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Iepiinyn

Ta mpochetikd dxpa £xovv onueidosl omovdaio Tpoodo ta televtaia ypovia. [Tapdia avtd
TO KOUUATL TOL EAEYYOL OMOOEIKVOETAL OKOUN Kol GUEPO TPOPANUATIKO, Kupimg e&ottiog
™mg EMenyng avadpaong and Tov ypnotn (cvykekpipéva EAdeymn aicnong). H Extetopévn
dvororoyikn Idodektikdtto (Extended Physiological Proprioception- EPP) éyer mpoxvwyet
otL givon M kaAvtepn LEBOSOG eAEYYOL TPOCHETIK®OV aPoL ToPEXEL TNV dvvaToHTHTA
acvvaicOntov eréyyov B€ong tov dxpov, KaBdg To CHUATH OVASPAUCTC TOV TAPEYEL GTOV
AKPOTNPLIGUEVO, EVEPYOTOLOVV TNV 10100eKTIK) TOov ousOntikdmro. Ouwg, 0 KAooKOC
éleyyog EPP givar modd dvokoAo va mpaypatomomBel, apov omoutel amevbeiog punyovikn
ovVdeaN e TO TPOGHETIKO AKPO PECH OvTINGONTIKOV VTIL®OV, KOOMG Kol E101KO YEPOLPYELD
KIVNGLOTAACTIKNG Yo Vo emtevyfel avtn 1 ovvdeon. Ta mapamdve LeElOVEKTALOTA 0O yNoAY
OTOOWKE OTNV EYKATAAELYT| TOV, Kot TNV S1AG0CT TOL HVONAEKTPIKOV EAEYYOV, TOV ATOTEAEL
un enepPatikn pébodo. Xto gpyactinpo Avtopdtov EAéyyov g Zyoing Mmnyavoroywv
Mnyovikeov mpotdOnke o tpocéyyion mov PBacileTon 6Ty TEXVOLOYIO TNG TNAEPOUTOTIKNG,
pe v omoia Prhodoeitar va emrevybel Eleyyog mpochHeTIK®V 1600VVOUIOG LE TOV KAAGIKO
EPP, aAld yopic v ypnon viilov kot yepovpyeiov kivnolomAaotikng. To mpotevouevo
cvotnpa TEPLOUPAVEL XPNOT EUEVTEVUATOV YOUNANG 1GYVOG, GUVOEOEUEVO GE GEPE e
GUYKEKPLLEVOLG EVATOUEIVOVTEG PDEC TOV OKPOTNPLAGUEVOD, TOL OTOld ERPLTEVOVTAL KOTA
NV APYIKN XEWPOLPYIKN ETEUPaoT TOL akpoTnplociov. Ta epeoutedpata avTd, onotelodv To
KOplo (master) poumoOT TOL GULGTNUATOG TNAEXEPICUOD, Kot dExovtol omevdeiog eVIOAEG
dvvapewv omd Toug poeg. Ot eVTOAEG OVTEC PETOPEPOVTAL OGVPUATO GTO POUTOT-VINPETN
(slave), mov eivar 10 MPocHetikd dxpo, T0 omoio kiveitow oto Y®OPo. O €leyKTNG TOL
GULGTNLLOTOG EYYLATOL TNV OLVOLLKT] cL(ELEN TV master kot slave poundt, Tapéyovtag GTov
AKPOTNPCUEVO 1O100EKTIKT avadpactn KAOe ypovikn oTiypr]. Avti M opyLtekToviky Ha
TPOCPEPEL 1GOJVVOUN OmOTEAEGHOTO EAEYYOL pe TNV Kootk EPP ddtaén, aAld yopic ta
pelovekuota mov v yopoktnpilovv. Amodeiytnke 6t Bewpnrikd n KAaookn puéBodog
EKTETOUEVIC PUGLOAOYIKNG O10JEKTIKOTNTOG Efvat 10odvvauT Le TNV Kotvovpyla pébodo mov
emvondnke, n omoia ovopdotnke Biomechatronic EPP, kafiotdviag v gpapudciun yu
TpocBeTikd dipa. TKomdg avTg TS epyaciag eivatl o oyedaciog (pHe BAcn TV STAOUOTIKY
00 Avéotn MapmAékov) Kot 1 KOTOOKEDT TNG TEPAUTIKNG dtdtaéng mov Ba e&etdoel av
avTéG 01 dvo péBodoL givarl mEPAUATIKA 1GOOVVAES 1] OxL Kot Tolég elvan ot outiec. EmmAgov
avTIKEILEVO NG epyaciog elval 0 OYESIOCUOS TOL GLGTNUOTOC EAEYYOL pe TNV Ponbela Tov
DS1103 xon tov mepiBdAiovtog tov ControlDesk. Eropévmg peydlo pépog e StmAmpatikng
B avarwBel oto va EgdtohvBovv Ta puotipla avtov Tov hardware kou software. Téhog Ba
avantuyOel Evo TPOTOKOALO TTEWPAUATOV TOL TPEMEL Vo AKOAOLOEITAL Y10 TOL TEPANATO TTOV
Oo axolovbnoovv mov Oa kabioTovV Ta €EAYOLEVA OMOTEAEGULOTO EMOVOAYILO Kot
aE10A0YN O
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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 | 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 | 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, | had to solve various problems by myself, theoretical
and practical, but for the evaluation of designing options and the use of the laboratory
equipment | 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, ANSY'S, design problems, the use
of the 3D printer and in soldering.

These experiences provided a sufficient material for the plot of the play that | am jolly to
present. What a Devil is the plot good for, but to bring in fine things? | 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, | would like to thank
Postdoctoral Fellow Georgios A. Bertos for his advising during the stages of this thesis.
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Finally, 1 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.
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The theoretical foundations of this notion have been established in a previous diploma
thesis . 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) ™) 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 . 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.

Skin

Inside Outside

—— — — —

Mechanical Linkage

— — — —

Muscle

I

Position, Velocity and Force

Figure 1.1. Schematic sketch of the mechanical connection of the limb to the user.
(Copied from [1]).
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slave
motor

master
device

Residual arm

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 .

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].

e Subconsious control. The mutilated must apply the minimum mental effort for the use of
the prosthetic.
e User - friendly through the procedure of learning how to use the prosthetic.

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

e 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 2%,
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 . He was inspired
by aerocraft engineering,and he used Bowden cables and pneumatic actuators for the
construction of prosthetic limbs for children ©!. 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:

e A master device controlled by the user

e Asslave device that its function depends on the master devise

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

following three:

e The transparency test, which was described previously.

e 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.

e 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 1. 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.

Position Xag

onist Muscle
Ag Drive Motor &

Gear Reduction
Position x .,

Antagonist Muscle
Force (Fg0) Bearings

Distal Segment
of Prosthetic
Joint

Transducers

Control Cables Pulley

of radius r Angular Position

jgp
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.

Motor Bowden Cable

Coupling Pulley Shaft of Joint

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 2.5. 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.

{ l‘ Master Motors Coupling Power Screw Force Sensor

Figure 2.6. Setup for the master motors position control. Modified from [4].
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Master Motors

Slave Motor

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.

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 2.13. 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 2.23. 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.

H=LIX
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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 2.29. 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.

Sensor holdng / = . o
link

Cover

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
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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.

| — V“-‘\
o |

Y S
) T

C Ao S
Y /

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
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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.
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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 circre (Power Supply)
to the circuits output is the equation 3.1.

R 5
_ v Reny Rey 3.1)

V ccircle
Rz R,

out

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
R Ris, Ry, the force resolution is different. Varying values display force capability ranges
that muscle cineplasty amputees and exteriorized tendons amputees can produce ™. 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 [ 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.

47/214



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.

51/214



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.

RE 30 <30 mm, Graphite Brushes, 60 Watt
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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.

53/214



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.

Encoder HEDS 5540 500 Counts per turn, 3 Channels
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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.

Sensor - ENX10 EASY 512IMP

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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SO(12+4+4) Powerdip (12+2+2)
ORDERING NUMBERS:

L293DD L293D

s 600mA OUTPUT CURRENT CAPABILITY
PER CHANNEL

s 1.2A PEAK OUTPUT CURRENT (non repeti-
tive) PER CHANNEL

s ENABLE FACILITY
s OVERTEMPERATURE PROTECTION

s LOGICAL "0" INPUT VOLTAGE UP TO 1.5V
(HIGH NOISE IMMUNITY)

n INTERNAL CLAMP DIODES

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.

Power Range

Peak Current 10A
Continuous Current S5A
Supply Voltage 10 - 36 VDC

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.
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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.

Description Drive Compatibility

pZ-style AZ
The MC1XAZ02 mounting card is designed to host a
pZ-style AZ series analog servo drive. This mounting 40 V Models
card offers convenient screw-terminal connectors. 10A
Easily accessible test points are available for I/O
monitoring. The MC1XAZ02 can be screw-mounted
directly to a PCB when assembled with a pZ-style AZ
drive, and is ideal for both prototyping and production.
The mounting card also features a keyed connector to
prevent misaligned connections.

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. LPKEF 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.

o
—
[Ty
i~
= -
=[=
al=
+H ¥H
[=R =
. E ; DIR_P1 oo MOTOR_A_P1 Eﬁ;g; é +
%2 | pwfa 1M P2 B A MOTOR A P2 3
2 | )
-—i—_L E$g FalLT_ouT P8 T MOTOR_E P2 E;gi 2L =+
MHIETT_IM_PS MOTOR B_Pd
5 GhD ﬂ - -
: - MOTOR C_Ps [EEES EEREEY W
: 3 W4+ HALL_OUT P10 MOTOR_C_PE 3
?u I E$g HALL_1 P9 E
- p$? HalL_z_ps "
| Halzpr B
.-
SL10 G_N% PP
[ayal
55 oo
PEE | cp Mo pe 1) =2
% %: ]
oo £%
W [=Ry=
ol= =lz ust
& e bl ATBDCINGS
= oo
GhD
ol
afl Uk
[In}

Figure 4.10. The schematic drawing view of the mounting of the driver.
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pZ - pinl

P - pinl

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.
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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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10-pin 1.27 mm multipoint connector
e.g. Samtec FTSH series

Pin
Pin
Pin
Pin
Pin
Pin
Pin
Pin
Pin

Pin 10: Channel |

Figure 4.18.

1: Do not connect’
2:Vee

3: GND

4: Do not connect’
5: Channel A

6: Channel A

7: Channel B

8: Channel B

9: Channel |

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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J1

2510-

X1-] s 1 2 X122

X1-3 s + s 4 — X14

X115 ik i — X1-6

X17 m———t1 7 § [ X18

X1-9 e 9 10 — X1-10
PINOUT ENXEASY:

FTSH-105-01-L-DV 1 —— DATA

2 —-VCC
3-—GND
4 ——-CLK
5 - CHA-
6 -—— CHA
7 - CHB-
8 -— CHB
9 1I-
10 1

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.

