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Περίληψη 

Τα  προσθετικά άκρα έχουν σημειώσει σπουδαία πρόοδο τα τελευταία χρόνια. Παρόλα αυτά 

το κομμάτι του ελέγχου αποδεικνύεται ακόμη και σήμερα προβληματικό, κυρίως εξαιτίας 

της έλλειψης ανάδρασης από τον χρήστη (συγκεκριμένα έλλειψη αίσθησης).  Η Εκτεταμένη 

Φυσιολογική Ιδιοδεκτικότητα (Extended Physiological Proprioception- ΕΡΡ) έχει προκύψει 

ότι είναι η καλύτερη μέθοδος ελέγχου προσθετικών αφού παρέχει την δυνατότητα 

ασυναίσθητου ελέγχου θέσης του άκρου, καθώς τα σήματα ανάδρασης που παρέχει στον 

ακρωτηριασμένο, ενεργοποιούν την ιδιοδεκτική του αισθητικότητα. Όμως, ο κλασικός 

έλεγχος EPP είναι πολύ δύσκολο να πραγματοποιηθεί, αφού απαιτεί απευθείας μηχανική 

σύνδεση με το προσθετικό άκρο μέσω αντιαισθητικών ντιζών, καθώς και ειδικό χειρουργείο 

κινησιοπλαστικής για να επιτευχθεί αυτή η σύνδεση. Τα παραπάνω μειονεκτήματα οδήγησαν 

σταδιακά στην εγκατάλειψή του, και την διάδοση του μυοηλεκτρικού ελέγχου, που αποτελεί 

μη επεμβατική μέθοδο. Στο εργαστήριο Αυτομάτου Ελέγχου της Σχολής Μηχανολόγων 

Μηχανικών  προτάθηκε  μια προσέγγιση που βασίζεται στην τεχνολογία της τηλερομποτικής, 

με την οποία φιλοδοξείται να επιτευχθεί έλεγχος προσθετικών ισοδύναμος με τον κλασικό 

ΕΡΡ, αλλά χωρίς την χρήση ντιζών και χειρουργείου κινησιοπλαστικής. Το προτεινόμενο 

σύστημα περιλαμβάνει χρήση εμφυτευμάτων χαμηλής ισχύος, συνδεδεμένα σε σειρά με 

συγκεκριμένους εναπομείναντες μύες του ακρωτηριασμένου, τα οποία εμφυτεύονται κατά 

την αρχική χειρουργική επέμβαση του ακρωτηριασμού. Τα εμφυτεύματα αυτά, αποτελούν τα 

κύρια (master) ρομπότ του συστήματος τηλεχειρισμού, και δέχονται απευθείας εντολές 

δυνάμεων από τους μύες. Οι εντολές αυτές μεταφέρονται ασύρματα στο ρομπότ-υπηρέτη 

(slave), που είναι το προσθετικό άκρο, το οποίο κινείται στο χώρο. Ο ελεγκτής του 

συστήματος εγγυάται την δυναμική σύζευξη των master και slave ρομπότ, παρέχοντας στον 

ακρωτηριασμένο ιδιοδεκτική ανάδραση κάθε χρονική στιγμή. Αυτή η αρχιτεκτονική θα 

προσφέρει ισοδύναμα αποτελέσματα ελέγχου με την κλασική ΕΡΡ διάταξη, αλλά χωρίς τα 

μειονεκτήματα που την χαρακτηρίζουν. Αποδείχτηκε ότι θεωρητικά η κλασσική μέθοδος 

εκτεταμένης φυσιολογικής ιδιοδεκτικότητας είναι ισοδύναμη με την καινούργια μέθοδο που 

επινοήθηκε, η οποία ονομάστηκε Biomechatronic EPP, καθιστώντας την εφαρμόσιμη για 

προσθετικά άκρα. Σκοπός αυτής της εργασίας είναι ο σχεδιασμός (με βάση την διπλωματική 

του Ανέστη Μαμπλέκου) και η κατασκευή της πειραματικής διάταξης που θα εξετάσει αν 

αυτές οι δυο μέθοδοι είναι πειραματικά ισοδύναμες ή όχι και ποιές είναι οι αιτίες. Επιπλέον 

αντικείμενο της εργασίας είναι ο σχεδιασμός του συστήματος ελέγχου με την βοήθεια του 

DS1103 και του περιβάλλοντος του ControlDesk. Επομένως μεγάλο μέρος της διπλωματικής 

θα αναλωθεί στο να ξεδιαλυθούν τα μυστήρια αυτού του hardware και software. Τέλος θα 

αναπτυχθεί ένα πρωτόκολλο πειραμάτων που πρέπει να ακολουθείται για τα πειράματα που 

θα ακολουθήσουν που θα καθιστούν τα εξαγόμενα αποτελέσματα επαναλήψιμα και 

αξιολογήσιμα.    
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Abstract 

Prosthetic limbs have faced significant progress through the last two decades. However, the 

controller design  still remains strenuous. The main reason is the lack of feedback provided to 

the user (insufficient sensing in particular). The Extended Physiological Proprioception (EPP) 

has been proved to be the best control method for prosthetic limbs, because it stimulates 

his/her proprioceptive sense, enabling subconscious control. Nevertheless, Classic EPP is 

very arduous to be implemented, due to the fact that it requires the connection of the 

prosthetic to unaesthetic Bowden cables, as well as an extra plastic surgery to achieve that 

connection. These drawbacks led to the waiving of this method and the spread of myoelectric 

control, which is a totally non invasive method.  At the Control Systems laboratory of the 

School of Mechanical Engineering a new method was proposed that is inspired by the 

teleoperation theory. The goal is to achieve a control scheme that is equivalent to the Classic 

EPP, but without the use of Bowden Cables and the extra plastic surgery. In the proposed 

system, low power devices are implanted and connected to specific muscles during the 

required initial amputation surgery. The muscles exert forces to the implants, which 

correspond to the master robots of the teleoperation system. Those forces are wirelessly 

transmitted to the prosthesis which is the slave robot. The controller of the topology 

guarantees the dynamic conjunction of the master and slave robots, enabling amputee’s 

proprioception. The proposed system is expected to provide a modern EPP-equivalent control 

scheme for upper-limb prostheses without the disadvantages of previous EPP configurations, 

but with the control advantages of proprioceptive feedback. Before the dawn of this thesis, it 

had been proved that theoretically the Classic EPP control method and the new one, which 

for this thesis will be called Biomechatronic EPP, are equivalent. This renders the new 

method suitable for limb prosthetics. The purpose of this thesis is the design and the 

construction of the experimental setup. This setup will be used to inquire whether the two 

control methods are equivalent, or the reality is much more ruthless and the new innovative 

method has been proved to be a dubious dream. Furthermore, a primary objective of this 

thesis is the design of the control systems with the DS1103 and the ControlDesk 

environment. Ergo, a significant part of this thesis will be related to the unraveling of the 

mysteries of this uncharted territory of hardware and software. Finally, for the experiments 

that must be conducted a protocol must be stated. The reason is that the experimental data 

must be repeatable and effortlessly evaluated. 
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                                                                        ''Ay, now the Plot thickens very much upon us''         

                                                                         The Rehearsal (1671)  

                                                                         George Villiers, 2nd Duke of Buckingham                                                                                                           

Preface 
 

Prosthetics is a vast field of knowledge with open arms for everyone willing to study it 

meticulously. It consists of various research areas such as Biology, Medicine, Control 

Systems and Manufacturing Design and as a multidisciplinary field it intertwines the fate of 

doctors, engineers, designers and most importantly, the people who have lost a part of their 

body and need the assistance of modern technology to make their lives easier. These are the 

main reasons that I decided to choose this diploma thesis. Feeling that you do something that 

in the future will probably help someone is a great motive to move forward, regardless of the 

tides faced through the course. This thesis forced me to deal with the design process, the 

manufacturing process and implement controllers.  Control systems engineering is a field 

requiring theoretical skills, for finding and evaluating alternative design solutions, as well as 

practical skills necessary for the implementation of experiments, manufacturing processes, 

prototyping and getting accustomed to electrical and mechanical components, such as drivers, 

h-bridges, motors and controllers. Therefore, working for this project provided me the skills 

previously inferred. During my research for this Thesis I had to use Machine Tools, e.g. mill 

and lathe, for the processing of components, 3D printer and Solidworks for prototyping, the 

LPKF for the construction of boards and adapters for the electronic parts of the plant, but 

most importantly extensively Matlab and Simulink for the use of the dSpace DS1103 and 

ControlDesk, a powerful tool for control systems implementation and experimentation. As 

the only one in the lab using DS1103, I had to solve various problems by myself, theoretical 

and practical, but for the evaluation of designing options and the use of the laboratory 

equipment I collaborated with MS students, PhD students and also fellow undergraduate 

students. Also, due to the lab's teamwork spirit, I helped or provided advice to fellow students 

of the lab when asked for some assistance, in Solidworks, ANSYS, design problems, the use 

of the 3D printer and in soldering.   

       These experiences provided a sufficient material for the plot of the play that I am jolly to 

present.  What a Devil is the plot good for, but to bring in fine things? I have to warn the 

possible reader that during his/her reading session he /she will notice (or not) references to 

songs, English literature, philosophical questions, modern Japanese literature and even more! 

Even though an obvious reason is to show off (how abruptly), the main reason is to render the 

reading easier and more enjoyable for everyone, whether or not he/she is a mechanical 

engineer!  

       At this point it would be appropriate to thank my supervisor, Prof. Evangelos 

Papadopoulos, who gave me the opportunity to deal with this thesis and at his laboratory I 

had the chance to meet and collaborate with magnificent people and every single one of his 

subordinates that helped me through this thesis. Furthermore, I would like to thank  

Postdoctoral Fellow Georgios A. Bertos for his advising during the stages of this thesis. 
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Finally, I would like to pay special tribute to Konstantinos Asimakopoulos, who created the 

EAGLE files for the boarding prototyping stage of this thesis (read the related chapter) and 

taught me how the LPKF works. Without his assistance this thesis would be delayed at least 

for two months and he has my gratitude for his magnanimous efforts.  
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1 Introduction 

1.1 Purpose 

The replacement of the human upper limbs by mechanical ones is a solemn scientific 

challenge. The mechanical demands and constraints of this aim are significant; however, the 

most crucial factor for the proper function of the upper limb is its control. Elaborating, the 

controller design defines the communication - connection between the impaired and the 

upper limb prosthetic. This hindrance is related to the lack of sufficient communication that is 

restrained only to communication with visual feedback, between the mutilated and the alien 

upper limb prosthetic.  

        In the case of the upper limbs of the human body the control is achieved by practically 

an infinite number of sensors provided. These sensors are called mechanoreceptors and 

provide data to the neural system on any variations in the state of the upper limb. The ability 

to sense using these mechanoreceptors is called proprioception, and its absence renders the 

control of the limbs impossible. 

        Thus, it is pellucid that even though a prosthetic could be highly advanced from an 

engineering perspective, it would not be functional unless proprioception is achieved. A 

control method that dominated the field of prosthetics and was widely used is Proportional 

myoelectric control. A proportional myoelectric control system utilizes a microcontroller or 

computer that inputs electromyography (EMG) signals from sensors on the leg muscle(s) and 

then activates the corresponding joint actuator(s) proportionally to the EMG signal. Sensors 

on the skin detect electromyography (EMG) signals from the muscles of the wearer's leg(s). 

EMG signals can be measured from just one muscle or many, depending on the type of the 

exoskeleton and how many joints are actuated. Each signal measured is then sent to a 

controller, which is either an onboard microcontroller (mounted to the exoskeleton) or to a 

nearby computer. Onboard microcontrollers are used for long-term assistive devices since the 

wearer must be able to walk in different locations while wearing the exoskeleton, whereas 

computers not carried by the exoskeleton can be used for therapeutic or research purposes 

since the wearer does not have to walk very far in a clinical or lab environment. The 

controller filters out noise from the EMG signals and then normalizes them so as to better 

analyze the muscle activation pattern. The normalized EMG value of a muscle represents its 

activation percentage, since the EMG signal is normalized by dividing it by the maximum 

possible EMG reading for the muscle it came from. The maximum EMG reading is generated 

when a muscle is fully contracted. An alternative method to normalization is to 

proportionally match the actuator power to the EMG signal between a minimum activation 

threshold and an upper saturation level. During the last couple of years, at the Control 

Systems Lab, where this thesis was supervised, research was conducted in this field and a 

new, innovative control proposal was introduced. This proposal was about a novel control 

topology, with activation of proprioception as well. To be more precise, the core of this 

concept is based on the field of Telerobotics - Teleoperation. In this field, a master - slave 

control scheme is designed, using implants that activate the receptors of the limb. This 

scheme guarantees the connection between the remaining intact muscles of the limb with its 

prosthetic.  

https://en.wikipedia.org/wiki/Microcontroller
https://en.wikipedia.org/wiki/Electromyography
https://en.wikipedia.org/wiki/Actuator
https://en.wikipedia.org/wiki/Electromyography
https://en.wikipedia.org/wiki/Microcontroller
https://en.wikipedia.org/wiki/Noise_(signal_processing)
https://en.wikipedia.org/wiki/Normalization_(statistics)
https://en.wikipedia.org/wiki/Saturation_arithmetic
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        The theoretical foundations of this notion have been established in a previous diploma 

thesis
 [4]

. To examine whether a new idea is functional, it has to be compared to an old one 

that is primarily used. The objective of this thesis is the design of an experimental setup for 

two upper – limb control methods, as well as the experimental comparison of these two 

methods. In prosthetics, the control method which has shown superiority over myoelectric 

control which is used most often is the Classic Extended Physiological Proprioception 

(Classic EPP)
 [5]

, in which the tendons of the arm are connected to cables with the prosthetic 

limb. More precisely, the limb prosthetic is connected directly to the muscles of the impaired 

mechanically, using links such as Bowden Cables. Thus, the alien prosthetic becomes an 

extension of the remaining limb. Consequently, the position, the velocity and the forces that 

are applied to the prosthetic are transferred from the cables to the muscles, stimulating the 

neural receptors of the body, activating the proprioception to a certain degree.  The EPP 

control resembles to the hydraulic steering. The driver ''feels'' the state of the wheels and 

simultaneously assistance is provided for more effortless driving. Nevertheless, the most 

important factor is that the drive and the wheels are synchronized. This mechanical 

connection provided by the EPP control is presented in Figure 1.1.  

        However, this control method has the disadvantage that it is not aesthetic for the human 

user, it has often has control constraints (related to the direction of the movement) and finally 

a plastic surgery is required
 [6]

. The new control method that has to be tested, using a master – 

slave topology, will be called by the research team of the laboratory as Biomechatronic 

Extended Physiological Proprioception (Biomechatronic EPP). The main advantage of this 

method is the fact that feedback is provided to the system and thus a closed loop system is 

created (minimizing the systems position error) and not an open loop system as in the 

previous method.  A layout of the setup as it is going to be implemented is presented in 

Figure 1.2.  

 

 

Figure 1.1. Schematic sketch of the mechanical connection of the limb to the user. 

(Copied from [1]).  



 
22/214 

 

Figure 1.2. Setup of Biomechatronic EPP in an upper limb prosthetic. (Copied from 

[4]).   

It has to be noted that the degrees of freedom of both the master and the slave devices must 

be the same. This topology is considered a successful one, if the impedance of the 

environment is the same for the user, as if he or she was controlling the slave motor without 

the master. In this case, the control system is called transparent 
[7]

. 

 

To clarify if the two control methods are equivalent, the experiments to be conducted are the 

following three: 

The transparency test, which was described previously. 

The target positioning test. In this test the user must apply the necessary force to the sensors 

in order to rotate the slave motor to a desired target, while the target keeps changing position. 

The data that have to be processed is the error of the final distance from the target, the time it 

took to reach the target, and for how long the user can stay on the target. 

The force test. In this test for various loading cases the user must perceive the change of the 

load and respond accordingly. For instance, if the load applied to the slave motor is 

increased, the force applied to the Force Sensors must increase as well. The data that have to 

be processed are the output of the sensors for various loading cases, and the current of the 

slave motor. With the current the torque produced by the motor can be calculated. 

1.2 Review of references 

Childress D.S. had presented the the desired for the control scheme of upper limp prostesis 
[14]

: 

 Subconsious control. The mutilated must apply the minimum mental effort for the use of 

the prosthetic. 

 User - friendly through the procedure of learning how to use the prosthetic. 

 Independent control schemes for different tasks. 
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 Simultaneous control for different independent tasks of the prosthetic. 

 Design that is aesthetic. 

Thus, the mait trait of the prosthetic is the ability tofathom the postition of the prosthetic to 

the environmet, as well as its postition in comparison to the other limps of the body 
[12 - 15]

. 

The most crucial factor is the control scheme of the prosthetic. The one that was inquired  in 

this thesis is the Extended Physiological Proprioception-EPP. 

 

Extended Physiological Proprioception-EPP  

 

Simpson D.C. at 1974, trying to preserve the proprioception of the mutilated patients, 

suggested a toplogy nown as Extended Physiological Proprioception-EPP 
[5]

. He was inspired 

by aerocraft engineering,and he used Bowden cables and pneumatic actuators for the 

construction of prosthetic limbs for children 
[5]

. He was the first that sed the phrase '' 

Extended Physiological Proprioception'', to imply the use of the sensors of the human body to 

move the prosthetic limp. 

