaks are unsafe  

Flammable oil  

Costly to produce and maintain 

Leakage 

Piezoelectric 

 

Small size  

High bandwidth, high frequencies 

Low actuation power 

Wide range of operating temperature 

Limited strains and low tensile strength 

Fragile materials 

High driving voltage 

SMAs 

Large active stresses 

High energy density 

High material strength and high elasticity 

Low bandwidth 

Low efficiency 

High hysteresis (long relaxation time) 

Problem in fatigue failure 

ERFs 
High dynamics 

Wide range of operating temperature 

Limited shear stress 

Sedimentation problem 

MRFs 
High shear stress 

Low voltage power 

Costly (high-quality fluids)  

Heavy (high loading of dense iron) 

EAPs 

Large active strains 

High energy density 

Small size and intrinsic softness → MEMs and 

nanostructure applications 

High bandwidth  

Moderate active stresses  

Limited temperature range 

Complicated manufacturing process 

High driving voltage 

TAB. 1.6.   ACTUATOR COMPARISON 

III.2. Concepts and examples of haptic devices 

 After having reviewed the underlying actuator technology, in the following subsections, we take 

a closer look at two main categories of haptic force feedback, i.e. non-portable and portable interfaces. 

Some examples presented have been chosen to show essential features of their respective categories. 

Also, they demonstrate the wide range of technologies involved in haptics. 

III.2.1. Non-portable force feedback 

III.2.1.1. Joystick 

 Joysticks are widely used as simple input devices for computer graphics, industrial control, and 

entertainment. Most general-purpose joysticks have two DOF with a handle that the user can operate. 
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As illustrated in Fig. 1.6, the handle is supported at one end by a spherical joint and at the other by two 

sliding contacts (Adelstein & Rosen 1992).  

 

α

β
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z
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x
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Axis1Spherical joint

Potentiometer

Axis 2

Swing arm

 

Fig. 1.6.  Two-DOF slotted swing arm joystick.  

 Haptic joysticks vary both in mechanical design and actuation mechanisms. Spherical joysticks, 

as the name implies, have a sphere-shaped workspace. They present the particularity of having a fixed 

center point that can be chosen at the center of the user hand, thus, eliminating the need for arm 

motion. Such a device has been successfully tested at Laval University, Canada (Birglen et al. 2002) 

(Fig. 1.7).  

 

 

Fig. 1.7.  Spherical 3-DOF haptic device (SHaDe)  

 The Cartesian joysticks differ from spherical ones in that they have two or three orthogonal axes 

that allow the entire base of the handle to translate. This leads to a larger work volume and increase 

mobility for the user. An example is the six-DOF Cartesian joystick comprised of a moving platform 

sliding using guiding blocks and rails developed by Afma Robotics
1
, France (Fig. 1.8). This device has 

a square-shaped planar workspace, and is equipped with a pneumatic prehensor mounted on the end-

effector. 

 While the spherical joysticks can be used with just wrist movements, the Cartesian joysticks 

require the user to employ other joints of the arm, like the elbow or the shoulder. Consequently, the 

workspace and force output of Cartesian joysticks can be greater than that of similarly sized spherical 

models. 

                                                      
1
 http://www.masterseek.fr/afma-robotics_profile_54039.htm (last visit on 16 June 2011) 
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Fig. 1.8.  Cartesian 6-DOF haptic device
1
 (Afma Robotics Company, France) 

 Another possible design involves Stewart platform joysticks. This prototype, developed by 

(Stewart 1965), was used as a motion platform for flight simulations. It consists of a fixed base and a 

mobile platform interconnected by six actuators that are kinematically in parallel. The high force 

output and great rigidity of Stewart platforms has attracted the attention of numerous designers in 

haptics. Fig. 1.9 (a) shows an example of such a device using pneumatic actuators for palpation test 

(Takaiwa & Noritsugu 2003). Another Steward platform type with electrical motor is the 6-DOF 

Haptic Master illustrates in Fig. 1.9 (b). This device, produced recently by Nissho Electronics Co. of 

Japan
2
, is based on the earlier prototype developed by (Iwata 1990) at the university of Tsukuba.  

 

 

                                       

     (a) Pneumatic actuator technology                                               (b) Electrical actuator technology                                                                                                          

Fig. 1.9.  Examples of Steward platform joysticks 

 The last type of force feedback joystick to be discussed here is the magnetically levitated device 

developed by (Salcudean & Vlaar 1997). Whereas all previously mentioned joysticks had some static 

friction, the magnetically levitated prototype has no friction at all and is particularly suited for display 

of small force and stiff contact. A drawback of this technique is that the range of motion is limited by 

the distance between the joystick handle (or flotor) and stator. Indeed, a small distance permits to 

capture the magnetic fields effectively. Fig. 1.10 shows the magnetically levitated device developed by 

Mellon University, USA.  

 

  

                                                      
1
 http://www.irisa.fr/lagadic/material/material-eng.html (last visit on 16 June 2011) 

2 
http://www.nissho-ele.co.jp/ (last visit on 16 June 2011) 
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Fig. 1.10.  Magnetically levitated device (Carnegie Mellon University) 

III.2.1.2. Pen-based master 

 Pen-based haptic devices allow interaction with the virtual environment through tools such as a 

pen (or pointer) or scalpel (in surgical simulations). These devices are compact with a workspace 

larger than that of spherical and magnetically levitated joysticks and have three to six DOF. The best-

known example of a pen-based haptic interface is the Phatom commercialized by SenAble (Fig. 1.11).  

 Originally developed by (Massie & Salisbury 1994), the Phantom is an electrically actuated 

serial-feedback robotic arm that ends with a finger gimbal support and thus can be replaced with a 

stylus. The gimbal orientation is passive and the serial arm applies translational forces to the 

operator’s fingertip. A six-DOF interface in (Iwata 1993) allows to apply both forces and torques to 

the operator’s hand. The system replaces the single serial arm of the Phantom with two 3- DOF arms 

connected to a stylus. This results in more complex interactions between the human operator and the 

remote/virtual environment. 

 

 

 

Fig. 1.11.  The Phantom Premium device (SensAble) 

III.2.1.3. Stringed haptic interface 

 Most haptic interfaces are composed of rigid links which are simply too heavy (requirement of 

gravity compensation), strong, expensive, and not dexterous enough to achieve widespread 

application. Due to these limitations, researchers have looked to other methods of providing force 

feedback to the user. A solution that has gained prominence involves using stringed haptic interfaces 

(Williams II 1998). In such a device, actuators are placed remotely from the hand, being attached to a 

cube supporting structure. The system has therefore very low weight, small inertia and substantially 
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larger work space than the joysticks. However a major drawback of stringed haptic interfaces is their 

unidirectional (tensile) force exertion capability. To be able to exert three-dimensional forces/torques, 

it is necessary to use a large number of strings and actuators. 

 One of the early stringed haptic interfaces is the Texas 9-string developed by (Lindemann & 

Tesar 1989). It is originally designed as a generalized master for space telerobotics applications. As 

shown in Fig. 1.12, this six-DOF device has nine strings and three pneumatic cylinders supporting a T-

shaped handle in the middle of a cubic enclosure. The large dimension of air cylinders results in large 

spherical workspace and large haptic forces to the user. However, it was reported that due to the 

design’s numerous strings and low bandwidth, performance is seriously hindered by string 

interference and delayed response.  

 

 

 

Steel cable

Air cylinder

Grommet

Spherical joint

Motor transducers

 

Fig. 1.12.  The Texas 9-string force display            

 Another stringed haptic interface is the SPIDAR (Space Interface Device for Artifitial Reality) 

developed by (Ishii & Sato 1994) at Tokyo Institute of Technology, Japan. Compared to the Texas 9-

string interface, the SPIDAR system has a simpler and more compact to design. The initial prototype 

shown in Fig. 1.13 (a) has four strings attached to a cap worn on the user’s finger. Subsequently, the 

SPIDAR systems was modified to allow feedback to both thumb and pointer fingers as shown in Fig. 

1.13 (b). With both fingers requiring four strings, the system now has eight strings. Occasional 

kinematic interference is reported by the researchers for extreme abduction/adduction angles. The 

SPIDAR II system makes possible the simulation of grasping forces and of the virtual object weight. 

The workspace is now a sphere of 30 cm diameter and virtual object such as 5 cm cubes are 

comfortable grasped.   

 The last version of SPIDAR system is two-handed with multi-fingers, namely SPIDAR-8 

(Walairacht et al. 2002). This new system allows a user to use thumb, index, middle, and ring fingers 

on both left and right hands to manipulate virtual objects in the simulated virtual world (Fig. 1.14 (a)). 

The user can perform the cooperative work using both hands and perceive force feedback at eight 

fingertips while manipulating the virtual objects. As application illustrated in Fig. 1.14 (b), the 

simulation of the Virtual Rubik’s Cube game was implemented and obviously showed the abilities of 

the system.                                             
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                                  (a) SPIDAR I                                                                               (b) SPIDAR II  

Fig. 1.13.  The two earliest versions of SPIDAR system 

   

 

 

                                      (a) SPIDAR-8                                                                       (b) Virtual Rubik’s cube 

Fig. 1.14.  The last version of SPIDAR system 

III.2.1.4. Floor- and ceiling-grounded interfaces 

 Generally, floor- and ceiling-grounded interfaces are larger, more complex and more expensive 

than desktop devices. Owing to their large force output, and as a result, user safety becomes critical. 

This is especially true for exoskeletons where the operator is inside the device workspace at all times. 

High cost and increased user safety concerns account for use of such systems outside research 

laboratories. 

 Fig. 1.15 (a) shows one of the first generalized master arms that is developed by Jet Propulsion 

Laboratory (JPL
1
) of National Aeronautical and Space Administration (NASA

2
), USA. It is a six-DOF 

interface with a three-axis hand grip that slides and rotates about a fixed support attached to the floor. 

The JPL device is another example of a point contact haptic interface where the forces are applied at 

the user’s hands. As compared to joysticks or desktop devices though, it provides a much larger work 

volume with greater force output capabilities, coupled with greater freedom of arm movement. These 

larger devices are useful for remotely manipulating large robotic manipulators like those used in space 

(Bejczy & Salisbury 1980). 

 An example of a grounded exoskeleton haptic interface is the MAHI arm exoskeleton (Fig. 1.15 

(b)) built at Rice University, USA (Sledd & O’Malley 2006). This five-DOF exoskeleton is designed 

                                                      
1 

http://www.jpl.nasa.gov/ (last visit on 16 June 2011) 
2 

http://www.nasa.gov/ (last visit on 16 June 2011) 
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primarily for rehabilitation and training in virtual environments. The device encompasses most of the 

human arm workspace and can independently apply forces to the elbow, forearm, or wrist joints. This 

feature makes it extremely suitable as a rehabilitation interface that allows the therapist to focus 

treatment on isolated joints. 

 

 

 

                             (a) Six-DOF JPL arm master.                                                                (b) MAHI haptic arm exoskeleton 

Fig. 1.15.  Examples of the floor- and ceiling-grounded interfaces 

III.2.2. Portable force feedback 

 The previous section described non-portable force-feedback interfaces that are mechanically 

grounded to a desk, ceiling, or floor. The advantage of such devices lies in their ability off-load the 

actuator from the user. The drawback is a reduction in the user’s freedom of motion, and thus in the 

simulation naturalness. Therefore, it is necessary to use portable force-feedback interfaces where their 

actuating or sensing is grounded on the user’s body (either on the back, chest, arm or palm). Such 

portable masters are more difficult to design due to the limitations in overall weight and volume to 

avoid user fatigue during prolonged simulation. Indeed, this implies high power-to-weight and power-

to-volume ratios for the actuating system. Although several non-portable force-feedback interfaces are 

commercially available, most portable systems are under active research, reflecting the state of 

transition in haptic feedback hardware.  

III.2.2.1. Arm exoskeletons 

 One of the earliest modern haptic arm exoskeletons is developed by (Bergamasco et al. 1994). 

The five-DOF arm provides feedback to the shoulder, elbow, and forearm joints using DC motors and 

a complex cable transmission. The user controls the exoskeleton through a handle attached to the last 

rigid link. The user controls the exoskeleton through a handle attached to the last rigid link. The device 

can apply torque up to 20 N/m at the shoulder, 10 N/m at the elbow, and 2 N/m at the wrist joint.  

 The arm exoskeleton described above uses DC motors that have low power-to-weight ratios. 

This results in a heavy interface structure that weighs in excess of 10 kg. Researchers at the University 

of Salford, United Kingdom are currently working on a lightweight arm master (Caldwell et al. 1995). 

The significant reduction weight in exoskeleton is due to the use of very light pneumatic muscle 

actuators described in III.1.1.2. These compact actuators are 15 cm long and weigh only 15 grams, 

however their contractile force cannot exceed 150 N (at 700 kPa). Subsequently, (Tsagarakis et al. 

1999) has reported very large forces of 1000 N (at 800 kPa). As shown in Fig. 1.16, the design uses 

actuators acting in opposition for each exoskeleton joint. The overall structure has 7-DOF (three at the 

shoulder, two at the elbow, and two at the wrist) and it is attached to the user through a body brace. 

The exoskeleton is constructed of a combination of steel and aluminium and weighs only 2 kg. Its 

geometry allows the user to reach over 90 % of his work volume. This device does limit shoulder 
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extension (behind back), but this is considered unimportant for the intended use in a virtual reality 

simulation. 

 

 

 

Elbow Joints

Shoulder Joints

Wrist Joints

 

                             (a) Arm kinematics                                                             (b) overall system attached to person’s arm 

Fig. 1.16.  Exoskeleton using pneumatic muscle actuators 

 Recently, CEA has developed a motorized exoskeleton that is shaped like a human arm and 

designed to guide or assist movements. One of its major innovations is the jackscrew-cable actuation 

system that allows to achieve a compact, quiet, and reversible system. To optimize movement 

assistance, the actuator has a very low level of friction and low inertia, comparable to a human arm.  

 

 

 
 

Fig. 1.17.  Orthotic prototype of  CEA-LIST
1
 

III.2.2.2. Hand masters 

 One of the first string-based hand master is the Dextrous Hand Master (DHM) developed at 

Laboratoire de Robotique de Paris, France (Bouzit et al. 1993). The DHM uses tendons to apply forces 

on each phalanx of the hand. Each of the 14 joints is actuated through a tendon-sheath transmission by 

DC disk motors, placed remotely from the hand. Miniature force sensors are placed on each phalanx in 

order to measure string strain and permit the implementation of force/impedance control techniques. 

                                                      
1
 http://www-list.cea.fr/gb/actualites/news_2008/news_27_10_4.htm (last visit on 16 June 2011) 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0131/these.pdf 
© [M-Q. Le], [2011], INSA de Lyon, tous droits réservés

http://www-list.cea.fr/gb/actualites/news_2008/news_27_10_4.htm


Chapter 1: Haptic Systems 

- 41 - 

As illustrated in Fig. 1.18 (a), this haptic device provides force feedback to all fingers at 14 hand 

locations. 

 The only commercially available haptic glove is the CyberGrasp (McLaughlin et al. 2005), 

which is a retrofit of the CyberGlove
1
 manufactured by Immersion Technologies

2
. As illustrated in 

Fig. 1.18 (b), the CyberGrasp consists of a cable-driven exoskeleton structure on the back of the hand. 

The interface is powered by electrical actuators capable of applying 12 N resistive forces to each 

finger. The exoskeleton attachment to the back of the palm allows full fist closure, but requires the 

remote placement of actuators in a control box. This results in high backlash and friction, and reduces 

the dynamic range of the device. Even with the remote placement of its actuators, the weight of the 

glove is quite high (450 grams), which may lead to user fatigue during prolonged use. 

 

 

 

                             (a) The “Dextrous Hand Master”                                                (b) The CyberGrasp glove 

Fig. 1.18.  Hand Master with electrical technology 

 The Rutgers Master II illustrated in Fig. 1.19 (a) is a research prototype developed at Rutgers 

University, USA. It has a smaller weight than the CyberGlove (130 grams versus 450 grams), due to 

the use of pneumatic actuators with high power/weight ratio. The low friction of the actuators and 

their placement in the hand provide for high interface dynamics. The device uses a direct-drive 

configuration and compressed air, such that each fingertip is resisted in flexion with up to 16 N. This 

force is higher than the peak force of the CyberGrasp (i.e., 12N). With the Rutgers Master II, positions 

of each of the four fingers can be separately mapped in the virtual or remote environment, and 

respective forces displayed back to the user. This makes it an ideal interface for tasks where grasp or 

manipulation of objects is desirable. Examples of such application include palpation, virtual tours of 

homes and museums, and remote manipulation of robotic grippers. 

 Another example of a portable hand master using pneumatic technology is the orthotic 

exoskeleton built at Carnegie Mellon University, USA (Fig. 1.19 (b)). The goal of this research 

involves developing an exoskeleton that could help people who were unable to pinch object between 

their index finger and thumb. The user would indicate their intent through activation of another set of 

muscles (e.g., their biceps) and the device would supply a grasping force to the two fingers. In order to 

obtain the intent of the user, Electromyography (EMG) signals from the biceps are used in two 

different manners. Firstly, they are used as binary signals. If the EMG signal is above a certain 

threshold then the grasping force can be applied. Otherwise, there is no grasping force. Secondly, they 

use a variable grasping force, where the force applied is proportional to the EMG signal. Advantage of 

pneumatic actuators in such a system is the possibility to provide smooth motions and high force 

feedback values.  

 

                                                      
1 

http://www.cyberglovesystems.com/ (last visit on 16 June 2011) 
2 

http://www.immersion.com/ (last visit on 16 June 2011) 
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                      (a) The “Rutgers Master II”                                                            (b) The orthotic exoskeleton 

Fig. 1.19.  Hand Master with pneumatic technology 

 Finally, portable force feedback interfaces allow a significant increase in the user’s freedom of 

motion during the simulation. Arm exoskeletons provide force feedback at the wrist and forearm. On 

the other hand, portable hand masters provide feedback to independent fingers and thus, are suited for 

the simulation of dexterous manipulations tasks. The vast majority of the devices described in this 

section use DC motors which are placed remotely from the desired force application point. This is 

because of the poor power-to-weight and power-to-volume ratios of electrical actuator technology. On 

the other hand, the pneumatic technology offers a possibility to place direct-drive actuators in the palm 

of hand master, resulting in a simple and extremely light design. 

IV. Haptic Feedback Applications 

 The application of haptic interfaces in areas such as computer-aided design and manufacturing 

(CAD/CAM) enables users to manipulate virtual objects before fabrication, thus enhances production 

evaluation. Along the same lines, the users of simulators for training in surgical procedures, control 

panel operations, and hostile work environments benefit from such a capability. Haptic interfaces can 

also be employed to provide force feedback during execution of remote tasks (known as teleoperation) 

such as telesurgery or hazardous waste removal. With such a wide range of applications, the benefits 

of haptic feedback are obviously recognizable. 

 In the following subsections, applications are surveyed in terms of activity areas (Hayward et al. 

2004). The research is now so intense that only a few references will be included. 

 Learning and training 

 Research indicates that a considerable portion of people are kinesthetic or tactile learners—they 

understand better and remember more when education involves movement and touch. Because formal 

education has traditionally focused on visual (reading) and auditory (hearing) learning, these learners 

have been at a disadvantage. Thus, haptics opens the door to an entirely different learning method and 

style, one that for many students provides the best opportunity to learn. Moreover, even for visual and 

auditory learners, haptics can improve learning. For a broad range of subject matter, incorporating 

sensory data and feedback allows for a richer understanding of the concepts at hand.  

 Also, another opportunity is arising to incorporate haptic technology into training efforts. 

Dangerous systems (e.g., real weapons for combats) or systems with very limited availability (e.g., 

surgery patients) can be simulated using haptics for training purposes. Surgical training, in particular, 

is the subject of intense research (Schmidt et al. 2005). Other opportunities including the training of 

sensory motor skills is also investigated (Feygin et al. 2002). 
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 Rehabilitation 

 Applications include the improvement of working conditions for visually impaired people, and 

better interfaces to alleviate motor system impairment (Gupta & O’Malley 2006). 

 Scientific discovery 

 Data display was in fact one of the earliest applications of haptics, with the molecule docking 

project (Brooks et al. 1990). Other display applications include: multi-dimensional maps, data mining 

in geology (or in related, applied fields such as oil and gas prospecting), remote sensing, and the 

display of fields and flows. An attractive property of haptics is the ability to convey the existence of 

small details, which typically clutter the graphical presentation of data, while minimizing the need to 

zoom in and out. Projects exist to use haptics to enhance the human interface of imaging instruments 

such as scanning, tunneling, and atomic force microscopes (Falvo et al. 1995). 

 Engineering industry 

 Researchers in major automotive and aerospace companies are already looking for practical 

ways to adapt haptics technology to improve quality and reduce costs in product development. Boeing, 

for example, has demonstrated how force feedback can be used in computer-aide design analysis and 

factory-floor training. The demonstration system will include a handle, attached to the end of a haptic 

device, that engineers can grasp and move along a particular pathway in the product simulation. Also, 

Boeing has developed software called VoxMap Pointshell
1
 that generates forces over all six directions 

of motion for the system’s rigid body manipulator (McNeely et al. 1999).  

 Manufacturing 

 In manufacturing, many opportunities exist. For example, haptics can assist design for 

assembly, in terms of reducing the need for prototyping, and as well as for rapid prototyping. It is also 

possible to assess human maintainability of complex systems before they are built (Ren et al. 2006). 

Programming of complex manufacturing devices such as multi-axis, numerically-controlled machines 

or robots can be facilitated. 

 Game 

 Modes of interaction and the sense of user immersion are greatly enhanced by applying force 

feedback to the player. Dexterity games available earlier in fixed form can be made infinitely 

programmable: placing, balancing, hitting and bouncing. As well, many opportunities exist for 

educational games (Corradini et al. 2005). It is possible to illustrate concepts in dynamics, kinematics, 

magnetism, waves, flows and many other physical phenomena, and anatomy. Other kinds of games 

include combinatorial mind games, puzzles, and guess games that include visual and mechanical 

constraints, as well as most situation games. In the latter case, force feedback is already at the 

commercial stage (e.g., the Falcon haptic device of Novint
2
), to assist in driving, piloting, exploring, 

and so on. 

 Arts and creation 

 Musicians and visual artists are increasingly using computers. However, creators often prefer to 

use their hands as directly as possible (as in sketching). Haptic communication with computers opens 

completely new opportunities.  

 (Ehmann et al. 2001) have resulted in haptic sculpting environments, where the operator sculpts 

virtual clay using a haptic stylus, and haptic painting systems which allows users to feel the texture 

and response of a virtual canvas and brush. In music, advances in real-time synthesis tools increase the 

demand for interactive controllers which are presently mostly confined to the existing MIDI (Musical 

                                                      
1 

http://www.haption.com/site/eng/images/pdf_download/lv2006/BOEING-lv2006.pdf (last visit on 16 June 2011) 
2 

http://home.novint.com/products/novint_falcon.php (last visit on 16 June 2011) 
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Instrument Digital Interface) fixed interfaces (Rovan & Hayward 2000). Lastly, in graphic arts and 

design, especially the creation of animation, much activity is under way (Yoshida et al. 2004). 

 Multi-media publishing 

 Current multi-media and hypertext applications include text, sound, images, and video. For lack 

of appropriate devices so far, haptics has been ignored as a medium of communication. One could 

envision “mechanical documents”. For example, a new form of document would include movement 

which can be experienced visually (video), auditively (spatialization), and also haptically. This raises 

the question of authoring tools (such as Immersion Studio
1
) and their necessity for the design of haptic 

sensations. Material properties can also be conveyed. A frequently mentioned application of this 

capability is the creation of online catalogues with haptic feedback. These would however benefit 

greatly from the development of practical, distributed tactile displays, which are not yet available 

(Hayward et al. 2004). 

 Telerobotics and teleoperation 

 According to (Hayward et al. 2004), teleoperation is considered to be one of principal 

disciplines in robotics. Haptic devices are used in supervisor control modes such as teleprogramming, 

telesurgery, telemanipulation, etc. Teleoperation systems still have a need for high quality manual 

controllers. This issue will be discussed further in the chapter 2 regarding the control and design of 

haptic feedback in teleoperation applications. 

V. Conclusions 

 In this chapter, we have provided an overview of haptic interface such as operating principle, 

haptic design requirements and actuator technologies. A study based on different actuators allowed to 

choose the most appropriate solution to our future development, i.e., pneumatic actuators with their 

interesting properties such as high power-to-weigh ratio, clean, cheap, compliance, etc.  

 A concept of several devices was then described as part of more general problem for creating 

haptic interfaces including portable and non-portable force feedbacks. High performance haptic 

designs have to take into account all characteristics of the human perception as well as sensory motor 

skills in order to assure an efficient, comfortable, and realistic communication between the humans 

and machines.  

 The final section is dedicated to a number of potential applications where haptic feedback is 

well suited to provide value. Meanwhile, some future applications of haptics are still under 

consideration due to the complex design on both concept and control, e.g. teleoperation. Indeed, the 

master-slave teleoperation system has been investigated since the 50’s but most of current commercial 

devices do not provide any solution of measuring or resituating the contact force to the user (e.g., the 

daVinci
2
 surgical robot for minimally invasive surgery). In consequence, one of our objectives is to 

develop the master-slave controllers for force feedback devices. The next chapter provides a closer 

look about analysis and control in haptic teleoperation. 
 

 

 

 

                                                      
1 

http://gamingdeveloper.immersion.com/downloads/IStudio/HTML/ISTUDIO/Overview_of_Immersion_Studio.html (last visit on 16 June 

2011) 
2 

http://www.intuitivesurgical.com/products/ (last visit on 16 June 2011) 
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I. Introduction 

 Teleoperation is the manipulation of an object using a robotic tool. We can often use our bare 

hands to manipulate object, but sometimes tools are compulsory. These tools can be purely mechanical 

or equipped with various electromechanical features (Christiansson 2007). When the operational side 

of the tool is a robot, we call it teleoperation (see Fig. 2.1). 

 The operator holds on an interface, called the master device, and gives force/movement 

commands to the system. The remote robot, called the slave device, follows the motion of the operator 

and collects information from the remote site. The master device and the slave device are connected 

via a controller and a transmission line, sometimes with significant time delays.  

 

 

Direct contact with bare hands

Mechanical tool

Teleoperation  

(mechanical linkages are 

replaced by sensors, 

controller and actuators)

Virtual reality

(slave and environment are 

replaced by a computer 

simulation)

M : Master device

C  : Controller

S : Slave device

 

Fig. 2.1. Different forms of interaction (Christiansson 2007). 

 In a teleoperation system, the slave manipulator tracks the motion of the master manipulator, 

which is driven by a human operator, in an environment. To improve task performance, information 

about the environment should be provided to the human operator. Such feedback can be provided in 

various forms such as audio, visual, and/or force information. Force feedback to the human operator, 

representing the slave/environment interaction, provides a highly intuitive and natural sensory input 

for the human operator. Indeed, force feedback is shown to improve the three main metrics of a motor 

task (precision, speed and force) during teleoperation (Shimoga 1993), meaning that it helps the 

operator in probing a possibly unknown environment with higher precision, in shorter time, and with 

less damage to the manipulated object. When the contact force is reflected by the master manipulator 

to the operator’s hand, the teleoperation system is said to be haptic or bilateral. 

 In a bilateral teleoperation system, apart from the basic requirement of stability, there are 

primarily two control design goals for ensuring a close coupling between the human operator and the 

environment. The first goal is that the slave manipulator tracks the position of the master manipulator, 

and the second goal is that the environment force acting on the slave displayed to the master. These 

goals result in transparency of the teleoperation system, meaning that through the master manipulator, 

the operator feels as if he/she is directly operating on the remote environment. 

 The content of this chapter is categorized into five sections. Sections II and III provide some 

basic concepts of the haptic teleoperation such as linear modeling and control architectures. Section IV 
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and V go deeper into the analysis of the teleoperation systems - how to quantify performance and 

stability. Section VI provides an overview of various applications in teleoperation system. Finally, 

conclusion is given in Section VII. 

II. Teleoperation System Building Blocks 

 A teleoperator is an interface (master-controller-slave) that communicates force and movement 

between the human operator and the remote environment. As it can be seen in Fig. 2.2, the operator 

and the environment are not part of the teleoperator itself but mechanically connected to the 

teleoperator. Due to this mechanical coupling, they influence the dynamics of the teleoperation 

system, mainly regarding stability (see section V.1). 

  

 

 

Controller

Zm
–1

Fm

Fe

Master Salve Environment

Ze

Teleoperator

Fh

Zh

Ym Ys

Teleoperation system

Zs
–1

Fs

Fh

Operator

Fe

 

Fig. 2.2. Master-Controller-Slave is in contact with operator and remote environment. 

 In Fig. 2.2, Zm and Zs denote the master and slave manipulators’ linearized dynamics, which are 

generally approximated by simple mass-spring-damper systems; Zh and Ze denote the dynamic 

characteristics of the human operator’s hand and the environment; Ym and Ys are the master and slave 

positions; Fm and Fs are the (force) control signals for the master and slave manipulators; Fh and Fe are 

the operator force exerted on the master and the environment force exerted on the slave. 

 In this section, all the operation components and the controllers are modeled as linear-time-

invariant (LTI) systems. This is the dominating modeling framework in the literature, and the 

linearized analysis gives usually sufficiently good results, even though many aspects of the system 

cannot be expressed accurately (Lawrence 1993; Zhu & Salcudean 2000; Tavakoli et al. 2008).  

 The signals used in the teleoperation are also called “power variables” effort (force) and flow 

(velocity), conform to the major part of the literature. This heritage comes from the linear network 

theory that allows to simplify energy-based-analysis. This leads to a definition of impedance as force 

divided by velocity. Some researchers instead define the impedance as force over position (Aliaga et 

al. 2004). It seems more natural to use position, as most real teleoperation systems do measure 

position. Furthermore, ensuring velocity tracking between the master and the slave might cause small 

offsets between the master and slave positions (i.e., steady-state errors in position tracking). Generally, 

when the delay in the communication channel is negligible, the use of position controllers or velocity 

controllers does not affect the stability of the teleoperation system, thus we opt to use position 

controllers. 

 Also, only teleoperators with one DOF movement of the end-effector are considered. It means 

that the methods and formulae presented are useful for the teleoperation system where the end-effector 

degrees of freedom are decoupled, e.g. the 3-DOF setup by (Sirouspour et al. 2000). 
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 To sum up, the modeling is based on the following assumptions (Christiansson & Helm 2007): 

 Decoupled degrees-of-freedom: this reduces the analysis to single-DOF models, which can be 

analyzed separately; 

 Linear-time-invariant (LTI) models: the component models are modeled as Laplace models. 

 All linear component models are invertible: Impedance (Z(s) = F(s)/Y(s)) and admittance (Z
–1

 (s) = 

Y(s) /F(s)) are used interchangedly, depending on the purpose of the model.  

 Firstly, each component of the teleoperation system is modeled separately (section II.1–II.5), 

and then the complete model will be composed by using the H-matrix notation (section II.6). 

II.1. Human operator model 

 The human operator is usually modeled as impedance. This choice has a rather large impact on 

the teleoperation system, since it implies that the human can be assumed passive. For stability, this 

makes passivity analysis possible. 

 However, a human is not passive at all, since he/she can apply an active force to the master. In 

aerospace this leads to a well known problem called “Pilot Induced Oscillations”. Still, in haptic 

literature it is assumed that human is more likely to be a stabilizing component than to cause 

instability. Two classes of models can be identified as following (Ben-Dov & Salcudean 1995): 

 Passive operator: the human operator can not increase total energy in the system, that means he/she 

does not perform actions that will make the teleoperation system unstable.  

 Active operator: the human operator provides input signals based on his goal and perceives 

information about the state of the system. 

 The first class can be a simple impedance model. For more details about the complex dynamic 

model, the reader can referred to (Zhu & Salcudean 2000). The input signals provided by the second 

class, can be considered as disturbances, with lower and upper bounds. With a nonlinear 

generalization of the Adaptive model theory, (Neilson & Neilson 2005) try to achieve a model that can 

predict the input signal. This model uses a modeling framework that is compatible with the control and 

the teleoperation system. 

 To some extent, each operator holds with different strengths, and has different masses. 

Furthermore, one person can change the grip forces and modulate his dynamics in a wide range during 

operation, in general to stabilize the complete system. The operator can also adjust his/her capacity of 

force and movement based on the current task in order to improve the performance. 

 Much can be said about the operator component in the global teleoperation system, but here, the 

discussion kept short by observing that the operator model is mainly used in the stability analysis. 

Therefore, in our case, the operator is assumed to be passive and its impedance can be approximated 

by a low-order model with parameters in certain range. For linear analysis, we choose the mass-

spring-damper model for the operator impedance as 

2

h h h hZ M s B s K                                                           (2.1) 

where Mh, Bh, and Kh are assumed to be positive corresponding to the mass, damping and stiffness of 

the operator.  

II.2. Environment model 

 The environment is generally the most uncertain component in the teleoperation system. The 

variation in environment impedance can be large (i.e., from zero to infinity), especially when the slave 

moves in free space and suddenly comes in contact with a stiff object. Often, the environment can be 

approximated as a LTI mass-spring-damper system 

2

e e e eZ M s B s K                                                           (2.2) 

where Me, Be, and Ke are assumed to be positive corresponding to the mass, damping and stiffness of 

the environment.  
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 In practice, it is useful to look at the extreme values (i.e., the maximum and the minimum 

impedances) of the environment, and test these for stability. For certain control architectures, such as 

position error based (called PEB, explained in section III.2.1), the free-motion stability is the most 

critical. For other scheme including force sensor measurements, like the Lawrence’s four-channel 

control (see section III.1), the highest environment impedance limits the stability (Christiansson 2007). 

 Furthermore, an environment model is often used to quantify the performance of the 

teleoperation system. The transparency expresses how well the system can reproduce a certain remote 

environment to the operator. The performance of the teleoperation system will be elaborated in section 

IV. 

II.3. Controller model 

 By definition, the controller is a model of all the components (sensors, amplifiers, transmission 

line, controller hardware) between the master and slave devices.  

  Assuming that the four signals of forces and positions (Fh, Ym, Fe, Ys) are measured, the aim is 

to choose the controller transfer functions Kij to optimize the performance (i.e., transparency and 

stability) of the teleoperation system 

11 12 13 14

21 22 23 24

m h m e s

s h m e s

F K F K Y K F K Y

F K F K Y K F K Y

   

   
                                           (2.3) 

In the literature, there are several teleoperation control architectures, which present certain choices of 

the controller parameters, and will be deeply explained in section III.  

II.4. Master/Slave model 

 Most of literature describes the master and slave manipulators as linear models. This implicates 

that all nonlinearities and disturbances (e.g. Coulomb friction) are cancelled by using compensation 

techniques. For more details about nonlinear model identification compensation of n-DOF systems, 

the reader can refer to (Pawluk & Ellis 1991).  

 Generally, the master/ slave manipulators can be categorized as admittance or impedance type, 

depending on whether they behave like velocity or force sources, respectively. This behavior is 

determined by the structural design and actuation employed by the manipulator. By definition, an 

impedance device receives a force input and applies force to the environment in response to the 

measured position. For example, magnetically levitated wrists (Hollis et al. 1991) and SensAble’s 

Phantom
1
 (Massie & Salisbury 1994) are among the devices that possess high back-drivability and low 

impedance. On the other hand, an admittance device receives a velocity/position input and applies a 

velocity/position to the environment in response to the measured contact force. As an example, a 

heavily geared Puma robot (Clover et al. 1997) or hydraulic robots such as excavators (Salcudean et 

al. 1999) are devices with low back-drivability and low admittance. 

 Most of the proposed control architectures are adapted to haptic teleoperation systems with 

impedance types of master and slave manipulators. Therefore, in our study, the impedance-type  

teleoperation that are driven by “force source” actuators, is chosen. 

 The impedance of the master and slave device can be expressed as either a simple mass system 

(Lawrence 1993; Yokokohji & Yoshikawa 1994) or a mass-damper system (Hannaford 1989) as given 

by 

2 2,          h m s e
m m m s s s

m s

F F F F
Z M s b s Z M s b s

Y Y

 
                                      (2.4) 

                                                      
1 

http://www.sensable.com/ (last visit on 16 June 2011) 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0131/these.pdf 
© [M-Q. Le], [2011], INSA de Lyon, tous droits réservés

http://www.sensable.com/


M.Q. LE - Development of Bilateral Control for Pneumatic Actuated Teleoperation System 

 

- 50 - 

 In the illustration of Fig. 2.3, the environment force Fe is defined as the contact force pushing on 

the slave device – opposite the direction of the controller force Fs. It is in contrast to the definition of 

the human force Fh in the model of the master device where Fh and Fm are the same direction.  