Encoder HEDS 5540 500 Counts per turn, 3 Channels

Cycle C = 380°

Pulsa P = 180%8
30 <183 Upigh |
§ Channel A
u
%; \.\ ll Lo_w Phase chift| D 00°)
Jan Ut I
f;“‘- <f~\¢ 4'\7 ] Channel B
vi| o o= ULow
P s Utiigh
AT — Channel |
/ | I Ulow
FPin 11D S3 sg 51 52 |51.4=90%

As < 45%

Direction of rotation cw (definition cw p. 48)

Il Stock program Order Number
[ Standard program
Special program (on request)

Counts per tumn
N

umber of channels ] k] k] 3
Max. operating frequency (kHz) 100 100 100 100
Max. speed (rpm) 12000 12000 12000 12000
Shaft diameter (mm) 3 4 6 8

Figure 5.1. The slave motor encoder specifications. See Chapter 11. 8.
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Summary of your selected configuration

Motor - DCX12L EB KL 4.5V
Sensor - ENX10 EASY 512IMP

Total weight of the drive: 27 g

Functions

Commutation Precious metal brushes
Spark suppression (CLL) with CLL
Supply voliage Mominal veltage 4.5 W *
Motor bearings Preloaded ball bearing
[Counts per turn 512 * |
Hysteresis 0.17°m
Form and Fit
Flange, front Flange with thread hole
Pitch circle diameter TK 9 mm
Thread diameter M1.6
Amount of threads 2
Shaft, front straight
Shaft length L1 10 mm
Electrical connection, motor Cable
Connector type, motor No connector
Cable length L1 for motor 500 mm
Cable type AWG26
Electrical connection, encoder configured
Cable length L1 for encoder 500 mm
Cable type for encoder TPE ribbon cable
Connector type, encoder 10-pol 1.27Tmm pin header
Connection orientation (motor) 0 degree
Connection orientation (encoder) 0 degree
Add-ons
Labeling Standard labeling

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:

O[deg] = EncPosition - 360 - (5.1)
countsperrevolution

360
countsperrevolution

%[dﬂ] = EncDeltaPosition(samplingrate) ™ -
dt “sec

(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
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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.

1

-

Convert

# Enable s=arch Inedbee fioiLand

enable search  Dagtg Type Conversion1

DS1103EMC_SW_INDEX_CA1

Uty cycle

-

7+

s Dty cycle a

e Durty cycle ©

Satur stion l—b Duty cycle b

Ground

s P Stop

onéoff

Figure 5.3.

DS1035L_DSP_PWM3

100

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). i is the gear ratio of the gearbox.

a)motorshaft

a)coupling = | (5.3)

In this specific experiment the sampling rate was 107 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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P1 - Signal Connector

Pin Nime Descrietion { Notes I/O
I 7 BIRECTTON Tirecton INput (+5v) J
TO = 25 RIZ DUISE WITHN MOGLIATEd QIgIal MPUL COMMEna (=3v). NPUT AUty Cycle
2 PWM/IN commands Ll’?e output current. ¢ ? pEAEE !
3 SIGNAL GND Signal Ground (Common With Power Ground). GND
TTL level (+5 V) output becomes high when power devices are disabled due to at least one
4 FAULT OUT of the following conditions: inhibit, invalid Hall state, output short circuit, over voltage, over o]
temperature, power-up reset.
5 NABT N TTL level (+5 V) inhibivenable input. Leave open to enable drive. Pull to ground to inhibit I
drive. Inhibit tumns off all power devices.
Current Monitor. Analeg output signal proportional to the actual curent output. Scaling is 2
6 CURRENT MONITOR AN, Measure relativec:g sing:aI gr?}und? P P " o
T HALL 3 I
8 HALL 2* Single-ended Hall/Commutation Sensor Inputs (+5 V logic level) |
9 HALL 1 I
, Low Power Supply For Hall Sensors (+5V @ 30 mA). Referenced to signal ground. Short
10 +VHALL OUT circuit protected. @ o
11 SIGNAL GND Signal Ground (Common With Power Ground). GND
12 RESERVED Reserved -

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

NE Package
16-Pin PDIP
Top View
1.2EN |4 Y 16 ] Ve
1A |2 15[] 4A
1Y [ 14[] 4y
HEAT SINK AND {[4 13]} HEAT SINK AND
GROUND | [|5 12[] | GROUND
2Y e 1] 3y
24 []7 10[] 3A
Veez [J8 9] 3.4EN

Pin Functions

PIN

TYPE DESCRIPTION
NAME NO.

1.2EN 1 Enable driver channels 1 and 2 (active high input)
<1:4>A 27,1015 Driver inputs, noninverting

<1:4>Y 3,6, 11,14 Driver outputs

34EN 9 Enable driver channels 3 and 4 (active high inpul)

Device ground and heat sink pin. Connect to printed-circuil-board ground plane with multiple
solid vias

5V supply for intemal logic transiation
Power VCC for drivers 4.5V 1o 36 V

‘GROUND 4,512,113

Vo 16
Vs 3

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_PWMS3 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 PHIO(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.

Ly [=1el-|-
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Figure 5.10. Slave motor direction control scheme.
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h 4
Yy¥_ T {

FWM Channel 2

PWM Channel 4
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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. lllustration 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:

A :114.2857m—A (5.4)

d.c.

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.

Time Waveform of Signal (Current)
2 T T T T T T T

0 20 40 G0 80 100 120 140 160 180
Sec

Figure 5.14. Current response.
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Time Waveform of Signal (FSR1)

2.3 T

JIT 1 1 1 1 1

Figure 5.13. FSR Sensor 1 response.

Time Waveform of Signal (FSR2)
[ [

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.

. w1072 Spectrum of Signal (Current)

6t _

st _
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Figure 5.15. current spectrum.
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Figure 5.16. FSR Sensor 1 Spectrum.
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Spectrum of Signal (FSR2)
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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:
1
1

27:15SJrl
Moreover, a 4th order filter was used with the same frequency, the transfer function of which
is the following:

G(s)= (5.5)

1

s+1)*

G(s)=
(

- (5.6)

2715
The responses compared to the signal without filtering is presented in Figures 5.18 and 5.19.
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Waveforms comparison
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Figure 5.18. Responses comparison.
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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™ 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.
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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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Gl(s) =

Gz (5) =

1

(27-2.766-s +1)*
1
(27-2.766-s +1)°
1
(27-2.766-s +1)°
1

(27 -2.766- 5 +1)"°

1

(27 -1.106-5 +1)"
1

(27 -1.106 -5 +1)°
1

(27 -1.106 -5 +1)°
1

(27 -1.106 -5 +1)"°

(5.7)

(5.8)

Part of the Simulink block scheme that was used to measure the responses is presented in

Figure 5.22.

Figure 5.22.

The results of the filtering process are presented in the following Figures:
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Simulink scheme for filtering response recording.
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FSR1 response
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Figure 5.23. Sensor 1 response comparison using G;.
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Figure 5.24. Zoom in to distinguish the response delay of G;. The time range of the
zoom is presented on the x-axis.
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Figure 5.26. Zoom in to distinguish the response delay of G,. 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.

L R

Kr

i 1 2 >

B

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

B, is the damping of the mechanical parts of the motor, Jeq the equivalent moment of inertia
of the motor and the power screw, B, the damping of the nut and m the mass of the nut. Kyis
the torque constant of the motor and h is the lead of the screw. From the datasheets K+ is 4.9
N-A™mm and h is 1.22 mm.

According to the linear graph theory !, 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:

dvm (m+[2_7Z-J ‘]eq)+vm(BZ + Bl[z_ﬂ-j ): KT 2ﬂ:ls(t)_)

dt h h h
dv,, 2r .
it My, +V,, By, = Ky e (t) (5.9)
2z

The constants meg, Beg and K; Tare 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:

In_G,(s)=—— (5.10)

A simplest form of the equation (9) is the following:
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K
G,(s)= e (5.11)

The constants of the system are the following:

K=K, 2%
hB,,
(5.12)
m
= eq
B

K is a gain and t 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 K, = 16000-8.75:10°. The response is
presented in Figure 5.28. From the measured angle of the motor the desired displacement of
the screw can be obtained.

Position of motor response

220 b
200 F
180 |
160 |

= 140 F

Z q20f

k]

)

2 100 f

m
8o F
80|
a0t

201

365 37 375 38 385 39 395 4 4.05
time (s)

Figure 5.6. Closed loop P control response.

The closed loop transfer function is the following:

K.,G
G, =—">"— (5.13)
1+K,G,
Equation (5.11) can be reformed to the following one:
G
G =—9— 5.14
PP 14 K,Gy ( )

Using Figure 5.28 the overshoot and the settling time can be obtained. The overshoot can be
calculated using the following equation

0. —0 =
PO = Ima ~% 10006 =100e ¢ (5.15)

SS

Thus the damping ratio is 0.20668. The settling time can be calculated using the following
equation:
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_ 4
o,
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:

2
[0

[ — (5.17)

=
¢+ 2w + o)

Using the equations (5.10), (5.12) and (5.14) it can be obtained:

2

t (5.16)

a)n
e %o (5.18)
s(zs+1) S(L+l)

26w,

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°
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°® kg:m?, 5.39:10” kg:m? and 3.4:10°®
kg:m?. 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 ?:

G, =K, +3K, (5.17)

The closed loop transfer function is the folowing:
(K, +sKy)G,

= (5.18)
1+ (K, +sK;)G,
Thus, substituting the G, it is obtained:
KK, +5K,)
G, = L (5.19)
! 4 @+ KDK)S+ K K
T T
The natural frequanecy of the system is:
K K
o, =,|—* (5.20)

T

The damping ratio of the system is:
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K K-
_1A+KoK) BBy (5.21)
2 T T
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.

P1 - Signal Connector

Pin Name Description / Notes I/O
1 DIRECTION Direction Input (+5V) |
2 PWM/IN 10 — 25 kHz pulse width modulated digital input command (+5V). Input duty cycle I
commands the output current.
3 SIGNAL GND Signal Ground (Common With Power Ground). GND
TTL level (+5 V) output becomes high when power devices are disabled due to at least one
4 FAULT OUT of the following conditions: inhibit, invalid Hall state, output short circuit, over voltage, aver Q
temperature, power-up reset.
5 NABT N 'I‘I_'L Ievel_[f& W} inhibit/enable inpup Leave open to enable drive. Pull to ground to inhibit I
drive. Inhibit turmns off all power devices.
Current Monitor. Analog output signal proportional to the actual cumrent output. Scaling is 2
6 CURRENT MONITOR AV, Measure relativeotg sigrr:al gr%’}undl..:| v ! " o
7 HALL 3 I
8 HALL 2* Single-ended HalllCommutation Sensor Inputs (+5 V logic level) I
9 HALL 1 |
) Low Power Supply For Hall Sensors (+5V @ 30 mA). Referenced to signal ground. Short
10 +V HALL oUT circuit protected. e o
11 SIGNAL GND Signal Ground (Commen With Power Ground). GND
12 RESERVED Reserved -
P2 - Power Connector
Pin Name Description / Notes I/O
1 MOTOR A o]
2 MOTOR A o]
3 MOTOR B Motor Phase Outputs. Current output distributed equally across 2 pins per motor phase, 3A o]
4 MOTOR B continuous current carmying capacity per pin. [s]
5 MOTOR C o
6 MOTOR C o]
T NC (KEY) Mo Connection. Keyed pin. -
8 PWR GND . y . . . GND
9 PWR GND Power Ground (Common With Signal Ground). 3A Continuous Cumrent Rating Per Pin GND
10 HV IN DC Power Input. 3A Continuous Current Rating Per Pin. Requires a minimum of 47 uF I
1 HV IN external capacitance between HV IN and PWR GND pins. 1
12 RESERVED Reserved -

Figure 6.1. Analog Servo Drive AZBDC10A4 Pins description. See Chapter 11.6.
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Pin 110
Encoder Description Pin no. from
3409.506
Fin & Channal B
Pin 4 Ve 2
Pin 3 Channal A 3
Pin 2 Channal | 4
Pin 1 GND 5

Cable with plug:
maxon Art. Nr. 2408 506

B0 H2
-% The plug {Harting 918.006.6803) can
EF:.’% beo fixed in the required position.
-1

@ Cable with plug: (compatibla
with encoder HEDSS010)

=
408 £00-12 maxon Art. Nr. 3400.504
208 | e blu (3M 89410-0101) can be
m%‘ﬁ fived in the required position.