The main notion is that the prosthetic limp is connected directly to the muscles of the 

disfigured using links, such as Bowden Cables. This mechanical connection converts the 

alien prosthetic limp to an extension of the remaining human body. Thus, the data for the 

position, the velocity and the forces applied to the prosthetic limp are transfered directly to 

the muscles, stimulating the neural receptors of the body, activating the proprioception of the 

user. Furhtermore, prosthetic limps that stimulate the proprioception are ''friendlier'' during 

their use, leading to subconscious. The classic EPP control resembles to the hydraulic 

driving. The driver understands the state of the wheels and at the same time assistance during 

driving is provided for less effort. However, the most important factor is that the vehicle is 

synchronized with the moves of the driver. 

Telerobotics - Teleoperation (TT) 

 

TT is the control of a machine or an actuator in a distant area. The result is the increase of the 

visual sense of the user in this area. A system like this consists of the following: 

 A master device controlled by the user 

 A slave device that its function depends on the master devise 

 A controller that is the link between the master and the slave devices, allowing the 

correlation of their displacement and applied forces respectively. 

It has to be noted that the degrees of freedom of both the master and the slave devices must 

be the same. This topology is considered a successful one, if the impedance of the 

environment is the same for the user, as if he or she was controlling the slave motor without 

the master. In this case, the control system is called transparent 
[7]

. 
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To clarify if the two control methods are equivalent, the experiments to be conducted are the 

following three: 

 The transparency test, which was described previously. 

 The target positioning test. In this test the user must apply the necessary force to the 

sensors in order to rotate the slave motor to a desired target, while the target keeps 

changing position. The data that have to be processed is the error of the final distance 

from the target, the time it took to reach the target, and for how long the user can stay on 

the target. 

 The force test. In this test for various loading cases the user must perceive the change of 

the load and respond accordingly. For instance, if the load applied to the slave motor is 

increased, the force applied to the Force Sensors must increase as well. The data that have 

to be processed are the output of the sensors for various loading cases, and the current of 

the slave motor. With the current the torque produced by the motor can be calculated. 

1.3 Thesis Structure 

 

At this point the structure of this thesis will be presented. At first it will be thoroughly 

presented the design and the construction of the setup of both the Classic EPP configuration 

and the Biomechatronic EPP.  Furthermore, the design of the various adjustable parts of the 

setup will be presented, such as the Force Sensors, the mountings of the motor drivers and the 

adaptors of the encoders. The design of the controller for the two schemes will be 

implemented with the use of the dSpace DS1103 
[8]

.  The DS1103 is an all-rounder in rapid 

control prototyping to test new control functions. Used with ControlDesk, the controller 

board is fully programmable from the Simulink® block diagram environment. This is a quick 

and easy way to implement your control functions on the board. It provides the user with D/A 

and A/D converters, pwm signals, position and velocity measurement from encoders and the 

use of all of Simulink Block Diagrams for real – time implementations (such as PID 

controllers, Signal Generation and Filtering etc) and makes controller design and 

implementation in any setup much easier. To design the controllers, preliminary data 

processing will be conducted, such as system identification and the calculation of the 

controller gains. With the mysteries of the DS1103 and the ControlDesk unraveled the 

Simulink program design will be presented for the conducted experiments. The experiments 

will be the three that were previously described and their results will define if the new 

method is indeed equivalent to the old one or a counterfeit. Finally, the conclusions of this 

thesis will be presented, with potential recommendations for future research. 
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2 Design of the experimental setup 

In this chapter the design process and the final setup will be inquired. Moreover, the aims of 

the setup will be resolute and cheap and easy ways that these aims would be achieved will be 

presented. The fundamental purpose of the setup is to simulate the two control schemes that 

have to be compared, the old one which is the Classic Extended Physiological Proprioception 

(EPP), and the new one, the Biomechatronic Extended Physiological Proprioception.  

2.1 Classic EPP initial process setup design 

 

A common setup used in prosthetics with the Classic EPP configuration is displayed in 

Figure 2.1. 

 

Figure 2.1. Schematic design of the Bidirectional Classic EPP configuration. (Modified 

from [1]). 
 

 

Thus, in the design process for the Classic EPP a method must be considered to apply force 

for a prosthetic joint to be rotating. The force mechanism must be connected to the joint; 

however the rotation of the joint must be driven by the electromechanical system (motor) of 

the configuration, which will be controlled by the controller of the scheme. The controller 

will have as input the measured force applied to the system. The way that the force will be 

applied and be measured will be examined thoroughly on the following chapter. All things 

considered, the motor must be connected to the joint. The force will be applied in the same 

way as in the prosthetics in which the muscle is connected to mechanical linkages, which in 

most cases are Bowden cables. The cable will be intertwined with a pulley, which will be 
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connected to the motor and the joint with a coupling. Ergo the final setup is presented in 

Figure 2.2. 

 

Figure 2.2. Setup for the Classic EPP configuration. Modified from [4]. 

         The shaft provides an effortless way to assemble in the setup a joint of various shapes, 

which can easily be designed and prototyped using 3D printing for instance. As a result, 

disturbances can be included in the experiments to come. The shaft and the pulley will be 

supported in the setup using a bearing. Distinctive examples of a coupling, a bearing with its 

housing and a pulley are presented in the following Figures. 

         It was decided that it was more judicious that the flanges which will support the motor 

and the Bowden cables to be constructed using the labs equipment. Further details about the 

final assembly will be presented after the design solution for the Biomechatronic EPP is 

presented. To inspect each component thoroughly, the datasheets are provided on 

APPENDIX B DATASHEETS. 
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Figure 2.3. Potential pulleys used for the setup. See Chapter 11.5.  

 

Figure 2.4. Bearings and their housings.  See Chapter 11.4. 

 

Figure 2.5. Couplings.  See Chapter 11.3. 

        It was decided that it was more judicious that the flanges which will support the motor 

and the Bowden cables to be constructed using the labs equipment. Further details about the 

final assembly will be presented after the design solution for the Biomechatronic EPP is 

presented. 
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2.2 Biomechatronic EPP initial process setup design  

 

         Apropos of the Biomechatronic EPP the aim is to implement the force to a displacement 

mechanism, which will be displaced by the master motors whose input will be the 

displacement of the slave motor. Thus, a transformer that will convert the rotary displacement 

of the master motors to translation is required, as well as a support attached to it that will be 

connected to the sensor in which the force is to be applied. The constraint that has to be taken 

into consideration is the small size or the master motors.  The final design solution for the 

master motors positioning is displayed in Figure 2.6. It has to be noted that the force sensor 

used for the force measurements and it is presented in the Figure is presented just as an 

example of a potential setup, and it will be meticulously examined in the following chapter. 

          Furthermore, it must be considered how the slave motor will be placed in the setup. 

Due to the fact that space constraints of the setup should be taken into account, it was erudite 

to exploit the setup of the Classic EPP configuration, as shown in Figure 2.7. 

 

 

Figure 2.6. Setup for the master motors position control. Modified from [4]. 
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Figure 2.7. Biomechatronic Setup Configuration. Modified from [4]. 

         The most challenging demand that must be satisfied it the size of the components the 

setup of the master motors. Thus couplings small enough must be found, as well as proper 

power screws, as the ones displayed in the following Figures. 

 

 

Figure 2.8. Power screw with its nut.  See Chapter 11.1. 

 

Figure 2.9. ''Mini'' Coupling.  See Chapter 11.1. 
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2.3 Final Design Proposal 

 

          All in all, the final CAD of the whole setup is displayed in Figure 2.10.  

 

Figure 2.10.  Final Design for the whole setup. Modified from [4].
 
 

      The exact dimensions of the assembly, as well as its parts will be presented in the 

APPENDIX C ENGINEERING DRAWINGS. 

 

2.4 Construction of the Setup 

 

          For the construction of the setup some parts were ordered, while some others were 

required to be constructed using the tool machines of the laboratory or be constructed at a 

workshop. Next it will be presented which parts where constructed at the laboratory. 

Using the milling machine and the electrical saw of the laboratory the parts that were 

constructed were the flanges that are supporting the Bowden cables, presented in Figures 

2.11, 2.12. Their mating with the setup is displayed in Figure 2.13.   

 

Figure 2.11.  Flange 1. 
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Figure 2.12.  Flange 2. 

 

 

Figure 2.13.  The two flanges assembled in the setup. Modified from [4]. 

         Moreover, the parts that were constructed using the lathe of the laboratory were the rod 

guides of the power screw nut, as shown in Figures 2.14 and 2.15. 

 

 

Figure 2.14.   Guide Rod.  
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Figure 2.15.  The guide rods supporting the power screw nut. Modified from [4].
 
 

 

          The parts that were constructed at an external workshop, because of the required 

precision of their dimensions, were the base, the flanges that are supporting the master 

motors and the slave motor respectively, as well as guides supports for the rod guides of the 

power screw nuts. Each of the parts previously referred is displayed in the following Figures. 

 

Figure 2.16.   Slave motor support flange. Modified from [4].
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Figure 2.17.  Assembly of the flange with the slave motor and the base. Modified from 

[4].
 
 

 

 

Figure 2.18.  Master Motor flange support. Modified from [4].
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Figure 2.19.  Assembly of the flange with the master motor and the base. Modified 

from [4]. 

          An easy way to connect the potential force sensor with the screw nut was determined to 

be a string guide, which is displayed in Figure 2.20. In Figure 2.21 it is displayed the way it is 

assembled in the whole setup. This specific part was constructed with the use of the 3D 

printer of the laboratory. 

 

 

Figure 2.20.  String guide for the connection of the screw nuts with the force sensors. 

Modified from [4]. 
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Figure 2.21.  String guide assembly with the screw nuts. Modified from [4].
 
 

           

Finally, it is presented the list of the parts that ordered because of their standardized 

dimensions required to fit with the electromechanical systems of the setup. In this chapter 

only the codes of the parts and some specific characteristics will be presented. For further 

details, it is advised to read the APPENDIX B DATASHEETS. 
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Figure 2.22.  Master Motors coupling.  See Chapter 11.2.  

 
 

 

Figure 2.23.  Slave motor coupling. See Chapter 11.3. 
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Figure 2.24.  The pulley that connects the slave motor with the Bowden cables.  See 

Chapter 11.5. 

 

Figure 2.25.  Power screw for the transformation of rotary motion to translation. See 

Chapter 11.1. 
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Figure 2.26.  Bearing with its housing for the support of the shaft of the pulley. See 

Chapter 11.4. 

 

2.5 Final Design 

The final assembly is presented in the following Figures. 

 

 

Figure 2.27.  Final setup (view 1). 
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Figure 2.28.  Final Setup (view 2). 

 

Figure 2.29.  Final setup (view 3). 

2.6 Troubleshooting  

 

It has to be noted that the most arduous part of the setup paradoxically was the construction 

of the Bowden cables. Even though it seems insignificant in contrast with the rest of the 

setup, because of the time it consumed, it should be mentioned Honoris Causa. At the initial 
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steps of the concept, as presented in Figure 2.29, the notion was to make the Bowden cables 

stiff enough to preserve their shape using the same cover which is used to protect hydraulic 

hoses. The cables would be supported to the rest of the setup using the flanges previously 

mentioned and nuts. An outline of this idea is presented in Figure 2.30.  

 

Figure 2.30.  Initial concept of the design. 

          Thus, the first Bowden cable that was going to be used was constructed at an external 

workshop and it is presented in Figure 2.31. 

 

Figure 2.3.  Bowden cable with cover of hoses.  

          Nevertheless, at the first trials to assemble it to the setup, the stiffness of the cover was 

so high that for the required distances of the setup the cable could not be bended. Even 

though with enough force and with the nuts the cable could be placed, it was volatile and if a 

significant load was applied, it could be freed from the supports, making the setup dangerous 

for the user.  The Bowden cable is the most crucial part of the Classic EPP configuration, 

because it connects the pulley and the motor with the force sensors. Thus, an alternative 

solution was mandatory. However, the best solutions are sometimes found in the plainest 

ideas. The design concept was right, but the problem was the cover of the cables. Another 

option that was considered then was instead of using cover for hoses, to use cover for 



 
41/214 

Bowden cables that is applied to bicycle brakes, something that at the workshop because it 

was familiar with industrial applications was considered uncommon. In Figure 2.31 the two 

covers are presented. 

 

Figure 2.4 Cover for bicycle brakes (up) and cover for hydraulic hoses (down) 

Fortunately, with this cover the stiffness diminished significantly, and as it was presented in 

Figures 2.28 and 2.29 the assembly of the setup was achieved. 

 

Figure 2.5.  Final assembly of the Bowden cables. 
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3 Design and implementation of Reference Input 

An essential part of the experimental setup, as for the implementation of Classic Extended 

Physiological Proprioception setup, as well as the Biomechatronic Extended Physiological 

Proprioception is the design of the setup that will provide the reference input to the system, 

for both cases will be the force of the muscles, as it is displayed in Figure 3.1. 

 

Figure 3.1.  Control Schemes for both Proprioception Methods. For both cases 

measurement of the force to control the system is required. Modified from [4].
 

         Thus, the design of a setup is required, which depending on the force which is applied 

to the Bowden cables in the case of Classic EPP, or at the screws, in the case of 

Biomechatronic EPP, it will determine the duty cycle of the PWM pulse. This will determine 

the current input of the slave motor, as shown in Figure 3.1, and as a consequence, the 

displacement of the master motors. 

         For this specific application the most appropriate means to convert the applied force to 

a measured signal was the Force Sensitive Resistor (FSR) displayed in Figure 3.2.  

The FSR's resistance depends on the applied pressure on its surface hence it is ideal for the 

purpose of the setup. 

         However, FSR has two considerable drawbacks. The first one is its high sensitivity to 

noise, rendering it inaccurate for precision measurements, and the second one is the fact that 

the properties of the resistance will vary significantly through continuous use. About the first 



 
43/214 

problem the most reasonable solution was to design an integrated circuit, which would reduce 

the noise using operational amplifiers, such as the ones shown in Figure3.3 which are  the 

MCP6002. 

 

Figure 3.2. The Force Sensitive Resistor used in the setup.  

.  

 

Figure 3.3. Operational amplifier MCP6002. 

The final signal conditioning circuit that was constructed is presented in Figure 3.4. 
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Figure 3.4. Signal Conditioning Circuit. Modified from [1]. 

Applying the Kirchhoff's laws the transfer function that relates the VCC_CIRCLE (Power Supply) 

to the circuits output is the equation 3.1. 

 

                                                             23

21

151

13 15

(1 )
fsr

out ccircle

RR
V V

R R
                                                  (3.1) 

 

The output voltage of the FSR signal conditioning circuit (and input to the A/D port of the 

controller) is slightly less than +5V. Depending on the values of the circuit's resistances 

23 2113 15 15, ,R R R   the force resolution is different. Varying values display force capability ranges 

that muscle cineplasty amputees and exteriorized tendons amputees can produce 
[1]

. For 

further experiments to be conducted, it was necessary to define the maximum force under 

which the saturation of the output would occur. Ergo in the stage of prototyping it was 

essential to find the optimum values of the resistances, such that the maximum force that 

would be applied. For the experiment's implementation, the setup of Figure 3.5 was designed, 

with which for various values of resistance the Voltage - Force curve could be calculated. 

The exact dimensions of the setup are presented on the APPENDIX C ENGINEERING 

DRAWINGS. 
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Figure 3.5. Force applying setup for the integrated circuits calibration.  Modified from 

[4] 

The design of this specific setup was completed in a previous diploma thesis 
[4]

 and some of 

its parts where ordered, while others were manufactured with the laboratory's lathe and 

milling machine for this diploma thesis. The final design with the use of test weights to 

record the exact force value is presented in Figure 3.6. 

 

Figure 3.6. Final Setup of the FSR characterization module. 
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In the stage of prototyping, the circuit was designed on a breadboard and the various values 

of resistance were tested with the use of a potentiometer. A potentiometer is used to cope 

with the second disadvantage, that of the varying properties. An increase of the circuits 

output without the application of load is noted with the potentiometer. Then changing the 

potentiometer's parameter value is an easy and cheap solution, because in other case it would 

be required to change FSRs too often, which could be proved very costly for the whole setup. 

The setup is shown in Figure 3.7. 

 

Figure 3.7. Setup for the circuit's calibration. 

Some distinctive results are presented in Figure 3.8. It has to be noted that the potentiometer's 

value had to be variable, for the previously stated reason that through the experiments the 

properties of the FSR changed and it was mandatory to change it for different cases.    
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Figure 3.8.  Resulting Output - Weight Curves for different resistance R13. 

         From the experimental results it can be derived that the slope of the curve decreases as 

the parameter value of the resistance decreases as well. Taking into account the maximum 

load that should be applied until the 5V upper bound is reached, and also the mean force that 

can be applied by an individual, the best option that was selected was the value of 1.1 kOhm, 

and when considered necessary, to change the value of the potentiometer when significant 

changes in the circuit's output value is observed. 