 

 

Slave device
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Ys
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–1
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Master device
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Fm

Fh

Fh + Fm

Ym

Zm
–1

Ym

bm
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Fig. 2.3. Example of master and slave device models. 

II.5. Transmission line 

 In the bilateral teleoperation, the force and position signals are transmitted from the master to 

the slave and vice-versa. These signals pass through the communication line that, in general, cause 

time delays in the transmission. It has been recognized that the presence of time delay is one of the 

most important barriers in teleoperation systems. This problem is mainly due to the distance separating 

the master from the slave site. To overcome this problem, many concepts, such as network theory, 

passivity and scattering theory have been used (Aziminejad et al. 2008). The idea is to analyse 

mechanisms responsible for the loss of stability and derive a time delay compensation scheme to 

guarantee stability 

 In this study we do not deal with the presence of time delay in the teleoperation system’s 

communication channel. Such delay is commonly presented in remote teleoperation systems, but is 

generally not significant in local teleoperation systems, such as scaled teleoperation systems for 

dexterity enhancement or glove-box teleoperation systems for purposes of biological or radiological 

isolation. 

II.6. Formulation using a two-port presentation  

 Let us consider the equivalent electrical circuit of a 1-DOF teleoperation system model as 

shown in Fig. 2.4, where the master, the transmission line and the slave are lumped into a two-port 

network (Lawrence 1993). It is assumed that the operator and the environment are in contact with the 

master and the slave, respectively. The dynamics of the operator and the environment can be modeled 

by linear-time-invariant impedances Zh and Ze according to 

* * ,            h h h m e e e sF F Z Y F F Z Y                                                  (2.5) 

where Fh* and Fe* are the operator’s and the environment’s exogenous input forces, respectively, and 

independent of teleoperation system behavior. In most of cases, the operator as well as the 

environment are supposed to be passive (Fe* = 0). 
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Fig. 2.4. Network block diagram of teleoperation system. 

 To evaluate the transparency of teleoperation, the hybrid representation of the two-port network 

model of a master-slave system is most suitable (Hannaford 1989). In this representation, master 

position Ym and slave force Fe are chosen as input  

11 12

21 22

  
h m

s e

F Yh h

Y Fh h

    
    

     
                                                            (2.6) 

The H-matrix parameters hij are rational transfer functions, containing all the information about the 

device models and the controller. By combining (2.3) and (2.4), hij can be calculated. Note that the 

tradition of choosing – Ys as the output signal comes from the electrical linear representation, where 

positive currents are going into the network. 

 In an ideally transparent teleoperation system, the master and the slave positions and forces will 

match regardless of the operator and environment dynamics: 

     ,     m s h eY Y F F                                                        (2.7) 

From (2.6) and (2.7), perfect transparency is achieved if and only if the H-matrix has the following 

form: 

                 
ideal

0 1

1 0
H

 
  

 
                                                                 (2.8) 

 Each element of the H-matrix has a physical meaning (Tavakoli et al. 2007a). The parameter 

11 0e
h m F

h F Y


  is the input impedance in free-motion condition. Nonzero values for h11 mean that 

even when the slave is in free space, the user will receive some force feedback, thus providing a sticky 

feel of free-motion movements. The parameter 
12 0m

h e Y
h F F


  is a measure of force tracking when 

the master is locked in motion (perfect force tracking when h12 = 1). The parameter 
21 0e

s m F
h Y Y


   is 

a measure of position tracking performance when the slave is in free space (perfect position/velocity 

tracking when h21 = −1). The parameter 
22 0m

s e Y
h Y F


   is the output admittance when the master is 

locked in motion. Nonzero values for h22 indicate that even when the master is locked in place, the 

slave will move in response to slave/environment contacts. 

 Note that the H-parameters contain all the characteristics of the teleoperation system. 

Furthermore, they are very easy to obtain through two simple experiments where Fe = 0 (in free space) 

and Ym = 0 (in hard contact). 

III. Basic Control Architectures 

 The teleoperator system under consideration is primarily an impedance–impedance teleoperator 

system where the master and slave are impedance devices. In a generic bilateral teleopeartor system, 

both force and position are communicated bilaterally between the master and slave devices. 
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 For achieving the ideal response (2.8), various teleoperation control architectures are proposed 

in the literature. A general classification is based on the number of communication channels (two, 

three or four channels) that are required for transmitting position and force signals from the master to 

the slave and vice versa. The aim of this section is to provide some basic concepts of the different 

teleoperation architectures as well as an initial choice of their controller parameters. 

III.1. Four-channel (4CH) diagram 

 Fig. 2.5 depicts the general 4CH bilateral teleoperation architecture proposed by (Lawrence 

1993). Here, Cm and Cs denote the local position controllers of the master and the slave sides; C5 and 

C6 are local force feedback terms for the master and the slave; and C1 to C4 are position or force 

controllers embedded in the communication channel.  

 This architecture involves four types of data transmission between the master and the slave: 

force and position (or velocity) from the master to the slave and vice versa. It is shown in (Lawrence 

1993) that having the 4CH of data transmission is of critical importance in achieving high-

performance telepresence (i.e., full transparency) in terms of accurate transmission of task-related 

information such as the environment impedance to operator. Nonetheless, by proper adjustment of the 

local feedback parameters (C5 and C6), it is possible to obtain two classes of three-channel 

architectures, which can perform as well as the 4CH system (Hashtrudi-Zaad & Salcudean 2001). 
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Fig. 2.5.  4CH bilateral controller (Lawrence 1993). 

 The controller forces Fm and Fs of the master and slave manipulations in Fig. 2.5 are given by 

6 2 4

5 3 1 

m h m m e s

s h s m e s

F C F C Y C F C Y

F C F C Y C F C Y

   
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                                               (2.9) 

 The H-parameters can be derived in terms of the system and control parameters from (2.4) and 

(2.9) as  

   

   

11 1 4 12 2 5 4

21 3 6 1 22 2 3 5 6

/                     (1 ) /  

(1 ) /          (1 )(1 ) /   

ts tm ts

tm

h Z Z C C D h Z C C C D

h Z C C C D h C C C C D

    

        
            (2.10) 

where Zts = Zs + Cs, Ztm = Zm + Cm and D = – C3C4 + Zts (1 + C6) with D ≠ 0. Note that the elements hij 

depend both on the device hardware and the controller parameters chosen. As mentioned in (Lawrence 

1993), a sufficient number of control parameters in the 4CH architecture allows to achieve ideal 

transparency. In fact, from (2.10), by selecting C1 through C6 according to 
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1 4 6 2 5 3             1        1      ts tmC Z C Z C C C C                              (2.11) 

the perfect transparent condition (2.8) is fully met. 

III.2. Two-channel (2CH) diagrams 

 The 2CH diagrams can be represented by the 4CH diagram through the appropriate selection of 

the controllers C1 to C6. This architecture involves two types of data transmission between the master 

and the slave: position/velocity (or force) from the master to the slave and vice versa. The 2CH 

architectures are usually classified as position–force (i.e., position control at the master side and force 

control at the slave side), force–position, position–position, and force–force architectures. Such 

architectures have been reported in a number of papers because they require fewer sensors and are less 

complicated to implement. In addition, due to the simplifications provided by eliminating two out of 

four data transmission channels, the analytical study of the 2CH systems can be easily achieved.  

 Among these four architectures, the position-force scheme has not yet been implemented, 

except for haptic simulation applications in (Adams & Hannaford 1999), where it was employed to 

communicate between an admittance-type haptic device and a virtual environment. It was shown in 

(Adams & Hannaford 1999) that such architecture does not take advantage in the impedance-type 

teleoperation, thus it will not be considered in our study.  

III.2.1. Position error based (PEB) 

 A position-error-based, also called position–position, system involves the simplest bilateral 

controller in which no force sensors are required. As can be seen in Fig. 2.6, the aim of this 

architecture is to minimize the difference between the master and the slave positions. 
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Fig. 2.6.  PEB bilateral control architecture. 

 In the PEB control architecture, which was further developed and analyzed in (Anderson & 

Spong 1989; Fite et al. 2001; Aliaga et al. 2004), the direct force feed-forward terms are set to zero 

(i.e., C2 = C3 = 0). For this controller, the hybrid matrix is given as 

PEB
1

m m s ts m ts

s ts ts

Z C Z Z C Z
H

C Z Z

 
  

 

                                                   (2.12) 

 As a result, the PEB method suffers from a distorted perception in free-motion condition (h11 ≠ 

0). This means that in the absence of a slave-side force sensor, control inaccuracies (i.e., nonzero 
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position errors) lead to proportional force feedback to the user even when the slave is not in contact 

with the environment (Tavakoli et al. 2007a). In the contact motion, due to a non-ideal force tracking 

(h12 ≠ 1), the operator does not have impression to directly manipulate the object and his/her feeling of 

the contact is deteriorated. Indeed, what he/she really feels does not depend on the environment’s 

impedance but on the position tracking error as well as the controller parameters. For example, a high 

value of Cm or a high difference between Ym and Ys can give the operator the perception of a contact 

object, even when the slave is completely in free motion. 

 With regard to the position tracking, its performance can be improved by choosing the 

controller Cs as large as possible. In this case, when the slave dynamics Zs is low enough, we have Cs + 

Zs ≈ Cs, thus h21 ≈ – 1 and good movement accuracy could be achieved. 

III.2.2. Force error based (FEB) 

 A force-error-based, also called force–force, teleoperation architecture is shown in Fig. 2.7. The 

difference between this system and the PEB system is that the position sensors are replaced by the 

force sensors.  

 

 

Zh

C6

Zm
– 1

C3

C2

C5

Ze

Zs
– 1

FhFh
*

Fe
*

–

+

+

Fe

Ys

Ym

+
+

+

+

–

–

–

Operator Master Controller Slave Environment

Fh+ Fm

Fs – Fe

 

Fig. 2.7.  FEB bilateral control architecture. 

 Besides (Kazerooni et al. 1993), who proposed this architecture, the literature does not show 

much interest in the FEB controller since two force sensors are required with no significant 

performance improvement. According to (Hu et al. 1995), it is motivated by robust control idea based 

on small gain theory. Recently, (Richert et al. 2010) use an adaptive backstepping approach in the 

FEB architecture with presence of time delay in the master-slave interface.  

 By setting the controllers as C1 = C4 = Cm = Cs = 0, C2 = C6 + 1 and C3 = C5 + 1, we have 

    2

FEB

3 2

1

0

m

m s

Z C
H

Z C Z C

 
  

 

                                                      (2.13) 

 As stated by (Kazerooni et al. 1993), although the FEB controller leads to a wider 

communication bandwidth between the master and slave manipulators, the entire system may still 

suffer from a position error buildup. As it can be seen in (2.13), when the master and slave 

manipulators are identical (Zm = Zs), a good position accuracy could be theoretically achieved (h21 = – 

1) by taking C2 = C3. However, in practice it is difficult to guarantee the equality of these two 

impedances because they depend on the dynamics of the system. For instance, in the free-contact 

motion, the master and the slave are under different constraints (Fe = 0, Fh ≠ 0) which results the 

difference of Zm and Zs. As a result, the FEB system suffers from a non-ideal position tracking. It is 

contrary to the PEB system whose position tracking can be improved by tuning the controller 

parameter Cs.  
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 On the other hand, the FEB architecture shows a good force tracking performance (h12 = 1) in 

hard-contract motion (Ym = 0). Furthermore, an ideal value of the output admittance (h22 = 0) in this 

architectures shows that when the master is locked in motion, the slave’s movement in response to 

external force disturbances quickly converges to zero. Therefore an excellent stiffness is obtained for 

the slave manipulator. 

III.2.3. Direct force reflection (DFR) 

 A direct-force-reflection, also called force–position, teleoperation architecture is shown in Fig. 

2.8. The DFR system has been developed, implemented, and analyzed by many researchers for the 

past three decades (Handlykken & Turner 1980; Hannaford & Anderson 1988; Chopra et al. 2005). In 

this architecture, we get the controller as C3 = C4 = 0, C2 = 1 and C1 = Cs. Thus the hybrid matrix is 

DFR

1

1

m

s ts ts

Z
H

C Z Z

 
  

 

                                                    (2.14) 

 Consequently, although the perception of free motion is still less than ideal (h11 ≠ 0), a perfect 

force tracking is attained (h12 = 1). Nonetheless, compared to the PEB method, h11 is much closer to 

zero in the DFR method, and the user only feels the dynamics of the master interface (Zm) when the 

slave is not in contact. Although the DFR method tends to be better than the PEB method, both 

methods suffer from the non-ideal h22 value with respect to the FEB method, which results in poor 

slave stiffness. However, concerning the position tracking, the FEB system is not on par with that in 

the others.  

 Finally, the DFR architecture takes advantage of both PEB and FEB architectures in terms of 

position and force tracking. Nonetheless, it is not suitable for applications with very hard contact 

(Tavakoli et al. 2007a), or requiring high bandwidth where the master and the slave display fast 

movements (Klomp 2004). 
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Fig. 2.8.  DFR bilateral control architecture. 

III.3. Three-channel (3CH) diagrams 

 Another benefit of the general 4CH architecture of Fig. 2.5 is that by proper adjustments of the 

control parameters, it is possible to obtain two classes of 3CH control architectures, which can be 

transparent under ideal conditions. The first class of 3CH architectures is derived by setting C2 = 1 and 

C3 = 0. As a consequence, C5 = –1 and C6 = 0. In this way, there is no need for master/operator 

interaction force measurement. The second class of 3CH architectures is obtained by setting C2 = 0 

and C3 = 1, in which case force measurement at the slave side is not needed. The need for fewer force 

sensors without degrading transparency makes the 3CH architectures attractive from the 

implementation point of view (Tavakoli et al. 2007a). 
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IV. Performance  

 During the last decades, a lot of researches have been investigated in haptic teleoperation 

performance, since it is the key criterion to assess proposed control architectures. In the performance 

analysis, several characteristics of the master and slave devices are carried out in order to optimize 

certain conflict goals: light weight, stiff, fast, strong and stable. Nonetheless, some important device 

characteristics cannot be described by a linear model, most notably friction and saturation (e.g. 

maximum actuation force). These aspects have to be considered separately, and that is outside the 

scope of this thesis. 

 In the following, an overview of the most important performance criteria, expressed as function 

of linear model (H-matrix), is given. 

IV.1. Tracking errors 

 The most straightforward way to see how well a teleoperator works consists in comparing the 

movements and forces of the master and the slave. The position and force tracking errors were also the 

first measures used to quantify teleoperator performance (Yokokohji & Yoshikawa 1994). Position 

tracking is calculated when the slave robot is in free motion (Fe = 0), and force tracking when the slave 

robot is in contact with a hard object (Ym = 0). 

 The use of the maximum error in (2.15) over the frequency range of the task was introduced by 

(Pawluk & Ellis 1991). However, by focussing on the gain of the frequency function, the important 

effects of phase lag is left unquantified. Consequently, this performance measure is not suitable for the 

teleoperation system with significant time delay. 

21 12max ( ) max max 1 max ( ) max max 1m s h e

m e

X X F F
X s h F s h

X F 

 
               (2.15)   

IV.2. Bandwidths 

 Bandwidth is related to the information transfer between the operator and the remote 

environment. The requirements for information transfer in the two directions differs considerably 

(Lawrence 1993). The human operator gives force and movement commands with a relatively low 

frequency content, in the range of 0-10 Hz, whereas the contact information at the slave side often 

contains frequencies up to 1000 Hz for stiff environments. 

 It is usually stated that the bandwidth should be as high as possible, and often a lower bound is 

given (Fischer et al. 1990). Each of the four transfer functions hij(s) between forces and positions has 

its own bandwidth. This corresponds to position bandwidths from the master to slave (ωy,m→s), slave to 

master (ωy,s→m); and force bandwidths with similar notations (ωf,m→s and ωf,s→m).  

 The position bandwidth is defined as the frequency where the tracking error is −3 dB below the 

low frequency gain (Christiansson 2007), and can be calculated by solving 

21 y,m s 21 21 y,s m 21

1 1
1 ( ) 1 (0) 1 ( ) 1 (0)

2 2
h j h g j g                          (2.16)   

The force bandwidth is similarly calculated in the same way, as the solution to  

12 f,m s 12 12 f,s m 12

1 1
1 ( ) 1 (0) 1 ( ) 1 (0)

2 2
h j h g j g                         (2.17)   
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h
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h h h h
 


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11 22 21 12

h
g

h h h h
 


 

 Just as for the tracking error, the bandwidth performance measure has no information about 

delays or phase lag, which is a reason for caution. Two systems with the same bandwidth and different 

phase lag can feel significantly different.   
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IV.3. Scaling product 

 Scaling defines how forces and positions are magnified between the master and the slave. The 

force scaling and the position scaling are easily calculated from the H-matrix (2.8), and their product is 

called the scaling product. As (Lawrence 1993) has pointed out, the scaling product is often assumed 

to be unity, also for micromanipulation. However, by choosing a scaling product of less than unity, the 

remote environment is less accurately represented while stability can be improved thanks to artificial 

energy loss. Therefore, the product of the scaling factors can be seen as a performance measure, with a 

nominal value of one. Here we choose the low frequency limit value: 

12 21
0

ScalingProduct lim ( ) ( )
s

h s h s


                                                  (2.18)        

IV.4. Transmitted impedance 

 Another aspect of teleoperator assessment is related to the perception of the device (how 

heavy/damped/springy), when the slave manipulator is in free-motion or in contact-motion with 

different remote environments. In practice, the operator will never feel exactly the same impedance at 

the master device as the real environment (Lawrence 1993). By taking into account the remote 

environment impedance Ze (i.e., Fe = ZeYs), the transmitted impedance felt by the operator Zto can be 

computed (2.19) from the H-matrix model (2.8) 

11 11 22 12 21
to

22

( )

1

e

e

h h h h h Z
Z

h Z

 



                                                 (2.19) 

Theoretically, the transmitted impedance would be exactly the same as the remote impedance (i.e., Zto 

= Ze), so that the operator feels exactly the same forces for the same movement as if he touched the 

object with his bare hands (Yokokohji & Yoshikawa 1994). 

 Not that in free-space motion (i.e., Ze = 0), the transmitted impedance Zto is simplified to the H-

parameter h11. As mentioned in section II.6, the 4CH and 3CH architectures allow to obtain an ideal 

h11 value (i.e., h11 = 0). On the other hand, in hard-contact (i.e., Ze → ∞), (2.19) becomes 

1
11 12 21 22 22

to

12 21 22

    if    0

            if    0e

h h h h h
Z

h h Z h

  
 



                                                (2.20) 

We see that when h22 ≠ 0, Zto is insensitive to Ze, which results in degraded perception of the operator. 

 Generally, the transmitted impedance is a rational polynomial frequency function, which might 

be difficult to estimate. Therefore it is usually modeled as a mass-spring-damper linear function 

2
to to to toZ M s B s K                                                      (2.21) 

 The values Mto, Bto and Kto can be calculated for any given remote impedance, but usually for 

two extremes where Ze = 0 and Ze → ∞. This allows to determine the minimum and maximum 

impedance that can be presented by the master device. These values should be done over a frequency 

range relevant to the application. For example, most tasks require a range of 0.1 − 10 Hz. 

 To some extent, the extreme Ze → ∞ will not likely occur in most of application, especially in 

the medical area. Usually this requirement is hard to acquire with a controller. Thus a more realistic 

upper extreme should be chosen. Also, the lower extreme (i.e., Ze = 0) should be less strict, since there 

exists a minimum levels of mass, damping and stiffness that below that one, a human being can hardly 

distinguish (Shimoga 1993b). 

IV.5. Transparency 

 Transparency is the most common performance criterion used in literature. As mentioned in 

section II.6, perfect transparency means that the master and the slave positions and forces will match 
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regardless of the operator and environment dynamics (2.7) and (2.8). In order to further investigate the 

influence of the environment to the operator’s perception, (Lawrence 1992b) defined transparency as 

the quotient between the transmitted impedance and the remote impedance.  

1
to 11 11 22 12 21

22

( )

1

e e
z

e e

Z h Z h h h h Z
T

Z h Z

  
 


                                                (2.22) 

 The transparency would ideally be unity for all frequencies. As we see in (2.22), transparency 

depends both on the teleoperator properties (H-parameters) and the remote impedance (Ze). In our case 

where the environment impedance is unknown, the use of the transparent conditions in (2.7) for time 

domain and in (2.8) for frequency domain seems more appropriate (see chapter 4).  

 Finally, performance is always achieved with a trade-off on stability. In the subsequent section, 

some popular stability criteria will be investigated. 

V. Stability 

 Stability is a prerequisite for performance. In essence, stability means that energy does not 

increase in any part of the system. Typically, instability looks like oscillations with increasing 

amplitude or that one part moves away uncontrollably in a certain direction. A teleoperation system 

can be often stable in some configurations (in contact with a certain environment and a certain 

operator, in a certain point of the workspace) while it is unstable for some other configurations. 

 To analyse the stability of the teleoperation systems, different definitions of stability have been 

proposed. The first concept is bounded input-bounded output (BIBO) stability. A system is said to be 

BIBO if every bounded input results in bounded outputs regardless of the system state (Franklin et al. 

1994). Another concept of stability, from Lyapunov, is that the output and all the internal variables 

never become unbounded when time tends to infinity for sufficiently small initial conditions. This is 

called asymptotic internal stability.  

 A first set of stability analysis (section V.1) can be used when the impedances Zh and Ze are 

known. A second set (section V.2) can be used when these impedances are not exactly known, but 

they fulfil some conditions, e.g. passivity. The second set is a stricter requirement for the teleoperation 

system, because it guarantees that the system is stable in contact with a larger range of human and 

environment impedances. 

V.1. Stability analysis with known operator and environment models 

 This section investigates the stability analysis of the teleoperation system that depends on the 

operator and environment impedances. For this, several criterion are possible such as root locus (Love 

& Book 2004), Nyquist (Lawrence 1993), and Lyapunov (Strassberg et al. 1992).  

 In this section, only Lyapunov method is presented. Indeed, compared to other methods, the 

Lyapunov offers a possibility to deal with a nonlinear system such as pneumatic system used in our 

work.  

 Lyapunov stability is based on a state space model (2.23), where x is a state vector 

            ( )x f x                                                             (2.23) 

It is assumed that the equations have been rewritten in such a way that x = 0 is an equilibrium point, 

i.e. f(0) = 0. The Lyapunov function V(x) has to satisfy these following properties: 

1. V(0) = 0; 

2. V(x) > 0, ||x|| ≠ 0; 

3. V and its derivative are continuous with respect to all components of x; 

4. ( ) 0V x  . 
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The theorem affirms that if there exists a Lyapunov function for the state equations and if, in addition, 

( ) 0V x  , then the stability is asymptotic. In the case of a linear system, the last condition mentioned 

can only hold if all the poles of the system are in the left half-plane.  

 The Lyapunov stability criterion has the following advantages: 

 The criterion is applicable to nonlinear systems; 

 The stability conditions are not conservative. 

 Concerning the disadvantages: 

 The criterion cannot address the infinite-dimensional models generated by communication delays; 

 Stability margins are not available; 

 It is necessary to use the human operator and environment models. 

V.2. Stability analysis with unknown operator and environment models 

 Generally, for the stability analysis of the teleoperation system, the knowledge of the human 

operator and the environment dynamics are needed in addition to the teleoperator model (2.6). 

However, assuming that Zh and Ze are passive, we might be able to draw stability conditions that are 

independent of the human operator and the environment. In such conditions, absolute stability based 

on passivity theory is used. For more details about the passivity theory, the readers can refer to 

(Haykin 1970). 

 Absolute or unconditional stability means that the system is stable for all possible passive 

operators and environments. The necessary and sufficient conditions for absolute stability can be 

expressed in terms of the H-parameters (Haykin 1970). These conditions are known as Llewellyn’s 

criterion for absolute stability: 

1. h11(s) and h22(s) have no poles in the right half plane; 

2. Any poles of h11(s) and h22(s) on the imaginary axis are simple with real and positive 

residues; 

3. For s = jω and all real values of ω 
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h

h
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 

    

                                                 (2.24) 

where (.)  and | . | denote the real and the absolute values, respectively.  

If any of the above conditions is not satisfied, the network is potentially unstable, i.e. there exists a 

combination of operator and environment for which the system is unstable. However, it does not mean 

that a potentially unstable system is necessarily unstable. 

 The last equation of condition 3 can also be rewritten (Hashtrudi-Zaad & Salcudean 2001) as: 

1                                                                      (2.25) 

where η is called the network stability parameter and defined as 

  11 22
12 21

12 21

( ) ( )
cos arg( ) 2

h h
h h

h h


 
                                               (2.26) 

It is interesting to notice that with identical forces and velocities at master and slave side (2.8), η = 1. 

This means that the perfectly transparent system is marginally absolutely stable. As a result, to have a 

higher stability robustness, perfect transparency has to be compromised. This is another illustration of 

the classical trade-off between stability and performance. 

 The advantages of absolute stability is 

 Models of the human operator and environment are not needed. 

 Disadvantages are 

 The stability conditions can be conservative; 
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 The criterion is not applicable to nonlinear systems. 

VI. Applications 

 From its early use in the remote handling of radioactive materials, the application of 

teleoperation has expanded to include manipulation at different scales and in virtual worlds. 

Teleoperation systems are useful in remote or hazardous operations such as space and underwater 

explorations, as well as in delicate operations such as micro-surgery and micro-assembly. 

VI.1. Handling hazardous material 

 Haptic teleoperation technology is said to have had its origins in the work of (Goertz 1952), 

who developed the first master/slave remote manipulator for the CEA at Argonne National 

Laboratory
1
. This electromechanical teleoperation device allowed humans to handle radioactive 

materials more safely by connecting them to the mechanical arms that moved the dangerous 

substances solely by electrical connections (Fig. 2.9). 

 However, until the development of modern computing components such as microprocessors, the 

joints of the master and slave were directly coupled, where the motion of each joint of the master 

device directly replicated in those of the slave unit. With widespread availability of microprocessors in 

the 1980s, research in haptic teleoperation has begun to flourish. In that era, it was (Bejczy 1980) who 

recognized the importance of force reflection/feedback in the man-machine interface. Another works 

involve handling nuclear materials with visual and force feedbacks are mentioned by (Vertut & Coiffet 

1986). Also, a recent application appears in (Wang & Yuan 2004) for detecting leaks of sealed 

radioactive materials. 

 

 

Fig. 2.9.  The first teleoperation system developed by (Goertz 1952) 

VI.2. Underwater vehicle 

 During the 1980 and 1990 years, one of the main applications of teleoperation was in unmanned 

underwater vehicles for scientific exploration or military applications. The use of the tethers to control 

such vehicles is not practical as they get caught and tangled (Fig. 2.10). On the other hand transmitting 

control and feedback signals through aquatic media introduce significant delays which affect the 

performance and even stability. 

                                                      
1 

http://www.anl.gov/ (last visit on 16 June 2011) 
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 The method for dealing with teleoperated systems is the supervisory control, thus the time delay 

problem was tackled from this angle (Funda & Paul 1991).  

 

 

 

 

Fig. 2.10.  Cable-controlled Underwater Recovery Vehicle (left) and its control console (right)                                       

(SPAWAR Systems Center, San Diego). 

VI.3. Space robots 

 Space exploration and operation in geosynchronous orbits require teleoperated robots in order to 

reduce cost of assembly, maintenance and repair tasks in space as well as risk reduction for the 

astronauts. More recently, experiments were conducted by (Imaida et al. 2004) that allowed 

teleoperation of a 6DOF robotic arm on board of the Engineering Test Satellite VII in orbit with over a 

7s delay, using a virtual environment scheme and predictive display. 

 Germany’s ROKVISS
1
 (RObotic Components Verification on the International Space Station) 

is one of the more recent projects towards these objectives, which is aimed at conducting experiments 

in outer space of lightweight robotic manipulators (Fig. 2.11) 
 

 

 

 

Fig. 2.11.  ROKVISS robot (ISS-photo by courtesy of NASA).  

                                                      
1 

www.robotic.dlr.de/ (last visit on 16 June 2011) 
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VI.4. Micro-surgery 

 Microsurgical procedures involve tool positioning and force sensing capabilities bordering on 

the normal range of human abilities. The motions required are typically as small as a few microns and 

the forces encounters may be as delicate as a few milli-newtons (mN). Generally, microsurgery 

constitutes a few hours of operation that can result in a fatigue or a physiological tremor for the 

surgeons. Despite the increasing demand for microsurgery operations, only a few physicians are 

opting for this specialty because of excessive physical and psychological stress involved. Micro-

surgery requires an advanced level of training and employs highly specialized equipment (Riviere et 

al. 2003). Thus, microsurgery is an ideal field to take advantage on the teleoperation technology (see 

Fig. 2.12). 
   
 

 

Fig. 2.12.  Example of microsurgery using haptic teleoperation system. 

 As it can be seen in Fig. 2.12, the use of teleoperation technology with force feedback allows to 

enhance the skills of surgeons, improve the success rates of microsurgical procedures, and reduce 

surgical costs by increasing the precision and speed of operations. Furthermore, it offers a possibility 

to exchange the medical expertise around the world without requiring the physician to travel. Design 

issues in microsurgery can be found in (Son & Lee 2008); and remote telesurgery experiments have 

been reported with a distance of approximately 700 km (Mitsuishi et al. 1995), where time delays are a 

major concern. 

VI.5. Mobile robots 

 Mobile robots have recently emerged as a new application of bilateral teleoperation. Although 

mobile robots do not fall into the traditional teleoperation setting, since kinematic similarity between 

the master and slave is eliminated, it is still possible to place them under force feedback through the 

use of a haptic device as in (Diolaiti & Melchiorri 2002). Recently, (Dongjun Lee et al. 2006) also 

incorporate time delays into the communication loop. 

 Once operating in a remote location, mobile robots send visual feedback to the human operator 

that allows her/him to assess the surroundings. However, this requires a high bandwidth to transmit 

real-time visual data to the operator, besides the fact that the camera has a limited viewing angle. 

Therefore, it is necessary to send an extra force feedback signal to the operator allowing him to sense 

the surrounding of the mobile robot and alleviating the need for high quality visual feedback (see Fig. 

2.13).  
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Fig. 2.13.  Control scheme of the mobile robot. 

VI.6. Future trends 

 Telemedicine is an area that requires great care in teleoperation since mistakes are life 

threatening. Moreover, delays and loss of information could be dramatic. The basic results in this area 

can be further expanded along the lines of remote surgery and possibly remote examination. First 

responders at an accident scene, fire, or other disaster would benefit from having robotic devices that 

can communicate wirelessly, carry video, audio, and tactile sensors, and have manipulation capability 

to rescue, examine, or administer first aid to victims. Multiple such devices could be used within large 

buildings and would have to communicate among themselves and with a human operator (Hokayem & 

Spong 2006). 

 In a mobile robotic context, the recent problem of coordinating multiple mobile agents to 

achieve a common heading or perform a certain task is a natural extension since the one-to-one 

teleoperation can be scaled into one-to-many setting. These applications suggest that the next step in 

bilateral teleoperation is to take a leap from one-to-one master slave system onto one-to-many, as in 

Fig. 2.14, or even n-to-m master slave systems. However, adopting centralized versus decentralized 

control for this problem is still a research topic (Hokayem & Spong 2006). 

 In the area of nanotechnology, nanomanipulation using teleoperation offers many challenging 

problems for future research. These problems are only just beginning to be addressed (Jian Wang & 

Shuxiang Guo 2007; Onal & Sitti 2009). 

 Finally, haptic teleoperation is an exciting field, and it contains numerous interesting challenges 

to be investigated. 

 

 

 

Fig. 2.14. Single master operator commanding multiple slaves. 
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VII. Conclusion 

 This chapter has provided a brief overview of the bilateral teleoperation system, in which some 

relevant points have been raised. 

 The first point described a general linear model of the different blocks (i.e., operator, 

environment, controller, transmission line, master, and slave) in a teleoperation system, allowing to 

explain how forces and movements are bilaterally transmitted from the operator to the environment 

and vice versa. For an easier performance analysis and controller design of the teleoperator, a 

representation of the two-port network was investigated so that the force and position relationship of 

the master and slave could be expressed through the H-matrix parameters (h11, h12, h21, h22). According 

to (Aliaga et al. 2004), the most appropriate selection of experimental tests to fully characterize any 

teleoperation system is free motion and hard contact tests. In other words, these test’s data allow us to 

fully identify the teleoperator’s H-matrix elements, by using system identification methods. 

 The second point presented a transparent analysis and comparison of the most commonly used 

LTI teleoperation architectures (i.e. 2CH, 3CH or 4CH) whose classification is given by the number of 

communication channels. It has been established in the literature that the 4-CH control architecture is 

the most successful in terms of ensuring full transparency (Lawrence 1993; Yokokohji & Yoshikawa 

1994). On the other hand, none of other methods (2CH) such as position error based, force error based, 

and direct force reflection can achieve ideal transparency. From (Tavakoli et al. 2008), the 3-CH 

control architectures can be theoretically considered transparent under ideal conditions. However, in 

practice, due to the lack of master/operator or slave/environment interaction force measurement, the 

force tracking performance in the 3CH architecture may be somewhat degraded. This aspect will be 

experimentally justified in chapter 4. 

 In the last point, performance measurements and stability formulae that based on the linear 

model of hybrid matrix notation were investigated. It has been seen that there exist several 

performance criteria such as tracking error, bandwidths, scaling product, transmitted impedance, 

transparency, etc. that allow to assess the above control architectures. In our case, only transparent 

condition will be considered since it is assumed to be sufficient to evaluate our control approach (cf. 

chapter 4 and chapter 5). It is noteworthy that stability in bilateral teleoperation commonly depends on 

the characteristics of both operator and environment. However, when the operator and environment 

are passive, stability analysis can be used when these characteristics are not exactly known. This 

method based on the passivity theory is frequently presented in literature because it ensures that the 

system is stable in contact with a larger range of human and environment impedances. 

 To resume, one can notice that most of literature on bilateral teleoperation discusses only the 

linear case, neglecting in some sense the fact that in reality nonlinear dynamics are involved. 

Moreover, a decoupling assumption is often made, i.e. generally only a one-dimensional case is 

considered. Very few authors have faced the full geometric (3D) problem of teleoperation systems, 

considering the couplings that may arise for example between linear and rotational motions/forces 

(Stramigioli et al. 2002). In conclusion, although the relevant and impressive quantity of research 

developed in teleoperation field, there are questions and aspects that still wait to be solved in a 

satisfactory manner. For these reasons, teleoperation will constitute in the next years a very 

challenging area for the control community. 

 

 During the first two chapters, several research perspectives on haptic devices and teleoperation 

systems have been addressed. Most of existing force-feedback teleoperations uses direct-current 

motors as actuators thanks to their simplicity in implement and control. Pneumatic actuators, which 

offer further advantages such as high force-to-mass ratio, MRI compatibility and adaptable 

compliance, are considered to be an alternative to the electrical ones. However, due to the challenging 

control problem caused by their highly nonlinear model, pneumatic actuators are less used in haptic 

teleoperation systems. Ampere laboratory, with its domain expertise in fluid power as well as in 

robotic control (Kella 1987; Det 1991; Prelle 1997; Thomann 2003; Smaoui 2005; Olaby 2006), offers 

a possibility to realise such systems that controlled by pneumatic technology. Therefore, our work will 

firstly focus on a design of the pneumatic actuated haptic teleoperation system. For controlling the 

mass flow rate of the pneumatic actuators, two valve technologies are employed, i.e. on/off solenoid 
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valves and proportional servovalves. Next, several bilateral control laws with different teleoperation 

control architectures (i.e., 2CH, 3CH, and 4CH) will be studied and testified on the experimental 

setup. Finally, a comparison among different control strategies in terms of transparency and haptic 

sensation is investigated in order to justify the efficacy of each method. It is noteworthy that for an 

easier validation of the control law, only 1-DOF master-slave system is elaborated in our study. A 

design of a more complex mechanical architecture – a multi-DOF system remains as future work. 
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I. Introduction 

 In this chapter, we describe the design of a one-DOF haptic interface used in pneumatic-

actuated teleoperation system. Most of applications required multi-DOF system. However, as a first 

prototype and for the sake of simplicity, the mechanical design of our system is relatively simple 

where the master and the slave are identical and are one-DOF pneumatic manipulators. In the 

following, we will justify the choice of this architecture for our development. 