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

ala Hardware Pin | dS1103 Pins / Power Supply
1 P1-Pin1l P1B25 DACH1

2 P1—Pin2 P2B28 SPWM1

3 P1-Pin 6 P1A2 ADCH4

4 P1-Pin8 Drive Signal Ground

5 P1-Pin1l 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 uF 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
ala Hardware Pin | dS1103 Pins / Power Supply
1 Pin 1 P3B12 GND
2 Pin 2 P3B28 IDX(3)
3 Pin 3 P3B11 PHIO(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.

D51103 Incremental encoder
i i
PHIO ¢ !, PHIO
PHID ¢ |
|
1 1
PHISO 5 ¢ PHI9O
—
PHISO |
1 1 .
DX » INDEX
X & |
| (opticnal) ' -
VOC Q== ——————m———mm e —— = = & VSupply
GND ¢ ? GND

—_—— |

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

The equivalent PHIO 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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Ds1103 Incremental encoder

Externa
VSupply

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.

NE Package
16-Fin PDIP
Top View
1,2EM [ 1 uw [ Viee
1A |2 15 (] 4A
1Y []a 14 ] 4Y
HEAT SINK AND Jf [4 13 ]\F HEAT SINK AND
GROUND _[]s 12[] S~ GROUND
2y [Js 1 [] 3y
28 []7 10(] 3A
Vee [8 8]l 3,4EN
Pin Functions
PIN
TYPE DESCRIPTION

NAME NO.
1.2EN 1 | Enable driver channels 1 and 2 {active high input)
=fd=4 2, 7,110,158 | Diriver inputs, noninverting
=14=Y 3,8 11,14 o Driver outputs
34EN a | Enable driver channels 3 and 4 (active high input)
GROUND 45 12,13 _ E;i\.;c\:fsmund and heat sink pin. Connect to printed-circuit-board ground plane with multiple
Ve L] — B-\ supply for internal logic translation
Veos g8 — Power WCC for drivers 4.5 WV to 38V

Figure 6.5. L293d Quadruple Half-H Driver pins description. Reference ?
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10-pin 1.27 mm multipoint connector

e.q. Samtec FTSH series

Pin 1: Do not connect?

Pin 2: Vcc

Pin 3: GND

Pin 4: Do not connect!
Pin 5: Channel A
Pin &: Channel A

Pin 7: Channel B
Pin 8: Channel B

Pin 9: Channel |

Pin 10: Channel |

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

ala Hardware Pin | dS1103 Pins / Power Supply
1 1,2 EN P2A27 ST2PWM

2 1A P1A10 DACH®6

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 Ve Power Supply (+ 4.5V)

9 Vel Translation Supply (+ 5 V)
10 4A P1A27 DACHS

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 DACH?2

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)
ala 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 PHIO(1) (Inverse)
4 Pin 6 P3B41 PHIO(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)

ala 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 PHIO0(2) (Inverse)

4 Pin 6 P3B26 PHIO(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.

D51103 Incremental encoder
! 1
PHIO JT ¢ PHID
I 1
=77 | =
PHI Q < PHIO
1 1
PHIZO < & PHIOO
1 I
PHIS0 ¢ b PHIGO
1 I
B A .-l- B
|_,' '-!- '-:J |_,'
—" | —
IDX ¢ 21D
I"I'F': -:'_:[:— —_—— e — = = I_DETEF_EI“_ ________ }:_;. '|\,- Supph
GND ¢ ) GND

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

encoder.

89/214




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
ala Hardware Pin dS1103 Pins
1 Sensor 1 Output P1A34 ADCH?2
2 Sensor 2 Output P1A19 ADCHG6

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.

Connector P1A Pin [Signal Pin |Signal Pin | Signal
18 1 GND 34 |ADCH2
I~ 2 ADCH4 18 |GND 35 |GND
1_ od 34 |3 GND 19 | ADCHG 36 |ADCHS
9 ° 4 ADCH10 20 |GND 37 |GND
S8 5 GND 21 |ADCH12 38 |ADCH14
o %o 6 ADCH16 22 |GND 39 |GND
° 5 ° 7 GND 23 |ADCH18 40 | ADCH20
A 8 GND 24 | GND 41 | GND
o 9 GND 25 |DACH2 42 | DACH4
10 |DACHG 26 |GND 43 | GND
. 1] GND 27 |DACHS 44 | GND
o "o 12 |SADCH2 28 |GND 45 | GND
Soe 13 |GND 29 |SADCH4 46 | SADCH6
o % o 14  |SADCHS 30 |GND 47 | GND
17—ro 1:-;,—5-:1 15 |GND 31 |SADCH10 48 | SADCH12
— 16 |SADCH14 32 |GND 49 | GND
33 17 |GND 33 |SADCHI6 50 |GND

Figure 6.8. Connector P1A pins mapping.
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Connector P1B Pin Signal Pin |Signal Pin |Signal
18 1 GMND 34 | ADCH1
2 ADCH3 18 |GND 35 |GND
. _C3_34 3 GND 19 |ADCHS 36 |ADCH7
o o 4 ADCH2 20 |GND 37 |GND
Sl 5 GND 21 |ADCH11 38 | ADCHI13
o " & 6 ADCH15 22 |GND 39 | GND
° @ 7 GND 23 |ADCH17 40 | ADCH19
S o ® 8 GND 24 |GND 41 |GND
o @ o g GND 25 |DACH1 42 | DACH3
j & Z 10 DACHS 26 |GND 43 | GND
s 9 o 11 GND 27 |DACH7 44 | GND
o "o 12 SADCH1 28 |GND 45 |GND
S o : 13 GND 20 |SADCH3 46 | SADCHS
o 2o 14 SADCH7 30 |GND 47 |GND
17—-o ic;,—m 15 GND 31 |SADCHS 48 | SADCH11
— 16 SADCH13 32 |GND 49 | GND
33 17 GND 33 |SADCHI15 50 |SADCSOC

Figure 6.9. Connector P1B pins mapping.

Connector P2ZA Pin |Signal Pin |Signal Pin |Signal
18 1 GND 34 |GND
‘ 2 103 18 |01 35 |GND
1_[?0_34 3 107 19 |05 36 |GND
o 4 1011 20 |109 37 |GND
I 5 1015 21 [1013 38 |GND
I 6 1019 22 |1017 39 | GND
T 7 1023 23 |l021 40 |[GND
Ce 8 1027 24 |1025 41 |GND
o P a 9 1031 25 |1029 42 |GND
RON 10 |STMRCLK 26 | STINTZ 43 |GND
L 11 |SPDPINT 27 |ST2PWM 44 |GND
o "o 12 |sPwnm4 28 [SPWM2 45 |SPWM6
o ” 13 |GND 29 | SPWMS 46 | GND
o ° o 14 |SCAP4 30 | SCAP2 47 |GND
17—= 1:‘;,—50 15 |SSTE 31 |SBIO 48 [SSOMI
N— 16 |INTT 32 |GND 49 |INT3
33 17 |VCC1(+5V) (33 |VCC1(+5V) |50 |GND

Figure 6.10. Connector P2A pins mapping.
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Connector P2B Pin Signal Pin |Signal Pin |Signal
18 1 GND 34 [GND
2 102 182|100 35 | GND
. _F \g_ 4 |3 I06 19  |104 36 |GND
o - 4 I010 20 |08 37 |GND
I 5 I014 21 |I012 38 |GND
o 6 018 22 |1016 39 |GND
° ,® 7 1022 23 |I020 40 |GND
I 8 1026 24 |I024 41 |GND
o o 9 1030 25 |I028 42 |GND
el 10 |STMRDIR 26 | STINTI 43 |GND
=) 11 ST3PWM 27 |STIPWM 44 |GND
oMo 12 | SPwWmM3 28 [ SPWIM1 45 |SPWMS
"o : 13 SPWIM9 29 |[SPWM7 46 |GND
o %o 14 |SCAP3 30 |SCAPI 47 |GND
17— 1:-;,—50 15 |SSCLK 31 |sxF 48 |ssIMO
— 16 |INTO 32 |GND 49 |INTZ
33 17 |vCC1(+5V) [33 |vCC1(+5V) |50 |GND

Figure 6.11. Connector P2B pins mapping.

Connector P3A Pin Signal Pin |Signal Pin | Signal
18 1 GMND 34 Mot used for
P RS232 (TXD)
1L a :“;3_34 2 DTR (RTS) 18 | DCD (RXD) 35 |DSR(CTS)
° _ o 3 STXD 19 | GND 36 |SRXD
Sel 4 - 20 |- 37 |-
o ° g 5 - 21 |- 38 [GND
° " a 6 |PAGOT) 22 |PAIOT) 39 |IDX7)
: o 7 PHIO(G) 23 |GND 40 | PHIO0(6]
. ga_’g 8 |GND 24 | DX() 41 |PrAOT
@ 2 g IDX(1) 25 | PHIOO(T) 42 | GND
ool 10 | PHI90(2) 26 | PHIOZ) FERl s
a o 11 PHIO(3) 27 | GND 44 | PHI9OD(3)
@, e 12 GND 28 |IDX(3) 45 | PHID()
S 13 |DX@) 20 | PHIGOME) 46 |GND
17—-o | sd_cg |14 | PHBOG) 30 |PHIOG) 47 |IDX(5)
g 15 | GND 31 |GND 48 | GND
13 16 |VCC2(+5V) |32 |GND 43  |vCC2(+5V)
17 |VCC3(+5V) |33 |vCC3(+5V) |50 |GND

Figure 6.12. Connector P3A pins mapping.
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Connector P3B Pin Signal Pin | Signal Pin | Signal
18 GND 34 | TXD (TXD)
— 2 RTS (RTS) 18 | RXD (RXD) 35 | CTS(CTS)
{—o ::3_34 3 STHD 19 Rl (not used for | 36 SRXD
o o RS422)
Z e j 4 - 20 |- 37 |-
2 5 - 21 |- 32 |GND
o : o 6 PHI20(7) 22 | PHIO7) 39 | IDX(7)
z & 7 PHIO(&) 23 |GND 40 | PHIZ0(6)
o ::; 2 GND 24 | IDX(86) 41 | PHIOM)
Z g IDX(1) 25 | PHI90(1) 42 |GND
o 10 PHI20(2) 26 | PHIOR2) 43 | IDX(2)
a Z o 11 PHIO(3 27 | GND 44 |PH|9|:J|:3}|
i 12 GND 28 | IDX(3) 45 | PHIOM4)
Z ° - 13 IDX(4) 29 | PHI20(4) 46 | GND
17— | oo—5p |14 PHIS0(5) 30 | PHIOS) 47 | IDX(5)
u.,.--"'J 15 CANL 31 | GND 12 | CANH
13 16 VCC2(+5V) |32 |GND 49  |VCC2(+5V)
17 VCC3(+5V) |33 |vCC3(+5V) 50 |GMND

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 +5Vand-5V
Slave Motor 135-24V
Master Motors 45V
L293d Quadruple Half-H Driver +5V
Encoders Supply +5V

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 . 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]. !
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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.