          After the calibration, the next stage is to construct the circuit in a way that the potential 

user can apply force to the FSR on one hand and on the other hand the FSR and the circuit to 

be close to each other, in contrast with the prototyping stage shown in Figure 3.7. Moreover, 

a way to connect it with the cables has to be found. It was decided to construct the circuit in a 

board with soldering, instead of the use of LPKF, for swift modifications if required and 

effortless change of the operational amplifiers in the case of erroneous use. Moreover, it has 

to be considered the fact that the user has to apply the necessary force though the whole 

surface of the FSR, without leaving any unloaded area. All things considered, the parts that 

were designed that would support the board are presented in Figures 3.9, 3.10 and 3.11. The 

exact dimensions of the setup are presented on the APPENDIX C ENGINEERING 

DRAWINGS. 
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Figure 3.9. Press plate of the final circuit support.              

 

 

 

Figure 3.10.  Housing  of the final circuit support. 

                     

 

Figure 3.11.  Assembly of the two parts. 
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These parts were designed in Solidworks and they were constructed in the laboratory's 3D 

printer. The final dimensions were opted so that a conventional board could be placed, as it is 

shown in the following Figures. 

The assembly procedure is presented step by step in the following Figures. 

Step 1 

Bend the FSR (without hurting the pressure surface) and place it on the housing, as shown in 

Figure 3.12. 

 

Figure 3.12.  Step one. Place the FSR to the housing. 

Step 2 

During the first experiments it was observed that the stick and slip phenomenon occurred 

between the FSR and the pressure plate. To avoid it, it should be advised to place between the 

two of them some rubber, as shown in Figure 3.13.  

 

Figure 3.13.  Step two. Place on the pressure surface some rubber to avoid sticking. 

Step 3 

Place the pressure plate, as shown in Figure 3.14. 
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Figure 3.14.  Step three. Place the pressure place. 

Step 4 

Place the board with the electronic circuit, as shown in Figure 3.15. To keep the board fixed 

and to constrain its movements, it can be attached to the housing with glue. 

 

Figure 3.15.  Place the board of the elctronic circuit. 

         The final force sensor is presented in Figure 3.12. In Figure 3.13 the way the sensors are 

to be connected to the Bowden cables is presented. 
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Figure 3.16.  Force Sensor Front View and FSR's connection. 
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Figure 3.17.  FSR connection with the Bowden cables of the motors setup. 

          Thus, the demand of a functional way to measure the applied force and measure the 

input force was solved with these sensors and they were used for the prototyping of the 

control schemes for the tests to come. However, the nature of these tests and the route that 

was followed to be implemented will be presented to the next installments. 
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4 Boarding Prototyping - Hardware Selection 

. 

The most vital part of the setup is the electromechanical equipment, which consists of the 

motors, the encoders and the drivers. The slave motor is the one that will be responsible for 

the imitation of the upper limb motion, because it must provide the necessary force of the end 

effector. Thus, the user of the upper limb can hold or grab an object. For this task the motor 

that was selected was the RE 30 ∅30 mm, Graphite Brushes, 60 Watt displayed in Figure 4.1.  

 

Figure 4.1. Slave motor drawing. See Chapter 11.8.  

For the master motors it was required small size and fast response, thus it was selected the 

Motor - DCX12L EB KL 4.5V, displayed in Figure 4.2. 

 

Figure 4.2. Master motor CAD. See Chapter 11.11. 
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For the feedback of the control schemes, the measurement of the position of the encoders was 

required. For the slave motor, the encoder that was selected was the Encoder HEDS 5540 500 

Counts per turn, 3 Channels, displayed in Figure 4.3. 

 

Figure 4.3. Encoder of the slave motor.  See Chapter 11.10 

For the maser motors their encoders were already attached to the motors, and they were of 

type Sensor - ENX10 EASY 512IMP, displayed in Figure 4.4. 

 

Figure 4.4. Master motor encoder.  See Chapter 11.12 

For the control of the master motors, the hbridge was selected taking into account the 

maximum Supply Voltage and maximum current of the motors. The one that was selected 

was the A3959 DMOS Full-Bridge PWM Motor Driver, displayed in Figure 4.5. 
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Figure 4.5. Master motors H-bridge.  

For the slave motor the driver that was selected was the Analog Servo Drive AZBDC10A4, 

displayed in Figure 4.6, because its Supply Voltage range fulfills the required desire of the 

Nominal Voltage of the motor.   

 

Figure 4.6.  Analog Servo Drive AZBDC10A4. See Chapter 11.6.  

However, the main drawback of these drivers is the distance between their pins. Unlike the 

common standardization of 2.54 mm distance between the pins, in this specific driver the 

distance is 1.27 mm. One short -termed solution was the one displayed in Figure 4.7. The 

simplest way to connect the driver with the setup was to connect the pins with the smallest 

hook clips available (1.7'' Hook Clip Grabbers), so that short circuit is avoided. 



 
56/214 

 

 

Figure 4.7. Initial solution of the connectivity problem. 

However, the risks of connectivity problems, short circuit and augmented noise in the 

measurements were still imminent; and it was required to make the connection between the 

driver and the setup easier increasing the distance among the pins. The commercial option of 

the manufacturer of the drivers was the AZ Drive Family Mounting Card MC1XAZ02, 

displayed in Figure 4.8.  

 

Figure 4.8. Commercial mounting for the drive AZBDC10A4.  

Even though it was a decent option, the high cost and the time required to transverse it from 

abroad made it prohibitive. Thus, it was decided that the board mounting could be 

constructed using the resources and the equipment of the laboratory, and especially the LPKF 

PCB prototyping.   
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Figure 4.9. LPKF setup.  

  First, the LPKF requires the CAD files of the board that will be constructed, that are the 

schematic drawing and the board view, displayed in Figures 4.10 and 4.11. They were 

designed using the EAGLE PCB design software. 

 

Figure 4.10.  The schematic drawing view of the mounting of the driver. 
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Figure 4.11.  The board view of the mounting of the driver. 

The final mounting prototype that was constructed using the LPKF is displayed in Figure 

4.12. 

 

Figure 4.12.  Final mounting prototype. 

To mount the board to the prototype, header pins 1.27 mm and screw terminal connectors 

2.54 mm were soldered, and the final result is presented in Figure 4.15. 

 



 
59/214 

 

Figure 4.13.  Header pin 1.27 mm. 

 
 Figure 4.14. Screw terminal connector 2.54 mm. 

 

 

Figure 4.15.  Final mounting prototype. 

 

 In the following Figures the driver attached to the mounting is presented. 
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Figure 4.16.  The driver attached to the mounting. 

 

Figure 4.17.   The mounting with cables attached to it to connect to the setup. 

Thus, the connectivity constraints were resolved and the short circuit was avoided. 

The next hindrance that had to be overcome was the connection of the master motor encoder 

to the setup. The problem was the very same, as the connector of the encoder had pins with 

distance 1.27 mm, thus making the connection with the setup very hampering. The connector 

is displayed in Figure 4.18. 
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Figure 4.18.   ENX 10 EASY connector. See Chapter 11.12. 

Likewise, the manufacturer proposes the use of a commercial adaptor, presented in Figure 

4.19, however the price and the transportation time prevented this option, and as a result the 

LPKF was used again. The schematic drawing and the board view, displayed in Figures 4.20 

and 4.21. They were designed using the EAGLE PCB design software. 

 

 

Figure 4.19.  Adapter EASY Absolute Part number 488167.  
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Figure 4.20.  The schematic drawing view of the encoder adaptor. 

 

Figure 4.21.  The board view of the encoder adaptor. 

The final adaptor prototype is displayed in Figure 4.22. To connect the connector with the 

adaptor the Samtec FTSH Series, 1.27mm Pitch 10 Way 2 Row Straight Pin Header, Surface 

Mount, Solder Termination was soldered. The soldering procedure had to be extremely 

meticulous, because the copper lines were too close to each other, and a mistake because of 

fidgeting could prove fatal. 
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Figure 4.22.  Adaptor prototype for the encoder connector. 

Thus, the hardship of the connection of the master motor encoder with the setup was 

resolved. How the hardware will be used for the setup will be presented to the next 

installment. 
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5 Preliminary Data Processing  

In this chapter it will be presented the required data processing for the identification of the 

system, as well as the techniques that were used to improve the quality of the measurements 

of the sensors of the setup. Furthermore, the theoretical foundations for the dynamic analysis 

of the system of the setup and the closed loop design are presented. Even though these topics 

seem unrelated to each other, what they share is that all of them are required steps to make 

the final Classic EPP and the Biomechatronic EPP function properly, even though this is not 

the final stage of the experimental validation.  

 

System Identification 

In this section it will be presented how the various parameters of the system, mandatory for 

the control of the setup, were identified.  

 

5.1 Unit conversion of the outputs of the encoders 

 

One vital aspect of the control system is the correct measurement of the output. dSpace 

provides the user with the necessary tools to measure the position and the velocity of the 

actuators of the system; however, the user is obliged to convert the measurements to the 

correct units. In this specific setup it is required to measure the position of two different 

motors, thoroughly presented in Chapter 4. Boarding prototyping – Hardware Selection . 

According to the instructions of ControlDesk 5.6 to convert the output of the 

DS1103ENC_POS_Cx block the counts per revolution of the encoder of the motor are 

required. The counts per revolution are provided in the datasheet of the motor. In Figures 5.1 

and 5.2 the number of counts per revolution for the master and the slave motors are 

presented. 

 

Figure 5.1. The slave motor encoder specifications. See Chapter 11. 8. 
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Figure 5.2.  The master motor encoder specifications. See Chapter 11.11. 

 To measure the velocity a gain block is used as well, but this time apart from the term (360/# 

of counts per revolution), the inverse of the sample rate. For instance, if the sampling rate is 

0.001 sec, then to measure the value in deg/s the gain block must have the value (0.001)
-

1
(360/# of counts per revolution). Thus the equations (5.1) and (5.2) must be used: 

                                            
360

[deg] EncPosition
countsperrevolution

                                           (5.1) 

                         
1deg 360

[ ] ( )
sec

d
EncDeltaPosition samplingrate

dt countsperrevolution

                   (5.2) 

 

          However, during the first experiments to define the necessary block scheme for 

Simulink, it was observed that the position of the slave motor measured at ControlDesk 

differed from the real rotation of the motor. Thus, it was considered that probably a more 

thorough examination of the gain values for the units conversion is required. The first 

Simulink scheme used is presented in Figure 5.3. To measure when one revolution is 

completed the DS1103ENC_SW_INDEX_C1 block is used. When its input is 0, then the 

output is 1, thus triggering the DS1103ENC_SET_POS_C1 block to reset the encoder. To 

control the motor in open loop mode the DS1103_DSP_PWM3 block is used. The resulted 

responses are presented in Figure 5.4. 

          It was calculated that for one complete revolution the output of the Slave motor 

encoder is 528 count and not 500 provided by the datasheet, something that might be related 

to the way the DS1103 reads the single – ended signals. Ergo the experimental was decided 

to be used for the experiments to come. 

To validate whether the velocity measurement is correct the Electronic Optical Tachometer 

of the laboratory was used (Compact Instruments Ltd CT6), presented in Figure 5.5, and its 



 
66/214 

measurement was compared to the velocity measured by ControlDesk. It has to be noted that 

the encoder measured the velocity of the shaft of the motor, however the desired velocity it 

the one of the output shaft. The output shaft is attached to a planetary gearbox with gear ratio 

343/17576. 

 

 

Figure 5.3.  Number of counts identification scheme. 

 

Figure 5.4. Position Response. 
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Figure 5.5. Electronic Optical Tachometer. 

Having the beam of the tachometer focused on the coupling of the slave motor, the 

measurement of the tachometer was approximately 570 deg/sec. At ControlDesk the 

measured enc position was 41 counts/sec. The equation which relates the two velocities is the 

following is the equation (5.3).  is the gear ratio of the gearbox. 

 
motorshaft

coupling
i


          (5.3) 

 

In this specific experiment the sampling rate was 10
-3

 s, thus using the equation (5.2) the 

velocity is 578.82 deg/s: 

The error between the value measured by ControlDesk and the one measured by the 

tachometer is approximately 1.5 %, thus it was deduced that the measurements presented at 

ControlDesk are the right ones. 

 

5.2 Inquiring the clockwise/counterclockwise rotation 

As it was presented in Chapter 4. Boarding prototyping – Hardware Selection one of the 

gravest factors that will define whether the bidirectional configurations of the control 

schemes are either successful or doomed, is the fact that the motors must be able to change 

direction depending on the measured force. The drivers used for the setup provide specific 

pins for the direction control of the motor, presented in Figures 5.6 and 5.7. For more 

information it is advised to check the whole datasheets provided at the APPENDIX B 

DATASHEETS. These pins receive either a high level logic signal (+5 V) to rotate at one 

direction, or they are attached to the ground, making the motors rotate at the other direction. 

Thus, which direction is considered the clockwise and which one is the counterclockwise 

must be found. To achieve it the following Simulink schemes were used, presented in Figures 

5.8 and 5.9. 
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Figure 5.8. Signal pins of Servo Drive AZBDC10A4. See Chapter 11. 6.  

 

Figure 5.9. The pins of the L293D Quadruple Half-H Drivers. See Chapter 11.7. 

In these schemes the duty cycle is provided by the DS1103_DSP_PWM3 block and the 

DS1103L_DSP_PWM block are used. To define the direction of the motors the direction pins 

are connected to the D/A converter channels of DS1103. In the case of the slave motor, only 

one pin is required, while the master motor requires two. It must be underscored that the 

direction control also requires that the ground of DS1103 is connected to the ground pins of 

the drivers, while in other applications it is not prerequisite, such as using Arduino Uno for 

instance. If the rotation of the motor and the measurement of ControlDesk are not the desired 

ones, for instance the clockwise rotation is negative. One easy way to change the signs is to 

change the connection of the encoder pins. For example, if the channel one is selected on 

Simulink and previously the Channel A of the encoder is connected to the PHI90(1) pin of 

the Connector 3B and the Channel B of the encoder is connected to the PHI0(1) pin of the 

Connector 3B, then the user can simply reverse the connection. This fundamental concept 

will be the core of the direction control of the upcoming Simulink schemes for the final 

experiments. 
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Figure 5.10.  Slave motor direction control scheme. 

 

Figure 5.11.  Slave motor direction control scheme. 

5.3 Correlating the duty cycle with the output of the controller  

For the design of the controller it is required to calculate the controller gains using various 

techniques, such as root locus, frequency domain analysis etc. However, before that the units 

conversion gains must be found. More specifically, the relationship between the controller 

output (input of the plant) and the duty cycle that the driver of the motor requires must be 

found. Both of the motor drives used in the setup provide current to the motors, thus the 

output of the controller will be current. However, as presented in Figure 5.10 in a simple 

block diagram the driver that provides the motor with current receives as input PWM, which 

is defined by the duty cycle of the pulse. 
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Figure 5.12.  Illustration of the closed loop diagram which will be used for the master 

motors. 

The range of the duty cycle is [0 1]. For the slave motor, which will have open loop control, 

the solution is relatively easy. The current provided to the motor depends on the difference of 

the outputs of the force sensors, and the maximum output value is +5V, then the range of the 

input will be [0 5]. Thus the input can just be divided to the maximum value (Gain 1/5) and 

the desired range will be [0 1]. However, for the master motors control scheme this cannot be 

applied because closed loop control will be implemented. Thus, the relationship between the 

current of the motor and the duty cycle provided to the hbridge must be found. 

The setup that was used is the following. Using a precision resistance 2.5 Ohm ±1% in series 

with the motor for various duty cycle values the motor had been held still, thus the velocity 

was zero and the torque was the maximum. For every value of the duty cycle, the voltage of 

the resistance was noted and using the Ohm formula the current of the motor was calculated. 

In Figure 5.11 the experimental data and the interpolated curve are presented. It can be 

observed that apart from very low duty cycles, the curve is a line with constant slope. 

Calculating the slope of this line the result is: 

                                                                    114.2857
. .

mA

d c
                                                          (5.4) 

Thus, the conversion gain that must be used for the closed loop control scheme will be the 

inverse value. It has to be noted that it was found peculiar that the at the end of the 

experiments the slope slightly changed. When the resistastance was measured, it had slightly 

changed, and thus it was deduced that this was the reason for this occurrence. 
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Figure 5.13.   Duty Cycle - Current experimental curve. 

5.4 Noise filtering  

During the first tests to examine how CotrolDesk functions the FSR sensors values and the 

current of the slave motor were displayed and are presented in Figures 5.12, 5.13 and 5.14.  

 

Figure 5.14.  Current response. 
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Figure 5.13.  FSR Sensor 1 response. 

 

 

Figure 5.14.  FSR Sensor 2 response. 

 For the current the noise filtering is mandatory because the response is not 

distinguishable, but for the FSR sensors neither the amplitude was affected dramatically or 

the use of the sensor was hampering the user. However, one potential problem is the delay 

that will be increased because of the filter. In this chapter the spectral analysis will be 
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presented and the final results of the filtering process. In the following chapters, the possible 

use of the filters for FSR sensors will be examined. 

 For the design of the filters it is necessary to plot the spectrum of the signals. Using 

Fourier transformation the spectrum of the three time responses respectively are presented in 

Figures 5.15, 5.16 and 5.17. For the current recording the sampling rate was 1 kHz and for 

the FSR sensors the sampling rate was 10 kHz.  

 

Figure 5.15.  current spectrum. 

 

 

Figure 5.16.  FSR Sensor 1 Spectrum. 
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Figure 5.17.  FSR Sensor 2 Spectrum. 

 

Figure 15 shows that apart from the dc component, higher frequencies have high energy 

levels as well. These frequencies were sub harmonics of the PWM frequency of 15000 Hz. 