 There are important differences between the single-DOF case and the multi-DOF case. First, the 

tasks are different, and the force feedback information is clearly less complex in one-DOF. Secondly, 

multi-DOF robots have highly non-linear dynamics and kinematics which vary significantly over the 

workspace of the manipulator (Buttolo et al. 1994). This means that linear analytical tools such as the 

two-port matrix (cf. chapter 2, section II.6) are only locally valid. Still, it is relatively easy to 

implement control laws in one-DOF, as well as to measure performance. Finally, significant insights 

into control law performance can be gained rather quickly as a first step for a future test in multi-DOF 

systems (Lawn & Hannaford 1993). 

 Commonly, the teleoperation systems with identical structures for master and slave robots is 

widely used since the control theory is getting much more complicated when dealing with totally 

dissimilar kinematics. This is especially the case when slave robots are required to explore wide 

workspaces and carry out sophisticated tasks. However, most teleoperation systems involve the use of 

ground-based haptic devices with limited workspaces (e.g., a few cubic centimeters). In order to adjust 

both workspaces of master and slave robots, several control strategies have been investigated. (Conti 

& Khatib 2005) developed a computer mouse-like drifted workspace control which significantly 

increased the workspace area. Among others, the control law proposed in (Chotiprayanakul & Liu 

2009) ensured workspace mapping by variable position scaling factors. Moreover, (Formaglio et al. 

2008) solved the limited workspace issue by mounting the haptic interface on a mobile platform. Since 

our study is focused on the implementation of the bilateral controller for a simple haptic teleoperation 

system, the master and slave actuators are designed to be identical. 

 This chapter is organized as follows. Section II introduces the specifications of the haptic 

teleoperation device. Sections III describes a low-friction technology of the pneumatic actuator, 

followed by section IV which provides some features and principles of sensors used in our prototype. 

Section V is dedicated to the performance and characteristics of the proportional servovalves and 

on/off solenoid valves. Section VI presents the experimental prototype. Finally, conclusion is drawn in 

Section VII.  

II. Performance Specifications 

 As no practical application has been selected for our system, the features of our haptic device 

are not based on any specific operating task, but rather on existing haptic devices dedicated to surgical 

procedure. 

 The master and slave manipulators should be able to apply a maximum force of about 100 N, 

which is enough to perform numerous tasks in surgery (needle insertion, palpation, MIS technique in 

orthopedics). Concerning the workspace, an amplitude of 0.1 m along the one DOF is chosen. This 

value is high enough to allow most of surgical gestures. Position resolution generally depends on the 

task requirements. In our case, a value of 0.5 mm is chosen is because it is considered the desired 

precision of the position tracking error. 

 Furthermore, the interfaces should be designed to reduce friction as much as possible. Indeed, 

this disturbance force could be felt by the user when moving the master robot, which pollutes haptic 

rendering and deteriorates human perception. Although compensation of the friction can be done by 

software, that could be never total. As a result, another appropriate option to minimize the disturbance 

force involves employing a suitable mechanical design. In our case, a low-friction pneumatic cylinder 

and a non-contact position sensor are chosen (cf. Sections III and IV.1), that allow to reduce 

significantly friction in the haptic device. 
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 Lastly, the system is considered to have a small motion bandwidth (i.e., less than 5 Hz), which 

correspond to the bandwidth of position that human can generate. On the other hand, a high control 

bandwidth (i.e., greater or equal than 500 Hz) is necessary to achieve a good haptic-loop performance. 

This condition determines the choice of an appropriate valve technology (cf. section V). 

 To sum up, the developed haptic interface has to satisfy the following specifications (Tab. 3.1) 

 

 

Parameters Value Unit 

Maximum force 100 N 

Force resolution 0.1 N 

Friction force < 2 %  

Maximum displacement 0.1 m 

Position resolution 5.10–4 m 

Mechanical bandwidth < 5 Hz 

Control bandwidth ≥ 500 Hz 

TAB. 3.1.  SPECIFICATIONS OF OUR 1-DOF HAPTIC INTERFACE 

 Fig. 3.1 shows the mechanic principle of our interface. Each master and slave device equipped 

by a double acting pneumatic actuator (with two chambers p and n), pressure/force/position sensors, 

and (solenoid or servo) valves. 

 

 

Chamber p Chamber n

Position sensor

Force sensor

Pressure sensor Pressure sensor

Valves  

Fig. 3.1.  Mechanical principle of a pneumatic system 

 In the following sections, a description of the different components, i.e. actuator, sensors, and 

valves used in our system (Fig. 3.1) are respectively introduced. 

III. Actuation 

 As mentioned in chapter 1 (section III.1.1.2), due to the well-known advantages of the 

pneumatic actuators such as high power-to-mass ratio, low heat generation, and clean source, they are 

used for various applications of haptic teleoperation in recent years. For instance, Tadano and 

Kawashima (Tadano & Kawashima 2007) propose a forceps manipulator for a surgical master-slave 

system, which is able to estimate external forces without using any force sensor. (Durbha & Li 2009) 

proposed a passive scheme for bilateral teleoperation with human power amplification using 

pneumatic actuators. The input human force was amplified through the pneumatic teleoperator to 

provide assistance for the human operator in terms of performing the task (for lifting a heavy object). 

Pneumatic muscle actuators have been also recently used in the teleoperation system (Tondu et al. 
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2005). They are compact and have high power/weight density, but they are difficult to control and 

require an accurate experimental characterization. In addition, as detailed in chapter 1 (section 

III.1.1.2), other limits of pneumatic muscle actuators are slow dynamics, limited displacement, high 

hysteresis, etc. Therefore, this kind of technology will not be chosen for our development. 

 In this study, we investigate the use of pneumatic cylinders in a master-slave teleoperation 

system. As any actuators, the pneumatic cylinders have some drawbacks, in particular friction effect 

which may deteriorate the performances of the haptic interface. In order to minimize this 

disadvantage, a research of low-friction cylinders was undertaken. Among different products existed 

in the market, Airpel cylinders, i.e. designed and commercialized by Airpot
1
, is chosen according to 

the characteristics defined in Tab. 3.1.  

 An advanced technology used in Airpel is that it employs a precision graphite piston which can 

slide freely – without lubrication – inside a Pyrex glass cylinder (see Fig. 3.2). A fire-polished surface 

of the glass is inherently smooth, allowing to reduce significantly the friction.  

 

 

 
 

 

Fig. 3.2.  Airpel cylinder construction
2
 

 As illustrated in Fig. 3.3, the Airpel cylinder presents a superior performance in terms of static 

friction over conventional cylinders. Due to the benefit of ultra-low friction, the Airpel cylinder is 

particularly well-suited to applications requiring smooth motion at low pressures – and to move 

delicate loads at either slow or high speeds. 

 

 

Note: 100 PSI = 700 kPa

 

Fig. 3.3.  Pressure versus static friction of Airpel and typical air cylinders
1
 

                                                      
1 

http://www.airpot.com/ (last visit on 16 June 2011) 
2 

http://pdf.directindustry.com/pdf/airpot/everything-you-need-to-know-about-airpel-anti-stiction-air-cylinders/Show/11558-45874-_5.html 

(last visit on 16 June 2011) 
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 A main downside of low-friction cylinders is a risk of air leakage. Indeed, there is generally a 

trade-off between friction and leakage. In conventional air cylinders, no air leakage is in exchange for 

higher friction. On the other hand, with Airpel cylinder, a little air leakage is in return for ultra-low 

friction (see Tab. 3.1). Since friction is one of our main concerns in haptic design and since small air 

loss is not relevant in most of teleoperation applications, Airpel cylinder is chosen. 

 Between two principal types of cylinders, i.e. the double acting and the simple acting, the first 

one is selected because it enables to control independently the pressure/mass-flow-rate of each 

chamber, thus resulting in improved force and motion controls.  

 The M16D100D cylinder whose features shown in Tab. 3.2 has been chosen to actuate the 

master and slave manipulators. This choice was done according to the specifications required for our 

application (Tab. 3.1).   

 

 

Parameters Value Unit 

Bore 16 mm 

Stroke 100 mm 

Diameter of piston rod 5 mm 

Max pressure 700 kPa 

Min pressure differential 

required for actuation 
< 1.5 kPa 

Maximum force 110 N 

Piston friction as % of load 1−2  % 

Operating temperature range −55 to 150 °C 

Maximum leakage (at 340 kPa) 1.39 Nl/mn 

Weight of piston/rod assembly 60 g 

Weight of complete unit 166 g 

TAB. 3.2.  TECHNICAL DATA OF M16D100D PNEUMATIC CYLINDER
1
              

 Note that the pneumatic actuator used (M16D100D) is a symmetric cylinder whose rod 

extending from both sides of the piston. This leads to simplicity in guidance and implementation since 

the surface parameter of two cylinder chambers and the leakage phenomenon may be considered to be 

identical. Also, it is possible to add external mass or some mechanical joints on both sides of the 

piston. 

IV. Sensing 

 Besides all kinds of actuation have been developed, sensing is also an essential criterion to 

design a high-quality haptic control. Sensors in the last few years tend to be more accurate. The aim of 

this subsection is to provide a little basic knowledge of the operating principle as well as some features 

of position, force and pressure sensors.  

IV.1. Position sensor 

 The use of the position sensor is necessary since the information about the position of the end-

effector is compulsory. Among the different technologies of position sensor, the linear variable 

                                                      
1 

http://www.airpot.com/html/airpels.html (last visit on 16 June 2011) 
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differential transformer (LVDT) is chosen thanks to its advantages such as low cost, non-friction, high 

repeatability, fast dynamic response and long lifetime. 

 The 2000 DC-EC
1
 model with the signal conditioning equipment of Measure Specialities

2
 

(MEAS) is presented in Fig. 3.4. This model is chosen according to the specifications shown in Tab. 

3.1. 

 

 

Signal conditioning 

Electronics module

Core

Secondary coils

Primary coil

 

Fig. 3.4.  LVDT sensor – 2000 DC-EC model of  MEAS 

The features of the 2000 DC-EC position sensor are shown in Tab. 3.3 below. 
 

Parameters Value Unit 

Nominal linear range ± 0.05 m 

Nominal input voltage ± 15 V 

Power supply current ± 25 mA 

Output voltage ± 10 V 

Output impedance < 1 Ω 

Response (-3 dB) 200 Hz 

Accuracy3 ± 0.1 %   

Operating temperature range 0 to 70 °C 

Survival temperature range –55 to 95 °C 

TAB. 3.3.  TECHNICAL DATA OF THE 2000 DC-EC POSITION SENSOR 

 Fig. 3.5 shows the output voltage responses versus the position of the two sensors used for 

master and slave manipulators. These data calibrations are provided by standard sensor datasheet of 

MEAS. As it can be observed, the output voltage is perfectly linear with respect to the position, 

reflecting an excellent linearity of the LVDT sensors. In consequence, it is easy to determine the 

relationship between the output voltage and the real position (y = ax + b). 

 

 

                                                      
1 

http://www.meas-spec.com/product/t_product.aspx?id=2620 (last visit on 16 June 2011) 
2 

http://www.meas-spec.com/ (last visit on 16 June 2011) 
3 

Combined nonlinearity, hysteresis and repeatability (last visit on 16 June 2011) 
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Fig. 3.5.  Calibration of two position sensors  

IV.2. Force sensor 

 Force sensors are widely used in robotic applications. There exist two main methods for 

determining forces, i.e., load cell and force observer.  

 Load cell uses strain gage technology to measure force. The strain gages, which compose four 

(active or fixed) resistors with the same nominal value, are used in a Wheatstone bridge circuit so that 

a small change in resistance will lead to a change in voltage, i.e., proportional to the applied force. A 

main advantage of the load cell is a possibility to achieve high force accuracy because the Wheatstone 

bridge is well suited for measuring the small resistance change in the strain gage. However, major 

drawbacks of the load cell are extra mass, high cost and implementation complexity. Indeed, special 

care must be taken to ensure that the force is applied perpendicular to the surface at a predefined 

position. A default of alignment in the mechanical link can distort the measurements and also damage 

the instrument. 

 Force observer, which is based on measurements of position and/or pressure in combination 

with pneumatic actuator model, can be used as a substitute for force sensors. Nonetheless, proper 

functioning of the software has to be ensured in order to achieve satisfactory results. Since accuracy is 

one of the most important criteria in haptic device, load cell is chosen for a first feasibility study (cf. 

chapter 4). A study of the force observer in the pneumatically-actuated haptic teleoperation systems 

will be presented in chapter 5, section IV. 

 Tab. 3.4 resumes the advantages and disadvantages of the force observer and the load cell. 

 

  

 Advantages Disadvantages 

Load cell Accurate measurements 

Design precaution (alignment problem) 

Add extra mass to the system → size and weight problem 

Expensive 

Observer No extra mass added to the device 

Performance depends on system model and data quality 

→ model and data errors might result in incorrect 

measurements 

TAB. 3.4. COMPARISON OF FORCE MEASUREMENT OPTIONS  

 Among the different load cell models of MEAS, ELPF
1
 model shown in Fig. 3.6 (a) is selected 

due to its small size, high performance and acceptable cost. Indeed, it enables to measure both 

                                                      
1 

http://www.meas-spec.com/product/t_product.aspx?id=2430 (last visit on 16 June 2011) 
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compression and extension forces thanks to the full bridge architecture as illustrated in Fig. 3.6 (b).  

Moreover, it is possible to integrate a high-amplified-output module, leading to increase resolution of 

the sensor (see values of output voltage in Tab. 3.5).          
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          (a)  Mechanical part                                                              (b)  Electrical scheme                                                                   

Fig. 3.6.  ELPF model of  MEAS force sensor 

 The features of the ELPF model are shown in Tab. 3.5.  

 

 

Parameters Value Unit 

Force range ± 100 N 

Maximum overload 250 % 

Nominal input voltage 5 VDC 

Power supply current 40 mA 

Output voltage (amplified module) 0.5 – 4.5  V  

Output voltage (bridge output) 20 mV/V 

Output at no load (zero force) ± 5 % 

Input impedance 3 kΩ 

Output impedance 2.2 kΩ 

Accuracy ± 0.1 %   

Operating temperature range –14 to 120 °C 

Deflection at rate load < 0.05 mm  

Weight 40 g 

Cycle life expectancy unlimited cycles 

TAB. 3.5.  TECHNICAL DATA OF THE FORCE SENSOR – ELPF MODEL 

 A calibration of the two load cells were carried out in the laboratory (see Fig. 3.7). As it can be 

seen, the voltage output of the force sensors is linear with respect to the applied force. 
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Fig. 3.7.  Experimental results of static force sensor calibration 

IV.3. Pressure sensor 

 The last kind of measuring instrument that we present here is pressure sensor. Although there 

are various types of pressure sensors (e.g., thermal conductivity, resonance frequency, piezoelectric, 

capacitive, sound velocity, etc.), one of the most common is the strain-gage base transducer. The 

conversion of pressure into an electrical signal is achieved by the physical deformation of strain gages 

which are bonded into the diaphragm of the transducer and wired to the Wheatstone bridge 

configuration. Pressure applied to the sensor produces a deflection of the diaphragm which introduces 

strain to the gages. The strain will produce an electrical resistance change proportional to the pressure.  

 Fig. 3.8 shows the U5100 model, commercialized by MEAS.  

 

 

 

Fig. 3.8.  Pressure sensor – U5100 model
1
 

 Besides the benefit of high quality-to-price ratio, a main downside of the U5100 model is its 

cumbersome size. It is therefore impossible to incorporate the sensor into the cylinder chambers and 

finally, the result of pressure is not exactly equal to what it is desired to measure. 

 The features of pressure sensor can be found in the following table. As it can be seen, its 

performance is good enough for our system. 

 

 

 

 

 

 

                                                      
1 

http://www.meas-spec.com/product/t_product.aspx?id=2886 (last visit on 16 June 2011) 

Force (N) Force (N) 
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Parameters Value Unit 

Pressure range 0 – 700 kPa 

Burst pressure 3000 kPa 

Pressure overload 1500 kPa 

Nominal input voltage 5 V 

Power supply current 40 mA 

Output voltage  0.5 – 4.5  V  

Accuracy ± 0.2 %   

Response time 1 ms 

Operating temperature range – 40 to 125 °C 

Weight 82 g 

Pressure cycle 10 million 

TAB. 3.6.  TECHNICAL DATA OF THE U5100 PRESSURE SENSOR 

 For both master and slave manipulators, four pressure sensors are needed. In fact, each cylinder 

requires one sensor per chamber (and thus two sensors). The sensor calibrations are presented in Fig. 

3.9. The output voltage is linear according to the input pressure for each sensor. Note that all 

calibration is performed at room ambient temperature and under atmospheric pressure (~ 100 kPa). 
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Fig. 3.9.  Experimental result of the static calibration of four pressure sensors 

V. Pneumatic Valves Technologies 

 The control of pneumatic actuators is typically implemented using proportional servovalves to 

control the air flow into and out of the cylinder. The continuous behavior of the mass flow rate 

delivered by these valves has made them a suitable choice for closed-loop servo applications. Several 

researchers have studied the design and control of such systems, including (Shearer 1956; Mannetje 
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1981; Bobrow & McDonell 1998) whose studies involve servo control via spool-type servo-valve, 

(Jacobsen et al. 1986; Ben-Dov & Salcudean 1995; Sesmat 1996; Henri et al. 2002) whose studies 

involved control via flapper or jet-pipe type servovalves. In such systems, due to the requirements of 

high-precision manufacturing, the cost of the servovalves in nearly all cases dominates the cost of the 

actuator.  

 In the pneumatic actuation control system, an alternative to the proportional servovalves is to 

utilize fast-switching on/off valves. Owing to their low cost, lightweight and small size, the on/off 

valves have received considerable attention over the last years (Gentile et al. 2002; Barth et al. 2003; 

Ahn & Yokota 2005; Le et al. 2011a). Thanks to the breakthroughs in valve technology such as leak 

reduction, miniaturized mechanical elements and fast electronic components, the solenoid valves now 

are faster and more accurate than the former valves. There exist however some drawbacks such as 

acoustic noise and chattering effect, caused by fast-switching frequency. Furthermore, using on/of 

valves with inherent discrete behavior can result in complex nonlinearity of the pneumatic system.  

 This section is dedicated to the principle, performance and characteristics of the proportional 

servovalves and on/off solenoid valves. Practical implementation of these two technologies in the 

pneumatically-actuated teleoperation system will be performed in chapters 5 and 4. 

V.1. Servovalves  

 In pneumatic-actuated robotic systems, jet-pipe type servovalves are normally used for 

obtaining precise control and accurate responses thanks to their simple structure, high sensitivity for 

control level, and wide frequency range (Shearer 1956). Contrary to the spool or poppet valves, the 

jet-pipe servovalves require low supplied current, i.e., typically less than 50 mA, offering a large 

mechanical benefit such as compact and small size. A main drawback of the jet-pipe technology is low 

efficiency caused by magnetically deflected for control, at the expense of extra air leakage (Henri et al. 

2002). 

 In the following subsections, we first describe the operation principle of the jet-pipe technology. 

A characterization of the servovalves is then provided, in which we establish a mathematical model of 

the mass flow rate as a function of pressure and current. A comparison between the theory model and 

the experimental measurements will be carried out to validate our model. 

V.1.1. Operating principle of jet-pipe pneumatic type servovalve  

Fig. 3.10 shows a schematic representation of the jet-pipe servovalve, which can be separated 

into two stages: 

 The first stage includes a torque motor, a projector jet and two receivers.  

 The second stage includes a four-way sliding spool (i.e., supply, exhaust, orifices p and n), 

controlled by a force feedback closed-loop servo system.  

 Between the first and the second stages, a mechanical feedback connected to the spool and jet-

pipe is employed to stabilize the valve operation. The jet-pipe servovalves operates as follows: 

 At first step, the jet is equally separated between the two receivers, making the pressures on both 

sides of the spool equal. The balanced force created by equal pressures in both chambers holds the 

spool in a stationary position (see Fig. 3.11 (a)). 

 When the motor receives an excitation applied as current to the coils, electrical signal is converted 

into a mechanical torque on the armature and jet pipe assembly. When the jet pipe and armature 

rotate around their pivot point, the fluid jet is directed to one of the two receivers, creating a higher 

pressure in the spool chamber connected to that receiver. The differential pressure pushes the spool 

in opposite direction to the jet pipe displacement (see Fig. 3.11 (b)).  

 As the spool starts moving, it pushes the return spring, creating a torque on the jet pipe to bring it 

back to null position. When the restoring torque due to spool movement equals the applied torque 

on the armature, the spool will stop in a particular position, until reversing the polarity of the 
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applied current. The resulting spool position opens a specified flow passage at the ports p and n of 

the second stage of the valve (see Fig. 3.11 (c)). 

 Since the torque-motor forces are proportional to the input current and the feedback forces are 

proportional to spool position, the resulting spool position is proportional to the input current. 

Increasing the applied current to the torque motor shifts the spool from null position. 

 When the polarization of the applied current is reversed, the armature is attracted to the opposite 

magnetic pole and therefore, the jet deflects to the opposite receiver. The spool moves in an opposite 

direction until a balanced force is achieved by the return spring. 
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Toque motor 

Jet-pipe 

Receiver
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orifice
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Pp

Chamber p Chamber n

 

Fig. 3.10.  Structure design of the two-stage jet-pipe servovalves
1
 

   

                                                      
1 

http://www.daerospace.com/HydraulicSystems/ServovalveDesc.php (last visit on 16 June 2011) 
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             (a)  At neutral position                                  (b)  With input current                              (c)  Stabilized with current 

Fig. 3.11.  Three steps of jet-pipe operation
1
 

 It is noteworthy that the major of jet-pipe servovalves are two-stage design, but there also exist 

single-stage design whose torque motor directly attached to the spool. Such a design is limited a power 

capability of the motor’s output force. Therefore, they are only used in a few applications of 

pneumatic actuators with low capability of mass flow rate. 

 On the contrary, the two-stage servovalves has a preamplifier which substantially multiples the 

force output of the torque motor to a level sufficient, allowing to overcome considerable stiction forces 

and force resulting from vibration. This is a reason for the wide use of the two-stage servovalves in 

both hydraulic and pneumatic systems. 

V.1.2. Characterization of the Atchley 200PN-176 

 Atchley, which is now acquired by Moog
2
, proposed the jet-pipe technique with high 

performance. The Atchley 200PN-176 model (Fig. 3.12), which has been already available in our 

laboratory, is implemented on our device since its characteristics answer our specifications. This 

servovalve is a single-stage type that includes four ways, i.e., supply air, exhaust, and two orifices 

which can connect to both chambers of a cylinder. The single-stage design is suitable for our 

pneumatic teleoperation system that requires small load force and low mass-flow-rate control.  

 

 

 

Fig. 3.12.  Atchley 200PN-176 servovalve 

                                                      
1 

http://www.moog.com/literature/ICD/jet_pipe_servovalves_overview.pdf (last visit on 16 June 2011) 
2 

http://www.moog.com/ (last visit on 16 June 2011) 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0131/these.pdf 
© [M-Q. Le], [2011], INSA de Lyon, tous droits réservés

http://www.moog.com/literature/ICD/jet_pipe_servovalves_overview.pdf
http://www.moog.com/


M.Q. LE - Development of Bilateral Control for Pneumatic Actuated Teleoperation System 

 

- 80 - 

 The general characteristics of the 200PN-176 is shown in the below table. 

 

 

         Parameters Descriptions 

System filtration 25 micron 

Fluid Clean dry gas 

Design  Single stage 

Pressure range 0 – 1100 kPa 

Burst pressure 3000 kPa 

Pressure overload 1700 kPa 

Power supply current ± 20 mA 

Coil resistance 250 Ω 

Temperature range –40 °C to 70 °C 

Hysteresis 3 % max of rated current 

Threshold 0.02 % max of rated current 

TAB. 3.7.  PERFORMANCE SPECIFICATIONS OF THE 200PN-176 MODEL 

 At the moment, there is still no acceptable theoretical model that describes the behavior of the 

jet-pipe servovalve with sufficient precision to carry out a preliminary study in simulation. Our 

objective here is to find out the relationship between the voltage/current, pressure and mass flow rate 

of the Atchley servovalve. 

V.1.2.1. Characteristics of the voltage-to-current converter i = f(u)  

 A supplied current of the servovalve comes from a voltage-to-current converter where the input 

voltage is provided from the dSPACE card. Note that the development and characterization of the 

converter are realized during the thesis. The electronic circuit of the converter based on TLE2061 

operational amplifier is shown in Fig. 3.13 (a). This component is chosen due to its simple structure 

and excellent output drive capability. 

 In a normal operation of the amplifier, a linear relationship between the output current and the 

input voltage can be obtained as 

2

1 5

R
i U

R R
                                                            (3.1) 

where R1 = R3 and R2 = R4 +R5 . As a result, the current i depends only on the voltage U, for any given 

load. Nonetheless, in practice, a too high value of load’s resistance (e.g., several hundred MΩ) could 

lead to saturated amplifier. In our case, the coil resistance of the servovalve equals 250 Ω, enabling the 

converter to operate correctly as in (3.1).    

 Since the voltage range of the dSPACE card is ± 10 V and the applied current range of ± 20 mA 

is required to ensure an optimal use of the servovalve, the following condition needs to be satisfied 

12

1 5

0.002
R

R R

                                                             (3.2) 

In this case, the values of the resistors can be set as R1 = R3 = 10 kΩ, R2 = 2 kΩ, R4 = 1.9 kΩ, and R5 = 

100 Ω. 

 To check the amplifier linearity, we plotted the data of current as function of the input voltage. 

A perfect linearity is obtained as illustrated in Fig. 3.13 (b).
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                           (a)  Electrical scheme                                                                               (b)  Characteristics U = f(i)                               

Fig. 3.13. Voltage-to-current converter 

 In the following subsections, all experimental measurements are provided by (Fourati & Maalej 

2006). Note that for an easier manipulation, the input control signal is chosen as the voltage U instead 

of the current i. This does not affect the characteristics of the servovalve since U and i have a linear 

relationship as shown in Fig. 3.13 (b). 

V.1.2.2. Pressure gain characteristics P = f(U) 

 The goal of this experiment is to determine the characteristics of the pressure gain in function of 

the input voltage U when the mass flow rate equals zero. The supply pressure of 520 kPa is used for 

all the measurements. Note that the air flow of each orifice (p and n) of the servovalve directly charges 

to a chamber equipped with pressure sensor – this will help to measure the pressures Pp and Pn (at null 

value of mass flow rate).  

 Fig. 3.14 shows a static behavior of the pressures in chambers p and n. In order to observe a 

hysteresis phenomenon, the measurements were carried out by gradually increasing U to the maximum 

value (i.e., 10 V) and then reducing it to the minimum value (i.e., – 10 V). As it can be seen, Pp and Pn 

have a linear behavior for low values of pressure, but above 300 kPa, nonlinearity appears in both 

increasing and decreasing processes. 
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Fig. 3.14.  Pressure gain characteristics P = f(U) at null mass flow rate         
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 Since the orifices p and n have identical mechanical structures, the pressure Pp and Pn may be 

considered to be symmetric with respect to the control voltage, i.e., Pp (U) = Pn (–U). Thus, in the 

following subsections, only one of them (e.g., orifice p) is shown for the characterization of the mass 

flow rate.                   

V.1.2.3. Mass flow rate gain characteristics q = f(U) 

 In this part, the characterization of the mass-flow-rate gain is carried out when the orifice is 

connected to exhaust. It is necessary to get a considerable amount of data, particularly at a large 

variation zone of the mass flow rate. The measurements are taken by exploring a whole scale of the 

input voltage. In order to obtain a hysteresis curve, we increase U to the maximum point and then 

decrease it back to the minimum.  

 When U varies from –10 to –9 V, the mass flow rate q is equal to zero because the orifice p of 

the servovalve is still at the end-stop. Once it opens, the mass flow rate increases rapidly in function of 

the control voltage. As shown in Fig. 3.15 (b), similar behavior has been observed when the voltage is 

within the interval [9 V, 10 V]. 
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Fig. 3.15.  Mass flow rate gain characteristics q = f(U)                                               

V.1.2.4. Mass flow rate versus pressure and voltage q = f(P,U) 

 In this subsection, a static mass-flow-rate mathematical model issued from the global 

characterization is presented. This corresponds to the measurements of the output mass flow rate q 

according to the input voltage U and the pressure Pp.   

 For each series of measurement, a fixed voltage value is applied to the servovalve and the mass 

flow rate is acquired when varying the pressure which is controlled with a tap. This test is repeated by 

increasing the voltage signal to the maximum value and then decreasing it back. It can be seen in Fig. 

3.16 (a) that the difference of the mass flow rate between the increasing and decreasing processes is 

relatively low. Non zero values of the subtraction, in particular at local peak points, reflect the 

hysteresis phenomenon that has been observed in Fig. 3.15 (b).  

 To reduce the complexity of the static model, we calculate the average value of the mass flow 

rate obtained from the two processes. This enable to obtain a single (average) model of the servovalve 

as illustrated in Fig. 3.16 (b). 
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  (a)  Subtraction of decreasing and increasing processes                                      (b)  Average response 

Fig. 3.16.  Static characteristics q = f (P, U)  

 By projecting the curve of Fig. 3.16 (b) on the different plans, we obtain the mass flow rate in 

terms of voltage or pressure as shown on Fig. 3.17.  It can be observed that the mass flow rate 

increases in function of the voltage and decreases according to the pressure. As it has been observed in 

Fig. 3.17 (a), an inevitable drawback of the jet-pipe type is that event when the control signal is null 

(U = 0V), it can be existed an amount of airflow passing through the orifice (in case the upstream and 

downstream pressures are different). This can be undesirable in certain applications, especially at the 

initial condition where the chambers could be under pressure (i.e., superior to the atmosphere 

pressure).  
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                    (a)  Average mass flow rate versus pressure                           (b)  Average mass flow rate versus voltage                  

Fig. 3.17.  Projection on the different plans  

 Based on the above results, it is possible to establish a theoretical model of the mass flow rate in 

term of the pressure and the control voltage. This part is detailed in Appendix 1. 
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V.2. Solenoid valves 

  Matrix on/off valve, designed and manufactured by Bibus
1
, is one of the fastest switching valves 

that are now commercially available. In the following, we provide a brief overview and some essential 

characteristics in terms of response time, current, and mass flow rate of this technology. 

V.2.1. Overview of Matrix – high speed valve technology 

 The traditional technologies employed in solenoid valves suffer in different ways, due to the 

high inertia of their mechanical components, friction effect, and high temperature caused by electric 

windings. 

 A highly innovative principle used in Matrix pneumatic technology is the absence of internal 

friction during the shutter’s opening and closing phases (see Fig. 3.21, subsection V.2.3). The absence 

of friction combined with the reduction of the moving mass gives the control extremely fast response 

times. This results in increased precision, repetitiveness and reliability of overall system. Further 

advantages of Matrix technology are long lifetime components and high insensibility to ranges of 

temperature. 

 Besides the mechanical advances discussed above, another solution allows to enhance the 

response times of Matrix solenoid valves is speed-up control techniques (presented in the following 

section). Actually, a short response time is essential for dynamic control systems since it enables to 

obtain rise/fall fronts similar to a logic drive, with very small phase lag.  

V.2.2. Speed-up control techniques 

 The speed-up control is used for applications where the dynamic performance is fundamental. It 

consists in generating a double option of control, either in current or in voltage. The technique is able 

to supply a high breakaway energy to open the valve at full speed (called speed-up phase) and then to 

decrease the control level to keep it in open position (called holding phase). 

 XX version is designed for the current control which includes two levels. The first current level, 

generated by a supply power of V1 = 24 VDC, must be limited through a suitable device present in 

electronic control driver with a value of I1 = 0.7 A (namely speed-up current). In case of non limit, the 

current I1 tends towards the maximum value, which is determined by the voltage V1 and the resistance 

of the windings (R = 15 Ω), resulting in damaged components. The second current level occurs during 

the holding phase where its value is limited to 0.3 A, called holding current. This leads to reduced 

dissipated power where P2 = 15. 0.3
2
 = 1.35W (cf. Tab. 3.8). 

 KK version, which does not required any current limitations, is designed for the control system 

with double voltage levels. The first level with a 24 V power (i.e., equivalent to a current of 0.8A at 

steady state) is applied during the speed-up time. On the other hand, to keep the valve open, the 

second level V2 = 5 VDC is used, resulting in decreased current absorption (i.e., I2 = 0.17 A) and 

dissipation power (i.e., P2 = 5. 0.17 = 0.85 W) on the resistance (R = 30 Ω) (cf. Tab. 3.8). 

 

 

Versions R I1 V1 P1 V2 I2 P2 

Current control (XX) 15 Ω 0.7 A 24 V 16.8 W 
 

0.3 A 1.35 W 

Voltage control (KK) 30 Ω 0.8 A 24V 19.2 W 5 V  0.85 W 

TAB. 3.8.  NUMERICAL VALUES OF SPEED-UP CONTROL (BIBUS DATASHEET) 

                                                      
1 

http://www.bibus.co.uk/products-solutions/pneumatics/valves/high-speed-valves/?show_all=1&pcatid=5245&cHash=bd6fc363d3 (last 

visit on 16 June 2011) 
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 The speed-up technique is realized through the HDSB900 driver board (see Fig. 3.18), which 

allows to regulate the current/voltage by converting an input control signal into a pulse width 

modulation signal. This method is called PWM whose operating principle is detailed in Appendix 2.  

The driver card, including nine identical channels, enable to control at the same time nine 2/2 valves 

or four 3/3 valves. It is suitable for driving a wide range of Matrix solenoid valves in both current and 

voltage controls.  

 

    

Fig. 3.18.  HDSB900 driver board
1
 (Bibus datasheet) 

 Fig. 3.19 illustrates PWM waveforms generated by the speed-up driver for both XX and KK 

versions. In the KK version, the control voltage (dashed wave) is constant and remains at high level 

(5V) during the speed-up time. To decrease the current level during the holding time, the voltage 

control is modulated at a fixed frequency of 20 kHz by using the PWM technique. Commonly, this 

frequency should be higher enough than that one of the input control (solid signal). Knowing a 

relationship with the duty cycle of the PWM wave, a desired holding current could be easily achieved. 

Similar principle is obtained for the XX version. However, after the current rise time, the control 

voltage (dotted wave) becomes a pulse width modulated signal (instead of a constant signal) whose 

duty cycle is tuned as function of a desired speed-up current.  
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Fig. 3.19.  Waveforms generated by speed-up driver for XX and KK versions (Bibus datasheet) 

 Finally, the use of a speed-up card for driving the solenoid valves allows to decrease the supply 

voltage during the holding phase, reducing in such a way its consumption and thermal dissipation.  

                                                      
1 

http://www.bibus.co.uk/products-solutions/pneumatics/valves/high-speed-valves/matrix-driver-board/ (last visit on 16 June 2011) 
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V.2.3. Characterization of the Matrix valves – series 820
1
 

 In our study, the fast switching on/off valves – series 820, (called 820-Matrix), are chosen since 

they are available in CC version (closed center – 3/3 way), which enable to control independently 

charging and discharging phases of the valves (see Fig. 3.20 (b)). Moreover, they include all 

innovations of Matrix solenoid valves such as low inner friction, small mass of moving element and 

possibility to be speed-up controlled. In this way, high dynamic performance can be achieved with fast 

response times (milliseconds) and long operating lifetime (over 500 million cycles). 

V.2.3.1. General characteristics   

 As it can be seen in Fig. 3.20, the solenoid valve 3/3 way consists of two fast switching spring 

return 2/2-NC valves (normally closed), controlled independently.  

 

3 Outlet

1 Inlet

x 2

2

2
1

Charging control

Discharging control

 

         (a)  2/2-NC (Normally closed)                                                                          (b)  3/3-CC (Closed center)                                                                   

Fig. 3.20.  Two types of Matrix solenoid valves – series 820
2
 

 The simplified scheme of the 2/2-NC is shown in Fig. 3.21. In the absence of power excitation, 

the valve is kept at its closed end-position by the return spring, called normally closed. When the 

solenoid is energized by DC voltage, the resulting magnetic force displaces the moving part (i.e., 

shutter and armature assembly) against the return spring, leading to open the valve and thus letting the 

air flows through an orifice. 