EXTENSION
AVERAGE

DRIVE BAND FULL
VOLTAGE EXTENSION
A+ BAND
k
1

Vtmax |-

1
.
| 1
I 1
H 1
1
F ' \
ant t ; 1
! 1
|
|

Fanl.mr.

255 o AGONIST

i = FORCE
\: Fag.me 255
agt

1
PARKING BAND

FORCE

g

V-max

FULL '| FLEXION

FLEXION BAND BAND

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.

FSR1(BLY)

J Convert
[

0.5
m saTFsRIUP Ly
DZFSR1 UP o ' | —

¥ u ¥
/ - o ‘ | E—pl o
DSTOMUX_ADC_CON1 Compare  Logicel Data Type Corversionts Froductsta Type Comvarsion’4 pzrsRY Low DesdZone g repy Low Saturetion
ToZemS  Opesta Dynamic Dyramict
FSRI chiset
w . m
. i ® y' srszue M|
Con Conver g
/ - £ ‘ | .

Produetdyes Type Comversion!& E Dead Zone Saluration

Compare  Logicsl Data Type Conversiont® Dyramicl  SATFSR2 LOW Dynamic

DS103MUX_ADC_CONZ
ToZero§  Operato®

DZFSR2LOW

Fite2 § Fiter 2 FSR2 (ELR}

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 O, 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 ¢ is the position of the
motor and ¢4 is the boundary value and FSR; and FSR; 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

B

®=0d

¢ = Pd

FSR; > FSR»

FSR; < FSR»

P=<-Qq

TN S A -

¢ = - Qd

-l
=

Rotation occurs

=

The motor is
stopped

O O, OoO|Fr IO

If the FSR; rotates the slave motor clockwise (to the positive values of ¢) and the FSR;
rotates the slave motor counterclockwise (to the negative values of ¢), then if the limit @qis
reached and FSR; > FSR; the motor must stop. The result must be the same in case the limit -
¢q is reached and FSR; < FSR,. The verbal expression of the design demand reveals the
structure of the logic circuit, presented in Figure 6.18. The case FSR; = FSR, seems
contradicting, but it's lackadaisical due to the fact that in these circumstances the motor is

halted.

v -

pn— )

),

>0

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

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

W= (xey)+(yez)=(x+y)e(y+2)
Taking into account that the states ¢ > ¢4 (X = 1) and ¢ < - @4 (z = 1) cannot occur
simultaneously, the valid states are two less from the 2% 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 ¢ > @pgand FSR; > FSR, (Motor halted)

0 1 1 1 ¢ < - pgand FSR; > FSR; (Rotation initiated

cw)

0 1 0 1 - pg < @ < @pgand FSR; > FSR; (Rotation
initiated cw)

1 0 0 1 ¢ > ¢gand FSR; < FSR; (Rotation initiated ccw)

0 0 1 0 ¢ < - @4 and FSR; < FSR; (Motor halted)

0 0 0 1 - g < @ < @pgand FSR; < FSR; (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.

SATFSRI UP  Lpfp

SR o
- . D—b Duty cyee s

SATFSRZLOW

Tmex  FSRreduce  PWMProtecton b Duty oyce b
Duty cyce ¢
to

Ground

Z

FW M On/Of DS11035L_DSP_FWM3

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 Iin
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.

-100

=200

E ann
-300

400

-500

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.

Cyramk - Dyramict - Logkzl g
To Zemz (Operzior Operalo
DEFSRe UP = SATFSRIUP =
Comver - Il ¥ Ll | ¥
- =] -]
Producl  mets Type Cowemkonis Dead Dne Saturston
CEFSR2LOW Cyramizi SATFSRZ LOW Dyrame
Data Type Comversbn
!
105 2810 Bizck D= Type Comeminz
EMCOLER .
SET POSITION
pEX
CS1103EMC_SET_PDS_C3 e
DS11030AC_C1 DAC
EMNOODER Enc posiion
| counts o deg gear rato Sign Conectbn
DSTI0IENC SETUR Enc defa posiion ,I - 1 etz 110
— = couns'sec o ue;*se (Qear IE'DE Compare
CESNMBERC POS_C3 To Uoperoound
Temior
= -1
DBD’: mofor l—l
] segeec Compare
To Lower Bound
black counts'sec
L ,r\-\
dagEes L-/ ]

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
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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.

FSR1
Position
Slave Motor Bounds Slave Motor
Drive Control

MNormalize:

FSR2 [ L / 0-1

@
-~
>

—
>

Control | Drive

» O PD _I Master Motor Master Motor :

Reverse Moticn ‘ Mormalize

- PD ] Master Motor Master Motor

h- Control " Drive

Normalize
0-1{Master 2)

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.

ok Data Type Conversion2

ENCODER
SET FOSITION

DS102ENC_SET_POS_C2

ENCODER
SET FOSITH

DSTI03ENC_SET_

ENCODER Enc pesitien

MASTER SETUR

DSTI0ENC_SETUR et
Compare
To Upper bound

Ca

=
To Lower Bound
e s
L~

Comwert  Comvertto displacement of pulley
torsd

Enc delta pasition

DESMOIENC_FOS_C2

DS1103ENC_FOS_C2

< r st
3
cissecdegisee
Abs3)

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 Laocodn 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.

ENGODER e
SET POSITION DS103ENC_SET_POS_C2

DS103ENC_SET_POS_C

mmmmm

Compare
To Lower Bound

P

Convertto displacement of pulley

PWM Channel 4

DST1035L_DSP_PWM

Oppasite diraction Y\ -1
for the second motar = Logical  Dats Type Conversicnt
@ Constan Operetrd x

—

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

"
pYees - .
) : oo
Opposite diracion '\, -1 o -
Compare Logical  Data Type:
for the second matar To Constant Opersior®

E
= ]
——»|  Convert
Data Type Conversion’ 11
B
Data Type Comversion Gain10 ’7 G ’—ll—’

Gain11 DS1103DAC_C2

]
Convert I:'
| x
<=
I|§| F ata Type Comversion12 | p—
Compare |
Gsin14

L DAC

il
- Logical Dats Type Comvarsion7 ~ Gain12
- du/dt [— Operators

4.?},_‘ Derivativet | Dr Gainl m_’[

DS1103DAC_C8

Abs2 Atodel Sstuation

torad fosoewdsp  pos rightmotor

N[

vel right mator

sngle right

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™.. 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
1.1

By~ s ControlDesk NG Project: Project_086 Experiment: Experiment_001 - [Layout1*] - X
Home Layouting Postprocessing XIL API EESPort Automati Platforms View > g -8 X
1 m G @ Start Immediate ~ A set Bookmark i? @ Proposed Calibration =
@& start Triggered - A7 Edit Bookmarks S Refresh Values
Stop  Go . Data
MEEOm g Offline Yy save Buffer AN Find Bookmark | seis (@ Snapshot ¥
pboard Status Contro TRy = S
6o | B 1tayout1 x ~ x |Instrument... ~ & X
"
200 vel left motorin/in1 | pos left motorindnd ¥ s
200 200
1757.8125 (-149.4140625] ; = =T
vel right motorAn1 | pos right motor/in1 | e 21 Display
154.3359375 & Gauge
J | M black shaft indeglises/int | biack \nsfaft deginln | j % Knob
N“” ”“M. e
! J(l,”wﬁl\‘l\hl‘mu FSR1 (BLY}In1 FSR2 (BLRMn1 | ; s TableEditor

1.8218994140625 |0.4766845703125

Fitler Test 2/in1
0.0188286088341085

40 50 60 7014 ] 0 50 60 70 &0
Pr Gain1/Gain alue | pos zera rightValue | pos zero leftValue
500 +|lz500 2 o =lllo <o 2

DI Gain/Gain DrGain1/Gain | -
2500 22500 =

[y Variables | {4 Measurement Data Pool | BB Platforms/Devices | 5 Log

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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System Signal Tranfer
5F T I I I T | IR

X: 35.56
Y: 0.906 e e | EISE;?
e L
B L]
0 : N e FSR2 [
X:35.6
Y -0.006653
-5 F R
10 B
15 i
20+ R
=25 B
30F 4
| | 1 | 1 t
35.5 35.6 5.7 35.8 35.9 36 36.1

time (s)
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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Slave Target Test Classic EPP
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Figure 7.3. Response of the slave motor for a specific time range.
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Figure 7.4. FSR 1 response for the same time range.
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FSR2 Response
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Figure 7.5. FSR 2 Response for the same time range.
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Figure 7.6. Slave motor velocity for the same time range.
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Slave Motor Current
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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 Kp = 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.
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Figure 7.9. Velocity of the slave motor.
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Figure 7.10. Velocity of the Master 1 motor.
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Velocity of the Master 2 motor.
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Master Motor 1 Error
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Figure 7.14. Master Motor 1 error.
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Figure 7.15. Master Motor 2 Error.
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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.

y ' | y 7 I 4
Figure 7.16. Power screws before (left) and after the improvement of the assembly.

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 7 it can be
deduced:

dv, 2r . 2
it My, + VB = Ky ?IS (t)—Trf (7.2)

In this case the control law that will be used is the following ©;

. . h de, d*X,, dx,,, )
Is = KT lZ(erxm + KD dtm + mest dt2 + Best dt )+ KT le (72)

Mest and Bes; 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:
d’e, B, +K,de K,

+—e, =0 (7.3)

dt? " m dd m
eq eq

Thus, the damping ratio and natural frequency if the system can be obtained by the following
equations:

K
w, = |— (7.4)
I’T'Ieq
240) :Beq+KD (74)
! m
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f=Batto M (7.5)
2m,, K,

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 ir is 0.0121 A and the friction torque can be obtained using
the following equation:

7y =Ky (7.6)
The change that has to be accomplished on the Simulink program is presented in figure 7.17.

| S— (S
Derivativel |Dr Gainl l

lul @ » K

Abs2 Atwdct Saturationl

‘ Pr Gain1

saturdesri

Enc position

Enc delta position

DS1M02ENC_POS_C1

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 Kp =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).
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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).
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Figure 7.21. Master Motor 2 error (case 1).
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Master Motor 1 normalized current (converted to d.c.) (case 1).
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Master Motor 2 normalized current (converted to d.c.) (case 1).
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Case 2 Kp = 10° Kp = 5:10°

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.