Thus, the design of a filter was mandatory. The frequency of the low pass filter was decided 

to be 15 Hz and the transfer function of the filter is the following: 
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Moreover, a 4th order filter was used with the same frequency, the transfer function of which 

is the following: 
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The responses compared to the signal without filtering is presented in Figures 5.18 and 5.19. 
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Figure 5.18.  Responses comparison. 

 

Figure 5.19.  Zoom in on the responses. The time range of the zoom is presented on the 

x-axis. 

From the experimental results it can be observed that with the first order filter the response 

continued to  have noise, thus it was decided to use a 4
th

 order filter. As for the FSR sensors 

the spectral illuminated that only the energy level of the dc component was high. In the 

following Figures it can be observed that the higher frequencies have insignificant 

contribution, however the noise caused by these components should be removed. 
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Figure 5.20.  Focus on the higher frequencies of the sensor 1. 

 

Figure 5.21.  Focus on the higher frequencies of the sensor 2. 

To diminish the energy leakage of the dc component presented in Figures 5.20 and 5.21 it 

was decided to test two low pass filters of various order for two different frequencies, 2.766 

Hz and 1.106 Hz. The filters transfer functions are the following: 
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Part of the Simulink block scheme that was used to measure the responses is presented in 

Figure 5.22. 

 

Figure 5.22.   Simulink scheme for filtering response recording. 

The results of the filtering process are presented in the following Figures: 
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Figure 5.23.  Sensor 1 response comparison using G1. 

 

Figure 5.24.  Zoom in to distinguish the response delay of G1. The time range of the 

zoom is presented on the x-axis. 
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Figure 5.25.  Sensor 1 response comparison using G1. 

 

 

Figure 5.26.  Zoom in to distinguish the response delay of G2. The time range of the 

zoom is presented on the x-axis. 

Evaluating the delay caused by the filter it was decided that the optimal solution was the 5th 

order filter applied at the response of sensor 2. However, this solution is not absolute and will 

be analyzed more thoroughly in the following chapters. 
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5.5 System identification of the master motors 

For the design of the controller it is required to identify the transfer function of the plant. The 

closed loop control will be applied for the control of the master motors. This subsystem 

consists of a motor and a motor and a power screw. The transfer function of the system will 

be calculated using the linear graph theory. Due to the fact that the input is a current source 

the inductance of the motor is not a state variable, this element can be eliminated. The linear 

graph representation of the system  is presented in Figure 5.27.  

 

Figure 5.27.  Linear graph of the motor - power screw system. 

B1 is the damping of the mechanical parts of the motor, Jeq the equivalent moment of inertia 

of the motor and the power screw, B2 the damping of the nut and m the mass of the nut. KT is 

the torque constant of the motor and h is the lead of the screw. From the datasheets KT is 4.9 

N A
-1

mm and h is 1.22 mm. 

According to the linear graph theory 
[3]

, the system consists of one flow source (is(t)) and one 

state variable, which is either the angular velocity of the motor or the power screw shaft. It 

has an electrical, a rotational and translational energy domains.  It can be deduced easily that 

the final state equation is the following: 
2 2

2 1

2 2 2
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eq m T s

dv
m J v B B K i t

dt h h h
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                                                      (5.9) 

The constants meq, Beq and 
2

TK
h


are dependent of the parameters the system. Making the 

assumption that the initial conditions of the system are set to zero, applying the Laplace 

transform to the ordinary differential equation (5.9), the resulting transfer function is the 

following: 
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A simplest form of the equation (9) is the following: 
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The constants of the system are the following: 
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K is a gain and τ is the time constant of the system. After the acquisition of the transfer 

function the values of the parameters must be found. To achieve this, a simple P control was 

applied to the system. The gain that was selected was Kp = 16000 8.75 10
-6

. The response is 

presented in Figure 5.28. From the measured angle of the motor the desired displacement of 

the screw can be obtained. 

 

Figure 5.6. Closed loop P control response. 

 

The closed loop transfer function is the following: 
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Equation (5.11) can be reformed to the following one: 
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                                                                (5.14) 

Using Figure 5.28 the overshoot and the settling time can be obtained. The overshoot can be 

calculated using the following equation 
[2]

: 
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Thus the damping ratio is 0.20668. The settling time can be calculated using the following 

equation: 
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Using the equation 14 the natural frequency is 50.2737204 r/s. The closed loop transfer 

function for P control and a second order plant is the following:  
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Using the equations (5.10), (5.12) and (5.14) it can be obtained: 
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Thus, the parameters of the motor were calculated. The gain constant was 2.94 mm/A and the 

time constant 0.048125 s. 

 

From these data the damping of the system can be obtained. The equivalent mass of the 

system can be calculated from the datasheets of the parts. The mass of the screw is 1.7 10
-3

 

kg. The equivalent inertia of the rotational domain is the sum of the inertia of the motor, the 

coupling and the power screw. Their values are 0.533 10
-8

 kg m
2
, 5.39 10

-7
 kg m

2
 and 3.4 10

-8
 

kg m
2
. Thus, the equivalent mass of the system is 16.613722 kg. From the time constant of 

the system the equivalent damping constant is 41.53 Kg/s. From equation (11) the theoretical 

value of the gain K is 3.2115 mm/A, thus the percentage difference with the experimental 

value is approximately 9%, a result that can be considered decent. 

5.6 Controller Design 

With the model of the plant obtained the controller of the system can be designed.  For this 

application the most appropriate controlled is the PD controller for quick response and small 

errors. The equation of the controller is the following 
[2]

: 

                                                                 c p DG K sK                                                                (5.17) 

The closed loop transfer function is the folowing: 
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Thus, substituting the Gp it is obtained: 
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The natural frequanecy of the system is: 
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The damping ratio of the system is: 
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Using these equations at the stage of the experiments the control system will be designed real 

time at the Controldesk environment. The answer to the question how it will be done will be 

presented in the following installments. 
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6 Final Setup for Experimentation 

In this Chapter it will be presented the final preparation of the Setup, the connectivity of the 

hardware parts and the Simulink file used for the experiments. For further details about the 

DS1103 it is advised to read the APPENDIX A BASICS ON dSPACE.  

 

6.1 Hardware Connection 

For the connection of the hardware it is required to connect the slave motor and its driver, the 

master motors, their respective encoders and its drivers and the FSR sensors to the power 

supply and the DS1103 as well. Next the correct connectivity will be presented. 

 

Slave Motor Division 

The slave motor system division of the setup consists of the RE 30 ∅30 mm slave motor, the 

HEDS 5540 500 Counts per turn encoder and the Analog Servo Drive AZBDC10A4.  In 

Figures 6.1 and 6.2 the Pins of the Drive and the encoder are 

presented.

 

Figure 6.1. Analog Servo Drive AZBDC10A4 Pins description. See Chapter 11.6.  
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Figure 6.2.  HEDS 5540 500 Counts per turn encoder pins mapping. See Chapter 

11.10. 

The connectivity map of this division is presented in the following tables accompanied by 

comments, mandatory to follow to the letter for the proper function of the setup. 

Table 6.1. Analog Servo Drive AZBDC10A4 connectivity map. 

Analog Servo Drive AZBDC10A4 Mapping 

a/a Hardware Pin dS1103 Pins / Power Supply 

1 P1 – Pin 1 P1B25 DACH1 

2 P1 – Pin 2 P2B28 SPWM1 

3 P1 – Pin 6 P1A2 ADCH4 

4 P1 – Pin 8 Drive Signal Ground 

5 P1 – Pin 11 Drive Signal Ground 

6 P2 – Pin 1 Motor Phase 1(red) 

7 P2 – Pin 3 Motor Phase 2 (black) 

8 P2 – Pin 8 Power Ground 

9 P2 – Pin 10 Power Supply (+13.5 V) 

 

The P1 Pin 1 is the Direction Pin that enables the motor to change its direction. To achieve it, 

apart from P1B25 (or any other D/A converter channel), a GND pin of the Connector P1B of 

DS1103 must be connected to the Signal GND pin of the drive (P1 - Pin 11). The Power 

GND pin (P2 – Pin 8) must have a minimum 47 μF external capacitance between it and the 
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HV IN pin (P2 – Pin 10). The HV IN is the power supply pin. For this specific motor of the 

setup the range of the Supply is 13.5 – 24 V.  To measure the current of the motor (and 

implicitly the torque), the Current Monitor Pin of the drive must be connected to an A/D 

converter channel of DS1103.  Moreover, a GND pin of Connectors P1A (for the A/D 

converter), P1B (for the D/A converter) and P2B (for the PWM pulse). 

Table 6.2. ENCODER HEDS  5540 500 Counts per turn  connectivity map. 

ENCODER HEDS  5540 500 Counts per turn 

a/a Hardware Pin dS1103 Pins / Power Supply 

1 Pin 1 P3B12 GND 

2 Pin 2 P3B28 IDX(3) 

3 Pin 3 P3B11 PHI0(3) 

4 Pin 4 Power Supply (+5) 

5 Pin 5 P3B44 PHI90(3) 

 

This specific encoder is single - ended, thus its connection with DS1103 must be the one 

presented in Figure 6.3.  For further details about the DS1103 conections, the user must 

search for the help provided by HelpDesk, which is also provided with ControlDesk 5.6. 

 

Figure 6.3. Connectivity schematic view of the ENCODER HEDS 5540.  

The equivalent PHI0 pin of the encoder is the Channel A, and the PHI90 pin is the Channel B 

respectively, however, it is not absolute. If the user reverses the connection the measurement 

will be reversed as well. Furthermore, it is crucial for the power supply connection, if the 

Power Supply pins of DS1103 are not used, to connect the GND pin of the encoder to both 

the supply GND and the GND pin of DS1103, as presented in Figure 6.4. 
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Figure 6.4.  Ground Connection of the encoder.  

 

Master Motor Division 

The master motors system division of the setup consists of the master motor - DCX12L EB 

KL 4.5V, the L293d Quadruple Half-H Driver  and the  Sensor - ENX10 EASY 512IMP.  In 

Figures 6.5 and 6.6 the Pins of the Drive and the encoder are presented. 

 

Figure 6.5. L293d Quadruple Half-H Driver pins description. Reference ? 
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Figure 6.6. The ENX10 EASY 512IMP encoder pins mapping.  See Chapter 11.12. 

The connectivity map of this division is presented in the following tables. 

Table 6.3. L293d Quadruple Half-H Driver connectivity map.  

L293d Quadruple Half-H Driver 

a/a Hardware Pin dS1103 Pins / Power Supply 

1 1,2 EN P2A27 ST2PWM 

2 1A P1A10 DACH6 

3 1Y Motor Phase 1 (red) 

4 GND P2A GND Pin (PWM)  - P1A 

GND Pin  (D/A Converter) 

5 GND Transl. Supply GND – Power 

Supply GND 

6 2Y Motor Phase 2 (black) 

7 2A P1A42 DACH4 

8 Vcc2 Power Supply (+ 4.5 V) 

9 Vcc1 Translation Supply (+ 5 V) 

10 4A P1A27 DACH8 

11 4Y Motor Phase 2 (black) 

12 GND P2A GND Pin (PWM) – P1A 

GND Pin (D/A Converter) 

13 GND Transl. Supply GND – Power 

Supply GND 

14 3Y Motor Phase 1 (red) 

15 3A P1A25 DACH2 

16 3,4EN P2B29 SPWM7 

 

The pins 1, 2 EN and 3, 4 EN must be connected to a PWM pulse channel of DS1103. The 

pins 1A, 2A, 3A and 4A are the direction pins (the pairs are 1A - 2A and 3A - 4A). To define 

the direction of the motor, one must be HIGH, with the other must be LOW. The pins 1Y, 

2Y, 3Y and 4Y are the output pins that must be connected to the motor (the pairs are 1Y - 2Y 

and 3Y - 4Y). For the proper function of the drive, it is mandatory to connect the ground of 
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the PWM, the Direction signals, the power and the translation supply to the GND pins of the 

drive. 

Table 6.4. Sensor - ENX10 EASY 512IMP connectivity map for Master Motor 1. 

Sensor - ENX10 EASY 512IMP (Master Motor 1) 

a/a Hardware Pin dS1103 Pins / Power Supply 

1 Pin 2 Power Supply (+5V) 

2 Pin 3 Power Ground - P3B27 GND 

(1) - P3A27 GND (1) 

3 Pin 5 P3A41 PHI0(1) (Inverse) 

4 Pin 6 P3B41 PHI0(1) 

5 Pin 7 P3A25 PHI90(1) (Inverse) 

6 Pin 8 P3B25 PHI90(1) 

 

Table 6.5. Sensor - ENX10 EASY 512IMP connectivity map for Master Motor 2. 

Sensor - ENX10 EASY 512IMP (Master Motor 2) 

a/a Hardware Pin dS1103 Pins / Power Supply 

1 Pin 2 Power Supply (+5V) 

2 Pin 3 Power Ground P3A42 GND (2) 

- P3B42 GND(2) 

3 Pin 5 P3A26 PHI0(2) (Inverse) 

4 Pin 6 P3B26 PHI0(2) 

5 Pin 7 P3A10 PHI90(2) (Inverse) 

6 Pin 8 P3B10 PHI90(2) 

The Sensor - ENX10 EASY 512IMP is differential encoder. Ergo its connection with 

DS1103 must be the one presented in Figure 6.7. 

 

Figure 6.7. Connectivity schematic view of the Sensor - ENX10 EASY 512IMP 

encoder. 
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The power supply connection is the same with the one that was presented previously in 

Figure 6.4.  The reversing of the pin connections can also be applied to this case as well. 

 

FSR Sensor Division 

The connection of the FSR Sensors is the least arduous one. It just requires two analog to 

digital channels and it is presented in the following table. 

 

Table 6.6. FSR Sensors connectivity map. 

FSR Sensor 

a/a Hardware Pin dS1103 Pins 

1 Sensor 1 Output P1A34 ADCH2 

2 Sensor 2 Output P1A19 ADCH6 

 

The FSR sensors require two power supply sources. A +5 V and a -5 V. Moreover, the 

ground of the Sensor must be connected to the ground pins of the P1A connector of DS1103. 

The Channels of the connectors for all the divisions of the setup that must be used are 

presented in the following Figures. 

 

Figure 6.8.  Connector P1A pins mapping. 
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Figure 6.9. Connector P1B pins mapping. 

 

Figure 6.10.  Connector P2A pins mapping. 
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Figure 6.11.   Connector P2B pins mapping. 

 

Figure 6.12.  Connector P3A pins mapping. 
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Figure 6.13.  Connector P3B pins mapping. 

For the DS1103 expansion box the connectors are required to be constructed, as presented in 

Figure 6.13. Their code name is 50 pin D-SUB male connector cables and pinouts. It should 

be advised that the order of soldering (from left to right and from the upper row to the lower 

one for example), depends whether the user is left handed or right handed. 

 

Figure 6.14.  The connectors of the DS1103 expansion box. 

The power supply requirements for the setup are presented in the following table. 
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Table 6.7.  Power requirements of the setup 

 

Power Requirements 

Hardware Power 

FSR Sensors + 5 V and - 5 V 

Slave Motor 13.5 - 24 V 

Master Motors 4.5 V 

L293d Quadruple Half-H Driver +5 V 

Encoders Supply +5 V 

6.2 Simulink Program 

With the advent of the setup the preparation of the Simulink program used for the simulations 

arrived. After many trials and overbearing the tides of programming using blocks a final 

Simulink file was designed and it will be examined thoroughly in this section. It has to be 

noted that at the laboratory there are other versions provided as well with minor differences; 

however the main core of the program remains the same.  

The objective of this stage was to implement the control schemes of Bidirectional Classic 

EPP and Bidirectional Biomechatronic EPP 
[4]

. These schemes are presented in Figures 6.14 

and 6.15. For the classic EPP the FSR force sensors must provide the input command to the 

slave motor. Depending of the difference of the output two sensors the direction of the motor 

must be variable the measured output is the position of the motor. Moreover, in the 

Biomechatronic EPP the output of the slave motor is the reference input of the master motors 

closed loop.  This notion must be implemented in Simulink to be used in ControlDesk for the 

real time experiments. The structure of the program analysis will be separated divisions. At 

each one a specific aspect of the control scheme design will be presented. 

 

Figure 6.15.  Bidirectional Classic EPP. Copied from [4]. 
[4] 
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Figure 6.16.   Bidirectional Biomechatronic EPP. Copied from [4].  
 

6.3 Reading the FSR Sensors 

In Chapter 3.  Design and Implementation of the Reference Input the procedure to construct 

the FSR Sensors was presented thoroughly. However, reading the output of the integrated 

circuit of the sensors required processing. First, bounds for the output value must be set. 

Because the purpose of the control schemes is to imitate the upper limb prosthetics; some 

restrictions have to be taken into account. Low output values must not trigger the motion of 

the slave motor and after an upper bound is reached, the force must remain constant, as 

presented in Figure 6.16. These bounds must be variable during the real time experiment. 

Each user will apply a different range of load, minimum and maximum, ergo variable bounds 

are mandatory. 