 
 

Zoom in

 

Fig. 3.21.  Mechanical structure of the 2/2-NC 

                                                      
1 

http://www.bibus.co.uk/products-solutions/pneumatics/valves/high-speed-valves/matrix-series-820/ (last visit on 16 June 2011) 
2 

http://www.bibus.co.uk/fileadmin/product_data/matrix/documents/matrix_datasheet_en_serie820_2-2_3-3.pdf (last visit on 16 June 2011) 
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 Thanks to the possibility to be speed-up controlled, the dynamic characteristics of the 820-

Matrix is significantly improved. Indeed, standard solenoid valves with 24 VDC control can only be 

sampled at a maximum frequency about 200 Hz. On the contrary, solenoid valves driven by speed-up 

control have response times less than 2 ms in opening and 1ms in closing, leading to maximum 

switching frequency of 500 Hz.  

 The general features of the 820-Matrix (model GNK821213C3) is shown in Tab. 3.9. Note that 

this model is available in both speed-up versions. In our case, the KK version is chosen since the 

output control driven by our dSPACE card are voltage signals. 

 

 

Parameters Value 

Fluid Non-lubricated dry air, neutral gases  

Filtration rating Min 40 micron 

Response time in opening  < 5 ms (24V) < 2 ms (speed-up) 

Response time in closing  < 2 ms (24V) < 1 ms (speed-up) 

Maximum frequency  200 Hz 500 Hz 

Supply voltage 24 VDC ± 10 % 

Pressure range (relative) 0 – 800 kPa  

Mass flow rate (at 600 kPa) 100 Nl/mn 

Weight 130g 

Operating temperature range –10 to 50 °C 

Product life expectancy ≥ 500 million cycles  

TAB. 3.9.  GENERAL CHARACTERISTICS OF MATRIX SOLENOID VALVES– SERIES 820 

 In the following subsections, we will take a closer look to specific characteristics of the fast 

switching solenoid valves (i.e., current characteristics and mass flow rate characteristics), which 

influence the successful operation of the entire pneumatic system. 

V.2.3.2. Current characteristics  

 In this subsection, an analysis of the current’s dynamics is investigated in order to verify the 

switching time of the solenoid valve. Fig. 3.22 shows the current response when the input signal is at 

ON level for 5.5 ms. Note that the current is measured from a current probe, which is serially 

connected to the solenoid valve. 
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Fig. 3.22.  Experimental characteristics of the valves switching time 
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 The time interval of the current in Fig. 3.22 consists of several stages which should be 

interpreted and justified with the actual behavior of the valve. We can describe these stages as follows: 
 

1.  When the input voltage is applied at t = 0, the current starts to rise until the magnetic force 

overcomes the spring force and the shutter starts to move at approximately t = 1.1ms. As a result of 

shutter motion, the equivalent length of the total magnetic circuit leq decreases and the solenoid 

inductance L increases, as shown by the following equation (Taghizadeh et al. 2009).  

2

( , )
( , )

e c

eq

N A
L t x

l t x


                                                              (3.3) 

where Ae is the effective cross sectional area of flux path, μc is the permeability of the core, N is the 

number of coil turns, and x is the displacement of the shutter with respect to the initial position. 

 

2.  The increase of the inductance L leads to an increase of the counter electromotive force (CEMF). 

According to the Lenz’s law
1
, the CEMF is in the opposite direction to the applied voltage and 

opposes a change in the current. Consequently, the current experiences a local peak (about 0.52 A) 

when the shutter starts to open and begins to decrease until the shutter reaches its end stroke and 

stop at approximately t = 1.3ms, i.e., the complete opening time.   

 

3.  When the shutter stops, the inductance of the solenoid is considered to be constant and the current 

starts increasing again (Taghizadeh et al. 2009). As far as the input voltage is applied, the current 

continues to increase exponentially (the behavior of the first order R-L circuit as given by the 

following equation) to reach a steady state value (about 0.7A).  

( )
( ) ( )

d R V t
i t i t

dt L L
                                                           (3.4) 

4.  Once the valve completely opens, the amount of current needed to keep the shutter at its end 

position (holding current) is much less than the current required for moving it from its initial 

position (speed-up current). Therefore after approximately 2.7s, the current is reduced and 

maintained at a constant holding level. This task is carried out by the driver board as discussed 

previously.  Fig. 3.23 zooms in on the holding current during 0.4 ms in order to get a close-up view 

of its behavior. The current is regulated to an average value of 0.19 A through the voltage 

controlled PWM at a rate of 20 kHz (section V.2.2). As a result, the current also oscillates at this 

frequency and stabilizes within 0.19 ± 0.02 A (see Fig. 3.23).  

 

5.  When the input voltage switches to OFF level (Fig. 3.22), the current drops to zero with a very fast 

response time, Tclose = 0.2 ms. Such a switching time could be achieved due to the fact that the 

current at the beginning of the de-energizing process was significantly reduced (from 0.7 A to     

0.2 A).  When no excitation power is applied to the valve, the shutter returns to the initial position 

due to the spring force. The current remains at zero level for a duration of the OFF time until the 

next cycle begins.  

 
 

                                                      
1 

http://en.wikipedia.org/wiki/Lenz%27s_law (last visit on 16 June 2011) 
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Fig. 3.23.  Zoom in of the holding current 

V.2.3.3. Mass flow rate characteristics 

 Fig. 3.24 shows the static mass flow rate q in terms of upstream and downstream pressures (i.e., 

Pup and Pdown, respectively). These data (i.e., provided by BiBus) present the pressurizing process in 

which Pup corresponds to the supply and Pdown corresponds to the pressure of the orifice. For each fixed 

value of the upstream pressure, the mass flow rate is measured by varying the downstream pressure 

from its minimum (i.e., Patm) to its maximum (i.e., Pup).  

 The generalized model of the static mass flow rate is described by two parameters, i.e., the 

critical pressure ratio Cr = 0.433 and the sonic conductance Cval = 16.10
–5

 Nl.mn
–1

.Pa
–1

. Finally, the 

mass flow rate in Fig. 3.24 can be written as (McCloy 1968): 

 
2

                                  if   (sonic)

 ,

1     otherwise  (subsonic)
1

atm down
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up up

down
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

     

 
 
   

                      (3.5)                         

In the above, Pup and Pdown are respectively the absolute upstream and downstream stagnation 

pressures of the valve (Pa); Tatm is the atmosphere temperature (°K), and Tup is the upstream stagnation 

temperature (°K). 
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Fig. 3.24.  Mass flow rate versus upstream and downstream pressures (Bibus doc) 

 In order to obtain a single curve, Fig. 3.25 illustrates a normalized mass flow rate q/Pup versus a 

pressure ratio Pdown/Pup. As it can be seen, at sonic regime, the flow remains constant despite any 

change in pressure ratio. On the contrary, when subsonic regime occurs, the flow drastically decreases 

with a further increase of the pressure ratio. 
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Fig. 3.25.  Normalized mass flow rate versus pressure ratio 
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VI. Presentation of prototype 

 Fig. 3.26 and Fig. 3.27 present the final prototype, which consists of two identical master and 

slave interfaces, actuated by proportional servovalves and solenoid valves, respectively. 
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Fig. 3.26.  Mechanic principle of a pneumatic actuated teleoperation system with servovalves 
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Fig. 3.27.  Mechanic principle of a pneumatic actuated teleoperation system with on/off valves 

VII. Conclusion 

 In this chapter, we have presented the mechanical principal of a 1-DOF pneumatic system. The 

specifications of haptic interfaces give some essential criteria for efficiently selecting the components, 

i.e., actuators, sensors, fast switching on/off valves and proportional servovalves. Several criteria such 
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as high control bandwidth, large workspace, low friction, etc. are required to achieve good pneumatic 

teleoperation performance.  

 It has been seen that the mechanical design and the choice of materials are important since their 

quality defines intrinsic limitations in the haptic feedback device. In our case, high resolution sensors 

are required to provide high accuracy in force and motion measurements. Similarly, high-bandwidth 

valves are needed to generate a rapid rise in force or a fast movement. Also, frictionless cylinders were 

selected in order to overcome a major drawback of the classical pneumatic actuators, i.e., its high 

friction-to-force ratio. 

 To sum up, the following table resumes all materials required for our prototype. 

 

 

Material Type Model Quantity  

Sensors 

Position MEAS 2000 DC-EC 2 

Force MEAS ELPF 2 

Pressure MEAS U5100 4 

Actuator Pneumatic cylinder Airpel M16D100D 2 

Valves 

Solenoid valve Matrix series 820 4 (type 3/3)  

Speed-up driver Matrix HDSB900 1 

Servovalves Atchley 200PN-176 2 

TAB. 3.10.  MATERIALS FOR BOTH MASTER AND SLAVE MANIPULATORS 

 Finally, the teleoperation performance depends not only on the hardware but also on the 

software where the controllers are implemented. Therefore, in the subsequent chapters, we focus on 

the development of different bilateral control designs for the pneumatic master-slave system equipped 

with either solenoid valves or proportional servovalves. 
 

 

 

 

 

 

 

 

 
 

 

 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0131/these.pdf 
© [M-Q. Le], [2011], INSA de Lyon, tous droits réservés



Chapter 4: Bilateral Control of a Pneumatic-Actuated Teleoperation System with Solenoid Valves 

- 93 - 

 

 Chapter 4  

Bilateral Control of a Pneumatic-

Actuated Teleoperation Systems with 

Solenoid Valves 

Table of contents 
 ___________________________________________________________________________________  

I. Introduction ............................................................................................................................................... 94 

II. Model of Pneumatic System ...................................................................................................................... 94 
II.1. Model of the actuator ......................................................................................................................... 94 
II.2. Model of the mass flow rate ............................................................................................................... 96 

III. PWM Control Design ........................................................................................................................... 96 
III.1. Basics ................................................................................................................................................. 97 
III.2. Force tracking controller design......................................................................................................... 98 
III.3. PWM-based teleoperation control...................................................................................................... 99 

IV. Hybrid Control Design ....................................................................................................................... 100 
IV.1. Model-based control design for a single pneumatic manipulator .................................................... 100 

IV.1.1. Hybrid control principle ......................................................................................................... 100 
IV.1.2. Application to a pneumatic system ......................................................................................... 102 
IV.1.3. Simulations ............................................................................................................................. 103 
IV.1.4. Experiments ............................................................................................................................ 105 

IV.2. Hybrid bilateral control for a pneumatic teleoperation system ........................................................ 110 
IV.2.1. Implementation of the force inner loop in the 4CH architecture ............................................ 110 
IV.2.2. Simulations ............................................................................................................................. 112 
IV.2.3. Experiments ............................................................................................................................ 117 
IV.2.4. Stability discussion ................................................................................................................. 125 

V. Sliding Control Design ............................................................................................................................ 125 
V.1. Teleoperation based on three-mode control scheme (3MCS) .......................................................... 126 

V.1.1. Open-loop model of the master and slave devices ................................................................. 126 
V.1.2. Closed-loop teleoperation system ........................................................................................... 127 
V.1.3. Experiments ............................................................................................................................ 133 

V.2. Extension to a five-mode control scheme (5MCS) .......................................................................... 137 
V.2.1. Controller mode selection ....................................................................................................... 137 
V.2.2. Comparison between the 5MCS and the 3MCS ..................................................................... 138 

VI. Conclusion ........................................................................................................................................... 144 
 ___________________________________________________________________________________  

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0131/these.pdf 
© [M-Q. Le], [2011], INSA de Lyon, tous droits réservés



M.Q. LE - Development of Bilateral Control for Pneumatic Actuated Teleoperation System 

 

- 94 - 

I. Introduction 

 The non-linear nature of a pneumatic actuator is highlighted when it uses on/off solenoid valves, 

which are widely used due to the high cost of servovalves (Le et al. 2010a). For this reason, accurate 

control with high performance is a challenge because of the discrete-input nature of the system. Most 

solenoid valve pneumatic systems utilize a pulse width modulated (PWM) input. Using time 

averaging, a PWM input with a sufficiently high frequency can approximate the input/output 

properties of a servo-valve (Shen et al. 2004).  

 This chapter is aimed at providing, apart the traditional PWM method, different control schemes 

of pneumatic systems with on/off valves. Another aspect of our study is to show that good 

transparency in teleoperation can be obtained without using expensive proportional servovalves. 

 The structure of this chapter is described as follows. First, the modeling of a pneumatic 

manipulator composed of a cylinder and four solenoid valves is presented in Section II. Sections III–V 

describe the different control designs, namely pulse width modulation (PWM), hybrid strategy, and 

sliding mode control for a master-slave telemanipulator. Experimental results are also provided that 

allow to validate the performance of the proposed control laws. Finally, concluding remarks are drawn 

in Section VI. 

II. Model of Pneumatic System 

 As mentioned in chapter 3, the master and the slave manipulators are identical, thus only one 

pneumatic device is presented in this section. 

II.1. Model of the actuator 

 The actuator model can be obtained using two physical laws: the pressure dynamics of the 

chambers and the fundamental mechanical relation. 

 The pressure evaluation of the chambers with variable volumes is obtained with the following 

assumption (Andersen 1967): 

 Air is a perfect gas and its kinetic energy is negligible in the chamber, 

 the pressure and the temperature are homogeneous in each chamber, 

 the evolution of the gas in each chamber is polytropic and is characterized by coefficient α, 

 the temperature variation in chambers is negligible with respect to the supply temperature, 

 the temperature in each chamber can be considered equal to the supply temperature, 

 the mass flow rate leakages are negligible, and 

 the supply and exhaust pressures are constant. 

 A schematic of a 1-DOF pneumatic actuation system is shown in Fig. 4.1. The device consists 

of a pneumatic cylinder, four identical solenoid valves of type 2/2, a position sensor and two pressure 

sensors. Each chamber has two solenoid valves. Valves 1 and 4 can be either locked or connected to a 

compressed air supply (source pressure) while valves 2 and 3 can be either locked or connected to 

exhaust (atmosphere pressure).  

 The choice of four valves rather than two valves allows us to increase the number of 

possibilities in the choice of the control vector and the resulting behavior of the closed-loop system. 

Indeed, with two solenoid valves, only four configurations are obtained as following: 

 both valves are open,  

 both valves are closed,  

 one valve is open and the other closed, 

 and vice versa. 

 On the other hand, as it will be shown in Section IV.1.2, nine configurations can be achieved 

with four solenoid valves. Generally, there would be a total of sixteen discrete modes at any given 
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time. However, since we cannot have a chamber connected to both supply and exhaust at the same 

time, only nine discrete modes exist. 
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Fig. 4.1.  Electro-pneumatic system with four on/off valves 

 The behavior of the pressure inside each chamber of the cylinder can be expressed as 

(Blackburn 1960): 
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  ; 

the subscripts p and n indicates the chambers p and n as shown on Fig. 4.1; Vp(0) and Vn(0) are the 

volumes at the zero position (m
3
); Vdp and Vdn are the dead volumes present at each extremity of the 

cylinder (m
3
); l is the cylinder stroke (m); U1, U2, U3 and U4 are the discrete control voltages (1 or 0) 

of the valve 1, valve 2, valve 3, and valve 4; y and y are the position (m) and velocity (m/s) of the 

piston; Pp and Pn are the pressures inside the chambers (Pa); Sp and Sn are the piston cylinder area 

(m
2
); qp and qn are the mass flow rates (kg/s); Ta is the temperature of the supply air (K); r is the 

perfect gas constant (J/kg/K) and α is the polytropic constant.  

 Finally, the dynamics of the mechanical actuator involving the applied force on the piston and 

the resulting piston motion is 

p p n n st extMy S P S P by F F                                                 (4.2)                         

where b is the viscous friction coefficient (N.s/m); M is the moving load (kg); Fext is the external force 

and Fst is the friction force. Because of the difficulties to identify the friction force with a good 

precision due to hysteresis and non-repetitive phenomena, the friction force was assumed to be 

negligible in the theoretical model in comparison to the pneumatic drive force. In our experimental 

setup, the friction force could be neglected because we used ultra-low friction pneumatic cylinders.  
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II.2. Model of the mass flow rate 

 The mass flow rates qp and qn can be derived in terms of the discrete control voltages U1, U2, U3 

and U4 shown in Fig. 4.1 and the continuous pressures Pp and Pn: 

 

 

1 2

1 2 1 2

1 2

3 4

( , )        for 1 and 0  (chamber p fills)

, , 0                     for 0 and 0  (chamber p closes)
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
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n
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U U

U U

q P P U U

 


 
  

                       (4.3)                         

where Psa and Patm are the pressures of the supply air and the atmosphere. The ‘0’ state of each input 

voltage corresponds to a closed valve and the ‘1’ state corresponds to an open valve. In the above, the 

cases of U1 = U2 = 1 and U3 = U4 = 1 have been prohibited to avoid a bypass of the valves. The 

function q in (4.3) is given by the following standard expression for the mass flow rate (see chapter 3, 

section V.2.3.3): 

 
2

                                  if   (sonic)

 ,
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1

atm down
val up r

up up

down
up down

r

upatm
val up

up r

T P
C P C

T P

Pq P P C
PT

C P
T C



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 
 
   

                      (4.4)                         

III. PWM Control Design  

 PWM control offers the ability to ensure servo control of pneumatic actuators at a significantly 

lower cost by utilizing switching on/off valves instead of proportional servo-valves. In a PWM 

controlled system, the power delivered to the actuator is discretely estimated by packets of the mass 

flow rate via a valve that is either “fully on” or “fully off” (Shen et al. 2006). If delivery of these 

packets occurs on a time scale, which is significantly faster than the system dynamics (i.e., dynamics 

of the actuator and load), the system will response to the average mass flow rate into or out of the 

cylinder, in a manner similar to the continuous case.  

 Several researchers have investigated the use of PWM control of solenoid valves for the servo 

control of pneumatic actuators. The first application of PWM control in pneumatic systems emerged 

towards the end of 1960’s. (Goldstein & Richardson 1968) investigated the principles of pulse 

modulated control using free floating flapper disc switching valves. A study was carried out by (Taft 

& Harned 1980) on the development of a four way electro-pneumatic valves using permanent and 

ferromagnetic valve switching elements. (Morita et al. 1985) implemented a PWM technique in 

pneumatic manipulators to control pressure and contact force. It was demonstrated in (Noritsugu 1987; 

Kirat 1992) that if a linear relationship between the output mass flow rate and the input voltage of a 

valve could be established, the highly nonlinear pneumatic system is easier to control with a higher 

level of accuracy. (Ye et al. 1992) investigated a model for determining the maximum operating 

modulation ratio of pneumatic PWM solenoid valves. (Paul et al. 1994) proposed a switching 

controller based on a “reduced-order’’ nonlinear model of an electro-pneumatic system. The “reduced-

order” aspect of their approach allows to guarantee the stability of the system in the Lyapunov sense. 

However, it requires simplified assumptions, which cannot accommodate the full nonlinear behavior 

of a pneumatic servo system. In particular, they neglect the nonlinearity in the chamber pressure 

dynamics, the change in pressure boundary conditions that results when switching the direction of 
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control effort (i.e., the upstream and downstream pressures switch from supply and chamber, 

respectively, to chamber and atmosphere), and the distinction between the sonic and subsonic flow 

regimes through the solenoid valves. These combined effects constitute significant nonlinear behavior 

in such systems. To deal with the full (i.e., non-reduced-order) nonlinear model of the pneumatic servo 

systems, (Shen et al. 2006) present an averaging technique which is then utilized as the basic for the 

development of a PWM-based sliding approach. 

 For details about the PWM principle, the readers can refer to appendix 2. 

III.1. Basics  

 In the application of PWM technique to electro-pneumatic switching valves, it is necessary to 

understand that the characteristics of the valves including the switching time, dead band, and 

saturation band will exist in the actuation of the valves with PWM signal. It is in contrast to the 

electrical system where the commutation of transistors’ state between “fully on” and “fully off” is 

quite fast (typically less than 100 nanoseconds). In the following, basic concepts of PWM technique 

are applied to switching valves. 

 PWM control method is used in pneumatic servo systems with solenoid valves to obtain a linear 

relationship between the mean value of mass flow rate and the input signal. According to the valve 

opening and closing times (i.e., Topen and Tclose, respectively), the following conditions must be 

satisfied to ensure that the on/off switching operation is completely executed (Topçu et al. 2006; 

Taghizadeh et al. 2009a):  

on open

off close

    (Opening condition)

    (Closing condition)

t T

t T





                                                   (4.5) 

As TPWM = ton + toff , the above inequalities lead to the following conditions:  

PWM open close PWM open close      and      1/( )T T T f T T                                    (4.6) 

Since toff = TPWM – ton  thus, from (4.5) we have  

open on PWM close  T t T T                                                         (4.7) 

Dividing each term of (4.7) by TPWM yields  

open PWM close PWM1T T dc T T                                                (4.8) 

Hence we infer the minimum and maximum values of the duty cycle as: 

min open PWM max close PWM    and     1dc T T dc T T                                     (4.9) 

 To some extend, the minimum duty cycle indicates the dead band in the relationship between 

the duty cycle and the valve flow. A smaller value than the minimum duty cycle can keep the valve 

completely closed. On the other hand, the maximum duty cycle indicates the end of the proportional 

range in the valve input-output relation. Beyond the maximum value of duty cycle, the valve is 

saturated and remains open (See Fig. 4.2). The effective range of duty cycle (ERDC) can be expressed 

as (Taghizadeh et al. 2009b): 

max min

open close PWM 

open close PWM 

          1 ( ) /

          1 ( )

ERDC dc dc

T T T

T T f

 

  

  

                                                 (4.10)                    

 To have an acceptable control performance with a good resolution of the PWM duty cycle, the 

ERDC must be large enough. Equation (4.10) indicates that a smaller PWM frequency leads to a larger 

ERDC. On the other hand, to have smoother flow behavior through the on/off valves, frequency must 

be as high as possible. But increasing the frequency decreases the ERDC. A trade-off between having 

enough large ERDC and continuity of the flow must be made when selecting the PWM frequency (see 
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Fig. 4.2). However, by using faster switching valves, higher PWM frequencies could be achieved 

without much reducing the ERDC. 

 

 

dcmin dcmax

ERDC

0 1

Valve remains closed Valve remains open

 

Fig. 4.2.  Switching valve operation as function of duty cycle  

 The above descriptions give a good understanding of the relationship between frequency, valves 

response times, and ERDC. However, it is not considered as an analytical basis for accurately 

selecting the PWM frequency. In previous articles (Noritsugu 1985; Barth et al. 2002; Taghizadeh et 

al. 2009a), different frequencies (mostly between 25 and 60Hz) have been empirically selected and 

applied to pneumatic switching valves. In our experiment, a PWM frequency of 100Hz was chosen. 

Indeed, the fast switching valves used that are proposed by Bibus (chapter 3, section V.2) enable us to 

choose a higher PWM frequency than the other literature’s one.   

III.2. Force tracking controller design 

 Since the control signals of the master and slave manipulators in an impedance-type 

teleoperation system are force signals (chapter 2, section III.1), the PWM strategy presented in this 

section is applied to a force tracking problem. The bilateral teleoperation scheme based on PWM 

control will be shown in section III.3. 

 The method of the PWM control in the pneumatic system can be inspired from the operating 

principle of the single phase inverter where the four solenoid valves are considered to be similar to 

four switches (K1 to K4) (see Fig. A.5, appendix 2). 

 As the same way to the electrical case, with four independent on/off valves, the pneumatic 

system has two possible modes, which corresponds to the following behaviors: 

Mode 1: U = [1 0 1 0], chamber p fills, chamber n exhausts 

Mode 2: U = [0 1 0 1], chamber p exhausts, chamber n fills 

where U = [U1 U2 U3 U4] is defined as the input control vector of the valves. The force control can be 

achieved with these two modes. Mode 1 corresponds to a control force in one direction while mode 2 

corresponds to a control force in the opposite direction.  

 A PWM force control can be then realized as shown on the block diagram in Fig. 4.3.  

 

 

PWM 

circuit

Electro-pneumatic 

system

Force

(4.23) 

Duty cycles 

dc1 and dc4

Desired 

force
εf

Input control 

vector U+

–

 

Fig. 4.3.  Block diagram of PWM force control 

 According to (A.13) appendix 2, the force tracking error εf can be converted into variable duty 

cycles of the PWM signals, as given by 

1 PWM 4 PWM0.5 , 0.5f fdc K dc K                                             (4.11) 

where dc1 and dc4 are the duty cycles of the control signals U1 and U4 for valves 1 et 4, respectively; 

and KPWM denotes the proportional gain of the force control. 

(4.11) 
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Since U2 = – U1 and U3 = – U4 , the duty cycles of the control signal for valve 2 et 3 can be written as: 

2 1 PWM 3 4 PWM1 0.5 , 1 0.5f fdc dc K dc dc K                                     (4.12) 

As a result, the pulse waves applied to the four on/off valves are defined as a linear function of the 

force control signal εf 

 The controller parameter KPWM allows to modify the closed-loop dynamics and also to ensure the 

non-saturation of the duty cycles. From (4.11), the following conditions need to be satisfied so that the 

duty cycles are in the effective range ERDC  

min PWM max max PWM min0.5 0.5 , 0.5 0.5f fdc K dc dc K dc                           (4.13) 

 Concerning the pulse frequency fPWM, its value has to be majored by 1/(Topen+Tclose) ≈ 660Hz 

(4.6) where Topen and Tclose respectively equal 1.3 ms and 0.2 ms (chapter 3, section V.2.3.2). If fPWM 

exceeds this value, the linearity is deteriorated because the valves’s dynamics cannot follow the 

variations of the input signal. In practice, fPWM is chosen equal to 100Hz due to the trade-off between 

the continuity of the flow and the ERDC performance (section III.1). Thus from (4.9), the maximum 

and minimum values of the duty cycles (i.e., dcmin and dcmax) are respectively equal to 0.13 and 0.98. 

Hence the ERDC can reach 0.85 (4.10), which is large enough to obtain acceptable responses. 

Applying the value of dcmin and dcmax in (4.13) yields  

PWM0.37 0.37fK                                                             (4.14) 

This condition plays a key role in the controller parameter (KPWM) tuning. 

III.3. PWM-based teleoperation control 

 The implementation of the PWM control in the 4CH bilateral teleoperation system is shown in 

Fig. 4.4. This figure is inspired from the diagram of Lawrence in Fig. 2.5 (chapter 2, section III.1). 
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Fig. 4.4.  Implementation of the PWM control on the 4CH teleoperation system 
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 In Fig. 4.4, the inner force control loop of Fig. 4.3 is embedded in order to convert the 

continuous force signals (Fm desired and Fs desired) to the discrete voltage signals for applying to the 

on/off valves. A complete explanation of such a design, which is similar to the one of hybrid control, 

will be detailed in section IV.2.1.   

IV. Hybrid Control Design  

 As it can be seen in the previous section, most of the researchers base their work on the 

traditional PWM method for controlling a pneumatic system with solenoid valves. A main problem 

with PWM control is the chattering that is caused by the high frequency switching of the valves not 

only in transients but also in steady state (Nguyen et al. 2007; Le et al. 2010a). The chattering 

phenomenon can drastically reduce the valve’s lifetime and generates noises which could induce 

disturbances for certain applications. 

 To overcome the drawbacks of PWM applied to solenoid valves, we investigate a new control 

method inspired by the hybrid control theory, recently developed at Ampere laboratory for 

asynchronous or synchronous electrical motors control (Retif et al. 2004; Papafotiou et al. 2007; Morel 

et al. 2008). This approach is used in a switching-based hybrid system, which includes continuous 

actuators and a discrete controller with a finite number of states. In the case of AC motor drives, 

contrary to conventional vector control such as proportional-integral control in which the inverter 

model is not taken into account by the controller, hybrid control considers the state of the inverter as a 

control variable (Lin-Shi et al. 2007). Therefore, it allows obtaining faster torque dynamics than the 

vector-control algorithms.  

 The hybrid approach can be extended to various hybrid systems, not only in the electrical case 

but also in the pneumatic case with on/off solenoid valves (Legrand et al. 2005; Sellier et al. 2006). 

The originality of our study consists in applying the hybrid algorithm to a bilateral teleoperation 

system and proving a good transparency could be achieved. For this strategy, a discrete control vector 

with the same length as the number of possible configurations for the outputs of the solenoid valves is 

defined. A one-step predictive approach is then developed to determine the best control vector at each 

sample time such that the reference state in terms of desired forces is tracked (Le et al. 2010c).  

 Contrary to electrical field, where the switching time of the transistors can be neglected (Morel 

et al. 2004; Geyer et al. 2008), the main difficulty in our context is that the switching time of the 

valves is greater than the transistors’ one. However, since ten years, the development of new 

technologies in electro-pneumatic field has allowed to increase significantly the bandwidth of such an 

on/off component. For instance, one of the fastest solenoid valve proposed by Matrix has a 500Hz 

bandwidth. This characteristic is by far greater than the ones presented in (Burrows 1972; Legrand et 

al. 2005; Sellier et al. 2006), where the bandwidth was between 10 Hz and 50 Hz. It clearly appears 

that such dynamics of new on/off valves can be neglected with respect to the dynamics of the 

pneumatic actuators. 

IV.1. Model-based control design for a single pneumatic manipulator 

 As it will be seen later, two inner force control loops exist within a pneumatically-driven 

bilateral teleoperation control system. In the following, we first develop a hybrid control based 

predictive approach to track the desired force in each inner loop. Then, we incorporate two such 

hybrid controllers into the four-channel bilateral control architecture and discuss the transparency in 

terms of position and force tracking of the entire closed-loop haptic teleoperation system. 

IV.1.1. Hybrid control principle 

 Hybrid control uses a hybrid model where the continuous states of a continuous system depend 

on the configuration of the energy modulator (i.e., the solenoid valves) 
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 ( ) ( ), ( )X t f X t u t                                                           (4.15)                         

with the state vector X = (x1, x2,…, xm) R
m 

where xi, 1≤ i ≤ m is the state variable. Here, f is the dynamic 

function governing the state-space model of the continuous-time system and u is a control vector that 

has a discrete nature and can correspond to any of the N possible configurations of the energy 

modular. In other words,  

 1 2 2
, , , N N

u u u u


                                                            (4.16)                         

where each vector of the above set represents a unique configuration for the outputs of the solenoid 

valves in the pneumatic system.  

 For a small sampling period T, the dynamic model (4.15) can be approximated by a discrete 

model using the forward-difference method:  

   ( 1) ( ) ( ), ( ) .X k T X kT f X kT u kT T                                              (4.17)                         

 The full state X(kT) is assumed to be measured at the sample time kT. The state at the sample 

time (k+1)T, denoted by Xj((k + 1)T), resulting from the energy modulator’s j-th configuration, 1≤ j ≤ 

N, can be calculated by (4.17). The N directions dj in the state space are defined as 

 ( 1) ( )jjd X k T X kT                                                           (4.18)                         

For a given reference state Xref, the hybrid control calculates the N possible directions dj. Then, an 

optimal control among the N configurations is chosen in order to track as close as possible this 

reference state in the state space.  

 For the two-dimensional example shown in Fig. 4.5, the desired state (target point) exists in the 

plane of x1 and x2. To track this reference state at each sample time, the hybrid control algorithm 

proceeds as follows: 

 Measurement of the state variables x1(kT) and x2(kT); 

 Based on the knowledge of the states at time kT, a one-step-ahead prediction of the states at time 

(k+1)T is carried out thanks to (4.17). Because the control signal u belongs to a finite set of 

possibilities as assumed in (4.16), this step is equivalent to calculation of the N different directions 

in (4.18); recall that dj , 1≤ j ≤N, corresponds to the j-th configuration of the energy modulator (d1 

to d5 in the example in Fig. 4.5). The N possibilities for the state vector at time (k+1)T are called 

reachable points afterwards; 

 Knowing the target point at time kT, select the best configuration among the N possible 

configurations of the solenoid valves. The chosen configuration is the one that minimizes the 

Euclidean distance between the different reachable points and the target point. For instance, in the 

example of Fig. 4.5, the shortest Euclidean distance corresponding to direction d4 is chosen and, 

therefore, the corresponding control u4 is applied to the energy modulator. 
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Fig. 4.5.  Principle of hybrid control 
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IV.1.2. Application to a pneumatic system  

 For the system presented on Fig. 4.1 and the force tracking problem, the pressures in the chambers 

p and n can be used to define the state vector X(t)=(Pn Pp)
T
. At any given time, each valve may show 

three different input-output behaviors (pressure admission, closed, and pressure exhaust) as shown in 

(4.3).  

 Since the cases U1 = U2 = 1 and U3 = U4 = 1 have been prohibited to avoid a bypass of the 

valves, this leads to nine different control vectors u1 to u9, as shown in Tab. 4.1. Note that the first 

control configuration in Tab. 4.1 is used to conserve energy and eliminate chattering at steady state. 

 

 

TAB. 4.1.  NINE DISCRETE POSSIBLE CONTROL CONFIGURATIONS 

 As discussed before, knowing the pressures in both chambers at the sample time kT, the 

objective is to estimate the evolution of the pressures at the next sample time (k+1)T in the chambers p 

and n for the nine possible control configurations (Tab. 4.1), and then choose the best control 

configuration for reaching the desired force. Assuming the variations of the pressures during a 

sampling time are small, the derivatives of the pressures can be discretized similar to (4.17) as 

   

   
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d
P k T P t T P kT
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




  



   


                                       (4.19) 

where the derivatives of the pressures pdP

dt
 and ndP

dt
 are calculated based on (4.1)–(4.4) and are 

functions of Pp, Pn, y and y . At each sample time, Pp, Pn and y are measured by sensors, while y  is 

estimated by a numerical derivation of the position measurement y. Thus, for each of the nine control 

configurations, the algorithm calculates Pp((k +1)T) and Pn((k +1)T) based on (4.19). Consequently, 

the nine directions d1 to d9 found from (4.18) define the set of reachable points at time (k +1)T in the 

state space (See Fig. 4.6).  

 Because each cylinder has 2 chambers, thus the dimension of the state space is m = 2 in a 

pneumatic manipulator. A geometric interpretation of the hybrid control can be provided in the plane 

of state variables Pn and Pp. For a given desired force F, the set of target points (i.e. desired states) is 

defined by a straight line because 

1n n
p n atm

p p p

S SF
P P P

S S S

 
    

 
 

                                             (4.20) 

 Knowing the set of target points, the hybrid algorithm selects the optimal configuration that 

corresponds to the smallest Euclidean distance between the set of the nine reachable points and the set 

of target points. The choice of the best control configuration has also to take into account that the 

selected target point is restricted to the domain defined by an upper limit (Psa) and a lower limit (Patm) 

on the pressures in the two chambers. For example, in Fig. 4.7, the control to reach the desired force 

F1 as closely as possible is u6. Nevertheless, for the desired force F2, u4 is chosen instead because u6 

leads to a solution outside the physical limits of the pressures inside the chambers. 

 u1 u2 u3 u4 u5 u6 u7 u8 u9 

U1 0 1 0 0 0 1 0 0 1 

U2 0 0 1 0 0 0 1 1 0 

U3 0 0 0 1 0 1 0 1 0 

U4 0 0 0 0 1 0 1 0 1 

Chamber p closed fills exhausts closed closed fills exhausts exhausts fills 

Chamber n closed closed closed exhausts fills exhausts fills exhausts fills 
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Fig. 4.6.  Block diagram of the hybrid control system  
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Fig. 4.7.  Graphical illustration of the choice of control configuration for given desired forces 

IV.1.3. Simulations 

 Simulations are investigated to validate the proposed control approach. The pneumatic model of 

a low friction cylinder and the static model of the valves, given by (4.1)–(4.4), are implemented in 

Matlab-Simulink environment. The model parameters used for the model-based controller are listed in 

Tab. 4.2. 

 

(4.19) 
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TAB. 4.2.  MODEL AND CONTROLLER PARAMETERS FOR MATLAB IMPLEMENTATION 

 The force tracking of a square wave is performed in order to assess the hybrid algorithm 

presented in section IV.1.2. At the beginning, the force is equal to 0 N (see area (0) in Fig. 4.8), the 

pressures in the chambers p and n are 100 kPa (see area (0) in Fig. 4.9) and the control vector is equal 

to u1 (see time from 0s to 0.5s in Fig. 4.10).  
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Fig. 4.8.  Square wave force tracking 

 When the desired force reaches 10 N, the hybrid algorithm increases the pressure in the 

chamber p (see area (1) in Fig. 4.9), by using the control vectors u2, u4, u6 and u9 (see the simulation 

after 0.5s in Fig. 4.10). Afterwards, the control vector becomes again u1 in order to maintain constant 

pressures in the chambers so that the force is close to 10N (see area (2) in Fig. 4.8). When the desired 

force drops to 0 N, the evolution control vectors are successively u5 and u7 (see Fig. 4.10), that allows 

to increase the pressure in the chamber n and to decrease the pressure in the chamber p (see area (3) in 

Fig. 4.8 and Fig. 4.9). Between areas (3) and (4) the control vector is u9, so the valves are fully opened 

and the pressure in each chamber reaches the supply pressure Psa (see area (4) in Fig. 4.9). 