Master - Slave motor response

| | T T I
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Master 2
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| | L | | | —
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14 16 18 20 . 22 24 26 Y:-10.56
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Figure 7.24. Delays between the master motors and the slave motor (case 2).
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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).
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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).
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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.

Master - Slave delays
T T I/ T .|II T T T T
— Slave '

T
I \n
Master 1 Ifl | / '|
Master 2 | I

displacement {mm)

54 55 56 57 58
time (sec)

Figure 7.30 Response of the motors with increased supply voltage.
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Figure 7.31. Master Motor 1 error.
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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!*®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.

Slave Motor
Position Value

FSRY BN
= — DIFSR2 U SR2 offsen'y
P nt
’ ali.n e
0.4447400440 7
pos left motor'ninl | pos nght motor/ind
0.17578125 0.17578125

black \nsfaft deg'wini()
) 0 Bl » .

e

Control
Gain

Values

Target Insert Slave Motor Position (xanthic Bar)

Value
Target Position (crimson Ellipse)

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

e 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.

e 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.
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Figure 7.34. Record button on ControlDesk 5.6.
e Phasel

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.

e 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 [+
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).
e Then the supervisor sets the gains presented on figure 32 to zero that are related to the
Biomechatronic EPP.
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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 4", The index of difficulty can
be calculated using the following equation:

ID = Iogz(V—C+1) (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 2192645
4 -9 3.86507
5 -40 2.747234
6 10 1.280108
/ -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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Figure 7.36. Slave motor path during the phase 1 of Biomechatronic EPP test.
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Figure 7.37. Slave motor velocity during the phase 1 of Biomechatronic EPP test.
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FSR1 Response
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Figure 7.38. FSR 1 output during the phase 1 of Biomechatronic EPP test.
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Figure 7.39. FSR 2 output during the phase 1 of Biomechatronic EPP test.
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Slave Motor Current
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Figure 7.40. Slave motor current during the phase 1 of Biomechatronic EPP test.
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Figure 7.41. Master 1 Motor error during the phase 1 of Biomechatronic EPP test.
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Master Motor 2 Error
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Figure 7.42. Master 2 Motor error during the phase 1 of Biomechatronic EPP test.
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Figure 7.43. Slave - Master Motor positioning during the phase 1 of Biomechatronic
EPP test.
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» Biomechatronic EPP Phase 2
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Figure 7.44. Slave motor path during the phase 2 of Biomechatronic EPP test.
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Figure 7.45. Slave motor velocity during the phase 2 of Biomechatronic EPP test.

130/214



FSR1 Response

45 T T T T
Unfiltered
4r Filtered | |
35T 7
3 ]

Output (V)
[g]

0.5 7
| | |
_DEI' i . 1 1 Ll I]I. o | | i . k ..l. m
0 50 100 150 200 250 300
time (s)
Figure 7.46. FSR 1 output during the phase 2 of Biomechatronic EPP test.
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Figure 7.47. FSR 2 output during the phase 2 of Biomechatronic EPP test.
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Slave Motor Current
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Figure 7.48. Slave motor current during the phase 2 of Biomechatronic EPP test.
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Figure 7.49. Master 2 Motor error during the phase 2 of Biomechatronic EPP test.
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Master Motor 2 Error
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Figure 7.50. Master 1 Motor error during the phase 2 of Biomechatronic EPP test.

System Signal Tranfer

20 T T

Slave
Master 1
15 Master 2 7

position {mm)

LR B

151+ i

_20 | 1 | 1 |
0 50 100 150 200 250 300

time (s)

Figure 7.51. Slave - Master Motor positioning during the phase 2 of Biomechatronic
EPP test.
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» Classic EPP Phase 1
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Figure 7.52. Slave motor path during the phase 1 of Classic EPP test.
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Figure 7.53. Slave motor velocity during the phase 1 of Classic EPP test.

134/214



FSR1 Response

4 T T

Unfiltered
35F Filtered i

251

Output (V)

_D . 5 1 1 1 1 1
0 50 100 150 200 250 300

time (s)
Figure 7.54. FSR 1 output during the phase 1 of Classic EPP test.
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Figure 7.55. FSR 2 output during the phase 1 of Classic EPP test.
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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.
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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.
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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).
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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.
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Figure 7.64. Duel time comparison curve (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:

Dn,m :SUp|Fl,n (X)_ Fz,m (X)| (78)

With Fy, , Fon 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:

H,:D,, >c(a) n+m (7.9)
' nm

H,:D,,, <c(a) n+m (7.10)
' nm

c@=. /-2 (7.11)
N2 2 '
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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 M
H,:0’-0,"=0 (7.12)
H,:0’-0,°#0 (7.13)

To examine whether the confidence value bounds are breached the Snedecor's F distribution

is used:
s? v,=N; -1

Fo== 7.14
vz g2y, =N, -1 (7.14)
3. The two samples have the same mean value
For this test the null hypothesis and the alternative hypothesis are as follows ™
Hy: 14— 1, =0 (7.15)
Hy iz —1, 20 (7.16)

To examine whether the confidence value bounds are breached the Student distribution is
used:

t _ (u=x)-d, (7.17)

() +()

Sz — (Nl _1)512 + (Nz _1)522

7.18
N, +N,-2 ( )

Ny is the number of data of the first sample and N, 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.

S— (7.19)

1-p —
2 Fl_l;P
2

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

Result

Classic EPP | Classic EPP standard Biomechatronic EPP Biomechatronic
mean value deviation s, (S) mean value x (S) EPP standard
X1 (S) deviation s, (s)
7.8233 4.0739 12.6827 7.5867
Condition Results Accepted/Rejected Null
Hypothesis
Kolmogorov - 0
Smirnov
t2.5(28) to t97.5(28) _
Mean value -2.048 -2.1856 2.048 RejectEd
L 25014 01414 I:97.514 " )
Standard deviation Rejected
0.3495 0.2887 2.86

Table 7.2. Results of statisitcal tests for Phase 2 duel time random variable.
Phase 2 duel time
Classic EPP Classic EPP standard Biomechatronic EPP Biomechatronic
mean value deviation s, (S) mean value x, (S) EPP standard
X1 (S) deviation s, (s)
6.5013 2.5087 11.0267 4.7201
Condition Results Accepted/Rejected Null
Hypothesis
Kolmogorov - 1 Rejected
Smirnov
t2.5(28) to t97.5(28) _
Mean value 2048 | -3.2789 2.048 REeEEe
S d d d L. F2-514,14 01414 |:97.514114 R ) d
tandard deviation 03495 02875 586 ejecte

Result
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Table 7.3.

Results of statistical tests for Phase 1 error random variable.

Phase 1 error
Classic EPP Classic EPP standard Biomechatronic EPP Biomechatronic
mean value deviation s (deg) mean value x. (deg) EPP standard
x: (deg) deviation s, (deg)
1.6957 1.0454 2.4975 1.2064
Condition Results Accepted/Rejected Null
Hypothesis
Kolmogorov - 0
Smirnov
Mean value t)s0s) t, to75(8)
-2.048 -0.8246 2.048
L. F2-514,14 F°14.14 F97-514.14
Standard deviation
0.3495 1.0219 2.86

Table 7.4. Results of statistical tests for Phase 2 error random variable.
Phase 2 error
Classic EPP Classic EPP standard Biomechatronic EPP Biomechatronic
mean value deviation s, (deg) mean value x. (deg) EPP standard
x: (deg) deviation s, (deg)
1.6981 1.1559 2.0443 1.1435
Condition Results Accepted/Rejected Null
Hypothesis
Kolmogorov - 0
Smirnov
t2.5(28) to t97.5(28)
Mean value -2.048 -1.9451 2.048
. 250414 0144 F97-514.14
Standard deviation
0.3495 0.7509 2.86

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.
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Figure 7.68. Biomechatronic EPP with connection slave - target position.
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Figure 7.69. Biomechatronic EPP with connection master slave position.
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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).
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Figure 7.71. Biomechatronic EPP without connection slave - target position.
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Figure 7.72. Biomechatronic EPP without connection master slave position.
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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.
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Figure 7.75. Classic EPP with connection slave - target position.
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» Classic EPP without coupling (disconnected Bowden cables from couple).
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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 7.78. Duel time comparison.
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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 Classic EPP Biomechatronic EPP | Biomechatronic EPP
value xi(s) standard deviation mean value x (S) standard deviation s,
s, (S) (s)
12.86933 2.391397 12.02533 2.891131
Condition Results Accepted/Rejected Null
Hypothesis

Kolmogorov - Smirnov 0
t2.5(28) to t97.5(28)
Mean value -2.048 | -0,84168 | 2.048
F2-514.14 F°14,14 F97-514.14

Standard deviation

0.3495 | 1,461614 2.86

Result

Table 8. Statistical Tests for the duel time with the whole setup unconnected

Duel time - Unconnected setup
Classic EPP mean Classic EPP Biomechatronic EPP | Biomechatronic EPP
value xi(s) standard deviation mean value X (S) standard deviation s,
5, (9) (s)
12.51769 3.087216 12.856 2.401903
Condition Results Accepted/Rejected Null
Hypothesis

Kolmogorov - Smirnov 0
t2.5(28) t t97.5(28)
Mean value 2.048 | 0.33819 | 2.048
F2-514,14 F°14,14 F97-514,14

Standard deviation

2.86

0.3495 | 0.605309

Result
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Table 9. Statistical Tests for the error with the whole setup connected

Error - Connected setup
Classic EPP mean Classic EPP Biomechatronic EPP | Biomechatronic EPP
value x. (deg) standard deviation mean value x, (deg) | standard deviation s,
s, (deg) (deg)
1.369933 1.117659 1.1902 1.002717
Condition Results Accepted/Rejected Null
Hypothesis

Kolmogorov - Smirnov 0
t2.5(28) t t97.5(28)
Mean value 2.048 | -044787 | 2.048
F2-514,14 F°14,14 F97-514,14

Standard deviation

0.3495 | 0.804893 2.86

Result

Table 10.  Statistical Tests for the error with the whole setup unconnected

Error - Unconnected setup
Classic EPP mean Classic EPP Biomechatronic EPP | Biomechatronic EPP
value x: (deg) standard deviation mean value x, (deg) | standard deviation s,
s, (deg) (deg)
1.219462 1.373669 1.369933 1.117659
Condition Results Accepted/Rejected Null
Hypothesis

Kolmogorov - Smirnov 0
t2.5(28) L t97.5(23)
Mean value -2.048 | 0.331685 | 2.048
F2-514.14 F°1414 F97-514.14

Standard deviation

0.3495 | 0.661995 2.86

Result

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
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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 we
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 7.87. 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.

- 1"
V=r ! V ()| dt (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.

161/214



8 Conclusions and Continuation - Legacy

8.1 Conclusions

This chapter summarizes the findings of this thesis. The setup that was designed by another
thesis [ 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 [ 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 /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 1/0 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.1Block 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.

e A/D converter

To read analog signals two blocks can be used, the DS1103MUX_ADC_CONXx and the
DS1103ADC_Ckx, presented in figures AA.2 and AA.3.