 

Figure 6.17.  Upper and Lower Bounds of the FSR sensor Output. Copied from [1].  
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Furthermore, behind the advantage of the low price of the FSR sensors looms the drawback 

of residual stress. After continuous experiments, even without load, the output of the sensor is 

not zero. Thus, it’s required to add an offset value that will set the output to zero and must 

also be variable, because the residual stress does not remain constant either. Finally, if the 

measurement of the sensor includes noise that renders the sensors intolerable for the user, 

then a filter must be added. However, the increase of the delay must be examined and if it is 

required by the user, so this demand is not absolute.  In Figure 6.17 it is presented the 

required structure of the Simulink program. 

 

Figure 6.18.  Measurement of the FSR sensor block diagram. 

 
 

The A/D converter blocks read the value of the output value of the two sensors. The offset 

values are subtracted from the measured values. However, if the residual stress is less that the 

estimated one, then the result would be less than zero. In this case, the final value must be 

zero. This can be implemented using the logic operations blocks of Simulink. The value 

refined value is multiplied by a logic variable that is either 0, if the value is less than zero, or 

1, if the value is greater than zero. To implement the diagram of Figure 6.16 the Dead Zone 

and Saturation blocks are used. Due to the desire to change the bounds of the two blocks real 

time, the dynamic ones are used because the bounds are inserted as inputs. Furthermore, the 

range of the position of the slave motor must be defined. Without setting limits to the 

position, the motor would rotate eternally until the power supply runs out. If a mechanical 

joint is connected to the motor, the danger of mechanical failure is imminent. To avoid these 

cases, a logic diagram must be inserted to the open loop control of the slave motor. For this 

mathematical model the logic variables x, y, z and w are defined. If φ is the position of the 

motor and φd is the boundary value and FSR1 and FSR2 the output values of the two sensors 

respectively, the values of the variables x, y, z and w are presented in the following table. 
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Table 6.8. Definition of the logic variables 

 

Logic Variables Values 

Variable Description Value 

 φ ≥ φd 1 

 φ  φd 0 

 FSR1 ≥ FSR2 1 

 FSR1 ≤ FSR2 0 

 φ ≤ - φd 1 

 φ  - φd 0 

 Rotation occurs 1 

 The motor is 

stopped 

0 

 

If the FSR1 rotates the slave motor clockwise (to the positive values of φ) and the FSR2 

rotates the slave motor counterclockwise (to the negative values of φ), then if the limit φd is 

reached and FSR1 ≥ FSR2 the motor must stop. The result must be the same in case the limit - 

φd is reached and FSR1 ≤ FSR2. The verbal expression of the design demand reveals the 

structure of the logic circuit, presented in Figure 6.18. The case FSR1 = FSR2 seems 

contradicting, but it's lackadaisical due to the fact that in these circumstances the motor is 

halted. 

 

Figure 6.19.   Logic gate circuit of the position - force control. 

Using Boolean algebra the circuit is equivalent to the following equation: 

                                                   ( ) ( ) ( ) ( )w x y y z x y y z                                                  (6.1) 

Taking into account that the states φ ≥ φd (x = 1) and φ ≤ - φd (z = 1) cannot occur 

simultaneously, the valid states are two less from the 2
3
 combinations, the truth table of 

equation (6.1) is the following. 
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Table 6.9. Truth table of the logic circuit. 

Input Output Description 

x y z w - 

1 1 0 0 φ ≥ φd and FSR1 ≥ FSR2  (Motor halted) 

0 1 1 1 φ ≤ - φd and FSR1 ≥ FSR2 (Rotation initiated 

cw) 

0 1 0 1 - φd ≤ φ ≤ φd and FSR1 ≥ FSR2 (Rotation 

initiated cw) 

1 0 0 1 φ ≥ φd and FSR1 ≤ FSR2 (Rotation initiated ccw) 

0 0 1 0 φ ≤ - φd and FSR1 ≤ FSR2 (Motor halted) 

0 0 0 1 - φd ≤ φ ≤ φd and FSR1 ≤ FSR2 (Rotation 

initiated ccw) 

Thus, this specific logic circuit is the ideal one for the application. Multiplying the logic 

variable w by the difference of the outputs of the force sensors will result the desired 

outcome. The block diagram that was designed in Simulink is presented in Figure 6.20. 

 

 

Figure 6.20.  Defining the position limits and the normalization of the input to duty 

cycle. 

Figure 6.20 also displays two more crucial parts of the open loop control of the slave motor. 

The first one is the direction change. Depending on the difference of the outputs of the force 

sensors, the D/A converter pin connected to the Analog Servo Drive AZBDC10A4 direction 

pin will be either HIGH or LOW, providing the ability to change direction. Moreover, even 

though the output of the drive is current, its input is PWM pulses. The magnitude of the 

current depends on the duty cycle of the PWM pulse. Thus, the input of the drive must be 

normalized to [0 1]. The maximum value of the difference of the two outputs is +5, while the 

minimum is 0. Ergo, to normalize it to the desired range the gain 1/5 can be used (1/Vmax in 

the Figure). However, if the range of the duty cycle is the [0 1], then even at pretty 

insignificant forces that will surpass the Dead Zone bound the duty cycle will reach the value 
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1 pretty easily. The resulting speed of the slave motor will reach the maximum value swiftly, 

presented in Figure 6.20, making the user unable to control the Force Sensors quickly 

enough. To reduce the range of the duty cycle to [0 0.1] for instance, the FSR reduce Gain 

was inserted, that can be changed real time during the experiments. 

 

Figure 6.21.  Motor Velocity Response with duty cycle 1 as being displayed at 

ControlDesk. x axis is time (s) and y axis is the velocity (deg/s). 

With the FSR sensors connected to the Bowden Cables this division of the Simulink file can 

be used to conduct experiments for the Classic EPP configuration. The last thing that must be 

noted is the reading of the encoder, which is examined thoroughly in Appendix A BASICS 

ON dSPACE, and is presented in Figure 6.22. 

 

Figure 6.22.  Reading of the encoder position and velocity. 

Consequently, the Bidirectionl Biomechatronic EPP of Figure 6.15 must be designed in the 

block diagram syntax of Simulink. To imitate the motion provided by the Bowden cables the 

Master motors must rotate on opposite directions. Furthermore, to follow the slave motor 

swiftly and with small error, a controller is required. In Chapter 5. Preliminary data 



 
100/214 

processing it was determined that a PD control is capable of satisfying these design demands. 

A block diagram structure of this notion is presented in Figure 6.23.  

 

Figure 6.23.  Biomechatronic EPP control scheme. 

The open loop control of the slave motor is the same as in the Classic EPP configuration. 

However, the Master Motor closed loop control must be included in the Simulink program. 

The block diagram syntax that was used is presented in Figures 6.24, 6.25 and 6.26. 

 

Figure 6.24.  Biomechatronic EPP Simulink program for the Master Motors (Part 1). 

It has to be underscored the fact that to control the motors properly, the direction of the 

motors must be determined according to the value of the error, as it is designed in the 

Simulink program. For instance, if the motor is rotating clockwise and the error is positive, 

then to reduce it the motor must change direction, rotating counterclockwise. If this 

requirement is not resolved, then the motor can rotate only in one direction, rendering the 

plant unstable. In contrast to the drive of the slave motor that has one direction pin, the 

corresponding drive of the master motors has two. That is the reason why two D/A converter 
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pins were used for each motor. Moreover, during pilot trials, a usual problem was that even 

though the duty cycle provided to the second Master Motor was zero, the motor continued 

rotating. An effortless way to resolve it is to compare the absolute value of the two motors 

position. If the difference between the two values is tending to zero, then both of the direction 

pins can be zero. Thus the motor can stop and the absolute value of its position would be the 

same with the first master motor. That is the reason of the arcane structure of the Simulink 

program related to the direction control of the motors. If the user wants to convert the control 

scheme from angle to position control or degrees to radians, a series of gains are provided 

that can be changed real time using ControlDesk. Because the Simulink program as a whole 

resembles to the Laocoön Group, it could not be presented in any Figure in its whole glory. 

Therefore, it can be examined in detail in the Simulink models in the CD - ROM provided 

with this thesis. 

 

 

Figure 6.25.  Biomechatronic EPP Simulink program for the Master Motors (Part 2). 

 

Figure 6.26.  Biomechatronic EPP Simulink program for the Master Motors (Part 3). 
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Figure 6.27.  Side view of the setup. 

 

Figure 6.28.  Front view of the setup. 

That was the final stage for the preparation of the setup. With the fort of the setup conquered, 

the experimental stage of the thesis can be initialized and it will be presented in the next 

installment. 
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7 Experimental Verification 

7.1 Experiment 1   Transparency – Equivalence 

With the completion of the experimental setup and the Simulink – ContolDesk program the 

experimental stage came. As it is stated in the Introduction, three different experiments have 

to be conducted. The one that will be presented in this chapter is the Transparency – 

Equivalence experiment. The purpose of this experiment is to examine whether the responses 

from the Classic EPP and the Biomechatronic EPP would be similar. To clarify it, the data 

that have to be evaluated are the delays for both of the setups, the functionality of the control 

scheme of the Biomechatronic EPP and the responses of the FSR sensors in both cases
[4]

. In 

case that the results would not be the desired ones, a new controller will be used. 

The ControlDesk environment prepared for this specific experiment is presented in   figure 

7.1. 

 

Figure 7.1.  ControlDesk environment for the Transparency test. 

The parameters that can be displayed during the real- time experiments are the position and the 

velocity of the motors, the current of the slave motor, the output of the FSR sensors and the closed 

loop error of the master motors. The gains of the PD controller can change real - time if variances in 

the responses are observed throughout the experiment.  First, the results of the Biomechatronic 

EPP setup will be presented. 

 

Classic EPP  

For this specific setup the parameters that must be examined are the delays between the FSR 

Sensors and the Slave Motor.   In figure 7.2 the response of the Slave Motor is presented 

applying load to the FSR sensors. 
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Figure 7.2. Delay Time between the FSR sensor and the slave motor. 

 It should be noted that the deadzone lower bound limit, as it was presented in the 

previous chapter is 0.9, thus, the input of the motor will be greater than zero when a load 

greater than 0.5 V is applied. Approximately the delay between the input command and the 

slave motor is 0.04 sec, a result that is considered accepted; taking into account that the 

sensors and the motor are bound together and the translation of the user is instant from the 

Bowden cables. 

 In the following figures the response of various parameters of the system are 

presented. Figures 7.4 and 7.5 reveal that the filtered response of the FSR sensors has 

significant delays over the unfiltered ones, making the choice to just present them and not to 

use them in the open loop control valid. Moreover the fact that the time constant of the 

current of the slave motor is at the range of ±0.05A, way below the maximum continuous 

current that is 3.44 A according to the datasheet of the motor. 
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Figure 7.3. Response of the slave motor for a specific time range. 

 

 

Figure 7.4. FSR 1 response for the same time range. 
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Figure 7.5.  FSR 2 Response for the same time range. 

 

Figure 7.6. Slave motor velocity for the same time range. 
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Figure 7.7.  Slave motor Current for the same time range. 

 

The immediate results that have to be evaluated are the ones of the Biomechatronic EPP and 

whether they are similar or not to the Classic EPP. 

 

Biomechatronic  EPP  

At this stage the delay and the quality of the controller will be presented, compared to the 

results of the Classic EPP. Inserting at ControlDesk the value of KP = 5000 and KD = 8000, 

from equations (20) and (21) of the previous chapter the damping ratio of the system is 

1.9080 and the natural frequency 6.5876 r/s, meaning that the overshoot will be zero. 

 In figure 7.8 the delay between the master and the slave motor is presented. It is observed 

that in comparison to the Classic EPP, the delays are far greater, approximately 0.2 – 0.5 sec, 

10 times greater than the Classic EPP. Apart from the delay, as it is presented in figures 14 

and 15 the controller of the Master Motor 1 works properly, leading to extremely low errors 

(tends to 0), however, the Master Motor 2 has more significant error. The reason might be the 

higher friction in this case.  
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Figure 7.8.  Delay between the slave motor and the master motor. 

 

Figure 7.9. Velocity of the slave motor. 
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Figure 7.10. Velocity of the Master 1 motor. 

 

Figure 7.11.  Velocity of the Master 2 motor. 
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Figure 7.12.  FSR 1 response. 

 

Figure 7.13.  FSR 2 response. 



 
111/214 

 

Figure 7.14.  Master Motor 1 error. 

 

Figure 7.15.  Master Motor 2 Error. 
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Figure 7.16.  Power screws before (left) and after the improvement of the assembly. 

 

Taking into account these results, this controller proved incapable for this application. Thus, 

it was decided to use a new controller, reduce the annotations of the setup and use the Linear 

Lubricant APG-2G provided with the power screws to reduce the friction. In figure 7.16 it is 

presented the improvement of the assembly for more uniform friction throughout the motion. 

  
 

 

 

Moreover, a new controller was selected. From equation (5.8) of chapter 5. Preliminary data 

processing taking into account the friction of the system with equivalent torque τf it can be 

deduced: 
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In this case the control law that will be used is the following 
[9]
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mest and Best are the estimated equivalent mass and damping constant of the system. 

Considering that the estimated properties are equal to the real ones, it can be obtained: 
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Thus, the damping ratio and natural frequency if the system can be obtained by the following 

equations: 
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The equivalent mass and damping constants were calculated on chapter 5. Preliminary data 

processing. However, the equivalent friction torque is required to implement this control law. 

To do so, a precision resistance 1 Ohm ±1% was connected in series to the motor and for 

small duty cycles its current was measured. At the duty cycle value that the motor started 

rotating, the required current to overrun the friction torque flows through the circuit. It was 

calculated that the friction current if is 0.0121 A and the friction torque can be obtained using 

the following equation: 

                                                                         f fi                                                                  (7.6) 

The change that has to be accomplished on the Simulink program is presented in figure 7.17. 

 

Figure 7.17.  New Controller implementation on Simulink. 

In this case apart from the results of the various outputs of the system, the input will be 

presented as well. The reason is whether or not the master motors can provide the necessary 

torque to the system or they are inept for the application. Furthermore, the results will be 

presented for steadily increased gain values to examine whether the response of the system 

will be improved. The results are presented in the following figures for each case. 

 

Case 1  KD = 80000 KP = 25000 

In comparison to the previous state the gains were increased to improve the response of the 

master motor 2. In figure 7.18 the delays of the master motors are presented. It is observed 

that depending on the position of the motors and the force applied by the user the delay can 

be from almost zero to 0.5 sec, as it is presented on figure 7.19 as well. When the position of 

the slave motor is reached, the error is almost zero as it is presented in figures 7.20 and 21. 

However, as it is presented in figures 7.22 and 23 the input reaches its upper bound and 

remains constant for a long period of time, indicating that the current provided by the 

controller reaches greater values, that it is not provided though. Thus, the motor will not 

produce the required torque to rotate the power screw. 
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Figure 7.18.   Delays between the master motors and the slave motor (case 1). 

 

Figure 7.19.  Zoom in to examine the range of the delays depending of the position of 

the motor (case 1). 
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Figure 7.20.   Master Motor 1 error (case 1). 

 

Figure 7.21.  Master Motor 2 error (case 1). 
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Figure 7.22.  Master Motor 1 normalized current (converted to d.c.) (case 1). 

 

Figure 7.23.  Master Motor 2 normalized current (converted to d.c.) (case 1). 
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Case 2 KD = 10
6
 KP = 5 10

6
 

In this case the gains were increased significantly to examine whether any improvement 

occurred. The results are presented in the following figures. From figures 7.24 and 7.25 it can 

be deduced that the situation did not improve and the delays are not reduced. Moreover, the 

fact that the motor is inept to provide the necessary torque remains. 

 

Figure 7.24.  Delays between the master motors and the slave motor (case 2). 

 

Figure 7.25.  Zoom in to examine the range of the delays depending of the position of 

the motor (case 2). 
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Figure 7.26.  Master Motor 1 error (case 2). 

 

Figure 7.27.  Master Motor 2 error (case 2). 
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Figure 7.28.  Master Motor 2 normalized current (converted to d.c.) (case 2). 

 

Figure 7.29.  Master Motor 1 normalized current (converted to d.c.) (case 2). 
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Case 3 Increase in Supply voltage 

Moreover, it was noticed that even though it was stated at  the datasheet of the h-bridge that 

the maximum current is 600 mA,  during all of the experiments the peak of the current at the 

voltage supply was 432 mA, therefore it was decided to increase the supply voltage from 4.5 

V to 7 V. The results are presented in the following figures and reveal a dramatic 

improvement at the results. 

 

 

 

Figure 7.30 Response of the motors with increased supply voltage. 
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Figure 7.31.  Master Motor 1 error. 

 

 

Figure 7.32.  Master Motor 2 error. 
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The increase of the supply voltage proved to render the delays of the system zero. Thus the 

two control schemes seem to be equivalent to each other from this aspect (transparency is 

achieved). Nevertheless, more experiments of different nature haveto be conducted to 

examine whether or not these two methods are equivalent. However, these experiments will 

be presented to the next installment. 

7.2 Experiment 2 Target – Experiment 

The purpose of this experiment is to inquire whether or not the user can reach specific targets 

using the Classic EPP and the Biomechatronic EPP. Moreover, it has to be tested whether the 

Biomechatronic EPP amends the Proprioception of the user compared to the Classic EPP. 

Before the experimental results will be presented, a protocol of the experimental procedure 

should be stated. The objective of this protocol is to render the experiment repeatable and the 

results less arduous to process. Thus, the protocol of the experiment will be presented
[16-23]

. 