 

 

Parameter Value Unit Description 

Patm 105 Pa Atmosphere pressure 

Psa 3.105 Pa Supply pressure 

r 287 J/kg/K Perfect gas constant 

Ta 293.15 K Supply temperature 

Cval 16.10–5 Nl.mn–1.Pa–1 Sonic conductance 

Cr 0.433  Critical pressure ratio 

α 1.2  Polytropic constant 

l 0.1 m Cylinder stroke 

Sp 182. 10-6 m² Piston area of chamber p 

Sn 182. 10-6 m² Piston area of chamber n 

M 0.2 kg Load 

b 20 N.s/m Viscosity coefficient 

T 2 ms Sampling time in hybrid control 
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Fig. 4.9.  Pressure evolution in the plane (Pn, Pp) 
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Fig. 4.10.  Evolution of the different control modes 

 As it can be seen in Fig. 4.9, two different control vectors u1 (during 0-0.5s) and u9 (during 1-

1.5s) are used to achieve the same output force (zero value) in steady state. Indeed, the choice of the 

control vector at time (k+1)T depends only on the conditions at time kT. At the beginning (i.e., t = 0), 

u1 applied to the valves results in a zero force. Therefore during the first 0.5s, in order to keep the force 

at zero value, the algorithm does not need to change the control vector and consequently, u1 is always 

used. At 1s, when the pressures in both chambers are equal (area (3)), either control vectors u1 or u9 

may be used to keep the zero force. The algorithm computes the “Euclidean distance” for these two 

vectors to find which one is better. In this case, the “Euclidean distance” is smaller in u9 case than in 

u1 case, thus the control vector u9 is chosen during 1s-1.5s. 

IV.1.4. Experiments 

IV.1.4.1. Implementation 
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 In this section, experiments are conducted to compare the force tracking performance of the 

hybrid and the PWM controls. A schematic for the system setup is illustrated in Fig. 4.1. In terms of 

actuators, the low-friction cylinder (Airpel model M16D100D) has a 16 mm inner diameter, a 100 mm 

stroke length, and a 5mm rod diameter. The four solenoid valves (Matrix model GNK821213C3KK) 

used to control the air flow have switching times of approximately 1.3ms (opening time) and 0.2 ms 

(closing time). With such fast switching times, the on/off valves are appropriated for the purposes of 

the proposed control. The valves’ flow rate characteristics (4.4) used in the control scheme of Fig. 4.3 

and Fig. 4.6 come directly from the data sheets of the components. In terms of sensors, a low-friction 

linear variable differential transformer (LVDT) is connected to each cylinder in order to measure the 

master’s and the slave’s linear positions. In addition, each cylinder chamber is equipped with a 

pressure sensor. The system was supplied with air at an absolute pressure of 300 kPa.  

 A computer is applied to control the switching solenoid valves to exchange experimental data 

via a dSPACE controller board (DS1104). The sensor information is fed back to the computer through 

the ADC block (Analog-to-digital conversion) of the I/O board. The Control Desk application 

provides a graphical user interface for adjusting dSPACE controller parameters during experiments 

(see Fig. 4.11). 
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Fig. 4.11.  Application of the dSPACE controller board on the experimental pneumatic test-bed 

 In the hybrid strategy, the models of the electro-pneumatic system are given by (4.1)–(4.4) and 

the constant parameters used in the tests are listed in Tab. 4.2. The controller output signal is 

computed in real-time and then transferred through the DAC block (Digital-to-analog conversion) to 

the solenoid valves (Fig. 4.11). The closed-loop experiment with hybrid algorithm is performed to 

investigate the control performance of the proposed scheme (Fig. 4.6). The controller is designed with 

Simulink and written with C programs, running at a sampling rate of 500 Hz. This value has been 
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chosen according to the open/close bandwidth of the valves and to guarantee acceptable tracking 

responses. 

 In the PWM strategy, the pulse waves are generated by “Slave DSP PWM Signal Generator” 

block in Simulink environment. This block allows to convert the input duty cycles to the output 

voltages which are then transferred to the fast switching valves. Since the implementation of the model 

based controller is not necessary, the execution time of DSP controller is faster in the PWM case than 

in the hybrid case. Note that this point does not influence the tracking performance in the hybrid 

control because the controller is fast enough to execute the algorithm for each sample time (2 ms).  

 The performance of the PWM control depends on the switching frequency fPWM and the gain 

KPWM (defined in section III.2). The choice of fPWM affects the harmonic distortion of the output signal 

at high switching frequencies and there is a switching frequency above which the output harmonic 

distortion becomes more visible. As discussed in the section III.2, the switching frequency applied of 

100 Hz could be considered as the best tuning found. The proportional controller KPWM is tuned 

empirically without using any analytical method. An increase of KPWM can improve the force closed-

loop behavior. However it could result in a saturation of the valves where the duty cycles can exceed 

the maximal value dcmax or the minimal value dcmin (4.13). In practice, the proportional gain KPWM is 

chosen to be equal to 0.02 in order to achieve good dynamic performances and to satisfy the condition 

(4.14). 

IV.1.4.2. Comparison of PWM and hybrid control 

 Fig. 4.12 and Fig. 4.13 show the square wave force tracking obtained with a hybrid control and 

a simple proportional PWM control. The amplitude range of the desired force is ±10N. As it is shown 

on these figures, the steady state error is respectively about ±1.5N and ±2.5N for the hybrid control 

and the PWM control. We can see that the predictive aspect of the hybrid control leads to a better 

accuracy in force tracking than the PWM control because for each sample time, it chooses the best 

control signals among the nine available control configurations. As illustrated in Fig. 4.14, the state 

variables Pp and Pn in state space converge quickly to the set of target points, defined by two straight 

lines corresponding to the desired forces of 10N and – 10N. 

  

 

0 1 2 3 4 5 6
-15

-10

-5

0

5

10

15

F
o
rc

e
 (

N
)

 

 

0 1 2 3 4 5 6
-5

-2.5

0

2.5

5

E
rr

o
r 

(N
)

time (s)  

Fig. 4.12.  Square wave tracking for the hybrid control 
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Fig. 4.13.  Square wave tracking for the PWM control 
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Fig. 4.14.  Behavior of the state variables in (Pp, Pn) plan 

 With the PWM control, when the tracking error is close to zero, the modulation ratio of the 

input voltage is 50%. That means unnecessary electrical power is used. In order to reduce the 

chattering phenomenon and to improve the energy consumption in PWM, (Nguyen et al. 2007) 

defined a “dead band” close to zero, so that if the tracking error is within this region, a third mode 

U=[0 0 0 0] allows to switch off all the valves. Thereby a good tracking performance in steady state 

can be obtained without applying switching pulses to the valves. However, the trade-off between the 

tracking performance and the energy consumption makes the choice of the “dead band” value quite 

difficult: with a high “dead band” value, the tracking accuracy can be impaired while with a low value, 
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the tracking error hardly achieves to the “dead band” zone so saving energy is not efficient. Contrary 

to the PWM control, the strategy used in the hybrid control allows to guarantee a good tracking 

performance and also an energy saving without using a “dead band” technique. As it is shown in Fig. 

4.15, the system applies the control u1 (Tab. 4.1) in steady state to maintain the pressure in the 

chambers and there is no consumption of power (Al-Dakkan et al. 2003; Ke et al. 2005; Shen & 

Goldfarb 2007a; Yang et al. 2009). 
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  Fig. 4.15.  Evolution of the control value in hybrid algorithm  

 The difference between the two strategies comes from the fact that the hybrid algorithm is based 

on 9 control modes whereas the PWM algorithm uses only 2 or 3 (if the switch off mode is chosen). 

This aspect is illustrated on Fig. 4.16 where the pressure in the chamber n for the hybrid control is 

clearly smoother than the PWM control. Similar results can be observed in the chamber p. 
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Fig. 4.16.  Evolution of the pressures in the chamber n 
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 Based on these results, it is clear that hybrid control is an interesting alternative to save energy 

and improve the valve’s lifetime. Furthermore, the choice of the sampling time is the only tuning 

parameter in this strategy. The major drawback of this technique is that it requires an accurate model 

of the process. The estimation of the mass flow rate behavior of the system is an essential stage before 

applying the control algorithm.  

IV.2. Hybrid bilateral control for a pneumatic teleoperation system 

 In this part, we incorporate the hybrid control algorithm into the four-channel (4CH) bilateral 

teleoperation architecture (Le et al. 2011c). The reason for this is that the four-channel method is the 

most general teleoperation control architecture compared to position error based (PEB), direct force 

reflection (DFR), and is one that can achieve superior transparency (chapter 2, section III). Then, an 

analysis of the controller parameters is carried out in order to achieve satisfactory performance in 

terms of teleoperation transparency.  

IV.2.1. Implementation of the force inner loop in the 4CH architecture 

 As discussed in chapter 2 section III.1, the perfect transparent condition is obtained by selecting 

the controller C1 through C6 as 

1 4 6 2 5 3       ( )       1        1      s s m mC Z C C Z C C C C C                              (4.21) 

With this choice of controllers, it is easy to see, based on Fig. 2.5 (chapter 2), that the master and slave 

closed-loop equations become: 

2

3

( ) ( )( )

( ) ( )( )

h e m m m s

h e s s m s

C F F Z C Y Y

C F F Z C Y Y

   

    
                                                (4.22) 

On the other hand, the master and slave dynamics Zm and Zs can generally be modeled by simple mass-

spring-damper systems. As it is evident from the previous closed-loop equations (4.22), if the master 

and slave dynamics include damping terms, they obviously contribute to the closed-loop equations in 

the same way as the derivative terms of the master and slave PD controllers (i.e., Cm and Cs). 

Similarly, the spring stiffness terms in the master and slave dynamics can be combined with the 

proportional terms in Cm and Cs. Therefore, in most of the teleoperation literature, Zm and Zs are 

considered to be pure inertias (Lawrence 1993; Yokokohji & Yoshikawa 1994; Tavakoli et al. 2008). 

 The control laws described in (4.21) for C1 and C4 require acceleration measurements (due to 

the inertial contributions of the dynamics Zm and Zs). If a good transparency is required over a large 

bandwidth, accurate estimation of inertial parameters based on accelerometers may be justified 

(Yokokohji & Yoshikawa 1994). Alternatively, it is possible to use differentiators that are robust to 

noise measurement so that only position sensor is used (Levant 1998; Suzuki et al. 2003; Sidhom et al. 

2010). However, at low frequencies, near-transparency can be obtained by ignoring the inertial terms 

in the expressions for C1 and C4 (Salcudean et al. 2000), in which case the original control design 

(4.21) is modified to 

1 4 6 2 5 3            1       1s mC C C C C C C C                                            (4.23) 

 According to the choice of controllers in (4.23), based on Fig. 2.5 (chapter 2), the master and 

slave closed-loop equations become 

2

3

( ) ( )

( )  ( )

h e m m m m s

h e s s s m s

C F F Z Y C Y Y

C F F Z Y C Y Y

   

   
                                                   (4.24) 

 There is more than one way to choose the controllers in (4.23). Usually, the position controllers 

are chosen such that Cm/Cs = Zm/Zs. Since in our experiments the master and the slave robots are 

identical Zm = Zs = Z, we take their controllers to be similar as well: 

                                   
2 3          s m p fC C C C C C                                                    (4.25) 
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where Cp and Cf  are the position and force controllers to be determined. Normally, Cp is a PD-type 

controller and Cf is a scalar gain. With the choice of controllers in (4.25) and based on the closed-loop 

equations (4.24) and, the position error dynamics becomes 

  ( 2 )( ) 0p m sZ C Y Y                                                            (4.26) 

indicating that the slave and master positions track each other asymptotically (note that the robot 

inertia Z and the proportional and derivative gains of the controller Cp are all positive). This fact can 

also be shown by calculating h21 in (2.10) (chapter 2). It is easy to see that for the choice of controllers 

Cm, Cs, C2 and C3 in (4.25) as well as C6 = C2 – 1 and C5 = C3 – 1 from (4.23), we get h21 = – 1, which 

ensures master-slave position tracking in free motion (because 
21 0e

s m F
h Y Y


  ). Note that (4.26) 

shows position tracking under both free motion and contact motion.  

 With perfect position tracking, (4.24) can be rewritten as  

( )f h e m sC F F ZY ZY                                                   (4.27) 

 Therefore, force tracking is not perfect for a high magnitude of impedance Z (i.e., for high 

inertia or high frequencies). As we used the acceleration measurements needed in (4.21), the force 

tracking error would have converged to zero – a fact evident from (4.22). It is also intuitively clear that 

absence of knowledge about the manipulator’s inertial parameters in the controllers (4.23) can 

deteriorate the force tracking performance especially over high frequencies. However, for low 

frequencies, the right-hand side of (4.27) can be negligible, meaning that Fh – Fe converges to zero at a 

low bandwidth. Worthy of note is that since voluntary motions of the human hand are themselves 

band-limited, force tracking will be good short of feeling high-frequency phenomena such as the sharp 

edges or texture of an object. Note that the maximum bandwidth with which the human finger can 

apply motion or force commands is only 5-10 Hz (Shimoga 1993b) and the maximum bandwidth with 

which the human finger reacts to tactile stimuli is only 8-10 Hz (Shimoga 1993a). 

 Good force tracking can also be evaluated by calculating h12 in (2.10) (chapter 2). For the choice 

of controllers Cm, Cs, C2 and C3 in (4.25) as well as C6 = C2 – 1 and C5 = C3 – 1 from (4.23), we get 

h12 = 1, which ensures master-slave force tracking in contact motion (because 
12 0m

h e Y
h F F


 ). Note 

that (4.27) shows low-frequency force tracking under both free motion and contact motion.  

 Again, with the choice of controllers Cm, Cs, C2 and C3 in (4.25) as well as the conditions C6 = 

C2 – 1 and C5 = C3 – 1 from (4.23), it is possible to see that h11 = Z / Cf , which is a less-than-ideal 

value for the free-motion input impedance, and h22 = 0, which is the ideal value for the locked-motion 

output admittance. Clearly, the user will feel the free space when the slave is in free motion if the 

magnitude of Z is low (i.e., for low inertia and/or low frequencies) and/or with a high force feedback 

gain Cf. 

 Given the good position and force tracking, the operator indeed feels the environment 

impedance Ze without feeling the “tool” impedance (the tool being the master-slave teleoperation 

system). Thanks to the transparency conditions (4.23) and the simplifying assumption (4.25), the four-

channel bilateral teleoperation architecture in Fig. 2.5 with eight controller parameters (C1 to C6 , Cm 

and Cs) has been simplified to only two controllers (Cp and Cf). 

 After the previous transparency analysis, the pneumatic teleoperation schemes are obtained with 

hybrid strategy, as illustrated in Fig. 4.17. 

 A main difference between the original diagram in Fig. 2.5 and the diagram presented in Fig. 

4.17 is that the hybrid algorithm for force control of pneumatic manipulators has been incorporated 

into Fig. 4.17. The teleoperation control signals Fm and Fs correspond to the desired force that is input 

to the hybrid force control loops shown in Fig. 4.6. With good force tracking obtained with the hybrid 

control, the behavior of the inner loop becomes equivalent to a unitary transfer function, reducing the 

block diagram of Fig. 4.6 to the standard block diagram of  Fig. 2.5 In this case, the passivity (and thus 

the closed-loop stability) of the four-channel system is established via analysis of the teleoperation 

system’s scattering matrix, which can be shown to have singular values no greater than unity 

(Tavakoli et al. 2007a). 

 In order to simplify the controller parameter calculation, the inner loops in Fig. 4.17 are 

supposed to be perfect. This assumption will be experimentally verified in the section IV.2.3.2. 
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Fig. 4.17.  4CH bilateral teleoperation block diagram with hybrid control 

IV.2.2. Simulations 

 In this section, we verify the efficiency and performance of the hybrid control in a teleoperation 

system using pneumatic actuators with on/off solenoid valves. The 4CH architecture, presented in 

section IV.2.1, is used with the hybrid force control described in section IV.1.2. For the sake of 

simplicity, we neglect the stiction force in (4.2). Hence, the simulations were carried out on a 1-DOF 

master/slave system whose dynamics are given by 

m m m h

s s s e

My by f f

My by f f

  

  
                                                            (4.28) 

where b is the viscous coefficient (N/m/s) and M is the moving load (kg) of both the master and the 

slave actuators. For the sake of simplicity, the stiction force is supposed to be negligible. The master 

and slave have been modeled as mass-damper systems with impedances  

  20.2 50m sZ Z Z s s                                                             (4.29) 

 The pneumatic models of the master and slave actuators, given by (4.1)–(4.4), are implemented 

in Matlab/Simulink. The model and the controller parameters used in simulation are listed in Tab. 4.2. 

All parameters are considered to be identical for the master and the slave manipulators. For simplicity 

and in order not to make any specific choice for the human operator’s impedance Zh, in the simulation 

we model the operator as an exogenous input force. In practice, the human operator with a finite 

impedance dynamic range improves the stability robustness compared to the case where it is 

represented as a force input.  

 The initial values of the position and the velocity are set as (0) (0) 0.05m sy y   and 

(0) (0) 0m sy y  . The initial pressures in the chambers are supposed to be equal to the atmospheric 

pressure. 

IV.2.2.1. Controller design 
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The position controller Cp is designed to place the master and the slave closed-loop poles such that a 

fast response without overshoot is obtained. It is evident that each of the master and the slave robots in 

free motion has the closed-loop transfer function 

1

1

( ) ( )
( )

1 ( ) ( )

p

y

p

Z s C s
H s

Z s C s







                                                             (4.30) 

Now, assume that the desired free-motion closed-loop transfer function of the master and the slave 

Hy(s) is equal to as the following second-order model with fast and critically-damped poles: 

2

2500
 ( )

100 2500
yH s

s s
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                                                           (4.31) 

From (4.30) and (4.31), the position controller Cp is designed as 

      
 1

( ) 5 1250
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0.01 1( ) 1 ( )
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H s s
C s

sZ s H s






                                               (4.32) 

The force controller is chosen to be scalar in order to avoid differentiating noisy force signals 

  ( )  f fC s K                                                                    (4.33) 

where Kf is a proportional gain equals to 3. This value is chosen due to the trade-off between the 

tacking performance and the chattering problem. 

IV.2.2.2. Closed-loop performance 

 The position and force tracking of the master-slave system are investigated in order to assess the 

transparency of teleoperation. Fig. 4.18 and Fig. 4.19 illustrate the force and position tracking 

performances when the slave is in contact with soft and hard environments, respectively. The 

environment is modeled as a spring with 0.5kN/m stiffness for the soft contact case and with 10kN/m 

stiffness for the hard contact case. Here the human is performing a movement from 0.03 m to 0.07 m 

on the master robot and, a sinusoidal external force with amplitude 10N and frequency 1Hz is 

disturbing the slave robot. The solid lines are the responses of the master while the dashed lines are the 

ones of the slave.   
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(b).  Position tracking 

Fig. 4.18.  Transparent performance in soft contact  

 As it is shown in the figures, the force tracking error is about 2% and 6% for the soft contact 

and the hard contact, respectively. In the soft contact, the system presents a better force tracking 

performance than in the hard contact. The same remark can be made for the position tracking where 

the error is respectively about 2% and 15%. As for position tracking, it is only to be expected that 

under hard contact, the slave cannot penetrate the environment, thus the position tracking error will be 

larger compared to soft contact. As for force tracking, according to (4.24), larger position tracking 

errors lead to larger force tracking errors. Therefore, the force tracking error is larger in the hard 

contact than the soft contact.  
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(b).  Position tracking 

Fig. 4.19.  Transparent performance in hard contact  

 When the slave is in contact with a high-stiffness environment, some small vibrations appear in 

the interaction force Fe and then affect the displacements Ym and Ys (Kuchenbecker & Niemeyer 2006), 

as simulated in Fig. 4.19. These vibrations may degrade the perception of the operator because he/she 

will feel them through the master interface in addition to the environment impedance. The high 

vibrations or oscillations can make the teleoperation system unstable. 

 In order to study the influence of frequency on the transparency, the system is excited by a 5Hz 

sine wave instead of the previous 1Hz sine wave. The results of the soft contact case are illustrated in 

Fig. 4.20.  
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(b).  Position tracking 

Fig. 4.20.  Performance in soft contact at 5Hz sine wave 

 It can be seen that the same accuracy in position tracking has been obtained in Fig. 4.18 (1Hz 

input) and Fig. 4.20 (5Hz input). However, the force tracking performance is deteriorated in the 5Hz 

case compared to the 1Hz case. In fact, the force tracking errors are respectively 12% and 2% for the 

5Hz and the 1Hz inputs. This is consistent with (4.27) and shows that modification of the ideal 

transparent conditions (4.21) to (4.23) can degrade the force tracking performance over high 

frequencies. Thus, a high accuracy in force tracking is only achieved at a low bandwidth, where the 

movements of the operator hand are not too fast.  

 Lastly, in free motion where the slave manipulator is not in contact with the environment, good 

position tracking is also achieved as shown in Fig. 4.21. 
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Fig. 4.21.  Position tracking in free motion 
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 The following section verifies system performance through experiments. 

IV.2.3. Experiments 

 In this section, experiments with a 1-DOF teleoperation system are reported. As illustrated in 

Fig. 4.22, the setup consists of two identical pneumatic manipulators (as the master and the slave), the 

operator’s hand and the environment. The description in terms of actuators and sensors of each 

interface was mentioned in section IV.1.4.1. In addition, each of the end-effectors of the master and 

the slave manipulators is equipped with a force sensor – this will help to measure the operator’s and 

the environment’s forces, respectively. Note that since the distance between the master and slave 

manipulators is limited to a few meters, their controllers are embedded on one single computer system. 
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Fig. 4.22.  Pneumatic master–slave teleoperation experimental setup 

 The sampling rate of the controller (500 Hz) is chosen to be higher than the bandwidth above 

which the human finger cannot distinguish two consecutive force stimuli which is 320 Hz (Shimoga 

1993b). 

IV.2.3.1. Transparency in the 4CH teleoperation system 

 Fig. 4.23 shows the force and position tracking responses of the 4CH scheme obtained in the 

experiments, in which the controller parameters (Cf  and Cp) are chosen similar to the simulations.  

 In the experiments, for the first few seconds, the master is moved back and forth by the user 

when the slave is in free space. The small but nonzero values for Fe when the slave is in free space are 

due to the uncompensated mass of the handle-like connector between the slave’s force sensor and the 

slave’s end-effector (tip). Similarly, the nonzero values for Fh during slave’s free motion are due to the 

mass of the master’s handle, which lies between the force sensor and the operator's hand. Note that the 

fast movements of the master in the first few seconds do not represent oscillations; rather, they are 

intentionally created by the operator to examine the system stability and performance in free motion.  

 Next, the slave makes contact with a rigid environment. The operator pushes against the master 

handle leading to different levels of the slave/environment contact forces. The controller ensures a 

good agreement between the operator/master and the slave/environment forces under contact motion. 
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The fact that the position profiles remain constant during the contact mode is simply because under 

hard contact the slave cannot penetrate the environment regardless of the operator’s force.  

 Thanks to the good position and force matching at the master and slave sides in free motion and 

under hard contact, the operator feels the slave/environment interaction.  
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Fig. 4.23.  Transparency achieved with the experimental 4CH teleoperation systems based on hybrid control 

 In this section, in order to evaluate the hybrid algorithm, a comparison between the PWM 

strategy (section III.3) is carried out. The controller parameters (Cf  and Cp) of the PWM case are 

chosen similar to the ones of the hybrid case. Furthermore, in PWM control, one more parameter need 

to be tuned, i.e., the proportional gain KPWM (Fig. 4.4).  This parameter is selected equal to 0.02 in order 

to achieve good dynamic performances and to satisfy the condition (4.14). 

 As it can be seen in Fig. 4.23 and Fig. 4.24 that the hybrid control leads to a better accuracy in 

force and position tracking than the PWM control because for each sample time, it chooses the best 
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control among the nine available configurations (section IV.1.2). On the other hand, with only two 

switching modes (section III.2), it is difficult for the PWM control to rapidly and accurately track the 

reference. This aspect can be observed on the position tracking where the slave’s movement is delayed 

with respect to the master’s movement (see Fig. 4.24 (b)). 
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Fig. 4.24.  Transparency achieved with the experimental 4CH teleoperation systems based on PWM control 

 Experimental results indicate that, in addition to high improvements in force and position 

tracking, the proposed hybrid approach achieves a better behavior in pressure compared to the PWM 

control. This aspect is illustrated on Fig. 4.25 where the pressures in the chambers of the master 

actuator for the hybrid control are obviously less oscillating than the PWM control. Similar results are 
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obtained for the slave actuator. The fact is that in PWM strategy, the valves switch from “charging” to 

“exhausting”, and air flows all the time even after reaching the final reference. However, in the hybrid 

control, when the system reaches the reference with a desired accuracy, both chambers can be closed 

to reduce power consumption.  
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 Fig. 4.25.  Evolution of the pressures Pp and Pn in the experimental 4CH teleoperation systems 

 To further investigate the teleoperation system transparency, an analysis of the H-matrix 

parameters in the frequency domain is carried out (chapter 2, section II.6). Since Fe = 0 in the free-

motion test data, the frequency responses 
11 h mh F X  and 

21 s mh X X   can be found by applying 

the spectral analysis function spa of Matlab. Also, by using contact-mode test data, the other two 

parameters can be obtained as 
12 11h e m eh F F h X F   and 

22 21s e m eh X F h X F    (Tavakoli et al. 

2008). 

 The transparency analysis in frequency domain obtained with the hybrid and the PWM control 

are shown in Fig. 4.26. As it can be observed, the magnitude of |h21| and |h12| spectra in the hybrid case 

are close to 0dB, showing excellent tracking in terms of force and position for a wide bandwidth up to 

100 rad/s. On the other hand, in the PWM case these parameters are degraded, which is coherent with 

the time-domain in Fig. 4.24, where the ideal transparency has not achieved. As expected from (2.8) 
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(chapter 2), low values of the output admittance (h22) in the hybrid and PWM strategies show that the 

slave’s movement in response to external force disturbances quickly converges to zero when the 

master is locked in motion. With regard to h11, due to the mass of the handle between the force sensor 

and the operator's hand, over high frequencies the input impedance 
11 h mh F X is identified less 

accurately than the other parameters. Nonetheless, low values of h11 over low frequencies are evidence 

of the fact that when the slave is in free space, the user will not experience a force or sticky feel of 

free-motion movements in the hybrid and PWM cases, which would have been undesirable. 
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Fig. 4.26.  Frequency spectra of the H-matrix parameters of the 4CH scheme:                                                           

(Solid) Hybrid control. (Dashed) PWM control. 

IV.2.3.2. Inner control loop based on hybrid algorithm 

 As mentioned in Section IV.2.1, transparency can be achieved in the four-channel teleoperation 

system in Fig. 4.17 subject to the choice of controllers Cm, Cs, C2 and C3 in (4.25) as well as C6 = C2 – 

1 and C5 = C3 – 1 from (4.23), if the inner force control loop is perfect. This condition involving the 

inner force control loop is verified in Fig. 4.27, where the force generated by the slave actuator 

accurately tracks the desired value for the control signal Fs. A similar result can be shown for the 

master-side inner force control loop. 

 To better understand the dynamic behavior of the inner force control loop, a spectra analysis is 

investigated, as illustrated in Fig. 4.28. As it can be seen, the transfer functions of the inner loops 

approach to the unitary function at low frequencies (less than 2Hz). For faster movements (e.g., at 

7Hz), the tracking performance is degraded, but it can be again improved by choosing a smaller 

sample time (which was not possible in our system due to the switching times of the valves). 

 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0131/these.pdf 
© [M-Q. Le], [2011], INSA de Lyon, tous droits réservés



M.Q. LE - Development of Bilateral Control for Pneumatic Actuated Teleoperation System 

 

- 122 - 

 

5 10 15 20 25 30 35 40 45
-5

0

5

10
F

o
rc

e
 (

N
)

 

 

5 10 15 20 25 30 35 40 45
-2

0

2

4

E
rr

o
r 

(N
)

time (s)

F
s
 desired

F
s

 

Fig. 4.27.  Performance of the inner loop as function of time 
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Fig. 4.28. Performance of the inner loop as function of time  

 The experimental results highlight that good force tracking in the inner loop is obtained within 

the bandwidth of the human arm movement. In our experimental validation, the arm movements were 

slow enough to be able to assume that the pressure variation inside each chamber is small – the 

approximation (4.19) is entirely justified in our experiments. In conclusion, a transparent teleoperation 

system (whose response is shown in Fig. 4.23) can be obtained through the employed hybrid force 

control (whose responses are shown in Fig. 4.27). 

IV.2.3.3. Hybrid control performance in the 3CH teleoperation system 

 Fig. 4.29 shows the master and the slave positions and force tracking profiles for the 3CH 

teleoperation system in which C2 = C6 + 1 = 1 and C3 = C5 + 1 = 0. Note that Fig. 4.23 and Fig. 4.29 
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show similar profiles for the same choice of position controllers (Cm and Cs) but for C2 = C6 + 1 = 3 

and C3 = C5 + 1 = 3 (4CH system), and C2 = C6 + 1 = 1 and C3 = C5 + 1 = 0 (3CH system), 

respectively.  

 The results show that the 4CH architecture leads to a better force tracking response compared to 

the 3CH architecture. As mentioned above, the 3CH case can theoretically achieve perfect 

transparency similar to the 4CH case. However, in practice, due to the lack of master/operator 

interaction force measurement, the force tracking performance in the 3CH architecture is somewhat 

degraded. 

 

5 10 15 20 25 30 35 40 45 50
-5

0

5

10

15

F
o
rc

e
 (

N
)

 

 

F
h

F
e

5 10 15 20 25 30 35 40 45 50
-5

0

5

E
rr

o
r 

(N
)

time (s)  

(a). Force tracking 

5 10 15 20 25 30 35 40 45 50
0

0.02

0.04

0.06

0.08

P
o
s
it
io

n
 (

m
)

 

 

Master

Slave

5 10 15 20 25 30 35 40 45 50
-2

-1

0

1

2
x 10

-3

E
rr

o
r 

(m
)

time (s)  

(b). Position tracking 

Fig. 4.29.  Transparency achieved with the experimental 3CH teleoperation systems based on hybrid control 

 To resume, we provide in Tab. 4.3 the quantitative assessments of the force and position 

tracking errors (RMS values with a time period of 50s) of the PWM and hybrid controls in both 
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contact motion and free motion. Also, operator’s opinions are presented in order better evaluate 

performance of different control approaches. 

 

 

 
Force error 

(contact motion) 

Position error 

(free motion) 

Position error 

(contact motion) 
Human opinions1 

PWM control 

(4CH) 
0.5 N (8.3 %) 

 

2.9 mm (9.6 %) 

 

0.5 mm (0.9 %) 

High chattering in free motion and 

contact motion. 

Undesirable acoustic noise (at constant 

frequency) even in steady state. 

Hybrid control 

(4CH) 
0.2 N (3.4 %) 1.1 mm (4.1 %) 0.4 mm (0.7 %) 

Acoustic noise (at varying frequency) 

and chattering still exist but less than 

the PWM case, especially in free 

motion. In contact motion, better haptic 

sensation is obtained. 

Hybrid control 

(3CH) 
0.7 N (12 %) 1.2 mm (4.5 %) 0.5 mm (0.9 %) 

Similar remarks to the hybrid control 

with 4CH. 

TAB. 4.3.  COMPARISON OF PWM AND HYBRID CONTROLS  

 Concerning the frequency analysis, the magnitude of the H-matrix parameters of the 3CH and 

the 4CH teleoperation systems are shown in Fig. 4.30.  
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Fig. 4.30.  Frequency analysis of the hybrid control with different architectures. (Solid) 4CH. (Dotted) 3CH. 

                                                      
1
 Human opinion  is evaluated from three subjects 
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 As it can be seen, |h12| is above the 0 dB level for the 3CH case while it is close to 0 dB in the 

4CH case. This is in agreement with the time-domain force profiles in Fig. 4.23 and Fig. 4.29, where 

force tracking in 3CH architecture is not on par with that in the 4CH case. This, however, does not 

affect free-space position tracking as illustrated in the |h21| spectra of Fig. 4.30. As it can be observed, 

for both cases |h21| spectra are close to 0dB, performing good position tracking for frequencies up to 

100 rad/s. With regard to h11 and h22, similar comments can be obtained as in Fig. 4.26 (section 

IV.2.3.1). 

IV.2.4.  Stability discussion 

 In the thesis, the robustness or stability analysis of the overall hybrid system has not been 

studied. Since on/off solenoid valves have been used, these analyses would be equivalent to dealing 

with the robustness and stability of a hybrid system, which entails switching between two models of 

mass flow rate (4.3), i.e. subsonic and sonic regimes. (Branicky 1997) gives an overview of hybrid 

systems stability and shows the difficulty of the problem even for a linear system. (Liberzon 2003) 

suggests some stability methods for linear systems or systems with special structures (triangular, 

feedback, or two-dimensional systems).  

 To the best of our knowledge, only a few papers exist on the robustness or stability analysis of 

nonlinear hybrid systems (Liberzon 2003; Papachristodoulou & Prajna 2009). A recent paper 

(Papachristodoulou & Prajna 2009) presents a methodology through the algorithmic construction of 

polynomial and piecewise polynomial Lyapunov-like functions using a convex optimization and in 

particular the sum of squares decomposition of multivariate polynomials. This strategy provides 

several improvements compared to previous approaches such as treating in a unified way polynomial 

switching surfaces and robust stability analysis for nonlinear hybrid systems. However, the method is 

only applicable to systems whose dynamics are expressed as a polynomial form. It has been seen in 

(Papachristodoulou & Prajna 2002) that it is possible to transform some non-polynomial systems to 

the polynomial ones by using a change of variable. In the model considered in our study, this approach 

could not be applied due to the presence of two nonlinear terms 1

( )pV y
 and 1

( )nV y
 in (4.1). We also 

faced difficulties in finding approximate polynomials in terms of the mass flow rates qp and qn that are 

able to cover the subsonic regime as well as the sonic regime. Last but not least, there are more 

difficulties in term of applying the stability analysis of the hybrid systems to a teleoperation problem. 

The reason for this is that teleoperation system stability depends not only on the models of the master 

and slave manipulators but also on the dynamic behaviors of the human operator and environment, 

which are unknown, uncertain, nonlinear, and/or time-varying. For instance, (Matsuoka & Howe 

2000) has shown that in practice the dynamic parameters of the human operator change in response to 

the requirements of the task at hand. 

 To sum up, according to (Liberzon 2003), there is no general theory of switching control that 

can be applied to all hybrid systems. What has been done in the literature is to provide customized 

methods for a few particular classes of nonlinear systems. Our system does not belong to any of these 

classes.  

 In conclusion, the robustness and stability analyses remain a main concern. This research 

direction is challenging and nonetheless a priority in our future work. 

V. Sliding Control Design 

 An alternative to the hybrid control of pneumatic systems with on/off valves is to use methods 

based on sliding mode nonlinear control law. Such a control system utilizes switching operating 

modes defined directly from the discrete state of the valves, which are based on the current tracking 

error. More details about the principle of sliding modes can be found in (Utkin 1992; Edwards & 

Spurgeon 1998). 
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 This section aims at applying a sliding mode control to a two-channel (2CH) bilateral 

teleoperation architecture with various different schemes, namely position–position, force–force, and 

force–position. These architectures are chosen due to their implementation simplicity and efficiency. 

We provide in this study both a tracking performance analysis and a stability analysis for the closed-

loop system using a Lyapunov candidate function (chapter 2, section V.1). 

 Another purpose of our work consists in extending the sliding mode strategy based on the three-

mode control scheme (subsection V.1) to a five-mode control scheme (subsection V.2). This new 

scheme results in decreased valve-switching activity and, therefore, improves the overall lifetime and 

reliability of the teleoperation system (Le et al. 2011d).  