4| DS1103ADC_C17 [untitled] — Ed

DS51103ADC A/D Conversion
Unit

Purpose

+/-10 Volts input range.

|7F'r|:|'.rid es read access to 4 parallel A/D converters with

ADC _..D

Unit =pecification
DSHBSADC_C17 dSpace conversiont  vier b Spay ’7Channel number: 17w
18
dSPACE oK | 15 hncel Help Apphy
20

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

“10V.. +10V ~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.

Connector P1A Fin Signal Pin |Signal Pin |Signal
18 1 GND 34 | ADCH2
— 2 ADCH4 18 | GND 35 |GND
1— o :D_y 3 GND 19 |ADCHBG 36 | ADCHS
°o o 4 ADCH10 20 |GND 37 |GND
" 5 GND 21 |ADCH12 38 | ADCH14
0 o 6 ADCH16 22 |GND 39 |GND
f*' 7 GND 23 |ADCH18 10 |ADCR2ZG
J:I 8  |GND 24 | GND 41 | GND
o o 9 GND 25 | DACH2 42 |DACH4
Z 0 ° 10 |DACHS& 26 |GND 43 | GND
s %, 1 GND 27 |DACH8 44 | GND
°o o 12 |SADCH2 28 | GND 45 |GND
13 |GND 29 |SADCH4 46 | SADCHG
o ° o 14 |SADCHS 30 |GND 47 | GND
17—¢ E)—so 15  |GND 31 |SADCH10 48 | SADCH12
~— 16 |[SADCH14 32 |GND 49 | GND
33 17  |GND 33 |SADCH16 50 |GND

Figure AA.3. Channels 18 and 20 pins.
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Connector P1B Pin Signal Pin | Signal Pin | Signal
18 1 GND 34 ADCH1
p— 2 ADCH3 18 GND 35 GND
1—-o :::1‘_34 3 GND 19 ADCHS 36 ADCH7T
R 4 ADCHS 20 GND 37 GND
; o ﬁ 5 GND 21 ADCHI 38 ADCH13
o i o [ ADCH15 22 GMD 39 GI_\JD
_"‘ 7 GND 23 ADCHTY 40 ADCH19
: 8 GND 24 | GND —l 41 | GND
o :: o 9 GMND 25 DACH1 42 DACHS
° s z 10 DACHS 26 GMD 43 GND
o 7o 11 GND 27 DACHT 44 GND
; o 12 SADCH1 28 GMD 45 GND
e ° 13 GND 29 SADCHS 46 SADCHS
© z 14 SADCHY 30 GMD 47 GND
17—o | of— 50 (15 GND 31 SADCHS 45 SADCHT
~— 16 SADCH13 32 GND 49 GND
33 17 GND 33 SADCH15 50 SADCSOC

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.

(4 DST103MUX_ADC_COMT [un... — )4
DS1103MUX ADC Multiplexed A/D Conversion
Unit

— Purpose

Provides read access to 16 channels of 4 parallel
AJD converters with +/-10 Volts input range.

MUK ADC b
— Unit gpecification —

DST03MUX_ADC_CON1 9SPace coversion  view to dSpacet Converter number: |1 s

— Channel selection
1 2 3 4

M0 00

dSPACE oK Cancel Help Apphy

Figure AA.5. DS1103MUX_ADC_CONXx 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.

Connector P1A Fin Signal Fin | Signal Fin | Signal
18 1 GND 34 |ADCH2
. 2 ADCH4 18 | GND 35 |GND
A ;\@\_35 3 GND 19 | ADCHG [S6  ADchs 1
@ 4 ADCH10 20 | GND 37 |GND
QO 5 GND 21 | ADCH12 38 |ADCH14
@@u 6 ADCH16 22 | GND 39 | GND
T 7 GND 23 |ADCH18 40 |ADCH20
o ° 8 GND 24 | GND 41 |GND
o o 9 GND 25 |DACH2 42 |DACH4
° o5 ° 10 |DACHS 26 | GND 43 |GND
Se 11 |GND 27 |DACHS 44 |GND
o . o 12 |SADCH2 28 |GND 45 | GND
° o ° 13 |GND 29 | SADCH4 46 |SADCHe
o 4 14  |SADCHS 30 |GND 47 |GND
17— ::;,—5':' 15 | GND 31 |SADCH10 48 |SADCH12
— 16 |SADCH14 32 |GND 49 |GND
33 17 | GND 33 |SADCH16 50 |GND

Figure AA.6. Correspondence of pins. Converter 1 (green), Converter 2 (red),
Converter 3 (blue) and Converter 4 (orange).
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Connector P1B Pin Signal Pin | Signal Pin | Signal
18 1 GMND 34 ADCHI1
— 2 ADCH3 18 GMND 35 GMD
1—o :-@‘_3;1 3 GND 19 ADCHS m
@ 4 ADCHS 20 GND 37 GMND
5 GMD 21 ADCHT 38 ADCH13
9 b ADCH15 22 GMND 39 GMD
e o U 7 GMD 23 ADCH17 40 ADCH19
a2 9. 8 GMD 24 GMND 41 GMND
o :: o 9 GND 25 DACH1 42 DACH3
z o z 10 DACHS 26 GMND 43 GMD
o T 11 GMD 27 DACHY 44 GMD
o ; 2 12 SADCH1 28 GMND 45 GMND
: o : 13 GND 29 SADCH3 46 SADCHS
s T oa 14 SADCHY 30 GMND a7 GMD
17— c._j;— 50 [15 GMD 31 SADCHS 43 SADCHT
— 16 SADCHI13 32 GND 49 GMND
33 17 GND 33 SADCH15 50 SADCSOC

Figure AA.7. The pins on the connector. Converter 1 (green), Converter 2 (red),
Converter 3 (blue) and Converter 4 (orange).

e 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.

[ DS1103DAC_C1 [untitled] - X

D51103DAC VA Conversion

Unit | Initialization | Termination

Purpose
’7Pruvides write access to 8 parallel channels.

JS?\ » DAC Unit specification

Sing W 45 L/ ) ’7Channelnumber: 1 W

ine ave pBCe CoOMeErsicn 55'1'103[’10«1:_1:'1 _
2

dSPACE oK | 2 ancel Help Apply

4
5
3
7
B8

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) “10V..+10V

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.

Connector P1A Pin Signal Pin | Signal Pin |Signal
18 1 GND 34 ADCH2
'._.__“_-_\ 2 ADCH4 18 GND 35 GMND
1—o | o34 |3 GND 19 ADCHE 36 ADCHS
R 4 ADCH10 20 GMND 37 GND
<, o ; 5 GND 21 ADCH12 38 ADCH14
o q o 6 ADCH16 22  |GND 39 |GND
°_ o H' 7 GND 23 ADCH18 40 ADCH20
Lo 8 GND 24 |GND 41 | GND
o @ 9 GMND 25 DACH2 42 DACHA4
o < % 10 DACHE 26 GMND 43 GMND
i 1 GND 27 |DACHS8 44 | GND
° o 12 [SADCH2 28 |GND 45 | GND
: 2 Z 13 GND 29 SADCH4 46 SADCHE
o % 5 14 SADCHS 30 GMND a7 GMND
17—o | e5—50 |15 GND 31 SADCH10 48 SADCH12
— 16 SADCH14 32 |GND 49 | GND
13 17 GND 33 |SADCH16 50 |GND

Figure AA.9. The pins on the connector. For instance, if Channel 2 is used, then the
DACH2 must be connected.

Connector P1B Pin Signal Pin | Signal Pin | Signal
18 1 GND 34 | ADCHI
— 2 ADCH3 18 |GND 35 | GND
1—c :;5_34 3 GND 19  |ADCHS 36 | ADCH7
e, ° 4 ADCHS 20 | GND 37 |GND
; ° ﬁ 5 GND 21 |ADCH! 38 | ADCH13
a : o 5 ADCH15 22 | GND 39 | GND
° o ° 7 GND 23 |ADCH17 40 | ADCH19
I 8 GND 24 | GND 41 | GND
o @0 3 GND 25 | DACH1 42 | DACH3
@;. 10 | DACHS 26 | GND 43 | GND
ol © 11 GND 27 | DACH7 44 | GND
o "o 12 SADCH1 28 |GND 45 | GND
2o : 13 GND 29 |sADCH3 46 | SADCHS
L 14 | SADCH7 30 | GND 47 | GND
17—o c;;— 50 |15 GND 31 |SADCH9 48 | SADCH11
~— 16 | SADCH13 32 |GND 49 | GND
33 17 GND 33 |SADCHI15 50 | SADCSOC

Figure AA.10. The pins on the connector.
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e 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.

1 > _/_ | Duty cycle a
PWIT Saturation — s Duty cycle b
; - Duty cycle c

1 Groundf PPV Stop

pwm on/off DS11035L_DSP_PWM3

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 STIPWM 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:

Simulink Inport Value Data Type Meaning

Duty cycle a, b, © 0.1 Double Duty cycle of the PWM signal for channel a, b,
C.

Stop PUWiA 0f1 Boolean Enables PWM stop for channel pairs a/a, b/b
and c/c
m  Value 1 stops PWM generation
m  Value 0 resumes PWM generation

e \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.
4 DS11035L_DSP_PWM3 [untitled] — X
051103 Slave DSP 3-Phase PVWM Generation

Unit | jnitiglization | PV Stop and Termination

— Purpose

Provides a 3-Phase PWH generation with criginal and inverted outputs,
variable duty cycles and a variable deadband, and enables PWHM Stop to
TTL level during run time.

— PWH frequency

Range : Freguency :
1.25Hz-5MH=z 100/ Hz
— Deadband
Range : Deadband :
0-100us 5p us
dSPACE Ok Cance Help Apphy

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 us 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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PV

OnfOff

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.

—

Saturation

_/_ L %! PWM Channel 1

Ground

+— PWHK Channel 3

p—» PWHW Channel 4

| PVWHK Channel 2

DS1103SL_DSP_PWM

Simulink Inport Input Value Data Meaning
Type
PWM Channel 1 ... 4 | Dutycycle1 . 4 0.1 Double Duty cydle of the PW
signal for channel 1 .. 4
PWMStop1...4 | 0/1 Boolean Enables PWM stop for

channel 1 ... 4

= Value 1 stops PWM
generation

= Yalue 0 resumes PWH
generation

Double - click on the block and the window presented in figure AA.14 appears.
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4 DS11035L_DSP_PWM [untitled] - X

D51103 Slave DSP 4-Channel PWM Generation

Unit || initialization | PYWH Stop and Termination | Advanced

enables PWHM Stop to TTL level during run time.

Furpose
’7Pruvides 4 1-phase PWM generations with variable duty cycles, and

PWH mode

’7 symmetric v

Range : Frequency :

PWM freguency
’71.25 Hz - 5 MHz

dSPACE

100| Hz

oK Cance Help Apply

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:

PWM Mode

PWM Frequency

Asymmetric

symmetric

25Hz ... 5MHz
1.25Hz ... 5 MHz

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.