Target Experiment Protocol 

For this experiment two people are required. The first one is the supervisor of the experiment 

and the second is the participant to the experiment. 

The supervisor of the experiment will operate the ControlDesk environment, while the 

ControlDesk window will be recorded. The ControlDesk environment is presented on figure 

7.33. 

 

Figure 7.33.  ControlDesk environment for the supervisor. 

The supervisor of the experiment from the Target Insert Value can change the position of the 

target (crimson ellipse) and the participant has to apply the necessary force to the FSR 

sensors to rotate the slave motor to the desired target. The position of the motor is connected 
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to the bar instrument (xanthic bar), thus, the user is provided with visual feedback of the 

slave motor’s position. 

The experimental stages are the following. 

Biomechatronic EPP 

 The supervisor connects the DS1103 to the PC using the optical fiber and turns on the 

ControlDesk environment. Then the control gains of the system and various parameters of 

the system are adjusted from the environment real – time and finally the power supply is 

turned on. 

 The supervisor makes a short test to reassure that everything works properly and lets the 

participant take the FSR sensors. Then he presses the record button as it is presented on 

figure 7.34. 

 

Figure 7.34.  Record button on ControlDesk 5.6. 

 Phase 1  

The supervisor inserts a target value to the User/Value input box of ControlDesk while the 

participant tries to reach the target. During this phase the participant has 20 seconds to reach 

the target, otherwise his attempt is considered a failure and the target changes position. If the 

participant succeeds reaching the target, the supervisor waits whether the participant is able 

to stay at least 5 seconds on the target.  If he/she is unable to keep absolutely still, his 

attempt is considered a failure and the target changes position. The same procedure is 

repeated for every single target position. The pattern of the targets is unknown to the user and 

it is up to the supervisor to define its route, so that the participant is not mentally prepared for 

the forces that must be applied and to which direction. 

 

 Phase 2 
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The ellipse and the bar of the ControlDesk increase in size. The supervisor inserts a target 

value to the User/Value input box of ControlDesk while the participant tries to reach the 

target. During this phase the participant has 15 seconds to reach the target, otherwise his 

attempt is considered a failure and the target changes position. If the participant succeeds in 

reaching the target, the supervisor waits if the participant is able to stay at least 8 seconds 

on the target.  If he/she is unable to keep absolutely still, his attempt is considered a failure 

and the target changes position. The same procedure is repeated for every single target 

position. The pattern of the targets is unknown to the user and it is up to the supervisor to 

define its route, so that the participant is not mentally prepared for the forces that must be 

applied and to which direction. The parameters that must be evaluated are the following 
[24-

27]
. 

2) Movement time to the target 

3) Duel time to the target 

4) Number of successes and failures 

5)Error rate of the final position reached from the actual target 

Classic EPP 

The supervisor connects the FSR sensors to the Bowden Cables of the setup (figure 3.17 

chapter 3. Design and Implementation of the Reference Input). 

 Then the supervisor sets the gains presented on figure 32 to zero that are related to the 

Biomechatronic EPP. 

 

Figure 7.35.  Setting the Control Gains of the Master Motors to zero for the Classic 

EPP target position experiment. 

The phases of the test are the same with the Biomechatronic EPP. It has to be noted that the 

same target position pattern that was used for the previous stage of the experiment remains 

the same. Moreover, the parameters that must be evaluated remain the same as well. 

With the protocol defined, an experiment will be presented along with the evaluation process 

of its results. 
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7.3 Case study Presentation – Pilot Test 

During this case study the pattern of positions that the target reached are presented on the 

following table. Moreover, in this table is presented the index of difficulty of the experiment, 

which is a way to calculate the difficulty of the experiment 
[24-27]

. The index of difficulty can 

be calculated using the following equation: 

                                                         2log ( 1)
A

ID
W

                                                             (7.7) 

A is the value of the target, for instance if the target is positioned  to 90 degrees,ther A is 

equal to 90. W is the width of the target. For the environment of figure 7.33 the width of the 

target (crimson ellipse) is approximately 8 degrees. The final results are displayed on  table 

7.6. The desired ID range must be 2 ÷8 
[24]

. 

Table 7.6 Case Study Target Positions 

 

Target Positions 

s/n Position [deg] ID 

1 90 
3.792558 

2 5 0.777608 

3 25 
2.192645 

4 -95 3.86507 

5 -40 2.747234 

6 10 
1.280108 

7 -35 2.584963 

8 65 
3.36257 

9 -50 3.025535 

10 -40 
2.747234 

11 100 3.934112 

12 -80 3.635589 

13 70 
3,459432 

14 30 2.402098 

15 -30 
2.402098 

  

The recordings of each phase of the test are included on the CD of this thesis. The results are 

displayed to the following figures for each phase of the case study. The more valuable data 

are presented on the target and slave motor position curves, because the route the participant 

followed is presented. Furthermore, the FSR sensor responses, the slave motor current, and 

the master motor closed loop error and response are presented. After the display of each case, 

the evaluation of the experimental results will be presented. 
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 Biomechatronic EPP Phase 1 

 

Figure 7.36.  Slave motor path during the phase 1 of Biomechatronic EPP test. 

 

Figure 7.37.  Slave motor velocity during the phase 1 of Biomechatronic EPP test. 
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Figure 7.38.  FSR 1 output during the phase 1 of Biomechatronic EPP test. 

 

Figure 7.39.  FSR 2 output during the phase 1 of Biomechatronic EPP test. 
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Figure 7.40.  Slave motor current during the phase 1 of Biomechatronic EPP test. 

 

Figure 7.41.  Master 1 Motor error during the phase 1 of Biomechatronic EPP test. 
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Figure 7.42.  Master 2 Motor error during the phase 1 of Biomechatronic EPP test. 

 

Figure 7.43.  Slave - Master Motor positioning during the phase 1 of Biomechatronic 

EPP test. 
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 Biomechatronic EPP Phase 2 

 

Figure 7.44.  Slave motor path during the phase 2 of Biomechatronic EPP test. 

 

Figure 7.45.  Slave motor velocity during the phase 2 of Biomechatronic EPP test. 
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Figure 7.46.  FSR 1 output during the phase 2 of Biomechatronic EPP test. 

 

Figure 7.47.  FSR 2 output during the phase 2 of Biomechatronic EPP test. 
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Figure 7.48.  Slave motor current during the phase 2 of Biomechatronic EPP test. 

 

Figure 7.49.  Master 2 Motor error during the phase 2 of Biomechatronic EPP test. 
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Figure 7.50.  Master 1 Motor error during the phase 2 of Biomechatronic EPP test. 

 

 

Figure 7.51.  Slave - Master Motor positioning during the phase 2 of Biomechatronic 

EPP test. 
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 Classic EPP Phase 1 

 

Figure 7.52.  Slave motor path during the phase 1 of Classic EPP test. 

 

Figure 7.53.  Slave motor velocity during the phase 1 of Classic EPP test. 
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Figure 7.54.  FSR 1 output during the phase 1 of Classic EPP test. 

 

Figure 7.55.  FSR 2 output during the phase 1 of Classic EPP test. 
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Figure 7.56.  Slave motor current during the phase 1 of Classic EPP test. 

 Classic EPP Phase 2 

 

Figure 7.57.  Slave motor path during the phase 2 of Classic EPP test. 
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Figure 7.58.  Slave motor velocity during the phase 2 of Classic EPP test. 

 

Figure 7.59.  FSR 1 output during the phase 2 of Classic EPP test. 
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Figure 7.60.  FSR 2 output during the phase 2 of Classic EPP test. 

 

Figure 7.61.  Slave motor current during the phase 2 of Classic EPP test 
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7.4 Experimental Data Evaluation 

After the experimental results were obtained, then they were evaluated. The parameters that 

have to be evaluated are the movement time to the target, the time the participant is able to 

still inside the area of the target, the number of failures and the error between the final 

reached value and the actual target position. It is important to find a way to represent these 

data in a way that provides the widest amount of information for the experiment evaluation. 

Thus, it was decided that the best way to compare each phase is the one presented on the 

following figures. The independent variable is related to the Biomechatronic EPP experiment 

and the dependent variable is related to the Classic EPP experiment. The blue lines represent 

the constraints that were determined for each phase at the protocol. The black line (y = x) 

represents the case that the two experiments have data that match perfectly, meaning that the 

two control schemes are equivalent. For the movement time comparison, with the 

enumeration of the trigonometric circle, the points that are on the third quadrant are qualified 

as success for both schemes. If the points are on the second quadrant, then during the Classic 

EPP experiment the movement time constraint is breached and the Classic EPP attempt is 

considered a failure, while the Biomechatronic EPP attempt is considered a success. The 

opposite case is the fourth quadrant. If a point lies there, then during the Biomechatronic EPP 

experiment the movement time constraint is breached and the Biomechatronic EPP attempt is 

considered a failure, while the Classic EPP attempt is considered a success. If a point lies into 

the first quadrant, then both the Biomechatronic EPP attempt and the Classic EPP attempt are 

considered a failure. Finally, if a point lies below the black line, then the participant moved to 

the respective target faster during the Classic EPP time. Figure 7.62 renders pellucid that for 

the phase 1 the Classic EPP has slightly better results than the Biomechatronic EPP (more 

points below the black line). However at two occasions the participant failed to reach the 

target in time during the Classic EPP time, while in Biomechatronic EPP he or she failed only 

once. Moreover, figure 7.63 reveals that again the participant fails more often during the 

Classic EPP, while the number of successes is almost equal for both cases. In addition the 

points are near the black line, ergo the two schemes from the aspect of movement time could 

be considered equivalent.  
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Figure 7.62.  Movement time comparison curve (phase 1). 

 

Figure 7.63.  Movement time comparison curve (phase 2). 

As for the duel time curves (figures 7.64 and 7.65), if the points are on the second quadrant, 

then during the Biomechatronic EPP experiment the duel time constraint is breached and the 

Biomechatronic EPP attempt is considered a failure, while the Classic EPP attempt is 
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considered a success. The opposite case is the fourth quadrant. If a point lies there, then 

during the Classic EPP experiment the duel time constraint is breached and the Classic EPP 

attempt is considered a failure, while the Biomechatronic EPP attempt is considered a 

success. If a point lies into the fourth quadrant, then both the Biomechatronic EPP attempt 

and the Classic EPP attempt are considered a failure while points on the first quadrant are 

considered a success in both cases. Finally, if a point lies below the black line, then the 

participant stayed to the respective target longer during the Classic EPP time. For the two 

phases the participant could stay longer on the target with the Biomechatronic EPP scheme. 

Moreover, the number of failures for the Classic EPP increased dramatically. Thus, the 

Biomechatronic EPP is proved to be better than the Classic EPP to stay on target. However 

this result should be connected to the lack of sense of the user during the expriment. Thus, the 

participant feels less resistance from the master motors and he/she is able to stay longer at the 

target effortlessly, while at the Classic EPP the participant has to balance the torque of the 

slave motor, which is much higher than the torque of the master motors. The error rate curves 

(which is the difference between the position reached and actual target when the yellow bar is 

within the width of the red ellipse which is the target) of figures 7.66 and 7.67 reveal that in 

both cases the error is insignificant, because the participant is able to rotate the slave motor to 

the desired position with very low errors in degrees. Thus, the open loop controller of the 

slave motor as it was designed is efficient.   

 

 

Figure 7.64.   Duel time comparison curve (phase 1). 
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Figure 7.65.   Duel time comparison curve (phase 2). 

 

Figure 7.66.  Reach target error (phase 1). 
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Figure 7.67.  Reach target error (phase 2). 

 

Moreover, it has to be delved into whether the two schemes have results that are statistically 

the same. The question whether the samples of the two experiments are statistically the same, 

is equivalent to the question whether the two samples belong to the same probabilistic set. 

Three conditions are required for a positive answer. 

 

1. The two samples belong to the same distribution 

To prove it, the Kolmogorov –Smirnov must be used [11]. If the variable of equation (7.8) is 

defined: 

                                                            , 1, 2,sup ( ) ( )n m n mD F x F x                                                   (7.8) 

With F1,n , F2,m distribution functions of the first and second sample respectively (n, m the 

number of samples), then the null hypothesis and the alternative hypothesis are as follows: 
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a is the confidence level of the test. If the null hypothesis is rejected, then the two samples do 

not belong to the same distribution. For this test the Matlab command kstest2 will be used. 

 

2. The two samples have the same standard deviation 

For this test the null hypothesis and the alternative hypothesis are as follows 
[10]

: 
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To examine whether the confidence value bounds are breached the Snedecor's F distribution 

is used: 
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3. The two samples have the same mean value 

For this test the null hypothesis and the alternative hypothesis are as follows 
[10]

: 

                                                                   1 2: 0oH                                                               (7.15) 

                                                                   1 1 2: 0H                                                               (7.16) 

 

To examine whether the confidence value bounds are breached the Student distribution is 

used: 
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N1 is the number of data of the first sample and N2 the number of data of the second sample. 

In this pilot test the number of data is 15. The test requires a specific confidence level. In this 

case the test will be conducted for confidence level 5%. Moreover, the test is two sided for 

the standard deviation and for the mean value. The t-distribution is symmetric, however, for 

the Snedecor’s F distribution to calculate the lower bound of the distribution the following 

equation is required. 
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                                                               (7.19) 

The movement time depends on the position of the previous target, thus, there is no point 

inquiring data such as the mean value and the standard deviation. The reason is that they 

depend on the experimental pattern decided by the supervisor of the experiment. 

Nevertheless, the random variables: the error between the actual target position and the 

position reached and the time the participant is halted to the target have to be examined 
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whether they belong to the same probabilistic set regardless the scheme that is used is the 

Classic EPP or the Biomechatronic EPP. In this case these variables are independent from the 

decision of the supervisor – puppeteer who pulls the strings of the fate of the participant.  The 

tests will be conducted for both the Phase 1 and Phase 2 data. In the following tables the 

results will be presented for each case. 

Table 7.1. Results of statistical tests for Phase 1 duel time random variable. 

Phase 1 duel time 

Classic EPP 

mean value 

1x (s) 

Classic EPP standard 

deviation 
1s  (s) 

Biomechatronic EPP 

mean value 2x  (s) 

Biomechatronic 

EPP standard 

deviation 
2s  (s) 

7.8233 4.0739 12.6827 7.5867 

Condition Results Accepted/Rejected Null 

Hypothesis 

Kolmogorov - 

Smirnov 

0 Accepted 

 

Mean value 
2.5(28)t   ot   

97.5(28)t   

Rejected -2.048 -2.1856 2.048 

 

Standard deviation 
14,142.5F   

14,14oF  
14,1497.5F   

Rejected 

0.3495 0.2887 2.86 

Result Negative 

 
Table 7.2. Results of statisitcal tests for Phase 2 duel time random variable. 

Phase 2 duel time 

Classic EPP 

mean value 

1x (s) 

Classic EPP standard 

deviation 1s  (s) 

Biomechatronic EPP 

mean value 2x  (s) 

Biomechatronic 

EPP standard 

deviation 2s (s) 

6.5013 2.5087 11.0267 4.7201 

Condition Results Accepted/Rejected Null 

Hypothesis 

Kolmogorov - 

Smirnov 

1 Rejected 

 

Mean value 
2.5(28)t  ot  97.5(28)t   

Rejected -2.048 -3.2789 2.048 

 

Standard deviation 
14,142.5F  

14,14oF  
14,1497.5F   

Rejected 
0.3495 0.2825 2.86 

Result Negative 
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Table 7.3. Results of statistical tests for Phase 1 error random variable. 

Phase 1 error 

Classic EPP 

mean value 

1x (deg) 

Classic EPP standard 

deviation 
1s (deg) 

Biomechatronic EPP 

mean value 2x (deg) 

Biomechatronic 

EPP standard 

deviation 
2s (deg) 

1.6957 1.0454 2.4975 1.2064 

Condition Results Accepted/Rejected Null 

Hypothesis 

Kolmogorov - 

Smirnov 

0 Accepted 

Mean value 
2.5(28)t  ot  

97.5(28)t   

Accepted -2.048 -0.8246 2.048 

 

Standard deviation 
14,142.5F  

14,14oF  
14,1497.5F   

Accepted 
0.3495 1.0219 2.86 

Result Positive 

 

Table 7.4. Results of statistical tests for Phase 2 error random variable. 

Phase 2 error 

Classic EPP 

mean value 

1x (deg) 

Classic EPP standard 

deviation 1s (deg) 

Biomechatronic EPP 

mean value 2x (deg) 

Biomechatronic 

EPP standard 

deviation 2s (deg) 

1.6981 1.1559 2.0443 1.1435 

Condition Results Accepted/Rejected Null 

Hypothesis 

Kolmogorov - 

Smirnov 

0 Accepted 

 

Mean value 
2.5(28)t  ot  97.5(28)t   

Accepted -2.048 -1.9451 2.048 

 

Standard deviation 
14,142.5F  

14,14oF  
14,1497.5F   

Accepted 

0.3495 0.7509 2.86 

Result Positive 

 

The results of the statistical tests illuminate the umbral suspicions that the transparency test 

implied. The delays caused by the master motors render the user unable to have feedback 

from the Biomechatronic EPP setup. Thus, the user faces much higher resistance from the 

slave motor, being unable to stay for long period of time halted to the target. These results are 

congruent with the results of figures 7.64 and 7.65. The statistical test related to the error 
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reveals that the error of the participant is the same regardless the scheme that he or she uses. 