V.1. Teleoperation based on three-mode control scheme (3MCS) 

 In order to facilitate the control law design, a switching scheme for the four solenoid valves in 

Fig. 4.1 is defined so that each of the master and slave robots has the three modes of operation shown 

in Tab. 4.4 (Le et al. 2011b). 

 

 

 

 

 

TAB. 4.4.  THREE POSSIBLE CONTROL MODES 

In Tab. 4.4, U (the 4
th
 row) is the input voltage vector of the valves, i.e., U = [U1 U2 U3 U4]. Also, u 

(the 3
rd

 row) is a newly introduced discrete (switching) control input that has three levels to match the 

three modes of operation. This new input can be chosen either as u = sign(s) or u = – sign(s), where s 

is a sliding surface which is a function of tracking error. Whether to choose the switching control u as 

between sign(s) or as – sign(s) depends on the definition of s and the open-loop system. As it will be 

shown later, this choice is crucial to ensure the stability of the teleoperation system. 

 Note that mode 3 in Tab. 4.4 is used to “de-actuate” the piston and save energy when the 

tracking error is considered small enough. On the other hand, modes 1 and 2 are used for moving the 

piston to the right and to the left directions of Fig. 4.1, respectively.  

 In order to bring the system to the sliding surface s = 0 at steady state, which corresponds to a 

perfect tracking performance, we define a neighbourhood of radius ε << 1 around zero. When |s| is 

within the interval [0, ε], mode 3 (u = 0) is used to conserve energy and somewhat reduce the 

chattering. In summary, we get the control law as 

/ sign( )   if   

0                   if   

s s
u

s





  
 



                                                          (4.34)    

where  

                                  
1     if   0

sign( ) 0     if   0

1   if   0

x

x x

x




 
 

                                                                 (4.35)          

V.1.1. Open-loop model of the master and slave devices 

 Ignoring the stiction force in (4.2), the mechanical dynamics of the master and slave devices can 

be written as 

 Mode 1 Mode 2 Mode 3 

Chamber p fills exhausts closed 

Chamber n exhausts fills closed 

Control u 1 -1 0 

U = [U1 U2 U3 U4 ] [1 0 1 0] [0 1 0 1] [0 0 0 0] 
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, ,

, ,

 

 

m p p m n n m m h

s p p s n n s s e

My S P S P by f

My S P S P by f

   

   
                                            (4.36)  

where fh and fe are the operator force exerted on the master and the environment force exerted on the 

slave; ym and ys are the master and slave positions. 

 Differentiating (4.36) and using (4.1) and (4.3), the dynamics of the master and slave 

manipulators are obtained after some calculations as in (Nguyen et al. 2007) 

    for   1    for  1

   for   1,           for  1

            for   0            for  0

m m h m s s e s

m m m h m s s s e s

m h m s e s

f M u f M u

y f M u y f M u

f M u f M u

   

   

 

 

 

      
  

          
 

     

                     (4.37)  

where um and us denote the discrete control input as defined in Tab. 4.4. In the above, 

2 2

, ,

( ) ( )

p p i n n i

i i i

p i n i

S P S Pb
y y

M M V y V y




 
    

 
 

                                                (4.38)              

, ,
( , ) ( , )

( ) ( )

p sa p i n i atmn
i a

p i n i

S q P P q P PS
rT

M V y M V y
 

 
  

 
 

                                         (4.39)       

, ,
( , ) ( , )

( ) ( )

p p i atm sa n in
i a

p i n i

S q P P q P PS
rT

M V y M V y
 

 
  

 
 

                                         (4.40)        

i = m or s (for master or slave, respectively). 

V.1.2. Closed-loop teleoperation system 

V.1.2.1. Position-Error-Based (PEB) control system 

 The pneumatic-actuated PEB teleoperation system with our proposed sliding mode control is 

shown in Fig. 4.31. In this system, there are two position controllers, one for the master and the other 

for the slave where each one gets the reference position from the current value of the other (see 

chapter 2, section III.2.1).  
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Fig. 4.31.  Position-Error-Based approach with sliding mode control   
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 In Fig. 4.31, s is the sliding surface; um and us are the discrete control signals for the master and 

the slave manipulators; and e = ys – ym is the position tracking error. Also, fh* and fe* are the operator’s 

and the environment’s exogenous input forces, respectively. It is noteworthy that they are independent 

of the teleoperation system behavior.  

 In the PEB scheme, the sliding surface s can be defined as 

22s e e e                                                            (4.41) 

where ξ and ω are constant and positive parameters. The control laws um and us are defined as us = – 

um = – sign(s). In the following, we analyze the position error convergence and the stability of the 

closed-loop system.   

 Consider the following Lyapunov candidate function 

21
  

2
V s                                                                 (4.42)                  

 The sliding surface s = 0 is reached within a finite time if the following condition is satisfied 

(Slotine et al. 1991; Utkin & Chang 2002) 

    V ss s                                                                  (4.43) 

for some constant η > 0. Thus, from (4.41) and (4.43), we need  

2( 2 )s e e e s                                                            (4.44) 

 Case 1: s > 0. In this case, (4.44) becomes 

2( ) 2s my y e e                                                    (4.45) 

Since s > 0, thus us = –1 and um = 1. Therefore, the open-loop master and slave dynamics in (4.37) 

become 

  ,    m m m h s s s ey f M y f M                                        (4.46) 

Substituting (4.46) in (4.45) leads to the following condition 

2( ) ( + ) ( ) 2s m m s h ef f M e e                                         (4.47) 

In other words,  

   ( + )m s                                                                (4.48) 

where 

2( ) 2s m h ef f M e e                                                    (4.49) 

♦ 

 Case 2 : s < 0. In this case, (4.44) becomes 

2( ) 2s my y e e                                                       (4.50) 

Since s < 0, then us = 1 and um = – 1. Hence, the master and slave dynamics in (4.37) can be expressed 

as  

   ,    m m m h s s s ey f M y f M                                             (4.51) 

Substituting (4.51) in (4.50) yields  

( + )m s                                                               (4.52) 

where λ is defined in (4.49) 

♦ 

Note that, from (4.39) and (4.40), 
i
  and 

i
  are positive, and can be as large as desired by choosing 

a sufficiently large valve orifice Cval in (4.4). Thus, to ensure that the conditions (4.48) and (4.52) 

(4.41) 
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(depending on the sign of s) are satisfied, we only need to show that λ is bounded – note that η > 0 is 

an arbitrary constant. 

 To show that λ is bounded, we utilize the dynamic models of the operator and the environment 

(chapter 2, section II.1 and II.2) 

*

*

 h h m h m h m h

e e s e m e m e

f M y B y K y f

f M y B y K y f

    

   
                                            (4.53) 

where Mh, Me, Bh, Be, Kh and Ke are assumed to be positive values corresponding to the mass, damping 

and stiffness of the operator’s hand and the environment, respectively. Substituting (4.53) into the 

master and slave dynamics (4.36) leads to 

*

, ,

*

, ,

( ) ( )

( ) ( )  

h m p p m n n m h m h m h

e s p p s n n s e s e s e

M M y S P S P b B y K y f

M M y S P S P b B y K y f

      

      
                          (4.54)     

 To establish the boundedness of λ, we consider the following points: 

 Since we are dealing with a physical system, the chamber pressures Pp,i  and Pn,i are supposed to be 

bounded at all times. In fact, they are lower-bounded by the atmospheric pressure (Patm) and upper-

bounded by the supply pressure (Psa). 

 The exogenous input forces fh*, fe* and their derivatives are supposed to be bounded as they 

originate from the human operator and the environment, which have limited energy. 

 Since the coefficients of position, velocity and acceleration terms in (4.54) (after moving them to 

the left side of the equations) are positive, and since the pressures, the operator’s and the 

environment’s exogenous force fh* and fe
*
 are always bounded, thus each relationship in (4.54) is a 

second order BIBO stable system. As a result, the positions ym and ys are always bounded. In a 

similar way, (4.54) consists of two first-order stable differential equations in terms of velocities and 

the other sides of the equations (consisting of positions, pressures and exogenous forces) are 

bounded, thus the master’s and slave’s velocities 
my  and 

sy are bounded. Hence, again because of 

(4.54), the accelerations 
my  and 

sy , which are the sums of bounded functions, are also bounded. 

 Since the velocities and the accelerations are bounded, from (4.36), knowing that the pressures are 

bounded, we can infer that the interaction forces fh and fe are also bounded at all times.  

 Vp(yi) and Vn(yi), the chamber volumes of the cylinders, are bounded and non-zero functions. 

 The rate of change of pressures 
,p iP  and 

,n iP  are bounded because each relationship in (4.1) is 

defined by a mass flow rate a velocity, a pressure and a chamber volume that are all bounded 

functions.  

 Based on the previous points, differentiating (4.54) yields the boundedness of 
my  and 

sy . 

Consequently, by using the derivative of (4.53) we infer that 
hf  and 

ef   are also bounded at all 

times.  

 Eventually, it is found that λ, which is the sum of several bounded functions, is bounded. 

Therefore, the sliding condition in (4.43) is ensured, which implies that the position tracking error 

tends to zero (and that the overall system is stable). In fact, according to (4.43), s will be bounded and 

converges to zero. According to (4.41), which represents a BIBO-stable second-order LTI system, this 

will ensure the boundedness and convergence to zero of the position tracking error. It is worth noting 

that a restrictive assumption used in this demonstration is that specific dynamic models of the operator 

and the environment (4.53) are required. 

 The main drawback of the PEB method is that it does not guarantee a good transparency in term 

of force tracking. In order to improve the tracking performance, other schemes are proposed in the 

next sections.  

V.1.2.2. Force-Error-Based (FEB) control system 

 The FEB system is not commonly used in two-channel bilateral teleoperation since two force 

sensors are required, which will make the implementation expensive, and since the resulting position 
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tracking is not good (see chapter 2, section III.2.2). However, compared to the PEB architecture, this 

architecture can improve the force tracking performance. Fig. 4.32 shows the pneumatic-actuated FEB 

teleoperation system with a proposed sliding mode control.   
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Fig. 4.32.  Force-Error-Based approach with sliding mode control  

 Consider the control law us = um = sign(s) where the sliding surface is defined as 

     h es f f                                                                (4.55)   

 Using the Lyapunov function (4.42), we need to show that the sliding condition (4.43) is 

satisfied. 

 From the master and slave models (4.37), we calculate 
hf  and 

ef  as 

( )   for   1 ( )   for   1

( )   for   1,     ( )   for   1

( )           for  0 ( )           for   0

m m m m s m s s

h m m m m e s m s s

m m m s m s

M y u M y u

f M y u f M y u

M y u M y u

   

   

 

 

 

       


           
     







               (4.56) 

 Case 1: s > 0. In this case um = us = 1. From (4.43), we need 

( )h e m ss f f M                                                           (4.57) 

where 

        
m m s sy y                                                                   (4.58)         

The condition in (4.57) can be verified when λ, defined in (4.58), is bounded. As it was demonstrated 

above in section V.1.2.1, every signal is bounded, including , ,  and m m s sy y  . This implies the 

boundedness of λ at all times. Thus, by choosing a valve with a large enough orifice, 
m
  and s

  can 

be made sufficiently large to satisfy (4.57).  

♦ 

 Case 2: s < 0. In this case, um = us = –1. We have 

( )h e m ss f f M                                                    (4.59) 

where λ is defined in (4.58). 

(4.55) 
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Similar to Case 1, the stability of the system can be guaranteed by choosing a large enough value of 

m
   and 

s
 . 

♦ 

 Consequently, the force tracking error converges to zero and the overall system is stable. 

However, the FEB method does not guarantee a good position tracking performance. In order to 

overcome the PEB and FEB architecture drawbacks, we use the scheme described in the following 

section. 

V.1.2.3. Direct-Force-Reflection (DFR) Control system 

 As mentioned in chapter 2, section III.2.3, the DFR system has advantages over the position–

position and force–force architectures. Compared to the PEB method, improvements in force tracking 

are achieved due to the measurement of the interaction force between the slave and the environment. 

Furthermore, its position tracking performance is better than the FEB case thanks to the position 

information. The pneumatic-actuated DFR teleoperation system with our proposed sliding mode 

control is illustrated in Fig. 4.33.  

 In Fig. 4.33, sm and ss are the sliding surfaces for the master and slave systems, respectively; em 

= fh – fe is the force tracking error calculated for the master controller; and es = ys – ym is the position 

tracking error calculated for the slave controller. This architecture involves the transmission of two 

types of data between the master and the slave: force from the slave to master and position from the 

master to the slave. Hence, the transparency is improved in terms of force and position tracking, 

compared to the methods previously presented. This statement will be justified later in our experiment, 

(cf. section V.1.3).    
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Fig. 4.33.  Direct-Force-Reflection approach with sliding mode control  
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 In this section, we use a Lyapunov function to prove the stability of the sliding-mode controlled 

DFR system. First, we will show the stability of the force-controlled master manipulator. Afterwards, 

we will show the stability of the position-controlled slave manipulator. However, the stability of the 

overall system is difficult to show due to the complexities introduced by using different sliding 

surfaces for the master and for the slave. Indeed, the following proves the stability of each 

manipulator, but not the stability of the overall teleoperation system.  

V.1.2.3.1 Force convergence of the closed-loop master system 

 Since the desired force for the master robot, i.e., the slave/environment contact force fe is 

assumed to be bounded at the beginning, we need to show that fh converges to fe in a finite time. The 

sliding surface sm and the Lyapunov function Vm are defined as in (4.55) and (4.42), respectively. The 

controller um is chosen to be similar to the FEB system in section III.B.2. 

 Case 1: sm > 0. In this case, um = 1. Using the expression of 
hf  in (4.56) and the definition of sm 

as in (4.55) we have  

m e m m ms f My M M                                                      (4.60) 

To ensure the sliding condition (4.43), we need to show that: 

e m m mf My M M                                                         (4.61) 

Similar to the demonstration in section III.B.1, 
ef , 

my  and 
m  can be shown to be bounded. Thus, the 

stability condition (4.61) is satisfied by choosing a large enough value for 
m
 . 

♦ 

 Case 2: sm < 0. In this case, um = – 1. From (4.55) and (4.56) we need 

e m m mf My M M                                                                   (4.62) 

Similar to Case 1, it is possible to choose a large enough value of 
m
  in order to ensure the stability of 

the master manipulator. 

♦ 

 Consequently, the sliding surface (the force tracking error) tends to zero, i.e., fh tends towards fe.  

V.1.2.3.2 Position convergence of the closed-loop salve system 

The sliding surface ss and the Lyapunov function Vs are defined as in (4.41) and (4.42), respectively. 

The controller us is chosen to be similar to the PEB system in section V.1.2.1.  

 Case 1: ss > 0. In this case, us = –1. The sliding condition (4.43) is equivalent to 

2( ) 2s m s sy y e e                                                              (4.63) 

Using the expression of sy  in (4.46) leads to the following condition  

22s s e m s sf M y e e                                                        (4.64) 

or  

s                                                                              (4.65) 

where 22s e m s sf M y e e         

The straightforward reasoning described in section V.1.2.1 allows us to infer that φ is bounded. 

Therefore, there exists a value of 
s
  such as (4.65) is satisfied. 

♦ 

 Case 2: ss < 0. In this case, us = 1. Thus, we need 

22s s m e s sy f M e e                                                     (4.66) 
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or  

   
s                                                                          (4.67) 

This condition is achieved by choosing a large enough 
s
 . 

♦ 

 Note that for both cases, the convergence of the sliding surface (and thus the position tracking 

errors) to zero is proved, so xs tends towards xm. 

 As it will be confirmed by experiments in the next section, the DFR architecture provides a 

good transparency in terms of position and force tracking. 

V.1.3. Experiments 

 In this subsection, experiments were performed on a one axis test system. Time domain as well 

as frequency domain is carried out in order to compare the different architectures of the teleoperation 

system based on sliding mode control. 

V.1.3.1. Experimental setup 

 The experimental setup of this test bed is similar to the one presented in section IV.1.4.1 for the 

PWM and hybrid control. The only difference in this case is that a 0.5 kg mass (a joystick) is mounted 

to the end of the piston rod for each manipulator. The addition of mass load is used to damp the 

vibrations as well as the oscillations of the acceleration and velocity signals. A photograph of the 

experimental setup is shown in Fig. 4.34.  
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Fig. 4.34.  Pneumatic master–slave teleoperation experimental setup 

 For the PEB and DFR systems, the sliding surface of the position-controlled slave is normalized 

as  

                                        
2

2
e

s e e



                                                          (4.68) 

This is because, in practice, it is easier if the sliding surface for position control is chosen in order to 

have the same dimension as positions as in (4.68) and not accelerations as in (4.41). The first 
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derivative of the position error in (4.68) is computed through a backward difference method applied on 

the position signal followed by a de-noising second-order Butterworth filter with a cut-off frequency 

of 70Hz. The second derivative is computed in the same way from the filtered first-derivative signal.   

 There is a trade-off between tracking error and chattering to achieve good performances. In 

theory, the characteristics of the control system is determined by the poles of the second-order 

reference model (4.68), which depends on the parameters ω and ξ. It is noteworthy that when ξ and ω
2 

in (4.68) increase, the averaged tracking error is better but the chattering increases. It means that the 

response is around the reference in the transient and steady state but more oscillations can be observed 

due to the noise of velocity’s and acceleration’s estimations. This is understandable from the 

perspective of moving the poles of a second-order transfer function farther to the left of the imaginary 

axis – faster pole locations result in faster convergence of the tracking error to zero. Since ξ/ω is 

multiplied by e  in the sliding surface (4.68), the noise in e  (corresponding to undesired oscillations 

and vibrations) will be amplified with a small value of ξ/ω, resulting in increase chattering problem. 

Similarly, when 1/ω
2
 is small, the contribution of the noise present in e  is amplified in (4.68). To 

efficiently damp the oscillations and vibrations in e , which suffers from differentiation noise, ω is 

generally not chosen to be too high in practice. For a good trade-off between the position tracking 

performance and the chattering problem, the parameters ξ = 0.5 and ω = 70 rad/s will be used in our 

experiment. 

 Since the coefficient of e in (4.68) equals 1, in the steady state we will have s = e. We define the 

tolerable range (or “threshold”) of this error as a neighborhood of radius εp. In the experiments, εp is 

chosen equal to 0.5 mm in order to guarantee a good position tracking performance without causing 

excessive switching of the valves. Concerning the force controller, a force error threshold εf needs to 

be chosen. In practice, we choose εf equal to 0.1 N to achieve good force tracking responses.  

V.1.3.2. Results and discussions  

 Fig. 4.35 shows the master and the slave force tracking profiles in free space and in contact 

motion for the PEB teleoperation system. Similarly,   

Fig. 4.36 and Fig. 4.37 illustrate the force and position profiles for the FEB and the DFR systems, 

respectively. 
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Fig. 4.35.  Position and force profiles for the PEB teleoperation system 
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Fig. 4.36.  Position and force profiles for the FEB teleoperation system  
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Fig. 4.37.  Position and force profiles for the DFR teleoperation system 

 It is interesting to note that the high values for Fh during slave’s free motion are due to the mass 

of the master’s handle, which lies between the force sensor and the system of joystick-and-operator's 

hand (called moving mass). Furthermore, the interface is not perfect because of friction present 

between the joystick and the rail. This leads to increase operator’s force in free motion if he/she wants 

to realize the same movement as to the case without friction. Due to the above reasons, the operator 

force in free motion is naturally high even when no control signal is applied to the system (i.e. all 

on/off valves exhaust). 

Contact 
Free motion 

Contact 

Free motion 
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 As illustrated in Fig. 4.35, the PEB system provides a good position tracking responses. It can 

be seen that the slave rapidly tracks the master’s movement in free space and also in contact mode. 

However, the force response is not as good because no force sensor is used. On the other hand, the 

force tracking performance of the FEB system is much better. Since the FEB system uses the 

measurement of slave/environment contact forces, the feeling of contact motion is highly realistic in 

our experiments. Therefore, the performance of the teleoperation system is improved significantly by 

feeding the operator with the slave/environment contact force. Nonetheless, the transparency the 

position tracking deteriorates in FEB control – as it can be seen in   

Fig. 4.36, the slave’s movement does not accurately track the master’s movement. Note that it is 

difficult to realize a task with the FEB control where the slave can not impose a position/velocity on 

the environment. It was mentioned in (Tavakoli et al. 2007a) that in order to have a stiff slave, which 

is a crucial criterion in haptic system, the slave is necessary under position control. Finally, Fig. 4.35 

and   

Fig. 4.36 show the tradeoffs between position tracking and force tracking as long as only either both 

positions or both forces are available for feedback (i.e., PEB and FEB control, respectively). 

 Interestingly, the DFR system in Fig. 4.37 provides an improvement in terms of position 

tracking response compared to the FEB system. It also displays a superior force tracking performance 

compared to the PEB system. This result agrees with the previous theoretical work. However, a 

drawback of the DFR system is that higher oscillations and vibrations are present in the force and 

position responses under contact motion. Consequently, when operator’s force level increases, the 

DFR system is less stable than the other cases.  

 Among the three architectures, the DFR scheme seems to be a better choice to obtain a good 

transparency. Although the various teleoperation controllers have previously been compared from a 

performance perspective in the literature (Lau & Wai 2005; Tavakoli et al. 2007b), this is the first 

study to show that it is possible to achieve stability and satisfactory performance using manipulators 

actuated by low-cost switching on/off valves. 

 To better investigate a comparison of the three control architectures, we provide in Tab. 4.5 the 

operator’s opinions as well as the quantitative assessments of the force and position tracking errors 

(RMS values) in both contact motion and free motion.  

 

 

 
Force 

(contact motion) 

Position  

(free motion) 

Position 

(contact motion) 
Human opinions 

PEB system 5.5 N (25.5 %) 

 

1.2 mm (6 %) 

 

0.5 mm (0.8 %) 

 In free motion, operators feel a 

“sticky” force again their 

movement. Thus, they have to 

provide higher force level than 

when they are really in free motion 

in order to realise the same 

gesture. 

 In contact motion, operators feel 

some chattering and vibration. 

FEB system 0.8 N (3.6 %) 5.6 mm (28 %) 5.3 mm (7.1 %) 

 In free motion, there is no more 

“sticky” force as in the PEB 

control. Operators can realize a 

movement easier without 

providing too much force.  

 In contact motion, less oscillation 

and vibration are obtained 

compared to the PEB control 

DFR system 1.5 N (7.5 %) 0.8 mm (5.3 %) 0.7 mm (1.1 %) 

 In free motion, similar felling is 

obtained as in the FEB case. 

 In contact motion, higher 

oscillations and vibrations occur 

than the other cases. 

TAB. 4.5.  COMPARISON OF THREE DIFFERENT CONTROL SCHEMES 
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 It is noteworthy that the performance in terms of position and force tracking of the sliding mode 

control is less accurate than the one of the hybrid control. Indeed, the 4CH architecture used in the 

hybrid control lead to superior transparency over the 2CH architecture in the sliding mode control. 

V.2. Extension to a five-mode control scheme (5MCS)  

  In this study, we extend the three-mode control scheme of section V.1 into a five-mode control 

scheme. The new system has two extra modes, which facilitate appropriate amounts of drive energy 

for good tracking responses and reduced switching activity (Le et al. 2011c). These two additional 

modes are defined by connecting only one chamber to the supply while leaving the other chamber 

locked. Limiting the drive power allows us to make smaller adjustments, improving the tracking 

accuracy of our controlled system.   

V.2.1. Controller mode selection 

 The different configurations of the 5MCS with four solenoid valves are shown in Tab. 4.6. 

 

 

 

 

 
 

 

TAB. 4.6.  FIVE POSSIBLE CONTROL MODES 

 As it can be seen in Tab. 4.6, the first three modes in the 5MCS are inherited from the 3MCS. 

Modes 4 and 5 are added in the 5MCS in order to offer more control-mode possibilities and to 

improve the behavior of the system by reducing switching activity of the valves. Mode 4 allows for 

moving the piston in the same direction as in mode 1 but with a slower dynamics (because in mode 4 

the chamber n is closed as opposed to exhausting as in mode 1 – in both cases the chamber p will be 

filling). Mode 4 may be considered as an intermediate (or average) mode between modes 1 and 3, due 

to which the control vector u is chosen as 0.5 (Tab. 4.6). On the other hand, mode 5 whose control 

vector u equals –0.5 is used to move the piston in the other direction and could be regarded as an 

intermediate level of actuation (and piston acceleration) between modes 2 and 3. 

 To be able to switch between modes 1 and 4, or modes 2 and 5, a threshold ε1 is introduced, 

where ε1 is greater than the previously-defined neighborhood of radius ε (i.e., ε1 > ε). When |s| is within 

the interval [ε, ε1], either mode 4 or mode 5 (u = ± 0.5) is used to provide slower dynamics compared 

to modes 1 or 2 (u = ± 1), respectively. When |s| is within the interval [ε1, ∞[, either mode 1 or mode 2 

(u = ± 1) is used to provide fast dynamics, highly accelerating the piston in the direction that 

minimizes s. 

 In summary, the new control law for the 5MCS can be given as 

1

1

/ ( )            if       

/ 0.5 ( )       if   <

0                             if       

sign s s

u sign s s

s



 



  


   




                                                  (4.69) 

where sign function is defined in (4.35).          

 Compared to the 3MCS, the 5MCS requires to adjust one more parameter (i.e., ε1) and there is 

no efficient analytical method for pre-tuning it. Note that the choice of ε1 depends on the value of ε. If 

ε1 is too close to ε, the dynamic behavior of the 5MCS becomes similar to the 3MCS. In this case the 

two additional modes will not offer any additional benefits.  

 Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

Chamber p fills exhausts closed fills closed 

Chamber n exhausts fills closed closed fills 

Control u 1 – 1 0 0.5 – 0.5 

U = [U1 U2 U3 U4 ] [1 0 1 0] [0 1 0 1] [0 0 0 0] [1 0 0 0] [0 0 0 1] 
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V.2.2. Comparison between the 5MCS and the 3MCS  

 In order to justify the superior performance of 5MCS over 3MCS, this subsection provides a 

comparison of the position tracking control between these two schemes, followed by an analysis in 

time domain as well as in frequency domain for the master-slave teleoperation system implemented on 

a real-world test bed. 

V.2.2.1. Position tracking performance 

 To facilitate the comparison of the 5MCS and 3MCS performances, all controller parameters 

are chosen to be similar for both cases, i.e., ξ = 0.5, ω = 70 rad/s, ε = 0.5 mm.  

 Fig. 4.38 shows the position responses obtained by a sine wave input at 0.5 Hz. As it can be 

seen in Fig. 4.38 (a) and (b), vibrations and oscillation are significantly damped in the 5MCS system. 

This indicates that switching activity of the valves can be reduced by increasing the number of control 

levels. Similar remarks are obtained with the trapezoidal input as shown on Fig. 4.39 (a) and (b). 

 In the 5MCS system, the previously-defined threshold ε1 is used to switch the valves to the 

intermediate modes when the dynamic behavior is slow (i.e., |s| < ε1). In order to assess the influence 

of this parameter in such a scheme, different values of ε1 are chosen, i.e., 1 mm and 3 mm, and the 

results of Fig. 4.38 (b) and (c) are respectively obtained. As it can be seen, when ε1 is small, the 

tracking performance is improved, but the solenoid valves seem to chatter more. This aspect can be 

observed on Fig. 4.39 (b) and (c) with the trapezoidal position profile.  

 

 In order to further investigate a comparison between the 5MCS and 3MCS systems as well as 

the influence of the controller parameter ε1 to the 5MCS performance, (Hodgson et al. 2011a) 

proposed a frequency analysis which consists in calculating the number of switching per second of 

four on/off valves and the root-mean-square (RMS) position tracking error.  

 The experiment is run utilizing the sine wave test input for the desired position with frequencies 

varying from 0.1Hz - 5.0Hz. From the results in Fig. 4.40 (a), we find that for both the 3MCS and 

5MCS systems, increasing the input frequency leads to increase RMS tracking error. The inability of 

the systems to track the reference for high enough frequency input sine waves is due to the fact that 

such frequencies will require a switching activity that violates the response time of the valves (1.3ms) 

(Hodgson et al. 2011b). When comparing results from Fig. 4.40 (a) for the 3MCS and 5MCS systems, 

one can see that there was not a notable improvement or detriment to tracking performance for the 

5MCS controller. However, there was a significant decrease in switching activity of the 5MCS case 

(as has been seen before in Fig. 4.38 (a)-(b) and Fig. 4.39 (a)-(b)). 

 Fig. 4.40 (b) illustrates the 5MCS behavior with different controller parameters, i.e., ε1 = 3mm 

and ε1 = 1mm. As it has been seen, decreasing controller parameters was found to increase switching 

activity and decrease the RMS tracking error in the 5MCS system. Similar remark can be found in Fig. 

4.38 (c) and Fig. 4.39 (c). Finally, there exists a design trade-off between improved switching 

performance and tracking accuracy for the 5MCS system depending on the choice of the controller 

parameters. 
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(a). 3MCS: ξ = 0.5, ω = 70 rad/s, ε = 0.5 mm 
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(b). 5MCS: ξ = 0.5, ω = 70 rad/s, ε = 0.5 mm, ε1 = 1 mm 
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(c). 5MCS: ξ = 0.5, ω = 70 rad/s, ε = 0.5 mm, ε1 = 3 mm 

Fig. 4.38.  A sine wave position tracking performance based on sliding mode control 
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(a). 3MCS: ξ = 0.5, ω = 70 rad/s, ε = 0.5 mm 
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(b). 5MCS: ξ = 0.5, ω = 70 rad/s, ε = 0.5 mm, ε1 = 1 mm 
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(c). 5MCS: ξ = 0.5, ω = 70 rad/s, ε = 0.5 mm, ε1 = 3 mm 

Fig. 4.39.  Position responses in the trapeze trajectory based on sliding mode control 
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(b). 5MCS comparing (ε1 = 1 mm) versus (ε1 = 3 mm) 

Fig. 4.40.  Frequency analysis of sine-wave experimental results 
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V.2.2.2. Teleoperation performance 

 As mentioned previously, the five-switching-mode based on sliding control is obviously an 

interesting solution to enhance the tracking accuracy and reduce chattering of the valves. Thus in this 

study, we investigated the use of this approach on the master-slave teleoperation system.  

 Here, the controller parameters are set up as follow for both systems 5MCS and 3MCS, i.e., ξ = 

0.5, ω = 70 rad/s, εp = 0.5 mm for the position controller, and εf = 0.1 N for the force controller. In 

addition to the 5MCS, two more parameters need to be tuned, i.e., a position threshold ε1p and a force 

threshold ε1f . Their values, which were found after many experimental trials to get the best response of 

the two systems (5MCS and 3MCS), are respectively equal to 1 mm and 0.5 N 

 Fig. 4.41 shows the master and the slave force and position tracking profiles in the 5MCS 

teleoperation system. In the PEB and FEB systems, the performance in transparency under 5MCS 

seems to be similar with that under the 3MCS (compared with Fig. 4.35–Fig. 4.37). On the other hand, 

under DFR control, less oscillation is observed in the 5MCS case than in the 3MCS case. 

 To show further benefits of the 5MCS teleoperation, we can take the transparency analysis 

beyond only studying the force and position responses. Note that the major drawback of solenoid 

valves is that they tend to switch a lot which both creates noise and non-smooth tracking behavior. 

Any improvement in this regard is highly important. We will show in the following that the 5MCS 

teleoperation results in reduced switching activities of the on/off valves while maintaining position 

and force tracking responses. To do this, a frequency analysis of the control signals (controller 

outputs) is carried out. For each of the master and slave manipulators there exist four control signals 

(U1, U2, U3 and U4), thus eight signals for the overall system. In the following, we only compare the 

spectra of U1 of the master side. Similar results can be observed for the other control signals. The 

frequency responses can be found by using the discrete fast Fourier transform fft command in Matlab. 

The spectral analysis of the control signal U1 obtained with the 5MCS and the 3MCS are shown in Fig. 

4.42.  
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Fig. 4.42.  Discrete Fourier transforms of the control signal U1 for the master manipulator:                              

3MCS (Solid), 5MCS (Dashed) 

 As it can be observed, for all three architectures (PEB, FEB and DFR), the magnitude of the 

Fourier transform of U1 is lower in the 5MCS case than in the 3MCS case over almost all frequencies, 

and especially so at high frequencies. This shows that by using two additional modes, the on/off 

activity of the valves has been reduced, which allows to provide better tracking responses with 

smoother dynamics and less oscillations, particularly over high frequencies.  

 Based on these results, it is clear that the 5MCS is an interesting alternative to save energy and 

improve the valve’s lifetime at no cost to teleoperation transparency. An area of possible future 

development is methods for adjusting the parameters ε1p and ε1f for best performance.   

VI. Conclusion 

 In this chapter, we investigate the use of pneumatic actuators with inexpensive solenoid valves 

for development of a master-slave teleoperation. To efficiently control the switching on/off valves, 

three different strategies were proposed, namely pulse width modulation (PWM), hybrid and sliding 

mode control. 

 PWM is the most popular method due to its simplicity of implementation and design. A main 

problem with this method is the chattering phenomenon that is caused by the high frequency switching 

of the valves at steady state.  

 To overcome the drawbacks of the PWM, a hybrid control theory is investigated. This technique 

not only takes into account the nonlinear behavior of the mass flow rate but also the switching control 

of the valves. In experiments, it was observed that with the four-channel bilateral teleoperation control 

architecture employing this hybrid control algorithms, satisfactory force and position tracking between 

the master and the slave is obtained under both free-motion and contact-motion conditions. 

Furthermore, the results show that an accurate tracking at steady state but also the dynamic behavior 

of the pressures are better in the case of the hybrid control than the PWM control. It is noteworthy that 
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stability analysis of the overall hybrid system has not been investigated in our study due to the 

complexity and difficulty of dealing with highly nonlinear pneumatic actuators and the discrete nature 

of force control laws. Thus, the robustness and stability analyses will be an interesting research. 

 The third proposed method is a sliding mode control that allows to perform not only the 

transparent analysis but also the stability analysis. To evaluate the efficiency of the proposed 

approach, a comparison of transparency and stability has been investigated between three control 

architectures (PEB, FEB and DFR) in a two-channel bilateral teleoperation framework. Moreover, in 

order to improve the dynamic performance and reduce the chattering problem in solenoid valve 

actuated pneumatic teleoperation systems, a five-mode sliding control scheme has been used, which 

can be considered as an extension of the three-mode sliding controller. Our study demonstrated that by 

increasing the number of possible control actions for the valves, we can reduce the valves’ switching 

activities, hence improving the valve’s life times.  

 Finally, the overall results show a feasibility of the different control laws for the pneumatic 

actuated teleoperation with cheap on/off valves. A major drawback of such components proceeds from 

the acoustic noise generated by quick switching between two operating positions, i.e. open or closed. 

Compared to the PWM strategy, the hybrid and the sliding mode controls allow to reduce this noise, 

but it still exists and can be possibly disturbing for certain applications (e.g., medical area). Therefore, 

in the following chapter, we investigate the use of proportional servovalves in the pneumatic 

teleoperation system. A comparison related to the performance between two technologies will be 

carried out. 
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I. Introduction 

 In this chapter, we investigate the use of (jet pipe) proportional servovalves on pneumatic 

bilateral teleoperation system. Advantages of pneumatic actuators driven by servovalves are well 

known as quiet, easy compliance control, smooth force and motion, etc. But for their highly nonlinear 

properties such as compressibility of air, leakages, friction effect and nonlinearity of servovalves, 

pneumatic actuators are less used in industrial applications than electric motors (Tsai & Huang 2008). 

Ampere laboratory, with its domain expertise in fluid power since 30 years, have developed and 

applied several advanced control algorithms on the pneumatic system in order to cope with some of 

above problems (Det 1991; Sesmat 1996; Brun 1999; Smaoui 2005). 

 Thanks to the advances in control theory, pneumatic actuators equipped with proportional 

servovalves have found use in various applications of haptic teleoperation in recent years. For 

instance, (Tadano & Kawashima 2007) propose a forceps manipulator for a surgical master-slave 

system, which is able to estimate external forces without using any force sensor. (Durbha & Li 2009) 

proposed a passive bilateral teleoperation system with human power amplification through pneumatic 

actuators. The input human force was amplified through the pneumatic teleoperator to provide 

assistance for the human operator in terms of performing the task (e.g. lifting a heavy object). 