Related RTI Block Related RTLib Functions Phase Conn. Pin | Sub-D Pin | Pin on Signal
CPrCLP
D511035L_DSP_PWM3 | See Slave DSP PWM3Z Generation Phase 1 P2 65 P2B 28 CP317 SPVWIMT
Phase2 |P2&7 P2B 12 CP31 8 SPWIM3
Phase3 |P2 69 P2B 45 CP31 9 SPARAS
Phase 1 P2 66 P24 28 CP31 26 SPWhAZ
(inverted)
Phase2 |P268 P2a 12 CP31 27 SPWIL
(inverted)
Phase3 |P270 F24 45 CP31 2B SPAMG
(inverted)
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Related RTI Block Related RTLib Functions Channel | Conn. Pin | Sub-D Pin | Pin on CP/CLP | Signal

DS11035L_DSP_PWM | See Slave DSP PWM Generation Ch1 P2 &0 P2A 27 CP315 ST2ZPWM
Ch2 P27 P2B 29 CP31 10 SPVWhT
ch3 P2 72 P24 29 CPF31 29 SPVWNMB
Cha P2 73 PZB 13 CP31 11 SPWhS

The pins of these channels are presented in the following figures.

Connector P2A Pin Signal Pin | Signal Pin |Signal
18 1 GND 34 |GND
— 2 103 18 |I01 35 |GND
. N |3 07 19 |I05 36 |GND
° ° o 4 1011 20 |109 37 |GND
ce? 5 1015 21 |1013 38 |GND
o %a 6 1019 22 |1017 39 |GND
°,® 7 1023 23 |1021 40 |GND
Do 8 1027 24 |1025 41 |GND
o %a 3 1031 25 |1029 42 |GND
’ @ ¢ 10 |STMRCLK 26 |STINT2 43 |GND
@89 11 |SPDPINT 27 |ST2PWM 44 |GND
o2 12 |sPwma | 28 | SPWMZ | 45 [SPWMG |
° o ° 13 |GND 29 |SPWMB 46 | GND
0. 14 |SCAPA 30 |SCAP2 47 | GND
17— | o4—50 |15 |SSTE 31 |sBIO 48 |ss0MI
\--*"’j 16 INTT 32 |GND 49  |INT3
3 17 |VCC1(+5V) |33 |VvCC1(+5V) |50 |GND
Figure AA.15. The PWM pins on the connector.
Connector F2ZE Pin Signal Fin |Signal Pin | Signal
18 1 GND 34 | GND
o 2 102 18 |100 35 | GND
11— :J)_gq 3 106 19 |04 36 | GND
°o . 4 1010 20 |08 37 | GND
j o h 5 1014 21 |1012 38 | GND
o o 6 1018 22 |I1016 39 | GND
o 7 1022 23 |1020 40 | GND
oo 8 1026 24 |1024 41 | GND
o "o 9 1030 25 |1028 42 | GND
: o ° 10 | STMRDIR 26 | STINTI 43 | GND
@ 11 ST3PWM 27 | ST1PWM 44 | GND
@ bl 12 SPWM3 28 | SPWM1 45 | SPWWG]
2o : 13 SPWMS 20 | SPWI7 46 | GND
o %o 14 [SCAP3 30 |SCAP1 47 | GND
17—Fo | o5—50 |15 SSCLK 31 |SXF 48 | SSIMO
~— 16 |INTO 32 | GND 49 |INT2
33 17 VCC1(+5V) |33 |VCC1(+5V) |50 |GND

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:

e 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”.

- - ~ |Inf - -

4 DS1103ENC_SETUP [untitled] — X

DS1103 Global Encoder Settings
Unit

— Purpose

Sets the global specifications for the 7 channels of the
encoder interface.
— Encoder signal type
Channel  Type
1 single-ended
ENCODER 2 single-ended
MASTER SETUP

5 d\ierenlll . HDI

DS1M03ENC_SETUP 4 single-ended

single-ended t
6 single-ended ~
T voltage =
1.6 single-ended v Set all
Range
e (Channal&f Channel 7 16438 | Bits
0 file(s) copied. dSPACE oK Tras Help ApDh

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.

4 DSTI03ENC_PO5_C1 [untitled] — X

D51103 Encoder Position
Unt | nitialization

4,—’4(—; » |:| Purpose
Enc position Provides read access to the position and delta position

camvert courts position of the 7 encoder interface channels.
Enc delta position
Unit specification
DST03ENC _POS c1—|_,_|<. ] °
- - Channel number: 1

convert counts/sec  velocity _

L

z
dSPACE oK |3 ance Help Apply

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)™*(360/# of counts per
revolution). Thus the following equations must be used:

0[deg] = EncPosition 360 - (AAD)
countsperrevolution

360

. (AA.2)
countsperrevolution

%[dﬂ] = EncDeltaPosition(samplingrate)*
dt “sec

The following block that is presented in figure AA.19 is the DS1103ENC_SET_POS_Cx
block.

b

4. DS1103EMC_SET_POS_C1 [un.. — >
D51103 Encoder Set Position
Unit
— Purpose
Provides channelwise write access to the position count
1 » Convert of the 7 encoder interface channels. When the block is
triggered, the position count is set to the specified value.
set position D'sta Type Conversion
e — Unit zpecification
Channel number: 1 =
ENCODER L.
SET POSITION Range . ftion value
DSHO3ENC_SET FOS_Ci +-2097152.00 0.0p| Lines
4
3
5 ¥
dSPACE oK ; ance Help Apph |5’E
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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Enable search Indies foumnd —w Convert

Canstant DS1103ENG_SW_INDEX_C2 Dats Type Comversiont

L.

ENCODER
SET POSITION

DS1103ENC_SET_FPOS_C2

I

4| DSTI03ENC_SW INDEX_C2 [.. —

D51103 Encoder 5W Index Search

Untt | parameters | Options

Purpose

Polis the encoder index of the channel selected.
When the index iz found, the corresponding counter
can be set to the specified value.

Unit specification

’VChanneI number:

dSPACE oK Cance Help

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:

State Simulink Output
Without Data With Data
Typing Typing
Index has not been found yet. 0 (double) 0 (int8)
Index has been found. Search is finished. | 1 {double) 1 (int&)
If “Search index twice for speed-up” is selected:
State Simulink Output
Without Data With Data
Typing Typing
Index has not been found yet. -1 (double) -1 (int8)
Index has been found once. 0 (double) 0 (int8)
Index has been found for the second 1 (double) 1 (int8)
time. Search is finished.

The following figure shows the block output depending on the selected search options.
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Encoder Index Signal

D51103ENC_S5W_INDEX block output

Dialog settings:

- Search index twice for
speed-up checkbox unmarked

- Block output: “kept high’

setting position counter

encoder index search

encodear indax

D5T103ENC_SW_INDEX block output 'y

Dialog settings:

- Search index twice for
spead-up checkbox unmarked

- Block output: “current index"

Y

setfing position counter

search

f

f

-

D51103ENC_SW _INDEX block output ik

Dialog settings:

- Search index twice for
spead-up: checkbox marked

- Block output: “current index"

setting position counter

AN

[
-

Y

L4

L

Figure AA.21L.

encoder indax search

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.

Connector P3A Pin Signal Pin | signal Pin | sSignal
18 1 GND 34 Not used for
P RS232 (TXD)
1= | D g |2 DTR (RT3) 18 | DCD (RXD) 35 |DSR(CTS)
°o o 3 STXD 19 | GND 36 |SRXD
oo : 4 - 20 |- 37 |-
s % s 5 - 21 |- 38 |GND
e 2o 6 |PH@OMm 22 | PHIOT) 39 |IEXm
P 7 PHIOE) 23 |GND 40 | PHI90()
@@ 8 GND 24 | 1DX(B) 41 | PHIO()
eLe 9 DX{1) 25 | PHIBO(T) 42 | GND
o o — —
0% 10 PHIS0) | 26 | PHIOEZ) 43 | IDX(2)
> 3 s 11 PHIOE) 27 |GND 44 |PHIZ0E)
° 5 ° 12 GND 28 |IDX(3) 45 | PHIOM@)
I 13 |OX@ 29 |PABOM@ 46 |GND
17— e | o9—s5p |14 |PHIGOG) 30 | PHIOG) 47  |IDXE)
|~ 15 GND 31 |GND 48 | GND
33 16 |VCC2{(+5V) |32 |GND 49 |VCC2(+5V)
17 VCC3(+5V) |33 |VCC3(+5V) |50 |GND

Figure AA.22. The mapping for the inverse channels of the first two channels.
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Connector P3B Pin Signal Pin | Signal Fin |Signal
18 1 GND 34 | TXD (TXD)
— 2 RTS (RTS) 18 | RXD (RXD) 35 | CTS(CTS)
1— & :\__ 4 |3 STXD 19 Rl (not used for |36 SRXD
e o RS422)
“ o : 4 - 20 |- 37 |-
e % 5 - 21 |- 38 | GND
o 6 PHIZO(7) 22 |PHIOE) 39 | IDX(7)
oo 7 PHIO(E) 23 |GND 40 | PHI9O(E)
OOE 8 GND 24 |IDX(6) 41 | PHIO()
() Q 2 9 IDX(1) | 25 | PHISO(T), 42 | GND
F o ° 10 PHIZ0(2) | 26 |PHIOR) 43 [IDX(2)
o 2o 1 PHIO(3) 27 | GND 44 | PHI90(3)
° o ° 12 GND 28 |IDX(3) 45 | PHIO(4)
. 13 IDX(4) 29  |PHIZ0() 46 | GND
17—-¢ | a9—50 |14 PHIZO(S) 30 |PHIO(S) 47 | IDX(5)
\_,../ 15 CANL 31 |GND 48 | CANH
13 16 VCC2(+5V) |32 |GND 49 |VCC2(+5V)
17 VCC3(+5V) [33 |VCC3(+5WV) 50 |GND

Figure AA.23. The mapping for the original channels of the first two channels.

e 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 pApp signals), connect:

» The encoder output signals to the PHIO, PHI90 and IDX pins of the corresponding input
channel.

> The inverted signals to the PHIO, PHI90 and IDX pins of the corresponding input
channel.

DS1103 Incremental encoder
' i
PHIO JT ¢ PHIO
| 1
== | 1 =
PHIO Q ¢ PHIO
| 1
PHIZO ¢ b PHIGO
| 1
PHIZO <) b PHIgO
1 1
M A, l- M
|_,-,:{ -!- -:J |_,-
—_ 1 | ——
IDX & L IDX
n (optional) L
Vs r ————————————————————— :'f VSupply
GND ) GND

Figure AA.24. Encoder with differential signals connection.
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If your encoder provides single - ended TTL signals, the inverted pins (PHI90, PHIO and

IDX) must be left unconnected.
DS1103

Incremental encoder

PHIO

2 PHISO

{optional)

i
=
(e
m
s

P e = e = e = = (e — -

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 PHIO, PHI90 and

IDX to the GND pin

» If the mean voltage isnot 0 V (0 V < VCM < 2.5 V), you have to provide this voltage in

the range 0 ... 2.5 V yourself

Example 1: Ds51103
Vem=0V
o

Incremental encoder

!____

5 PHIO
|

~|J PHIZ0

y INDEX

|
I

|
T GND

Figure AA.26. Single - ended 1 Vpp signals connection, case 1.