The reason is the same to the one that was concluded during the evaluation of figures 7.66 

and 7.67. The open loop controller of the slave motor designed in Simulink is functional for 

both control schemes. However a second example will be held, with the increase in voltage 

supply of the master motors to examine whether the results are the same. 

7.5 Target Experiment 2 

During this test, only the first phase of the previous experiment was conducted. However, in 

this stage apart from the Classic EPP and the Biomechatronic EPP that the FSR sensors are 

connected to the rest of the setup, in this session the Classic EPP without coupling and the 

Biomechatronic EPP without connection with the power screws will be included.The pattern 

will be the same with the one of table 7.6. In the following figures the results of each setup 

will be presented. 

 

 Biomechatronic EPP with connection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 7.68. Biomechatronic EPP with connection slave - target position. 
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Figure 7.69. Biomechatronic EPP with connection master slave position. 

 

 

Figure 7.69. Biomechatronic EPP with connection master motor 1 closed loop error. 
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Figure 7.70. Biomechatronic EPP with connection master motor 1 closed loop error. 

 

 Biomechatronic EPP without connection (disconnected signal pathway from slave to 

master). 

 
Figure 7.71. Biomechatronic EPP without connection slave - target position. 
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Figure 7.72. Biomechatronic EPP without connection master slave position. 

 

Figure 7.73. Biomechatronic EPP with connection master motor 1 closed loop error. 
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Figure 7.74. Biomechatronic EPP with connection master motor 2 closed loop error. 

 Classic EPP with coupling 

 
Figure 7.75. Classic EPP with connection slave - target position. 
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 Classic EPP without coupling (disconnected Bowden cables from couple).  

 

 

 
Figure 7.76. Classic EPP with connection slave - target position. 

7.5 Experimental Data Evaluation vol. 2 

In this section the parameters that will be compared will be the movement time, the duel time 

and the error again. However, one new parameter that will be included is the required time to 

finish the experiment. The data that will be compared for each setup are the mean time and 

the standard deviation. It has to be noted that the maximum current of the master motors was 

0.55 A. 
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Figure 7.77. Movement time comparison. 

 

 

Figure 7.78. Duel time comparison. 
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Figure 7.79. Error  comparison. 

 
 

 
 

Figure 7.79. Error  comparison (RMS). 
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Figure 7.81. Experiment final time comparison. 

 

It has to be noted that during the Classic setup without the coupler two failures occured, 

while on the other three experiments no failure occured. The reason that the Classic 

unconnected is has greater movement time than the other three setups  is because the Bowden 

Cables in contrast to the ropes of the Biomechatronic setup have an elasticity  that is 

distinguishable by the participant to the experiment. This  renders the participant face 

difficulty reach the target. The same result can be observed to the duel time as well. For both 

the movement time and the duel time the Biomechatronic unconnected has the better results. 

The reason is that the participant has no force sense feed back from  master motors and  just 

with a little practice he/she can achieve to reach the target and stay on it by just applying the 

required force to the sensors and conduct the experiment without a hassle. The error rate 

between the actual target position and the final position reached is the same for the four 

setups. The reason is the fact that the open loop controller of the slave motor is the same and 

is independant of the rest of the setup. This topic will be discussed further after the statistical 

tests. However, it seems that this variable might be independent of the control method that is 

used. As for the duel time and the movement time of the Classic EPP and the Biomechatronic 

EPP, they seem to be almost identical on the aspect of the time range. This means that the 

desired equivalence might be accomplished. However, to inquire it, statistical tests have to be 

conducted that will be presented next. Finally, it has to be mentioned that the results of each 

parameter have slight variances depending of the order the setups were used. For instance, if 

the participant starts with the Classic EPP, he /she will have to learn at first how to use the 

setup, rendering the first attempts worse than the following ones. However, in the following 

experiments, the participant has learned how to use the setup and the amount of force that has 

to be applied to the sensors, improving his/her performance. For the record, the order the 

setups were used is the following: the Biomechatronic unconnected, the Biomechatronic EPP, 
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the Classic unconnected and finally the Classic EPP. With the experimental data obtained it 

has to be inquired whether or not the data belong to the same probabilistic set. Thus the same 

statistical test will be conducted. However, in this case the samples that will be compared are 

the Biomechatronic EPP and Classic EPP connected to the rest of the setup (with the ropes 

and the coupling respectively). The results are presented in the folowing tables. 

Table 7. Statistical Tests for the duel time with the whole setup connected 

Duel time - Connected setup 

Classic EPP mean 

value 1x (s) 

Classic EPP 

standard deviation 

1s  (s) 

Biomechatronic EPP 

mean value 2x  (s) 

Biomechatronic EPP 

standard deviation 
2s  

(s) 

12.86933 2.391397 12.02533 2.891131 

Condition Results Accepted/Rejected Null 

Hypothesis 

Kolmogorov - Smirnov 0 Accepted 

 

Mean value 
2.5(28)t   ot   

97.5(28)t   

Accepted -2.048 -0,84168 2.048 

 

Standard deviation 
14,142.5F   

14,14oF  
14,1497.5F   

Accepted 

0.3495 1,461614 2.86 

Result Positive 

 

Table 8. Statistical Tests for the duel time with the whole setup unconnected 

Duel time - Unconnected setup 

Classic EPP mean 

value 1x (s) 

Classic EPP 

standard deviation 

1s  (s) 

Biomechatronic EPP 

mean value 2x  (s) 

Biomechatronic EPP 

standard deviation 2s  

(s) 

12.51769 3.087216 12.856 2.401903 

Condition Results Accepted/Rejected Null 

Hypothesis 

Kolmogorov - Smirnov 0 Accepted 

 

Mean value 
2.5(28)t   ot   97.5(28)t   

Accepted -2.048 0.33819 2.048 

 

Standard deviation 
14,142.5F   

14,14oF  
14,1497.5F   

Accepted 

0.3495 0.605309 2.86 

Result Positive 
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Table 9. Statistical Tests for the error with the whole setup connected 

Error - Connected setup 

Classic EPP mean 

value 1x (deg) 

Classic EPP 

standard deviation 

1s  (deg) 

Biomechatronic EPP 

mean value 2x  (deg) 

Biomechatronic EPP 

standard deviation 
2s  

(deg) 

1.369933 1.117659 1.1902 1.002717 

Condition Results Accepted/Rejected Null 

Hypothesis 

Kolmogorov - Smirnov 0 Accepted 

 

Mean value 
2.5(28)t   ot   

97.5(28)t   

Accepted -2.048 -0.44787 2.048 

 

Standard deviation 
14,142.5F   

14,14oF  
14,1497.5F   

Accepted 

0.3495 0.804893 2.86 

Result Positive 

 

Table 10. Statistical Tests for the error with the whole setup unconnected 

Error - Unconnected setup 

Classic EPP mean 

value 1x (deg) 

Classic EPP 

standard deviation 

1s  (deg) 

Biomechatronic EPP 

mean value 2x  (deg) 

Biomechatronic EPP 

standard deviation 2s  

(deg) 

1.219462 1.373669 1.369933 1.117659 

Condition Results Accepted/Rejected Null 

Hypothesis 

Kolmogorov - Smirnov 0 Accepted 

 

Mean value 
2.5(28)t   ot   97.5(28)t   

Accepted -2.048 0.331685 2.048 

 

Standard deviation 
14,142.5F   

14,14oF  
14,1497.5F   

Accepted 

0.3495 0.661995 2.86 

Result Positive 

 

The results of the statistical comparison with the increase in voltage supply are much more 

positive, because in this case both of the setups (with the coupling and the ropes and not) are 

proved that are statistically the same. Thus the two setups for both the error and the duel time 

prove to be identical to each other, rendering the terget experiments successful. Next is the 



 
158/214 

preparation of the setup for the force sence, however, it will be presented to the next 

installment.  

7.6 Experiment 3 Force 

In this test it has to be examined whether the user feels an increase in the load applied to the 

joint of the slave motor and is able to apply higher load to the FSR sensors to augment the 

current provided to the motor.  The idea is to apply various loads to the shaft of the motor and 

delve into whether the user is able to feel the increase in force required to rotate the slave 

motor. The weight will be held from a fishing line wreathed in the pulley used for the 

Bowden cables. The only differece is that in its CAD a hole was included to pass the line 

through it and it was constructed with 3D printing. The final setup is presented to the 

following figures. 

 

Figure 7.82.  Redesigned CAD of the pulley with a hole to hold the fishing line. 

 

Figure 7.83.  3D printed pulley on the shaft of the setup. 
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Figure 7.84.  Standard weight placed in a base connected to the 3D printed 

pulley. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, a physical obstacle has to be placed to the shaft to examine whether the user is 

able to feel the Dirac – Impulse loadings. For this purpose a rectangular shaft was designed, 

as it is presented on figure 7.68. The shaft was constructed using the 3D printer of the 

laboratory and its assembly is presented on figure 7.69. To stop the shaft two flanges were 

adjusted to the setup, presented on figure 7.70. 

 

Figure 7.85.  CAD of the rectangular shaft. 
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Figure 7.86.  Assembly of the 3D printed shaft to the setup. 

 

Figure 7.87.  The flanges that are used as bounds for the shaft. 

The results that must be compared are the FSR sensor curves for 1 kg of load and to no load 

for the Classic EPP setup and the Biomechatronic EPP setup. Then to inquire whether the 

two methods are equivalent the stochastic variable output of the FSR sensor for the 

Biomechatronic EPP and for the Classic EPP must belong to the same probabilistic set. 

Through an experiment the integral mean of the output that is the stochastic variable can be 

calculated by the following equation. 

                                                                     

0

1
( )

T

V V t dt
T

                                                           (7.20) 
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Thus, the same tests have to be conducted with the target experiment. However, this would 

prove to be a squander because the answer can be obtained by just asking the participant if he 

or she felt any resistance from the Biomechatronic EPP. Unfortunately, the answer was 

negative. In comparison to the Classic EPP in which the resistance that the user felt was 

obvious, during the Biomechatronic EPP the user feels less resistance, because of the low 

torque provided by the master motors and the delays of the system. Thus, this must be 

recorded as a fault of the setup, which however is a sacrifice that must be taken because the 

master motors were chosen to be able to be implanted to the real upper limb prosthetic. With 

the experimental stage finished, the conclusions of this thesis will be discussed. Nevertheless, 

this will be presented  to the next installment.  
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8  Conclusions and Continuation - Legacy 

 

8.1 Conclusions 

 
This chapter summarizes the findings of this thesis. The setup that was designed by another 

thesis 
[4]

 was assembled and was combined with the FSR sensors that were designed. 

Furthermore, the electromechanical parts were included in the setup and with this step the 

setup as a whole was completed. The next step of this thesis was to unravel the arcane traits 

of DS1103 and ControlDesk to set the stage for the Classic EPP and the Biomechatronic EPP 

control schemes and the preparation of the experiments that had to be conducted.  

 

The theoretical simulations that were conducted prior to this thesis proved that the two 

control schemes are equivalent and fortunately for us at some points the experiments proved 

the same (see section 7.1).  

 

The delays of the master motors displayed on the chapter 7 reached zero using a more 

efficient controller, rendering the Biomechatronic EPP pass the test of transparency. 

Furthermore, the open loop control system of the slave motor proved substantial for both the 

Classic EPP and the Biomechatronic EPP, which was proved by the results of the target 

experiment tests. In detail, the slave motor’s performance was adequate when controlled from 

both topologies (dead zone, saturation, direction of motor as function of FSR values, upper 

value bounds of slave motor).  

 

The target experiment statistical evaluation proved that both the control schemes are 

equivalent. However, the user of the Biomechatronic EPP did not feel a significant change in 

the loading of the slave motor, while with the Classic EPP the resistance that was felt was 

significant and the user felt changes in the loading. Ergo, the Biomechatronic EPP does not 

achieve the perfect sense of forces per se. The question that rises of course is the same with 

the homonymous song: who's to blame? The answer to this question must be provided to 

move forward (kotaeru as they say in Japanese). The fact that the torque provided by the 

master motors is lower than the slave motor seems to be a valid one. The user can sense the 

movement of the power nut, but not force that moves it. In contrast, at the Classic EPP the 

user sensed the force of the slave motor that moved him forward more intensively. 

Nevertheless, to become the devil's advocate, the selection of the master motors was 

mandatory for the design of the real upper limb prosthetic. And in this aspect, this 

insuficiency must be dealt with. Next, the continuation of this thesis will be presented.  

However, what will be done will be presented to the next installment. 
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The current target experiment setup did not prove any differences between the classic EPP 

and classic EPP without Bowden cables connected. A reason for this might be due to the 

sequence of experiments performed. The classic EPP was conducted first and the user might 

have learned how to use the system with a learning after effect even when Bowden cables 

were disconnected. Another reason might be that the index of  Diffculty did not go to higher 

values. We propose to correct for both above reasons in our next round of target experiments. 

It is to be noted, that the user felt more resistance and feedback and force (resistance) from 

motor when Bowden cables were connected. When not connected, the user felt elasticity of 

Bowden cables which were not connected to motors. Visual feedback was also present during 

both experiment which we should avoid in the future tracking experiments.  

 

The current target experiment setup between Biomechatronic EPP and disconnected sensors, 

did not prove any differences. A reason for this might be again visual feedback, which should 

be avoided in the future. As stated above the order of the experiments played a significant 

role (connected case first) and the user might have learned how the system works and then 

could almost achieve same performance. We also recommnet to expand the Index of 

Difficulty of the next set of target experiments.  

 

 

 

8.2 Continuation - Legacy 
 

This thesis proved that even though the theoretical results obtained by a previous diploma 

thesis 
[4]

 rendered the two control methods equivalent, there was a lack of force sense at the 

Biomechatronic EPP. However, the experiments conducted proved that the new control 

scheme bears potential, because the responses during the target experiment were swift and 

the participant was able to reach the targets. Moreover, the delays of the system were on par 

with the Classic EPP, rendering the transparency test a success. One possible change that can 

be done is the design of sensors that can measure lower values of forces and do not face the 

never ending problem of the remaining stresses to the force sensitive resistances. Last but not 

least, this thesis resurrected the long forgotten DS1103 that lied on the lab tarrying to be 

used. The older updates of Simulink that were kept at the lab proved obsolete and it was 

required to study the hardware and the software from scratch. Now with the manual provided 

with this thesis on the appendix, everyone at the lab can effortlessly use the DS1103 for 

measurements, controller's prototyping and even more. Finally, it has to be noted that the 

experiments that were presented had the form of a proof of concept. If the transparency test 

shows satisfying results, a stricter protocol and environment should be stated. This specific 

duty is conducted simultaneously with this thesis by another diploma thesis candidate, thus 

there will be no spoilers about this topic. Let's hope that this thesis will not be the ending of a 

journey, but the beginning of a new one that will resolve the challenge of the equivalence 
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prove and will bring the DS1103 with ControlDesk at the vanguard of the research at the 

laboratory. To sum up, another set of experiments that can be conducted are the comparison 

of Biomechatronic EPP with the contemporary control method used, the myoelectic control, 

to validate which is superior, as well as experiments with more participants (14 subjects for 

instance). 
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10 APPENDIX A BASICS ON dSPACE 

 

The purpose of this chapter is to present the most often required material to use dSPACE and 

more specifically DS1103 PPC Controller Board and ControlDesk 5.6. With this information 

the reader would be able to understand the basic concepts of using DS1103 and what should 

be avoided. For further and more thorough details it should be advised to read the manuals of 

dS1103 and ControlDesk provided by dSPACE. The reason this chapter is included in this 

thesis is that ControlDesk has faced rapid changes through the last couple of years, however 

its manuals are either obscure about some aspects or they are referring to older releases. Ergo 

it should be judicious to include this chapter in the thesis, so that everyone can use the 

DS1103 coherently without being forced to ask for support from dSPACE. 

10.1 dSpace and Simulink - Basic Concepts 

The DS1103 is an all-rounder in rapid control prototyping. You can mount the board in a 

dSPACE Expansion Box or dSPACE AutoBox to test your control functions in a laboratory 

or directly in a vehicle. Its processing power and fast I/O are vital for applications that 

involve numerous actuators and sensors. Used with Real-Time Interface, the controller board 

is fully programmable from the Simulink ® block diagram environment. All I/O graphically 

by using RTI can be configured. This is a quick and easy way to implement your control 

functions on the board. Implementing your model on dSPACE single-board hardware is easy 

with Simulink ® and dSPACE’s Real-Time Interface. The on-board I/O modules can be 

initialized and configured graphically within the Simulink environment. Real-time code 

generation, compiling and downloading is reduced to a single mouse click. Programming 

your single-board hardware without Real-Time Interface is also possible with the included C 

software environment, together with a compiler and loader software. The control of electrical 

drives requires accurate recording and output of I/O values. It is possible to synchronize the 

A/D channels and D/A channels, and the position of the incremental encoder interface, with 

an internal PWM signal or an external trigger signal. Also, the serial interface (UART) is 

driven by a phase-locked loop to achieve absolutely accurate baud rate selection. Figure 

AA.1 provides an overview of the architecture and the functional units DS1103. 
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Figure AA.1 Block diagram of the architecture of DS1103. 

The core of prototyping with DS1103 is the creation of a Simulink block model. Next, the 

most significant blocks that can be used will be presented and the main options provided for 

the user. 
 