(Guerriero & Book 2008) controlled the foot positions of two 3-DOF legged slave robots driven by 

pneumatic actuators. In this system, bilateral teleoperation provided force feedback to the operator 

through two PHANToM master haptic devices as a function of the foot position error. Pneumatic 

muscle actuators have been recently used in a teleoperation system (Tondu et al. 2005). They are 

compact and have high power/weight density, but they are difficult to control and require an accurate 

experimental characterization. 

 This chapter is structured as follows. First, the modeling of a pneumatic actuator composed of a 

cylinder and a proportional servovalve is presented in Section II. Section III describes a bilateral 

control strategy based on a tangent linearization of the nonlinear pneumatic model. This approach is 

then implemented in a 1-DOF master-slave robot setup. Stability and transparency analyses of the 

four-channel (4CH) closed-loop teleoperation system are investigated. In Section IV, we deal with the 

problem of force sensor-less bilateral teleoperation based on linear observers for hand force and 

environment force estimations. Experimental results demonstrate high accuracies in terms of position 

and force tracking in the teleoperation system. Finally, concluding remarks are given in Section V. 

II. Model of Pneumatic Actuator and Servovalves 

II.1. Theoretical model 

 A schematic of a 1-DOF pneumatic actuated system is shown in Fig. 5.1. The device consists of 

a double-acting cylinder, a 4-way double-pilot actuated servovalve, a position sensor, a force sensor 

and two pressure sensors.  

 Assuming that air is a perfect gas, the temperature is homogeneous in each chamber and the 

stiction force is negligible (since the pneumatic actuator used in experiment is frictionless cylinder – 

Airpel model), the fourth-order control model of the pneumatic actuator can be written as (Brun 1999) 
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where the parameter’s definitions in (5.1) is similar to those in (4.1)–(4.2) of chapter 4. Each mass 

flow rates qp and qn of the servovalve were estimated in terms of voltage control and pressure as 

following (see Appendix 1)  

3 3

0 0

( , ) i j
ij

i j

q U P a U P
 

                                                        (5.2) 

The value of coefficients aij can be found in Appendix 1. Equations (5.1) and (5.2) are implemented in 

Matlab Simulink in order to establish the model of the pneumatic actuator and the servovalve’s mass 

flow rate. In order to test its validity, this model will be compared to the real one in the following 

subsection.  
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Fig. 5.1. Electro-pneumatic system with 4-way double-pilot operated servovalve 

II.2. Comparison of simulation and experimental models 

 The theoretical model of the servovalve’s mass flow rate was justified by an open-loop control 

presented in Appendix 1. In order to complete a validation of this theoretical work, we provide here 

the results of the closed-loop position tracking for both simulation and experimental tests. The 

parameter’s values used in simulation can be found in Tab. 4.2. 
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 The experiment and simulation were run by using the sine wave test input for the desired 

position with three different frequency values, i.e., 0.1Hz (considered as a low frequency), 1 Hz 

(considered as an average frequency), and 5 Hz (considered as a high frequency). The results in terms 

of the position tracking and the pressure behavior in the chambers are plotted in Fig. 5.2 – Fig. 5.4. 

 As it can be seen in Fig. 5.2 (a), high tracking accuracy is achieved with an excited frequency of 

0.1 Hz. When the frequency is increased at 1 Hz (cf. Fig. 5.3 (a)), a small phase shift appears in the 

position response for both simulation and experimental tests. Acceptable tracking performance (i.e., 

about 10 % of error/amplitude ratio), however, is still achieved. On the other hand, at 5 Hz, the 

tracking responses are deteriorated, resulting in increase phase shift and distorted position signals, i.e. 

a loss of sinusoidal form (see Fig. 5.4 (a)). 
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(b).  Experimental and simulation pressure behavior 

Fig. 5.2.  0.1 Hz sine wave 

 From the results in Fig. 5.2 (a) – Fig. 5.4 (a), we find that for both the experimental and 

simulation tests, increasing the input frequency eventually leads to a point where the system is unable 
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to track the reference. This is due to the fact that a high enough frequency will involve high flow 

dynamics in which the servovalves cannot generate. Note that the technology of the single-stage jet-

pipe valves is usually used for delivering a relatively low mass flow rate (e.g., the 200PN model used 

in our case is limited at 22 Nl.mn
–1

 with a supply of 600 kPa). In the teleoperation system where the 

operator hand’s movement is generally slow enough (i.e., less than 2 Hz) and where the time delay of 

the transmission line is negligible, this kind of valve technology may considered to be a suitable 

solution for our first feasibility study. 
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(a).  Experimental and simulation position tracking 
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(b).  Experimental and simulation pressure behavior 

Fig. 5.3.  1 Hz sine wave 

 Fig. 5.2 (a) – Fig. 5.4 (a) show that the position response in the experiment are consistent with 

those reported in the simulation. On the other hand, the pressure behaviors are somewhat different 

between the experiment and the simulation (see Fig. 5.2 (b) – Fig. 5.4 (b)). The fact is that the pressure 

sensors were not incorporated inside the chambers, which may lead to slightly inaccurate 

measurements.  
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(b).  Experimental and simulation pressure behavior 

Fig. 5.4.  5 Hz sine wave 

 Finally, some quantitative descriptions (based on the RMS values) of Fig. 5.2 – Fig. 5.4 are 

provided in the following table. The results shows that experiment are in agreement with simulation, 

allowing to validate the theoretical models (5.1) and (5.2).  

 

 

Frequency 
Position tracking error  Error between simulation and experiment 

Experiment Simulation Position y Pressure Pp Pressure Pn 

0.1 Hz 2.8 % 2.2 % 0.5 % 1.2 % 1.1 % 

1 Hz 10.2 % 8.3 % 2 % 4 % 3.3 % 

5 Hz 95 % 93 % 2 % 6 % 30 % 

TAB. 5.1.  CLOSED-LOOP POSITION TRACKING PERFORMANCE VERSUS FREQUENCY 
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III. Bilateral Control Based Master-Slave Telemanipulator 

 The aim of this section is to describe a control strategy applied on the four-channel bilateral 

teleoperation architecture. For an easier design of the 4CH force/position controllers, a linearization of 

the pneumatic nonlinear system is carried out. An approximate linear model will be used to synthesize 

the control law implemented in the bilateral teleoperation system. 

III.1. Tangent linear model of pneumatic actuator 

 This subsection is aimed at presenting an application of the tangent linear method to pneumatic 

actuator (Richard 1990). To do this, an equilibrium point of each actuator has firstly to be determined. 

A linear model is then obtained by linearizing the nonlinear system around the equilibrium state. 

Finally, a reduced tangent model is investigated for a simplification of the control analysis in the 

teleoperation scheme (cf. section III.2).  

III.1.1. Equilibrium set 

The nonlinear model (5.1) with a single input U is rewritten as following (Brun 1999) 

( , )

( )

x f x U

z h x





                                                                      (5.3) 

where x denotes the state vector defined as ( ,  , ,  )p nx y y P P  and z denotes the single output.  

Considering the equilibrium set  

( , ) 0e e ex f x U                                                                  (5.4) 

we obtain the following condition 

   , , , 0,0,0,0e e e e

p ny y P P                                                           (5.5) 

Substituting (5.5) into (5.1) yields 
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                                                    (5.6) 

We need to determine an equilibrium point  0,  , ,e e e e

p ny P P U  that satisfied (5.6). The first equation 

of (5.6) is satisfied when the piston cylinder is locked or move slowly around the equilibrium point. 

The last two equations signify that the points defined by ( , )e e

pU P  and ( , )e e

nU P  belong to the 

experimental characteristics of pressure gain at a zero mass flow rate (see the dashed curve of Fig. 5.5 

which is derived from Fig. 3.14 (b), chapter 3). This allows to deduce the force gain characteristics 

Fext(U), always at a zero flow, where Fext = SpPp – SnPn (see the solid curve of Fig. 5.5).  

 Since the pressure gain and the force gain characteristics are monotonic and strictly increasing, 

for any equilibrium position and for a given external force there is only one equilibrium point given by 

 , 0, ( ), ( ), ( )e e e e e e e e

p ext n ext exty y P F P F U F                                         (5.7) 

 The dimension of the equilibrium set is the same as the number of state variable of the system 

(5.1), which is a necessary condition to prove that the tangent linear model is a controllable system 

(Brun et al. 1999). The last three relationships of (5.6), which can be solved graphically by using Fig. 
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5.5, allow to obtain three unknown variables ,e e

p nP P , and U
e 

of (5.7) (Sesmat & Scavarda 1998). As 

illustrated in this figure, the procedure is as follow: 

1. A fixed value of the equilibrium external force e

extF  is chosen, 

2. A value of the input control U
e
 at the equilibrium point is obtained thanks to the plot of force     

gain characteristics, 

3. The opposite of U
e
 can be easily defined, 

4. Knowing U
e
, the curve of pressure gain enables to infer the value of equilibrium pressure at 

chamber p (denotes e

pP ), 

5. Similarly, the – U
e
 value allows to determine the equilibrium pressure at chamber n (denotes 

e

nP ). 
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Fig. 5.5.  Pressure gain and force gain characteristics at zero mass flow rate 

 In the teleoperation system, the external force Fext is not fixed and it corresponds to the 

interaction force between the operator and the master (i.e., Fh = – Fext) or the interaction force between 

the environment and the slave (i.e., Fe = Fext).  A high variation or high bandwidth of Fh and Fe signals 

could result in degraded performance of the tangent linear model. However, in our case, since the 

operator and the environment forces are excited at relatively low frequencies and low amplitude (≤ 

20N), a nonlinear pneumatic actuator could be locally approximated as the linear model. In the 

following, a study on the influence of the static external force to the variation of the equilibrium 

pressures and the equilibrium control input is carried out. 

 In our case, we assuming that the force exerted by the operator (or environment) on the master 

(or slave) manipulator does not exceed 20N. Considering the hand force Fh = – Fext and Fh is within 

the interval [0 20], the variation of e

pP  and U
e
 versus e

extF  on the master side is shown in Fig. 5.6 (a). 

Similar profile on the slave side is illustrated in Fig. 5.6 (b) with Fe = Fext. Note that the operating area 

of the master and slave devices are different due to an opposite sign of the external force applied to 

each manipulator. Indeed, the hand force Fh has the same direction of the master device’s motion 

whereas the environment force Fe is defined as the contact force pushing on the slave device – 

opposite the direction of the actuator movement.  
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(a).  Master side 
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(b).  Slave side 

Fig. 5.6.  Variation of U
e
 and Pp

e
 versus external force Fext 

 As it has been seen, the maximum variation of the pressure e

pP  and the input control U
e
 are less 

than 15% of their full scale, which is considered to be small enough to ensure that the operating area 

of the master and slave manipulators is linear (see the dotted curves). Similar result can be observed 
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for the pressure e

nP . At the linear area, a slope of the force gain is proportional to that one of the 

pressure gain. Indeed, the linear relationship between the pressures and the input control lead to 

    ,    p nP U P U                                                                (5.8) 

which yields 

( ) ( )ext p p n n n p p nF S P S P S S U S S                                                      (5.9) 

If the cylinder is symmetric (i.e., Sp = Sn), U
e
 = 0 implies Fext = 0 and inversely. However, in our case, 

even when Sp = Sn, the relationship 0 0e e

extU F    is not always true (cf. Fig. 5.6). The fact is that 

in practice, experimental pressures Pp and Pn are not rigorously similar when the input control equals 

zero (cf. Fig. 3.14 (b), chapter 3). This effect is probably caused by the non-identical leakages between 

two orifices of the servovalves when the voltage U = 0. Another reason is due to the presence of 

friction in practice.  

III.1.2. Linear model setup 

 By using the first order development of the Taylor’s series around the equilibrium point (5.7), 

we obtain (Brun 1999) 

δ ( , ) ( , )
δ δ δ

( )

δ ( , ) ( , )
δ δ δ

( )

δ
δ δ δ

δ
δ

e e e

p p p p p pa
p pe

p p aee

e e e
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n ne

n n aee

p n
p n

d P q U P q U P PrT
P U S y
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P U S y
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S Sd y b
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dt M M M

d y
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   
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
 
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                     (5.10) 

with variation is near the equilibrium set  

   δ  ,  δ  ,  δ  ,  δ  ,  δe e e e e

p p p n n nP P P P P P y y y y y y U U U                     (5.11) 

The system of linear equation (5.10) can be rewritten in the matrix form as below 

1
0 0

( )
δ δ ( )

1
δ δ0 0

δ( )
( )δ δ

0δ δ0

0
0 0 1 0

e

p p

eae
pep p

p p p
e

n n
en n ae
nen n

n

p n

P S
rT

GV y
P P V y

P S
P P rTd

G UV y
V ydt y y

S S by y
M M M






 


 
    

     
     
             
     
            
   

 

                     (5.12) 

where the time constants e

p  and e

n  are given by 

        
( ) ( )

   ,    

e e
pe e n

p ne e

a p a n

V y V y

rT K rT K
 

 
                                             (5.13) 

and the sensibility coefficients of the mass flow rate with respect to the pressure ( e

pK  and e

nK ) and the 

input control ( e

pG  and e

nG )  are defined as 
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      (5.14) 

The above coefficients can be determined graphically by Fig. 5.7 which is deducted directly from Fig. 

3.17 of chapter 3 (i.e., the mass flow rate characteristics in function of pressure and voltage control). 

Note that the sensibility coefficients (5.14) are defined so as to be all positive. 
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Fig. 5.7.  Mass flow rate characteristics 
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 The model (5.12) can be put under the linear block diagram as shown in Fig. 5.8. The scheme 

consists of one parallel structure corresponding to the pressure’s dynamics of the chambers and one 

series structure that allows to link the pneumatic and mechanical parts. Note that in Fig. 5.8 we do not 

take into account the servovalve dynamics since we consider that it is fast enough with respect to the 

mechanical dynamics of the pneumatic actuator. 
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Fig. 5.8.  Linear block scheme of 4
th

 order system (5.10) 

 The following table depicts the characteristics of the master and the slave devices in two cases: 

when the slave is in free motion and when the slave is in contact with a stiff environment. In both 

cases the equilibrium position and force of the master and the slave need to be identical to ensure that 

the transparent teleoperation can be achieved.  

 Considering the equilibrium position and external force are respectively equal to 0.03 m and 0 

N in free-motion case, as well as 0.06 m and 13 N (or – 13 N) in contact-motion case, all constant 

parameters of the master/slave linear model in Fig. 5.8 can be determined based on the coefficient 

values provided in Tab. 5.2.  

 As shown on Tab. 5.2, the constant parameters of the master and slave systems are identical in 

free motion. On the other hand, in contact motion, their characteristics are slightly different, as a 

consequence of the opposite sign of the operator’s and environment’s forces.  

 From the linear scheme of Fig. 5.8, it is possible to establish the 4
th
 order transfer function between 

the input voltage and the output position. However, its literal expression is quite complex due to a 

considerable number of parameters. Therefore, in the following section, we introduce a reduced 

tangent model which is a simplified version of the 4
th
 order model and we show that both of them have 

similar behaviors. 
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TAB. 5.2.  CHARACTERISTICS OF MASTER AND SLAVE DEVICES IN FREE MOTION AND IN CONTACT OBJECT 

III.1.3. Reduced tangent linear model 

 In the case when the cylinder is symmetric (i.e. Sp = Sn) and in the absence of the external force 

(e.g. when the slave is in free motion), the equilibrium pressure of the chambers can be considered to 

be similar (cf. Tab. 5.2). This lead to an equality of the sensibility coefficients of the mass flow rate 

with respect to the pressure (i.e., e e

p nK K ) and to the input control (i.e., e e

p nG G ). As a result, the 

constants time e

p  and e

n  have the same value if the volumes of the chambers are supposed to be 

similar. By combining the state equations associated with the pressures, we can infer the acceleration’s 

dynamics and obtain directly the reduced model of position, velocity and acceleration. According to 

(Brun et al. 1999), using the acceleration feedback instead of the pressure feedbacks or the differential 

pressure feedback can be justified by the fact that an external perturbation force quickly influences on 

the acceleration.  

 When the slave is in contact with the environment, the external forces exerted to the master and 

slave devices does not equal to zero. As a result, the characteristics of the chamber p and n are not 

identical, i.e. e e

p nP P , e e

p nK K , and e e

p nG G . Furthermore, since the volume chambers are not 

always assured to be equal, the time constants e

p  and e

n  can be found different (cf. Tab. 5.2). To 

obtain a third-order model with position, velocity and acceleration state variables, (Kellal et al. 1986) 

proposed to replace the time constant of each chamber by an average time constant e

a  (called 

geometric mean) as following 

1 1 1 1

2e e e

a p n  

 
  

 
 

                                                             (5.15) 

 Fig. 5.9 shows the evolution of the time constants e

p , e

n  and their geometric inverse mean e

a  

versus the master’s and slave’s positions in free motion and in contact motion. As it can be seen, 

different values between e

p  and e

n  are highlighted when the piston arrives to the extremity.  

Parameter 
Value (Free motion) Value (Contact object) 

Unit Description 
Master Slave Master Slave 

Fext
e 0 0 – 13 13 N Equilibrium external force 

ye 0.03 0.03 0.06 0.06 m Equilibrium position 

Ue 0.5 0.5 – 1.05 2.2 V Equilibrium input voltage 

Pp
e 4.1 105 4.1 105 3.8 105 4.4 105 Pa Equilibrium pressure Pp 

Pn
e 3.9 105 3.9 105 4.2 105 3.6 105 Pa Equilibrium pressure Pn 

τp
e 0.052 0.052 0.092 0.085 s Time constant of chamber p 

τn
e 0.066 0.066 0.032 0.041 s Time constant  of chamber n 

Kp
e 1.63 10–9 1.63 10–9 1.50 10–9 1.63 10–9 Kg.s–1.Pa–1 Sensibility coefficients dq/dP 

Kn
e 1.72 10–9 1.72 10–9 1.88 10–9 1.45 10–9 Kg.s–1.Pa–1 Sensibility coefficients  dq/dP 

Gp
e 3.04 10–5 3.04 10–5 2.83 10–5 2.89 10–5 Kg.s–1.V–1 Sensibility coefficients  dq/dU 

Gn
e 2.92 10–5 2.92 10–5 3.15 10–5 3.28 10–5 Kg.s–1.V–1 Sensibility coefficients  dq/dU 
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Fig. 5.9.  Time constant versus position: τp (square), τn (circle), τa (solid). 

 Finally, the fourth-order model (5.12) can be simplified by the third-order model as  

2
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                              (5.16) 

where ψ is the gain and ωcyl is the angular frequency of the cylinder which are defined by 
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                                                  (5.18) 

 Fig. 5.10 depicts the linear block diagram of the reduced model (5.16). 
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Fig. 5.10.  Block scheme of reduced linear model (5.16) 
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In Fig. 5.10, the open-loop pulsation ωol is given by 

2

ol cyl e

a

b

M
 


                                                               (5.19) 

where ωcyl  was defined in (5.18). Thus, the damping coefficient can be written as 

1 1

2
ol e
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b

M


 

 
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 
                                                       (5.20) 

Consequently, the third order transfer function A(s) is established by 

          
 2 2
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( )

( ) 2 ol ol ol

Y s
A s

U s s s s



  
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                                        (5.21) 

The constant parameter’s values of the reduced model (Fig. 5.10) is provided in the below table. Note 

that the open-loop pulsation ωol is relatively high since the moving mass and the volume chambers are 

small. 

 

 
TAB. 5.3.  CHARACTERISTICS OF MASTER AND SLAVE REDUCED MODEL 

 Fig. 5.11 illustrates the frequency responses of the 3
rd

-order and 4
th
-order models for the master 

and slave in free-motion and in contact-motion conditions. For all cases, the behaviors of these two 

models are perfectly similar, showing an excellent approximation of the reduced system (5.16). By 

using Matlab, we found that the 4
th
-order transfer function has four poles, and one zeros which is very 

close to one of the four poles. As a result, the 4
th
-order model can be simplified as the 3

rd
-order model. 

 Since the master and the slave manipulators are identical and since their variation of force and 

position between the contact–motion and free-motion modes are small enough, the frequency 

responses of the (reduced) tangent linear model can be considered to be similar for the four cases (see 

Fig. 5.11). It is therefore possible to utilize only one model where each parameter τa
e
, ψ, ωol, and ξol is 

calculated as an average value of the four values provided in Tab. 5.3. Setting τa
e
 = 0.055 s, ψ = 620, 

ωol = 148, and ξol = 0.9 yields 

 2

620
( )

268.2 22201
A s

s s s


 
                                               (5.22) 

Parameter 
Value (Free motion) Value (Contact object) 

Unit Description 
Master Slave Master Slave 

τa
e 0.058 0.058 0.047 0.055 s Average time constant 

ψ 560.5 560.5 667.4 691.2 m.s–3.V–1 Gain 

ωol 143.5 143.5 155.8 150.6 rad.s–1 Open-loop pulsation 

ξol 0.93 0.93 0.86 0.89  Damping coefficient 
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Fig. 5.11.  Frequency analysis of the 3
rd

 model (circle) and the 4
th

 model (dotted)  

III.2. 4CH teleoperation controller design 

 The 4CH master-slave teleoperation schemes are obtained with the pneumatic linear model 

(5.21), as illustrated in Fig. 5.12.  
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Fig. 5.12.  4CH bilateral teleoperation block diagram with pneumatic linear model 
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 In free motion, since the operator and the environment forces equal zero (i.e., Fe = Fh = 0), the 

master-slave scheme can be simplified as shown on the following figure. 
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Fig. 5.13.  Master and slave schemes in free motion   

It has been seen in Fig. 5.13 that each of the master and the slave manipulators in free motion has the 

closed-loop transfer function 

,

,

,

( ) ( )
( )

1 ( ) ( )

p i

y i

p i

A s C s
H s

A s C s



                                                        (5.23)                                                               

where i denotes m (master) or s (slave). For the sake of simplicity, the position controller Cp,i of the 

master and the slave are chosen to be similar and they can be designed as a simple gain as following  

, ,p m p s pC C K                                                             (5.24)  

Substituting (5.21) and (5.24) into (5.23) yields 

, 3 2 2
( )

2

p

y i

ol ol ol p

K
H s

s s s K



   


  
                                               (5.25)                                                               

The stability of the closed-loop transfer function Hy,i  is determined by its poles or simply the roots of 

the characteristic equation D(s) = 0 where D is the denominator of Hy,i. For stability, the real part of 

every pole must be negative. According to the Routh-Hurwitz criterion for the third-order polynomial, 

i.e., D(s) = a3s
3
 + a2s

2
 + a1s + a0, all the roots are in the left-half plane if all the coefficients satisfy  

                           
1 2 0 3

0, 0 3ia i

a a a a

  




                                                              (5.26) 

The first relationship in (5.26) is verified since all parameters ωol, ξol, ψ, and Kp are positive. The 

second relationship is equivalent to 

32 ol ol pK                                                                 (5.27) 

Thus, a theoretical condition of the gain Kp in which the system is stable is  

32
9604ol ol

pK
 


                                                            (5.28) 

In practice, the stability condition (5.28) is stricter, i.e. the maximum value of Kp is largely smaller 

than 4220. The position controller of the master and the slave is experimentally chosen equal to 600 in 

order to provide a smooth response without overshoot, i.e., 

      , ,  600p m p sC C                                                       (5.29)          

In this case, the free-motion closed-loop transfer function of the master and the slave Hy,i has one 

stable simple pole (i.e., – 222) and two stable imaginary poles (i.e., – 23 ± 40 j).   

                                       

 The force controller is chosen to be scalar as follows 
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, ,  ( )  f i f iC s K                                                                 (5.30)                                                                     

where Kf,m  and  Kf,s  are proportional gain respectively equals to 0.5 and 0.1. These values are chosen in 

order to obtain the best trade-off between the tracking performance and the saturation problem of the 

control voltage Um and Us.  

III.3. Experiment and discussions 

III.3.1. Experimental setup 

 The experimental setup of the 1-DOF teleoperation system is similar to the one presented in 

chapter 4, section IV.1.4.1. The difference in this case is that two servovalves are employed for the 

control of mass flow rate in place of four solenoid valves. Experiments are conducted under a supply 

pressure of 520 kPa, which was used for the valve’s characterizations (cf. chapter 3, section V.1.2). A 

photograph of the experimental setup is shown in Fig. 5.14. 
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Fig. 5.14.  Teleoperation experimental setup using electro-pneumatic servovalves 

III.3.2. Experimental results 

 In this subsection, transparency and stability analyses of the closed-loop teleoperation system 

are carried out. The proposed linear controller design is experimentally tested on a single-degree-of-

freedom pneumatic teleoperation system shown in Fig. 5.14. 

III.3.2.1. Transparency analysis 

III.3.2.1.1 Time domain 

 Fig. 5.15 shows the force and position tracking responses of the 4CH scheme experimentaly 

obtained, in which the controller parameters Cp and Cf are set as (5.29) and (5.30). It can be seen that 

the proposed control law ensures a good agreement between the operator and the environment forces 

under hard contact motion. Also, a good performance of the master and the slave positions in free 

motion is achieved.  
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(b). Position tracking 

Fig. 5.15.  Transparency achieved with experimental 4CH teleoperation systems using servovalves  

 The nonzero values of Fh even when the slave is in free space, is due to the high leakage of the 

jet pipe technology employed in the servovalves. Indeed, both chambers of the cylinders are 

pressurized even when the voltage level is equal to zero (i.e., Pp = 410 kPa and Pn = 425 kPa when U 

= 0). It can be observed that the pressures Pp and Pn are found slightly different as a consequence of 

the non-identical leakages between the orifices p and n. This explains the fact that the operator may 
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feel a constraint force even when the slave is not in contact with the environment. As a result, he/she 

has to apply a higher force in order to overcome this constraint. This aspect can be seen in Fig. 5.16 

where in free motion, the variations of the pressures of the master are more significantly than those at 

the slave. 

 As it has been seen, Fig. 5.15 shows a significant change in the force level when the slave robot 

makes contact with the environment (from free motion to contact motion). During contact motion, the 

slave’s force increases to the level that cannot be overcome by the operator. This means that the 

operator did not make the slave manipulator apply increasingly higher forces on its environment once 

the operator’s hand received force feedback. The fact that the position profiles remain constant during 

the contact mode is simply because under hard contact the slave cannot penetrate the environment 

regardless of the operator’s force. The resulting position and force profiles for the master and the slave 

robots are consistent with those reported in similar papers in the teleoperation control research 

(Sirouspour et al. 2000; Hashtrudi-Zaad & Salcudean 2002; Lee & Li 2005).  

  Note that the position range of the master and the slave actuators is inside the interval [0.01, 

0.05 m] in free motion, and around the 0.06 m level in contact motion. This allows to validate a choice 

of the equilibrium position provided in Tab. 5.2. Similar remarks can be observed for the force profile 

where the equilibrium state in free motion and in contact mode respectively varies around 0 N and 13 

N. 

 Fig. 5.17 depicts the evolution of the voltage control signals Um and Us whose level in steady 

stead (contact mode) of the master and the slave respectively equal –1.1 V and 2.2 V. These 

experimental values are in agreement with the theoretical work presented in section III.1 (see Tab. 

5.2). On the other hand, the experimental pressure levels at steady state for both master and slave 

actuators as illustrated in Fig. 5.16 are not consistent with those in Tab. 5.2. This is due to the 

inaccuracy of the pressure measurements since the pressure sensors can not be implemented inside the 

cylinder chambers (cf. section II.2). 
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Fig. 5.16.  Pressure versus time of the master and slave devices actuated by servovalves 

 In order to evaluate the servovalve’s performance used in the pneumatic teleoperation systems, 

a comparison of it with the solenoid valve (chapter 4, section IV.2.3.1) is carried out. Among the 

different control laws based on the on/off valves, the hybrid approach is chosen as it is considered to 

be the most appropriate for achieving good transparent teleoperation under bilateral 4CH control (see 

Tab. 4.3, chapter 4). Tab. 5.4 shows the force and position tracking errors (RMS values) in both 
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contact motion and free motion. The results indicate that both fast switching on/off valves and 

proportional servovalves allow to obtain acceptable transparency (i.e., tracking error is less than 5 %). 

However, the motion and the force profiles of the master and slave actuators are smother when using 

the servovalves. This aspect can be observed on Fig. 5.16 and Fig. 5.18 where the pressures of the 

master and slave actuators in the servovalves are less oscillating than in the discrete on/off valves. 
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Fig. 5.17.  Voltage control signals Um and Us 
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Fig. 5.18.  Pressure versus time of the master and slave devices actuated by solenoid valves 
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 To better evaluate the performance of the different valve’s technologies, we also provide in Tab. 

5.4 some human opinions about the perception quality through the master haptic interface. They all 

found that the teleoperation system with the servovalves lead to better sensation of contact force 

because no chattering and vibration are present as with the on/off valves. Another improvement of the 

servovalves is a significant reduction of the audible noise. It is interesting to note that in our case, 

performance in terms of tracking errors is better in the on/off valve case than in the servovalve case. 

Indeed, the servovalves with smaller mass follow rate capability produce some delays in the force and 

position responses, resulting in higher tracking error. This can be improved by choosing other 

servovalves with higher follow capability.  

 

 

 
Force  

(contact motion) 

Position  

(free motion) 

Position 

(contact motion) 
Human opinions 

On/off valves  

(4CH) 
0.2 N (3.4 %) 1.1 mm (4.1 %) 0.4 mm (0.7 %) 

 In free motion, operators feel a little 

chattering and vibration in motion. 

 In contact motion, interaction force 

between slave and environment is well 

reflected to the operator. However, 

chattering increases when level of 

operator’s force increase.  

 Acoustic noise is undesirable. 

Servovalves 

(4CH) 
0.8 N (7.3 %) 2.5 mm (9.6 %) 

0.5 mm (0.85 

%) 

 Chattering and undesirable acoustic noise 

significantly decrease. 

 Motion is smoother → no ripple neither 

oscillation in position signals. 

 In free motion, operators feel “sticky” 

forces (i.e. due to leakage of servovalve) 

again them and it makes them difficult to 

realise the movement.  

 In contact motion, better perception is 

obtained.  

TAB. 5.4.  PERFORMANCE COMPARISON BETWEEN ON/OFF VALVES AND SERVOVALVES 

III.3.2.1.2 Frequency domain 

 To further investigate the teleoperation system transparency based on the four-channel 

architecture, a frequency analysis of the H-matrix parameters in terms of amplitude and phase-shift is 

carried out. The free motion and hard contact tests’ data in Fig. 5.15 allow to fully identify the 

teleoperation system’s H-matrix elements (h11, h12, h21, h22) as following 

1. The transfer functions h11 and h21 can be determined, according to 
11 0e

h m F
h F Y


  and 

21 0e
s m F

h Y Y


   , via free-motion test data (Fe = 0).  

2. The transfer functions h12 and h22 ( 12 0m
h e Y

h F F


  and 
22 0m

s e Y
h Y F


  ) may be obtained while 

the master robot is locked (i.e., ym = 0) and a force is applied onto the slave end-effector. 

However, it is difficult to guarantee that the master robot does not move when the measurement 

of Fh is obtained. Therefore, it is preferable to use the constraint ys = 0 instead of ym = 0; in 

practice, achieving ys = 0 is easy since it is merely making the slave robot contact a hard surface 

(Aliaga et al. 2004). Consequently, while h11 and h21 are found from free-motion experiments, 

h12 and h22 can be obtained by using the contact-mode test data and the 

relationships
11 /h e m eF F h Y F   and  

21 /s e m eY F h Y F  . 

 The transparency analysis in frequency domain obtained with the tangent linear control is 

shown in Fig. 5.19. According to chapter 2, section II.6, perfect transparency is achieved if and only if 

the H-matrix has the following form: 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0131/these.pdf 
© [M-Q. Le], [2011], INSA de Lyon, tous droits réservés



Chapter 5: Bilateral Control of a Pneumatic-Actuated Teleoperation System with Proportional Servovalves 

- 169 - 

             
ideal

0 1

1 0
H

 
  

 
                                                               (5.31) 

 As it can be observed in Fig. 5.19 (a), the magnitude of |h21| and |h12| spectra are close to 0dB, 

showing excellent tracking in terms of force and position for a wide bandwidth up to 100 rad/s. As 

expected from (5.31), low values of the output admittance (h22) show that the slave’s movement in 

response to external force disturbances quickly converges to zero when the master is locked in motion. 

With regard to h11, due to the mass of the handle between the force sensor and the operator's hand as 

well as the leakages of the jet pipe servovalves, the input impedance 
11 h mh F X is identified less 

accurately than the other parameters, especially over high frequencies.  

 Fig. 5.19 (b) depicts the phase-shift analysis of the H-parameters, which is an alternative of the 

amplitude analysis illustrated in Fig. 5.19 (a).  

 It has been seen that the phase-shift level of the four H-matrix elements is close to zero over low 

frequencies, resulting in a non-delay position and force tracking between the master and the slave. On 

the other hand, over high bandwidth, the phase-shift is slightly increased. This effect is in agreement 

with the results provided in Tab. 5.1, where the delay of the position responses is increased in function 

of the excited frequency. 
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Fig. 5.19.  Frequency analysis of the H-parameters 

III.3.2.2. Stability analysis  

 The necessary and sufficient condition for the absolute stability of the 4CH teleoperation system 

of Fig. 5.12 under ideal transparency is that all following conditions of the Llewellyn criterion (see 

chapter 2, section V.2) are fully met. 

6. h'11(s) and h'22(s) have no poles in the right half plane; 

7. Any poles of h'11(s) and h'22(s) on the imaginary axis are simple with real and positive 

residue; 

8. For s = jω and all real values of ω 

 

11

22

11 22
12 21

12 21

( ' ) 0

( ' ) 0

( ' ) ( ' )
cos arg( ) 2  ,     1

h

h

h h
h h

h h
 

 

 

 
   

                            (5.32)         

where (.)  and | . | are respectively the real and the absolute values, and h'11(s) and h'22(s) are 

normalized as  

11 11 22 22' /     ,     'h h s h h s   

Since in our case, the two-port network is feed by the position signals and not the velocity signals, the 

elements h'11(s) and h'22(s) are used instead of h11(s) and h22(s) as shown in the Llewellyn criterion.  

 Considering the relationship of the controllers established in chapter 4 section IV.2.1  

1 4 6 2 5 3   ,     ,   1   ,   1      s p m p f fC C C C C C C C C C C C              (5.33) 

and the expressions of the H-matrix parameters in chapter 2 (section III.1, equation (2.10)) 
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   

   

11 1 4 12 2 5 4

21 3 6 1 22 2 3 5 6

/                ,        (1 ) /  

(1 ) /     ,        (1 )(1 ) /   

ts tm ts

tm

h Z Z C C D h Z C C C D

h Z C C C D h C C C C D

    

        
 

where Zts = Zs + Cs, Ztm = Zm + Cm , and D = – C3C4 + Zts (1 + C6) with D ≠ 0. 

The equations of the H-matrix elements can be simplified to 

11 12 21 22/  ,  1 ,  1 ,  0  fh Z C h h h                                             (5.34)         

where Z = Zs = Zm  = Ms
2
 + bs and Cf  is a scalar. As a result, we have 

11 12 21 22' ( ) /  ,  1 ,  1 ,  ' 0  fh Ms b C h h h                                      (5.35) 

From (5.35), it can be easily demonstrated that all Llewellyn conditions are satisfied. As a result, the 

4CH teleoperation system is absolutely stable. 

 It is interesting to notice that when ideal transparency is achieved (5.33), the equality of the 

three last equations in (5.32) occurs. This means that the perfectly transparent system is marginally 

absolutely stable. As a result, to have a higher stability robustness, perfect transparency has to be 

compromised. This is one of illustrations of the classical trade-off between stability and performance. 

Another explanation is that, in bilateral teleoperation, it has been proved that a profitable manner for 

increasing system transparency is to reflect back to the operator information about the force applied to 

the environment. On the other hand, it results that the force reflection gain, i.e. the gain which gives 

the operator the feeling of the interaction, may destabilize the systems (Melchiorri 2003). As a matter 

of fact, in traditional force reflection teleoperation, where force reflection is obtained by a direct 

feedback of the measured force signal, in order to have stability the force reflection, this gain should 

be maintained relatively low. This is, however, often not sufficient for a significant force feedback, 

which results in degraded transparent teleoperation. 