 A/D converter 

To read analog signals two blocks can be used, the DS1103MUX_ADC_CONx and the 

DS1103ADC_Cx, presented in figures AA.2 and AA.3. 

 

Figure AA.2. DS1103ADC_Cx. 
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This block can be used to read from a single channel of one of 4 parallel A/D converter 

channels. Scaling between the analog input voltage and the output of the block is: 

 

Input Voltage Range Simulink Output 

 

–10 V ... +10 V 

 

–1 ... +1 (double) 

 

Thus, as presented in figure AA.2, to read the real value of the signal after the ADC block a 

gain of value 10 must be placed. Double - click on the block and 4 values can be chosen that 

portray the four different channels. The pins of these channels are presented in the following 

figures. 

 

 

 

Figure AA.3. Channels 18 and 20 pins. 
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Figure AA.4. Channels 17and 19 pins. 

The value of channel can be measured correctly only under the condition that the other lead 

of the signal is connected to the ground. The next block is similar and it allows reading from 

up to 4 channels of one of the 4 parallel A/D converters that are multiplexed to 4 channels 

each. 

 

Figure AA.5. DS1103MUX_ADC_CONx block. 
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Scaling between the analog input voltage and the output of the block is the same as in the 

DS1103ADC_Cx. Thus, as presented in figure AA.5, to read the real value of the signal after 

the ADC block a gain of value 10 must be placed. Double - click on the block and you can 

use either the Converter number or the Channel Selection. Each block is related to one of 4 

independent A/D converters. Therefore, you can access channel 1 ... 4 using the first 

converter, channel 5 ... 8 using the second, and so on. For optimized data conversion do not 

use more than one channel from one converter if possible. Using only one channel per 

converter leads to parallel conversion of the channels. Therefore, use the channels 1, 5, 9, and 

13 if your application needs 4 input channels. The pins of these channels are presented in the 

following figures. 

 

 

 

Figure AA.6. Correspondence of pins. Converter 1 (green), Converter 2 (red), 

Converter 3 (blue) and Converter 4 (orange). 
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Figure AA.7. The pins on the connector. Converter 1 (green), Converter 2 (red), 

Converter 3 (blue) and Converter 4 (orange). 

 D/A converter 

To write to D/A converter channels, the block DS1103DAC_Cx can be used for one of the 8 

parallel D/A converter channels provided, as presented in figure AA.8. 

 

Figure AA.8. DS1103DAC_Cx block. 
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Scaling between the analog input voltage and the output of the block is: 

 
Input Voltage Range Simulink Output 

 

–1 ... +1 (double) 

 

–10 V ... +10 V 

Thus, as presented in figure AA.8, to read the real value of the signal after the ADC block a 

gain of value 0.1 must be placed. Double - click on the block and 8 values can be chosen that 

portray the eight different channels. The pins of these channels are presented in the following 

figures. 

 

Figure AA.9. The pins on the connector. For instance, if Channel 2 is used, then the 

DACH2 must be connected. 

 

Figure AA.10.   The pins on the connector. 
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 PWM Signal Generation 
 

To generate PWM pulses two blocks can be used. The DS1103SL_DSP_PWM and the 

DS1103SL_DSP_PWM3, presented in figures AA.11 and AA.12. 

 

Figure AA.11.    The DS1103SL_DSP_PWM3 block. 

This block To generate 3-phase PWM signals with original and inverted outputs, variable 

duty cycles, and a variable deadband in symmetric PWM mode. Using the 

DS1103_DSP_PWM3 block, a PWM interrupt from the slave DSP to the master PPC is 

available. The interrupt can be triggered nearly over the whole period (interrupt alignment). 

The interrupt signal is provided via ST1PWM for user - specific purposes. To make the 

PWM interrupt available to your system, the DS1103SLAVE_PWMINT block must be used. 

The PWM interrupt can be used to synchronize the generation of the PWM signals on the 

slave DSP with, for example, the input of 

the A/D converters of the master PPC.  The size of the deadband must be selected carefully to 

avoid effects caused by a deadband which is too big for the chosen PWM period. The 

following table shows the available block ports related to the Simulink data types: 
 

 

 Warnings 
 

 PWM stop suspends the output of the PWM signal. Internally the signal is still generated. 

If you resume PWM signal generation the currently calculated value is output and not the 

initialization or termination value. 

 If you specified Deadband = 0 and PWM Stop = TTL low (termination value), and you 

resume the PWM signal generation, all signals are momentarily on high level. To avoid 

this misbehavior of the slave DSP, use always a deadband greater than 0. 
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 PWM stop has no influence on interrupt generation activated by the 

DS1103SLAVE_PWMINT block. 

 If the inverse channels are not required, set Deadband = 0, because for low duty cycles 

the original signal will be zero. For motor control this trait can make the controller 

dysfunctional. 

Double click on the block and the window presented in figure AA.12 appears. 

 

Figure AA.12.    Options window for the DS1103SL_DSP_PWM3 block. 

Its purpose is to set the following: 
 

 PWM frequency Lets you specify the PWM frequency within the range 1.25 Hz ... 5 

MHz. 

 Deadband Lets you specify the deadband between the original and the inverted output 

signals. The maximum value is 100 μs and nevertheless it should correspond to the PWM 

period, so it should not exceed 50% of the PWM period. 

The next block is similar and it allows To generate standard PWM signals with variable duty 

cycles and enable PWM stop during run time, as presented in figure AA.13. 
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Figure AA.13.   The DS1103SL_DSP_PWM block. 

For 1-phase PWM generation, a PWM stop can be specified to suspend PWM signal output 

during run time. The outputs of the channels are set to a defined TTL level. The dimensions 

of the inports are set to 2, which allow entering two values over the same port. This can be 

done via a Simulink MUX block, for instance as shown in figure AA.13. Value 1 specifies 

the duty cycle and value 2 the PWM stop behavior. If value 2 is to “0” a PWM signal is 

generated, “1” suspends signal generation and sets the output to the specified TTL level. If 

the PWM stop is disabled for a channel only the duty cycle can be input. Although the PWM 

stop feature can be disabled for each channel during run time, it can be specified whether it is 

desired to set the PWM output to a specified TTL level or to generate a signal during the 

initialization phase. The following table shows the available block ports related to the 

Simulink data types. 
 

 
 

Double - click on the block and the window presented in figure AA.14 appears. 
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Figure AA.14.    Options window for the DS1103SL_DSP_PWM block. 

 

Its purpose is to set the following: 

 PWM mode Lets you select "asymmetric" to start the pulse at the beginning of the PWM 

period, or "symmetric" to generate mid - symmetric PWM waveforms. 

 PWM frequency Lets you select the PWM frequency. The frequency ranges correspond 

to the specified PWM mode: 
 

 
 

For both blocks the correlation between the channel and its respective pin unfortunately 

requires deciphering, thus in the following tables the mapping between the RTI block and 

RTLib functions and the corresponding pins used to provide PWM signals is displayed. 
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The pins of these channels are presented in the following figures. 

 

Figure AA.15.    The PWM pins on the connector. 

 

 

Figure AA.16.    The PWM pins on the connector. 

As usual the ground should be connected as well to generate the PWM signal. 

 Reading Encoders 
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For the control prototyping one of the most important factors is the feedback of the control 

scheme. Usual outputs are the position and the velocity of the actuators of the system. 

Moreover, to find the parameters of a system, the velocity and the position responses are 

required to define them. Thus the main encoder blocks will be presented and some examples 

to unravel some details that are significant to use these blocks efficiently. 

The first block is presented in figure AA.17 and it is the DS1103ENC_SETUP. Its purpose is 

to set the global parameters for the encoder channels. Double - click on the block and the 

setting window appears, allowing changing the following: 
 

 Encoder signal type Differential (RS422) or single-ended (TTL) can be chosen for 

channels 1 ... 6. The encoder signal type for channel 7 can be selected as “Voltage” or 

“Current”. 
 

 

Figure AA.17.    The DS1103ENC_SETUP block. 

Without this block all of the other encoder related blocks cannot be used. Next, in figure 

AA.18 the DS1103ENC_POS_Cx block is presented. 

 

Figure AA.18.    The DS1103ENC_POS_Cx block. 
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Its purpose is to read the position and delta position of one of the 7 encoder channels. By 

double clicking on the block the channel that is used can be selected. To measure the position 

in degrees the user must use the gain block with the value (360/# of counts per revolution). 

The counts per revolution are provided in the datasheet of the motor. To measure the velocity 

use a gain block as well, but this time apart from the term (360/# of counts per revolution), 

the inverse of the sample rate. For instance, if the sampling rate is 0.001 sec, then to measure 

the value in deg/s the gain block must have the value (0.001)
-1

*(360/# of counts per 

revolution). Thus the following equations must be used: 
 

 

                                       
360

[deg] EncPosition
countsperrevolution

                                            (AA.1) 

                          
1deg 360

[ ] ( )
sec

d
EncDeltaPosition samplingrate

dt countsperrevolution

              (AA.2) 

 

The following block that is presented in figure AA.19 is the DS1103ENC_SET_POS_Cx 

block. 

 

Figure AA.19.  The DS1103ENC_SET_POS_Cx block. 

Its purpose is to write to the position counter of one of 7 encoder channels. When the block is 

triggered during simulation by a rising edge signal, the counter of the specified channel is set 

to the adjusted position value, which must be given in lines. This block is ideal to set the 

values of the encoders to zero, so that the control plant will not have any initial values and to 

begin potential experiments again.  

 

The upcoming block that is presented in figure AA.20 is the DS1103ENC_SW_INDEX_Cx 

block. Its purpose is to poll the encoder index of the channel selected and optionally to set the 

position counter by software. 
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Figure AA.20.    The DS1103ENC_SW_INDEX_Cx block. 

This block can be used to display when the encoder has measured one complete revolution. 

An input value greater than zero, for example from a Simulink Constant input block, enables 

an index search for the selected interface channel. The block output depends on the selected 

search mode (Type of index search). By default, the index is searched twice (the Search index 

twice for speed-up checkbox is selected). If “Search index twice for speed-up” is cleared: 

 

 
 

If “Search index twice for speed-up” is selected: 

 

 
 

The following figure shows the block output depending on the selected search options.  
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Figure AA.21.  The DS1103ENC_SW_INDEX_Cx block output. 

This block can be used with the the DS1103ENC_SET_POS_Cx block to measure the real 

value of counts that are corresponding to one revolution, to increase the precision of the 

measurements as displayed in figure AA.20. In the following figures the mapping of the pins 

for the first two encoder channels will be presented. 

 

Figure AA.22.    The mapping for the inverse channels of the first two channels. 
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Figure AA.23.    The mapping for the original channels of the first two channels. 

 Incremental Encoder Interface 

Next it will be presented the proper connection of the encoder with the connectors of the 

expansion box, depending on the encoder (single - ended or differential). Also some general 

instructions will be presented. 

If your encoder provides differential signals (RS422, 1 Vpp, or 11 μApp signals), connect: 
 

 The encoder output signals to the PHI0, PHI90 and IDX pins of the corresponding input 

channel. 

 The inverted signals to the PHI0, PHI90 and IDX pins of the corresponding input 

channel. 

 

Figure AA.24.    Encoder with differential signals connection. 
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If your encoder provides single - ended TTL signals, the inverted pins (PHI90, PHI0 and 

IDX) must be left unconnected.  

 

Figure AA.25.    Encoder with single - ended signals connection. 

For single - ended 1 Vpp signals, the connection depends on the value of the mean voltage 

(VCM) of the corresponding signals: 

 If the mean voltage of the encoder signals is 0 V, you can connect pins PHI0, PHI90 and 

IDX to the GND pin  

 If the mean voltage is not 0 V (0 V < VCM < 2.5 V), you have to provide this voltage in 

the range 0 … 2.5 V yourself  
 

 

Figure AA.26.    Single - ended 1 Vpp signals connection, case 1. 
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Figure AA.27.    Single - ended 1 Vpp signals connection, case 2. 

 Supplying Power to Encoders 

The DS1103 offers three power supply outputs (VCC pins). You should use these supply 

voltages for all connected incremental encoders. All VCC pins must be connected so that the 

current is shared evenly by all pins. Use wires of sufficient diameter to avoid voltage drops. 

This does not apply if the connector panels are used to connect the encoder(s) to the board 

since the VCC pins are internally connected at the connector panels. 
 

If the encoder’s supply requirements cannot be met by the DS1103, an external supply 

voltage must be used. In this case: 

 You have to guarantee that no input voltages are fed to the DS1103 while it is switched 

off 

 You have to connect the encoder’s ground line to a ground pin of the board, as presented 

in the following figure. 
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Figure AA.28.    Connection of the encoder using external supply. 

 

Connection Setup 

For the DS1103 expansion box the connectors are required to be constructed, as presented in 

figure AA.29. If these connectors need to be purchased, their code name is 50 pin D-SUB 

male connector cables and pinouts. 

 

Figure AA.29.  Connectors of the expansion box. 

 Using typical Simulink blocks in dSpace 

In the code generation procedure it will be common to use blocks from other libraries of 

Simulink, however, if these blocks are not connected correctly, then at the code generation 

step an error will be displayed. Because the error explanations are almost always murky, in 

the following examples it will be displayed the correct way to connect the blocks. 

1. Use of blocks the parameters of which are inserted as inputs 
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Apart from the Constant block and the Gain block, during the real time simulations, the 

parameters of the other blocks cannot change real - time. Thus, it is advised to use blocks that 

have as inputs their parameters, inserted with the constant block. An example is presented in 

figure AA.30 where the Dynamic Saturation and Dynamic Dead Zone are used. Moreover, if 

the integrator block is used, to change the initial condition real - time in the options of the 

block the initial condition must be changed from internal to external. 

 

Figure AA.30.    Use of Dynamic Dead Zone and Dynamic Saturation block. 

2. Be wary using math and logic operators 

To use the math and logic operators to make operation between signals, it is mandatory to use 

the Convert block to make the signals the same type. An example is presented in figure 

AA.31.  

 

Figure AA.31.    Example of using math and logic operations with the Convert block. 
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. 

3. An illustration of a closed loop scheme 

In figure AA.32 a closed loop scheme is presented. It must be noted that the input of the 

driver of the hbridge or the driver is a PWM pulse. However, the most important is the way 

that the direction is changed. Typically the drivers have one or two pins related with the 

direction of the motor. In this example, depending on the value of the error, to change the 

direction of the motor a logic input of either +5V or 0V is provided to the two pins of the 

driver. For the record the specific hbridge is the same as in the Biomechatronic EPP 

configuration (A3959 DMOS Full-Bridge PWM Motor Driver). If during the first 

experiments the motor does not change direction, then the two D/A converter channels must 

be switched.   

 

Figure AA.32.    Closed loop scheme. 

  

 Basics using ControlDesk 

Before executing any program the DS1103 must be registered. To achieve this, press 

''Register Platforms'' and select DS1103 PPC Controller Board and Press Register, as 

presented in figure AA.33. 
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Figure AA.33.    The register platform window. 

 

After the creation of the Simulink file to create the code that is used by ControlDesk press Ctrl + B. If  there are 

no errors, in figure AA.34 the following message will appear on the screen. 

 

Figure AA.34     Creating the code from Simulink. 

Opening the ControlDesk and selecting File > New and choosing the .sdf file (figure AA.35) 

created by the code - generation procedure the program will start to be executed. 
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Figure AA.35.    Choosing the .sdf file to execute the program. 

The environment of ControlDesk allows changing the values of the Constant and Gain 

Blocks with numeric input, displaying the values of signals with display and time plot, as 

presented in figure AA.36. 

 

Figure AA.36.    The ControlDesk environment. 

To record the values of the measurements on the left of the window and selecting 

Measurement Configuration and selecting on recorder 1 ''Start Immediate'' the measurements 

are recorded as presented in figure AA.37. 
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Figure AA.37.    Record option. 

 

 

To change the duration of the displayed signals in time plots the Measurement Configuration 

must be selected and selecting ''Duration Trigger 1'' the Duration can be changed, as 

presented in figure AA.38. However, it must be noted that if many signals are displayed then 

for high duration values the lagging increases significantly. 

 

Figure AA.38.    Changing the duration of the displayed signals. 
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The processing of the data after the recording can be achieved using Matlab. However, the 

measurements must be converted to a .mat file. This can be achieved selecting Project and 

then Measurement Data. Right - click on the .mf4 file and by selecting Export (figure AA.39) 

it can be converted to .mat file. 

 

Figure AA.39.    Exporting data. 

ControlDesk 5.6 also allows the user to change the properties of the instruments. On the right 

of the screen when the user selects the instrument the properties window appears, as it is 

presented in figure AA.40. The user can change the color, the style, the range of the 

instrument and even more.  

 

Figure AA.40.    Changing the properties of the slider instrument. 
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11 APPENDIX B DATASHEETS 

 

11.1 Biomechatronic Power Screw 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
196/214 

 

11.2 Master Motor Coupling  
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11.3 Slave Motor Coupling 
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11.4 Slave Motor Bearing 
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11.5 Slave Motor Pulley 
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11.6 Slave Motor Drive 
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11.7 Master Motor h - bridge 
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11.8 Slave Motor 
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11.9 Slave Motor Gearhead 
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11.10   Slave Motor Encoder 
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11.11   Master Motor 
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11.12    Master Motor Encoder 
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12 APPENDIX C ENGINEERING DRAWINGS 