 The third expression of the Llewellyn criterion can be verified by using the experimental data as 

shown in Fig. 5.20. Good results have been achieved within a bandwidth up to 10
4
 rad/s. 
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Fig. 5.20.  Stability analysis of the linear teleoperation system based on Llewellyn’s criterion. 
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IV. Bilateral Control Based on Force Observer 

 It is well-known that haptic teleoperation systems exploit information regarding the external 

forces (Lawrence 1993; Yokokohji & Yoshikawa 1994; Hokayem & Spong 2006). For instance, 

implementation of transparent bilateral teleoperation controllers require operator and environment 

contact forces to be measured and transmitted to slave and master manipulators, respectively. In some 

teleoperation applications, when force sensors are expensive, cumbersome and susceptible to overload, 

hand observer (HOB) as well as environment observer (EOB) becomes a good alternative for force 

estimation. Nonetheless, as mentioned in chapter 3, section IV.2, a main drawback of the force 

observers is that they are generally designed based on the exact knowledge of the master-slave 

dynamics and kinematics, which are sometimes difficult to determine. 

 Generally, in the HOB and EOB schemes, operator/master and slave/environment contact forces 

are dynamically observed by using position and velocity information as well as torque/force control 

signals. (Huang & Tzeng 1989) proposed a stable observable model-based state to estimate the contact 

force in a force control scheme. (Lee et al. 1993) employed a joint torque disturbance observer, 

knowing robot dynamics model parameters, to estimate the external reaction force and to achieve high 

accuracy in robot trajectory tracking. (Hacksel & Salcudean 1994) proposed a simplified dynamics 

state observer to predict contact forces with an accurate dynamics model as well as joint measured 

angles and applied actuator torques. Although robot dynamic equations were required, (Eom et al. 

1998) assumed that precise knowledge of the manipulator or haptic interface model is difficult to 

identify. Therefore, they proposed a steepest descent optimization method that adjusts inaccurate 

dynamic parameters to improve force estimation performance.  

 In this section, we deal with the problem of bilateral teleoperation in force-sensor-less device 

setups. To do this, we develop and implement in the four-channel bilateral teleoperation system an 

algorithm for force estimation, which is based on the linear Nicosia’s observer (Nicosia & Tomei 

1990). Such kind of observer has been chosen due to its simplified implementation where no velocity 

measurements are required. Finally, discussion on the transparency in terms of position and force 

tracking of the entire closed-loop haptic teleoperation system is carried out.  

IV.1. Implementation of the HOB and EOB schemes 

 Before developing the observers, an observability analysis of the pneumatic system needs to be 

investigated. For more details, the reader can refer to (Richard 1990). 

 Since the master and slave devices respectively interact with the operator and environment, their 

dynamics dependent on the external forces  fh and  fe as given by following 

, ,

, ,
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   
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                                            (5.36) 

Choosing the state variables x1m = ym and 2m mx y  for the master controller, and x1s = ys and 2s sx y  

for the slave controller, we have 

1 2

1

2 2( )

m m

m m P h m

x x

x M f f bx






  
                                                 (5.37) 

1 2

1

2 2( )
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s s P e s

x x

x M f f bx






  
                                                  (5.38) 

where  fm∆P = SpPp,m – SnPn,m  and  fs∆P = SpPp,s – SnPn,s.    

 An estimation of the hand force fh (HOB) based on the Nicosia’s observer can be achieved as 

following  
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                                            (5.39) 

where k1m and k2m are positive constant. 

Similarly, the controller for environment-force estimation (EOB) should be written as 

  

1 2 2

1

2 1 2
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s s s s
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                                               (5.40) 

where k1s and k2s  are positive constant.  

 From the second derivative of the third expression in (5.39), we obtain 

1 1̂m m me x x                                                                      (5.41) 

Substituting (5.37) and (5.39) into (5.41) yields 

2 2 2
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                     (5.42) 

It can be shown that the hand observer is asymptotically stable and its second-order error equation is 

2 1m m m m m hM e M k e k e f                                                           (5.43) 

In the same way, from (5.38) and (5.40), a relationship between the environment force fe and the 

motion of the slave manipulator can be given by 

2 1s s s s s eM e M k e k e f                                                            (5.44) 

In steady state (e.g., in a hard contact), 0m me e  and 0s se e  . Therefore, the hand force and the 

environment force are respectively estimated at low frequencies as  

1h m mf k e                                                                    (5.45) 

1e s sf k e                                                                      (5.46) 

 Generally, the gains k1m and k1s are usually chosen relatively high in order to improve the force-

estimation performance. This technique is called high gain linear observer and was proposed by 

(Nicosia et al. 1990). When k1m and k1s are high enough, the velocity terms bx2m and bx2s of the second 

expressions in (5.39) and (5.40) may be negligible compared to the observed forces k1mem and k1ses. As 

a result, the controllers HOB and EOB can be simplified as  
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2 1
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This allows to remove the velocity measurements and therefore, only position and pressure 

information are required to design the observers (5.47) and (5.48) (see Fig. 5.21).  
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  (a).  Observer HOB (5.47)                                                             (b).  Observer EOB (5.48)  

Fig. 5.21.  HOB and EOB schemes based on the Nicosia’s observer 

The implementation of the observers HOB and EOB in the 4CH teleoperation architecture of Fig. 5.12 

is illustrated in Fig. 5.22. The “bilateral control” block depicted in Fig. 5.22 consists of the position 

and the force controller parameters (i.e., Cp,i and Cf,i) whose expression can be found in (5.29) and 

(5.30), respectively.  
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Fig. 5.22.  Observer for estimating externally applied forces of teleoperation system 

 Using the observer’s error dynamics (5.43) and (5.44), the gains k1m, 2 12 /m mk k M , k1s, and 

2 12 /s sk k M  are empirically chosen such as the master and slave observers have very fast critically 

damped poles at (– 2000, – 2000) and (– 300, – 300), respectively. It is noteworthy that the controller 

gains of the HOB are not similar to that ones of the EOB due to the difference of the hand’s dynamics 
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and environment’s dynamics. Consequently, the value of the controller gains are shown as on the 

below table.  

 

 

k1m k2m k1s k2s 

8 105 4 103 18 103 6 102 

 TAB. 5.5.  VALUE OF GAINS 

IV.2. Experiment results 

 The experimental setup of this test bed is similar to the one presented in section III.3.1. The 

only difference in this case is that observers are used in place of force sensors for an estimation of the 

hand force fh and the environment force fe. The force sensors are still, however, mounted at the 

master’s and slave’s end-effectors in order to compare the actual force measurements and the observed 

forces.  

 Fig. 5.23 depicts the master and the slave force and position tracking profiles in free space and 

in contact motion for the 4CH teleoperation system. Note that the force signals of Fig. 5.23 (b) are 

built from the observers HOB and EOB of Fig. 5.21. As it can be seen, good position and force 

matching at the master and slave sides ensure that the operator accurately feels the slave/environment 

interaction. Such a good transparency was made possible thanks to the choice of the controller 

performance Cp and Cf  in the four-channel bilateral teleoperation.  
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(b).  Hand and environment estimation forces 

Fig. 5.23.  Position and force responses of the 4CH teleoperation system  

 Fig. 5.24 shows a comparison between the force sensor measurement and the force observation 

of the operator’s hand and the environment. It can be seen that the EOB system displays a superior 

force estimation performance compared to the HOB. This can partially be attributed to the fact that in 

the contact mode, the human hand’s dynamics is relatively high with respect to the observer’s 

dynamics (5.43). It means that over high frequencies, the hand force observation (5.45) is less 

accurate, resulting in degraded human haptic perception. Contrary to the operator, the environment 

does not introduce any exogenous force to the system, i.e. fe* = 0 and fh* ≠ 0. As a result, its dynamics 

is considered to be slower than the human’s one. This leads to an easier and more accurate estimation 

of the EOB observer with respect to the HOB. Moreover, as discussed previously (section III.3.2.1), 

due to the high leakage problem of the jet pipe servovalves, the input force level of the operator fh 

becomes higher in order to overcome the constraint caused by the leakage. Consequently, there is an 

increase error of the hand observation.  

 The force observation can be enhanced by improving the performance of the servovalve such as 

decreasing the leakages or increasing the mass flow rate. Indeed, smaller leakages lead to smaller 

input hand force level thus smaller observation errors. Besides, higher mass flow rate results in faster 

observer dynamics, especially in transient where the movement and the force vary quickly.  

 It is clear that the servovalves used in experiment are not the most appropriate for achieving 

high performance in force estimation but they allow us to validate the feasibility of the control law in 

the force-sensorless teleoperation system. 
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Fig. 5.24.  Force response performance of observer-based-controllers.  

V. Conclusion 

 In this chapter, pneumatic actuators with proportional servovalves were chosen for feasibility 

study of a master-slave teleoperation system. For an easier design of the bilateral force/position 
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controllers, a linearization of the pneumatic nonlinear system was carried out. The control approach 

based on a reduced tangent model was implemented and validated in a 1-DOF master-slave robot 

setup. Thanks to the linearized pneumatic model, stability and transparency analyses of the four-

channel closed-loop teleoperation system were easily investigated. 

 In experiments, it was observed that with the four-channel bilateral teleoperation architecture 

employing the linear control approach, acceptable force and position tracking between the master and 

the slave was obtained under both free-motion and contact-motion conditions. The results show that 

the tracking performance is less accurate in the servovalve case than in the solenoid valve case. 

However, the use of the proportional servovalves allows a better dynamics in pressures. This leads to 

an enhancement of the haptic teleoperation performance as well as the human’s perception. Moreover, 

the use of servovalves allows to reduce significantly the acoustic noise compared to the on/off valves. 

 In bilateral teleoperation control, to reduce the dynamic influence of the device within the 

feedback given to the human, most master devices are lightweight to have low inertia or specific 

kinematic structures to compensate their own weight. As a result, normally no force sensor is 

integrated into the master device (e.g., the Phamtom of SensAble). Concerning the slave device, in 

some applications (e.g., surgery), the use of force sensor at the end of the instrument manipulator (e.g., 

forceps) can make the sterilization process difficult. Therefore, another aspect of our work consists in 

using observers for an estimation of both operator and environment forces. Experimental results show 

that acceptable teleoperation transparency based on a simple Nicosia observer and a linear control 

approach can be achieved. Furthermore, good agreement between the observed force and measured 

force of the environment was obtained. On the other hand, the hand force estimation is degraded but it 

can be again improved by using other servovalves that have higher flow capability and less leakage. 

Finally, the overall results demonstrated a feasibility to deal with the force-sensorless teleoperation 

setups equipped pneumatic actuators and proportional servovalves. While the proposed force observer 

in this chapter is based on the measurement of two pressure sensors, an aspect of future work is to 

extend the method by using only one pressure sensor in order to reduce the cost of overall system. 
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 Conclusions and Perspectives 

I. Contributions 

 A main objective of our work is to investigate the control of electro-pneumatic actuators in a 

haptic teleoperation system. For this, a 1-DOF experimental setup, which consists of two identical 

master and slave manipulators, has been designed and built at the Ampere Laboratory. In the 

following, we provide a resume of our contributions in the course of this thesis. Perspective and future 

works will be conducted at the end of the chapter.  

 

 After giving a general overview of haptic device (i.e. haptic-rendering algorithms, human-

sensing capabilities, and design requirements), chapter 1 presents a comparison of different actuation 

haptic technologies. It has been seen that electrical motors are the choice of most commercially 

available haptic interfaces as they are simple and capable of providing high bandwidth at relatively 

low cost and maintenance. Nonetheless, they can exhibit some level of torque ripple, backlash and 

high inertia. On the other hand, pneumatic actuators, which are able to drive higher mass-to-force ratio 

and simplify compliance control, can be an interesting solution for some haptic applications. However, 

they suffer from common drawbacks including friction and limited bandwidth. Also, from a control 

perspective, controlling a pneumatic actuator is a challenge because the system dynamics are highly 

nonlinear. In this study, pneumatic actuators are utilized for our future development in order to carried 

out a first feasibility study and propose an alternative to electric motors. 

 

 Bilateral master-slave teleoperation is considered to be one of the most promising application 

areas in robotics field. However, a major shortcoming of the present generation of teleoperation 

system is the lack of haptic feedback, i.e., the operator is not able to feel what he/she is touching while 

performing a task. Establishing the haptic sensation in the teleoperation system has attracted attention 

of many researchers during the last twenty years, since it presents interesting theoretical challenges 

and is crucial in many applications (e.g., minimally-invasive surgery). In order for readers to better 

understand the principle of bilateral master-slave systems, chapter 2 provides some basic concepts of 

the haptic teleoperation such as linear modeling of different blocks (i.e., operator, environment, 

controller, master, and slave), and comparison of different control architectures based on some 

performance criteria. These criteria can also be used for the proper tuning of the parameters 

characteristic of each scheme, on the basis of the overall design specifications (e.g. stability, 

transparency, bandwidth, tracking performances, etc.) 

 

 After defining specifications of the 1-DOF pneumatic system, chapter 3 is dedicated to the 

selections as well as the characteristics of different components such as actuators, sensors, and valves.  

 As any actuators, the pneumatic cylinders have some drawbacks, in particular friction effect 

which may lead to deteriorated performance of haptic interface. In order to minimize this 

disadvantage, a low-friction cylinder was selected.  

 Besides the actuation, sensing is also an essential part as regard to the performance of haptic 

control. This chapter therefore presents features of three types of sensors (i.e. position, force and 

pressure). These sensors were chosen to have high bandwidth and high accuracy, and also to satisfy 

the previously-defined specifications. Generally, only position and force measurements are sufficient 

to achieve ideally transparent bilateral teleoperation system. However, the use of pressure sensors in 

pneumatic systems allows improving the control performance and offering a possibility to remove the 

force sensors which are relatively expensive and complex to implement.  

 The final part of this chapter aims at providing a description of different valve technologies, i.e. 

servovalves and on/off solenoid valves. Generally, the solenoid valves performance is not on par with 
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that in the servovalves due to the discrete-input nature of the system. Nonetheless, thanks to the 

development of high-performance materials, fast electronic components and enhanced mechanical 

design, the solenoid valves now are faster and more accurate than the former valves. Actually, when 

the dynamics of the on/off valves is high enough, their discrete mass flow rate can be considered 

continuous, allowing them to achieve acceptable performance. As a result, a solution of fast switching 

on/off valve is chosen in this study. Finally, in order to control efficiently the servovalves and solenoid 

valves, a study characteristics of each technology was carried out, which is considered to be an 

essential stage in pneumatic control. 

 

 Chapter 4 deals with the nonlinear pneumatic teleoperation system under discrete control 

caused by solenoid valves and showed that acceptable tracking performance could be achieved with 

such a system. While traditional bilateral control (i.e., 4-channel, 3-channel, and 2-channel 

architectures) has been used mostly for linear/linearized teleoperation systems in the literature, we 

have extended the use of it to a fully nonlinear teleoperation system. Notably, the nonlinear 

characteristics of a pneumatics actuator are heightened when it uses on/off solenoid valves instead of 

proportional servovalves (which would also result in nonlinear dynamics). To efficiently control the 

switching on/off valves, different strategies were proposed, i.e., pulse width modulation (PWM), 

hybrid algorithm, and sliding mode control.  

 PWM is the most common method for controlling discrete systems thanks to its simple design. 

Chattering phenomenon caused by high frequency switching of the valves (in steady state as well as in 

transient) is considered to be a major drawback of the PWM in the case of pneumatic system.  

 Another control strategy was therefore investigated, i.e. a hybrid algorithm, in order to 

overcome the downsides of the PWM. This control approach were implemented and validated on a 1-

DOF master-slave experimental setup. It was observed that with the four-channel bilateral 

teleoperation architecture employing the hybrid control algorithms, satisfactory transparency is 

obtained under both free-motion and contact-motion conditions. Moreover, experimental results 

indicate that, in addition to high improvements in force and position tracking, the proposed hybrid 

approach achieves smoother pressure dynamics compared to the PWM control. Consequently, this 

allows to reduce the chattering and enhance the transparent teleoperation.  

 An alternative to the hybrid strategy of a pneumatic actuator with on/off valves is to use 

methods based on sliding mode control law. To evaluate the efficiency of the proposed approach, 

transparent and stability analyses have been investigated on three control architectures (Position-Error-

Based, Force-Error-Based and Direct-Force-Reflection systems) in a two-channel bilateral 

teleoperation framework. The drawbacks of the PEB and FEB schemes in terms of less-than-ideal 

force or position tracking performance were analytically and experimentally demonstrated. Also, the 

DFR control scheme was shown to be improved transparent as both force and position sensors are 

used. Finally, we propose an enhanced sliding mode control for the master-slave teleoperation 

systems. While the on/off valve pneumatic actuators have previously been modeled as having three 

discrete operating modes, an extension to five discrete control levels helps to improve the actuator 

dynamic performance and reduce the switching activities of the valves. It has been seen in experiment 

that by using two additional modes, the chattering has been reduced, which allows to provide better 

tracking responses with smoother dynamics and less oscillations, particularly over high frequencies. 

Based on these results, it is clear that the five-mode scheme is an interesting alternative to save energy 

and improve the valve’s lifetime at no cost to teleoperation transparency.  

 

 It has been demonstrated in chapter 4 that highly transparent teleoperation could be achieved 

with pneumatic actuators and inexpensive on/off valves. However, a major drawback of such 

components proceeds from the audible noise generated by the high switching frequencies of the 

valves. Furthermore, in order to compare the performance of two valve technologies (i.e., on/off 

valves and proportional servovalves), chapter 5 investigates the use of (jet pipe) servovalves on 

pneumatic bilateral teleoperation system.  

 In our case, the variation of the state variables (i.e., pressures, velocity, and acceleration of the 

master/slave actuator) and the external forces (i.e., operator and environment forces) are considered to 

be small. Therefore, it is possible to linearize the nonlinear pneumatic model by applying the first 

order development of the Taylor’s series. To do this, an equilibrium point was graphically determined 
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using the servovalve’s characteristics provided in chapter 3. For an easier manipulation, a reduced 

tangent model (3
rd

-order) of pneumatic actuator inferred from the full linear model (4
th
-order) was 

investigated. It has been demonstrated that the behaviors of these two transfer functions are perfectly 

similar, showing an excellent approximation of the 3
rd

-order model. Based on the reduced tangent 

model, the parameter controllers implemented on the four-channel teleoperation scheme were easily 

designed. To validate the proposed control approach, stability and transparent analyses of the closed-

loop teleoperation system were carried out and satisfactory results have been achieved.  

 It has been shown that both valve technologies (servovalves and solenoid valves) lead to 

acceptable transparency in teleoperation but the servovalves provide better pressure behavior than the 

on/off valves. This results in smother force signals and improved haptic sensation when employing 

teleoperation system with the servovalves. 

 In bilateral master-slave control, force sensors are often omitted to save cost and to reduce 

weight/volume of manipulators. Therefore, we introduced here the use of observer for a four-channel 

teleoperation architecture in force-sensorless setups. Experimental results showed a feasibility of the 

control law which is based on a simple linear Nicosia observer.  

 

 To resume, the contribution of our research leads to an investigation of different control laws 

for pneumatic actuated bilateral teleoperation system. Despite of control challenge when dealing with 

highly nonlinear pneumatic actuator as well as discrete control law, good transparent teleoperation has 

been achieved with inexpensive on/off valves. However, contrary to the servovalve, some drawbacks 

of the solenoid valve technology such as chattering phenomenon and high audible noise still has 

limited their applications in haptic field so far. Accordingly, it would be desirable to provide a better 

control design of the solenoid valves while also reducing the pneumatic system noise and chattering, 

caused by discrete operation of the valves. 

II. Future Works 

 In the following, we provide different directions for future work such as improvement of the 

current control limits and extension the control law to more complex and dexterous devices (i.e., 

multi-DOF robots). Another perspective of this work is to deal with several problems existed in haptic 

teleoperation system such as communication time delay, variant environment, and safety of human-

robot interaction. 

 Controller design 

 It has been seen in chapter 4 that highlight transparent teleoperation was achieved with 

pneumatic actuated on/off valves based on hybrid control.  However, neither robustness nor stability 

analysis of overall hybrid system has been investigated in our study due to the complexity of dealing 

with highly nonlinear pneumatic actuators and the discrete nature of control laws. Another difficulty is 

that teleoperation stability depends not only on the models of the master and slave manipulators but 

also on the dynamic behaviors of the human operator and environment, which are unknown, uncertain, 

nonlinear, and/or time-varying. Consequently, robustness and stability analysis in hybrid teleoperation 

system is an interesting problem to be investigated. While the proposed hybrid control in this thesis is 

based on a one-step-ahead prediction of pressures in the pneumatic chambers, an aspect of future work 

is to extend the control law to involve a multi-step prediction in order to improve the tracking 

performance. 

 

 Contrary to the hybrid strategy, the sliding mode control allows to perform both transparent and 

stability analyses. However, only two-channel control architecture was investigated to evaluate the 

efficiency of the proposed approach. Although the DFR system takes advantage of both PEB and FEB 

architectures in terms of position and force tracking, it is not usually suitable for teleoperation 

applications with very hard (wall) contact or requiring high bandwidth. As a result, another aspect of 
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this work is to incorporate the sliding mode control in more complex bilateral architectures (e.g., three 

or four-channel schemes) in order to improve the teleoperation performance. 

 

 In chapter 5, a tangent linear method was proposed for a control of the pneumatic teleoperation 

system driven by proportional servovalve. This approach is, however, only applicable to relatively 

slow-dynamic systems whose state variables vary slightly around the equilibrium set. Another limit of 

the control strategy is the high sensibility of disturbance (e.g., external force) that may deteriorate the 

performance of some teleoperation applications, especially when the environment’s characteristics is 

variant (e.g., human organ). In this case, different force levels of the operator are required to adapt the 

environment change, leading to several solutions of the equilibrium points and the approximate linear 

models. As a result, the controller algorithm, which requires switching between the different models, 

becomes complex and inaccurate. In order obtain better performance in higher bandwidth and variant-

environment teleoperation system, other control strategies need to be considered in future work.  

 Extension to multi-DOF robots 

 In this thesis, the analysis and control of the bilateral teleoperation have been only elaborated 

for a 1-DOF master-slave setup in order to validate the first feasibility study. Future perspectives of 

our work will focus on an extension to a direct-drive, multi-DOFs haptic teleoperation system.  

 Generally, to build a multi-DOF robot, several stages are required such as architecture definition 

(e.g., serial/parallel/hybrid architecture), mechanical design, kinematic analysis (calculations of 

inverse and forward kinematics), etc. The architecture performances should be analyzed and the 

mechanism should be optimized in order to satisfy a number of criteria related to dexterity, force 

capability, workspace, singularity, weight, size, etc. One of differences to design a multi-DOF device 

instead of a 1-DOF is that solving algebraically the direct and/or inverse kinematic problem can be 

cumbersome and sometime impossible. Moreover, the highly non-linear dynamics and kinematics of 

the multi-DOF manipulator vary significantly over its workspace, leading to complex controller 

design. In order to reduce the control analysis to the single-DOF model, it is sometime possible to 

decouple multiple degrees of freedom so that each one can be analyzed separately. A main drawback 

of this method is that the control law is only locally valid at each degree of freedom.  

 Finally, achieving a high performance of a multi-DOF haptic teleoperation system is 

challenging and nonetheless a priority in our future works.  

 Haptic teleoperation challenges 

 In parallel with the development of the multi-DOF robots, other future research directions can 

be investigated to improve the teleoperation performance. 

 

 Firstly, communication time delay is one of main concerns in teleoperation since the operation 

site is usually located far from the remote environment. In the presence of time delays, the stability 

and transparency of a bilateral teleoperation system are severely affected. Various time delay 

compensation methods have been developed and testified in real-world teleoperation systems but most 

of them utilize electric actuator technology (Anderson & Spong 1989; Hokayem & Spong 2006; 

Aziminejad et al. 2008). Implementation of these methods on pneumatic master-slave setup with a 

presence of time delays is clearly an interesting investigation for future works. 

 

 Secondly, one of the major current problems when designing a controller for haptic 

teleoperation systems is the enormous change in the environmental properties. For instance, during a 

typical operation in the human body, the slave end-effector comes in touch with both stiff materials 

(when grasping a needle or touching a bone) and soft tissues, sometimes even with nothing during free 

motion. Therefore, the master-slave controller should be robust against abrupt changes in the remote 

environment. As mentioned above, in our case, the tangent linear method is not suitable for a control 

of teleoperation with variant environment. Thus, it would be motivating to study other control laws 

that enable to fulfill, in a better way, the haptic teleoperation requirements. 
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 Last but not least, design and control of mechanical compliance on master-slave system would 

be one of the most important techniques in insuring human safety when interacting with robots. 

However, this aspect has not been much investigated in teleoperation literature so far due to the 

complexities of bilateral control and communication time delay. 

 As a control system actuated by motors for the purpose of safety, an impedance control system 

was proposed (Tachi & Sakaki 1991). However, safety against collisions with obstacles in an 

unpredictable environment is difficult to insure in this system, partially due to a small power-to-mass 

ratio of the electric actuator. 

  The pneumatic actuator’s safety is intrinsic because of its being passive compliant (i.e., 

compressibility of air and high back-drivability). This leads to an avoidance motion when a collision 

occurs, which is an important function for human-robot interaction. In addition, the pneumatic servo 

system can give an easier way to deal with the design and control of mechanical compliance since its 

compliance can be tuned by just changing the pressures. 

 Finally, compliance control approaches for pneumatic actuators such as those in (Kosaki & 

Sano 2006; Shen & Goldfarb 2007b; Vanderborght et al. 2008) have not been implemented in 

teleoperation systems yet. This represents an alternative research path to be investigated. 

 

 To resume, the development of a bilateral teleoperation system, including several stages such as 

mechanical conception, material selection and controller design, depends on the task requirements as 

well as the application area. Currently, the minimally-invasive surgery (MIS) is considered to be one 

of the most promising applications of teleoperation with force feedback. The advantages of such a 

system are large because many obstacles of conventional MIS surgery are overcome (Rosen et al. 

1999). To do this, a number of issues have to be investigated, e.g. compensation of surgeons' tremor, 

scale movements or/and forces, improved haptic sensation, etc. This aspect is considered to be a final 

goal of our research. 
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 Appendix 1 

Polynomial interpolation method   

 In this part, we estimate a theoretical model of the servovalve’s mass flow rate in term of the 

pressure and the control voltage. To do this, a polynomial interpolation method (Fourati & Maalej 

2006) is employed by using the experimental data of Fig. 3.16 (b). 

 Assuming that the mass flow rate has the following polynomial model: 

             
0 0

n m
i j

est ij

i j

q a U P
 

                                                (A.1)  

where U is the voltage polynomial (i.e., N×1 matrix), P is the pressure polynomial (i.e., 1×M matrix), 

N and M are respectively the number of the measured points of U and P, qest is the estimated mass 

flow rate (i.e., N×M matrix), aij is the coefficients of the polynomial qest, n and m are respectively the 

degrees of U and P. 

 The N×M absolute-error matrix, which defined by the difference between the measured and the 

estimated mass flow rates (i.e. q and qest), can be expressed as  

a estq q                                                                  (A.2) 

Considering the maximum value (scalar) of the matrix Δa defined as 

 max maxa a                                                            (A.3) 

 Note that the polynomial method is not aimed at minimizing the estimated error εa. Indeed, εa 

reach its minimum only if the degree of qest tends to infinity, which is thus not realistic. Our objective 

here is to find acceptable values of n and m to obtain a small enough estimation error. In this case, the 

degrees n and m are limited to six since the servovalve is rarely modeled as a function of order greater 

than six. 

 Fig. A.1 shows a matrix of εa whose value depends on n and m. It can be seen that when n and m 

vary from 1 to 3, a considerable reduction of the mass-flow-rate error is obtained, i.e., from 5.973 to 

1.658 Nl/mn. On the other hand, when n and m are within the interval [3, 6], the error decreases 

slightly, i.e., from 1.658 to 1.485 Nl/mn.  

 

 

5.9735    3.3154    3.2663    2.9508    2.7420    2.7364

5.7584    2.7587    2.0557    1.9500    1.9509    1.9736

5.6573    2.6355    1.6583    1.5886    1.5481    1.5308

5.3886    2.4668    1.4975    1.4578    1.5198    1.4650

5.3171    2.4035    1.6098    1.5661    1.6140    1.5825

5.3203    2.4228    1.5280    1.4506    1.5021    1.4853

(n, m) = (1,1)

(n, m) = (6,6)

(n, m) = (3,3)

 

 Fig. A.1.  Matrix εa versus (n, m) 

 Fig. A.1 can be obtained graphically by Fig. A.2 (a). It seems that εa remains constant in the 

zone where both degrees are greater than or equal to three. Finally, the third iteration (n, m) = (3,3) has 
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been selected because an increase of the polynomial degrees doesn’t affect any significant decrease on 

the estimation error. 

 The coefficients aij of the polynomial qest which corresponds to the chosen degrees are: 

aij, 0 ≤ i, j ≤ 3 = [0.1753   0.0119   0.0026   0.0000   –0.2498   0.0938    –0.0203   0.0011   0.0497   –0.0285                                                

                    0.0083    –0.0005    –0.0052    0.0023    – 0.0009    0.0001]. 

 After having found the degrees of U and P as well as the coefficients aij, we can calculate the 

relative estimation error Δr of the mass flow rate as  

est
r

q q

q


                                                                  (A.4) 

 Fig. A.2 (b) shows the variation of Δr according to the pressure and the voltage. It can be seen 

that the relative error is negligible for almost all coordinates (except for three peaks), allowing to 

validate our model. 
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         (a)  Absolute error versus degrees of U and P                                       (b)  Relative error versus voltage and pressure                

Fig. A.2.  Evolution of the estimated mass-flow-rate error (Fourati & Maalej 2006) 

 Fig. A.3 shows the measured mass flow rate of the jet-pipe servovalve together with the 

estimated mass flow rate in function of the control voltage and the pressure. As indicated in this 

figure, good agreement is obtained between the experimental and theoretical curves. Finally, these 

results allow to approve the validity of the model (A.1). 
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Fig. A.3.  Experimental and estimated mass-flow-rate (Fourati & Maalej 2006) 
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Appendix 2 

How PWM works 

I.  Principle 

 Pulse-width modulation (PWM) is a method of transmitting information on a series of pulses. 

The data transmission is encoded on the width of these pulses to control the amount of power that is 

sent to a load. In other words, PWM is a modulation technique for generating variable width pulses to 

represent the amplitude of an input analog signal. PWM is widely used in power delivery, voltage 

regulation, amplification and audio effects.  

 PWM allows to reduce the total power delivered to a load without resulting in loss, which 

normally occurs when a power source is limited by a resistive element. The underlying principle in the 

whole process is that the average power delivered is directly proportional to the modulation duty 

cycle. If the modulation rate is high, it is possible to smooth out the pulse train with passive electronic 

filters. The basic concept of PWM is illustrated in Fig. A.4.  
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Fig. A.4.  The basic concepts of PWM 

 By using a sinusoid ψω as an input signal (the dashed wave), it is possible to produce an output 

waveform ψ (the solid wave) whose average voltage varies sinusoidally in a manner suitable for 

driving continuous actuators. The states of the output waveform are controlled by a comparator, a 
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device that allows to compare the input voltage to a carrier signal ζ (the dotted wave) and turns 

switches “on” or “off” depending on the result of the comparison. Indeed, output ψ stays high as long 

as the control signal is greater than the carrier signal, otherwise it stays on the low state. 

 Consequently, a simple comparator with a triangle or sawtooth carrier wave (easily generated 

using a simple oscillator) can turn a sinusoidal input into a pulse-width modulated output, resulting in 

the variation of the average value of the waveform. Generally, the greater the input signal is, the wider 

the resulting pulses become. 

 In Fig. A.4, ψ(t) denotes the output waveform with a low value Umin and a high value Umax; 

TPWM is the pulse period of the triangle wave ζ(t); ton is the pulse width or on-time; and toff is the off-

time. The PWM waveform has a constant frequency (fPWM = 1/TPWM) and a variable pulse width. 

The sum of the on-time and off-time is a constant (ton + toff = TPWM), but the ratio of the on-time over 

the pulse period is a variable defined as the duty cycle dc (dc = ton / TPWM). 

 The average value   of the waveform ψ(t) is given by: 

PWM

PWM 0

1
( )

T

t dt
T

                                                           (A.5) 

As the value of ψ(t) is Umax for 0 < t < ton and Umin for ton < t < TPWM, the above expression becomes: 

on PWM

on

max min

PWM PWM0

on on
max min

PWM PWM

1 1

       (1 )

t T

t

U dt U dt
T T

t t
U U

T T

  

  

 
                                           (A.6) 

With Umax = – Umin = U where U > 0, and ton = dc.TPWM , the latter expression of (A.6) is simplified as:  

(2 1) / 2dc U                                                               (A.7) 

 It is obvious that the average value of the pulse waveform   depends directly on the duty cycle 

dc. By imposing the value of dc as  

0.5 ( ) /dc t U                                                             (A.8) 

where η is a positive gain which allows to ensure that the duty cycle dc is in the interval [0, 1]. Indeed, 

the following condition needs to be satisfied: 

0.5 ( ) / 0.5t U                                                              (A.9) 

Thus the amplitude of the signal η ψωU has not to be grater than 0.5.  

 Substituting (A.8) in (A.7) yields 

( )t                                                                     (A.10) 

Consequently, the average value of the pulse-wave output is directly proportional to the input signal. 

 In order to simplify a study of the PWM control in the pneumatic system, a classical example of 

the PWM method for the full-bridge single-phase inverter is carried out. Indeed, the operating 

principle of the pneumatic system with four solenoid valves is similar to the electrical system 

controlled by four switches. The only difference between these two systems is the switching time. 

II. Full-bridge single-phase inverter based on PWM control 

 The full-bridge PWM single-phase inverter is widely used in uninterruptable power supplies, 

wind and solar power DC-AC interfacing, stand-alone voltage regulators in distributed power systems, 

and many other applications. The main goal of its control system is to achieve a fast dynamic AC 

voltage and frequency regulation during transients. 

 PWM control is considered to be one of the most powerful techniques that offers a simple 

method for digitally-controlled inverters (Jiang et al. 1998). With the availability of low cost high 
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performance DSP (Digital Signal Processor) chips characterized by the execution of most instructions 

in one instruction cycle, complicated control algorithms can be executed with fast speed and high 

sampling rate (Pop et al. 2004). The basic circuit diagram of the PWM controlled single-phase inverter 

is shown in Fig. A.5. 

 

 

u

+

-

U/2

– U/2

K1

K2

K4

K3

V1

V4

u′

          

Fig. A.5.  Full-bridge PWM single-phase converter 

In this figure, the output voltage u′ has the value 

1 4'u V V                                                                      (A.11) 

 By rapidly commuting from one value to the other, the potential V1 and V4 can take, as average, 

any value between –U/2 and U/2. Since 
1 4/ 2 , / 2U V V U   , we can assign to 'u (average value of 

u′) a value between –U and U.  

 There exist two possible configurations of the PWM controlled single-phase inverter in which 

the output voltage u′ is not null (see Tab. A.1). 

 

 

 

 

TAB. A.1.  SWITCHING SCHEME OF PWM CONTROLLED INVERTER 

Consider fω as the desired image of u′, we choose the image signals (i.e., V1ω and V4ω) of V1 and V4 as 

(see Fig. A.6): 

1 4 / 2V V f                                                               (A.12) 

From (A.8), we chose the duty cycles of V1 and V4 as: 

1 40.5 ( ) / , 0.5 ( ) /dc f t U dc f t U                                         (A.13) 

Similar to how it was demonstrated in section I, the average value of V1 and V4 can be written as: 

1 4 ( ) / 2V V f t                                                             (A.14) 

This leads to the following expression:  

 K1 K2 K3 K4 u′ 

V1 = U/2 ,  V4 = – U/2 On Off On Off U 

V1 = – U/2 ,  V4 =  U/2 Off On Off On – U 
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1 4' ( )u V V f t                                                             (A.15) 

Thus the average value of u′ is proportional to its desired image fω. By getting fω = U0 sin(ωt), we have 

0' sin( )u U t                                                              (A.16) 

 Finally, the width of the output waveform u′ as well as its average voltage varies sinusoidally as 

similar to the input signal form. 

 

 

Bridge voltage V4

Output voltage u′

Two input signals and a carrier signal 

Bridge voltage V1

V1ω V4ω

 

Fig. A.6.  PWM output with a sinusoidal input voltage.  
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