Example 2: D51103 Incremental encoder
OV<WVeum=<25V

— ——
PHID O O PHIO
1 i

PHID ©
| |
PHISO 5 PHISO
T ]
PHIS0 o————4 |
DX © 5 INDEX
| I
DX o—4
T |
GND ¢ 1 GND
i -:-

Common mode
voltage (Wi )

Figure AA.27. Single - ended 1 Vpp signals connection, case 2.
e 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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D51103 Incremental encoder

VICC LE —d: Vsupply

GN[}JI) GND

External
VSupply

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.

e 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

187/214



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.

FSR1(BLY) c
to_s 5 ]
I N SATFSR1 UP W
DZFSR1UP | | > |
) » U | Y P L | Y
DZFSR1LOW Dead Zone  gaTFSR1 LOW Saturation
. Dynamic ..5 Dynamic1
DZFSR2UP up | SATFSR2 UP up |
P u | ¥ U | y
o lo
h J
. Dead Zone Saturation Compare
DZFSR2 LOW Dynamic1 SATFSR2 LOW Dynamic To Zero| == °
] Data Type Conversion Convert
FSR2 (BLR)

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.

> >=0 AND
Compare -
L ToZero1 | Logical
T3] Operator
—u ¥ o
—»{io » <=0—" \up ﬂ NOT Convert
Saturation -
Dynamic1 g;?gfors Logical Logical Logical  Type Conversion2
-|_’ Operator1 Operator?  Operators
up |
—Pu zl y »| Convert
e A 4
Saturation Gompare Data Type Conversion1
Dynamic Tozero| <0
Data Type Conversion Convert
T
Figure AA.31. Example of using math and logic operations with the Convert block.
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3. Anillustration 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 OV 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.

E—.

peszeo left  Data Type Cowersion?
h 4

ENCODER
MASTER SETUP

ENCODER
SET POSITION

DS102ENG_SETUP DS1102ENC_SE |_PUS_C2
Convert NN Lb > DAC
. i Gain

Gain1 DS1103DAC_C4

Gain2 Gain3 DS1103DAC_C6
Ui )
PWM Channel 1
T . Z
:

reference input

B FWM Channzl 2

# PWM Channel 3

| FWM Channel 4

DS11035L_DSP_PWM

Figure AA.32. Closed loop scheme.

e 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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ntrolDesk NG Project: Project 091 i 001 - [Layoutl]

Home  Lsyouting  P{ Register Platforms %

(f7E] hRefresn Pition  Defne plafom fype and regier sefings

| i Refresh Interfag | Platfoms =B
Manage i DS1005 PPC Board
rattorms. (@ Clear System .. DS 1006 Processor Board ~ Commen
Platiorm M| |~ D51007 PPC Processar Board i (Flaﬂnmfypes ] DS 1005 PPC Board
=ment Configuration i DST103 PPC Controller Board onnechonSottngs
toquisition T +-D51202 MicroLabBox Connection type BUS 2
b - MioroAutoBox Il Network client -
@ Platform { Vlerosutosax vel left mo
= Calculated I;ngrfr;xc‘zgsnr System Port address 0300 -
ol i-VEOS vel right m

%L Duration Triggers

4 Sample Count Triggers #- XIL APIMAort E
i Pltfcrm DZFSR2 U
Recorders -
§9 Recorder 1 FSR2 offst
e
[ Fsra (BL
0. easzoss:
Hide registered plafiorms Register Close Help
Platform Name Platform Type Network ... SerialNu... MAC Addr... PortAddr... Processor...
8 ds1103 DS1103 PPC Controller ... — 56633 — 0x300

ann Activ Variable a Pla]
w v RI1(BLY)In1 Platfg
R2 (BLR)In1 Platfg
Cumentin/in1  Platig
ler Test 2/in1  Platfq
faft deg\n/in1  Platf
Jerror left/in1  Platig

mror right/in1  Plat .
0 002 004 006 0.08 04

&8 5 8 8 8 &
SRR SRS N SN

# motorin/in1 _ Platform

ables | {4 Measurement Data Pool | ER Platforms/Devices | ) Log

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.

#34 Efeatlng project marker fllElrt‘tH)[‘Bj.tW -

##%# Processing Template Makefile: C:\Program Files\dSPACE RCPHIL 2016-Z\MATLAB\RTI\RTI1103\RII\rtill03.tmf

### Creating test.mk from C:\Program Files\dSPACE RCPHIL 2016-R\MATLAB\RTINRTI1103\RTI\rtill03.tmf

##%# Building test: 0T%\Exe\dsmake.exe" - test.mk EXIMODE STATIC_ALLOC=0 TMW_EXTMODE_TESTING=0 EXIMODE STATIC_ALLOC SIZE=1000000 EXTMODE_TRRENSPORT=0 MAT FILE=0
ISPROTECTINGMODEL=1 OTEC
BUILDING APPLICATION "test" (Single Timer Task Mode)

C:\dSpace_test2\BigTest2\testld"
\dSpace_test2\BigTest2\teatld\test rtill03"
TARGET COMPILER "C:\Program Files\dSPACE RCPHIL 2016-A\Compiler\PPCTools"

COMPILING "test.c"
"rtéetInf.c”

ILING "rt_nonfinite.c”

ILING "rt_zcfcn.c"”

ILING "test_data.c"

ILING "test_trc_ptr.c"

Program Files\dSPACE RCPHIL 2016-R\MATLAB\RTT\RTI\C\rti_sim engine.c”
Program Files\dSPACE RCPHIL 201§-A\MATLAB\RTINRTINCArti_imit_c.c”
PROGRA~1\MATLAB\MATLAE~1\R2015a\rtw\charc\rt_sim.c”

Program Files\dSPACE RCPHIL 2016-A\MATLAB\RTI\RII\C\rti_assert.c"
Program Files\dSPACE RCPHIL 2016-R\MATLAB\RTI\RTI1103\C\rti_ slv1103.c"
LINEING APPLICATION ...

LINEING FINISHED

MREE FROCESS SUCCEEDED
LORDTNG APPLICATION "test.sdf” ...

FLATFORM: ds1103
[#1] ds1103 - RTLIB: DS1103 serial number: 56633 (0)
[#3] ds1103 - RTI: Initializing ... (720)

[#2] ds1103 - RTLIB: Applicatiom UUID: 4F290D1C-E49F-40E7-B177-4B97BF5177F0 (0)
[#4] ds1103 - RTLIB SLVDSP: ASPACE firmware rev. 3.4 detected. (500)

[#5] ds1103 - RTI: Initialization completed (721)

[#6] ds1103 - RTI: Simulation state: RUN (700)

LOADING FINISHED

### Succesaful completion of Simulink Ceder build procedure for model: test
*+* Finished RTI build procedure for model test

() Build process completed successfully

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.

190/214



- ControlDesk NG Project: - Experiment: - - [Start Page]

Home | Llayouting  Postprocessing  XILAPFIEESPort  Automation  Platforms  View
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Define an Experiment
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Project Name
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Figure AA.35. Choosing the .sdf file to execute the program.
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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.
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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.

& .‘r‘ - ControlDesk NG Project: Project 090 Experiment: Experiment_001 - [Layout1] - s
Home | lajouting  Posiprocessing  XILAPIEESPort  Automation  Platforms  View &g -ax
A ’ dstammmediate T f ﬁ V’Prap-:sed Calibration *
v @& Start Triggered £/ Trigger Rules A Edit Bookmarks i Refresh Values
Go Start at:
Online Measuring i Find Bookmark | gets+ [ Snapshot ™
(+ Measurement Configuration ~ X |Instrument Selector v ix
T || 4 [ Acquisition v Favorites o
3
= | [E@ Platform - Bar
£ I 75 Calculated 2 0650 B B :
i Triggers = black \nsfaft deg\n/in1 | black shaft \ndegiseelint | . 2 Display
FL Duration Triggers === === X % Gauge
[ Duration Trigge
Fis Sample Count Triggers pos left motorin/in1 | vel left motorin/in1 s Knob
i Platform - - [ Numeric Input
¥4 Recorders pos right motorin1 | vel right motorin1 - Table Editor
E] Recorder 1 —-— —-—
=h Slider
0.5e+0
%% Time Plotter
' Variable Array
pos zero black Value -
C— ot v Standard Instruments 1
=l < >
: puszeru\eﬁNa\ue‘: P L nx
Raster: HostService = g ==
Start Stop Digabled ) pos zero rightValue - ’
(J - ot v Trigger
Platform Trigger 1 =l Name Duration Trigger 1
Enabled
L © Duraion 01s
Variable Mappings (0) (O]
Duration Trigger 1
Duration |0.1s
>
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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.
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Figure AA.39. Exporting data.
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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.
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: —0_-4990844T265625

- ravuincs
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: -0.58069482421875 | | . . . I
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f -

Alpha:  |255
Hex:  |FFFFFFOD
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Z S T T I o

Figure AA.40. Changing the properties of the slider instrument.
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11 APPENDIX B DATASHEETS

11.1 Biomechatronic Power Screw

H=LIX

LINEAR TECHNOLOGIES
Metric Lead Screw 4 mm x 1.22 mm Stainless Steel

Call 855-HELIXLT or visit us online at www.helixlinear.com to configure and
order your Metric Lead Screw 4 mm x 1.22 mm Stainless Steel today!

Qutside
ONLINE Diameter

Product Info
Part Number 0160485
Thread Direction RH/LH
Screw Material Stainless Steel
Details
Lead [mm] 122
Starts 2
Pitch [mm] 0.6
Diameter [mm]
End Code for Types 1,2,3,5 [* Journals may show tracings of the thread] 2
End Code for Type 4 [* Joumnals may show fracings of the thread] 1
Diameter Code 016
Lead Code 048
Dimensions
A mm] 234
B [mm] 384
Performance Specifications
Efficiency [%) 3753
Lead Accuracy +/- [in/in] 0.0003
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11.2 Master Motor Coupling
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MICROFLEX-COUPLINGS
. Material: Coupling material: Polyamid
= 9 ke fit ol Hub materiat: stainless steel
§_et screw IS0 4786, Bore diametar: 1.5 mm
MBZ Redial clamping is achieved by using &
IS0 4766 MZ x 2 sat screw.
Temperature
range: 50t +120°C
Backlash: Absolutaly backlash-free
Brief
overloads: Accaptable up to 1.5 times the value spacified.
Service life: Thesa couplings are maintanance-free f tha
Order example technical fimits are not excaedad.
FK1/001/8 /15/15/ XX b e gl o
The extended di can be reduced by
M using a flattened shaft
Serkes / Nm
wrall A further reduction of the & to 4.5 mm can
aon be reached by using a8 M2x15 set screw
(Additional Chargs)
B0
Non standad
Tha rfceration mantionad i s A5Gt i bsad £0 ouF pRzard
78 30¢ pRreraz 3 daas t reretares
oW SosEeted 31 of tho oqaprert. So tes o
o e s ey o St Corctts o S
a Dulvery
Nominal torque capacity: 1 Nem
Maximum peak torque capacity: 2 Nem
| Weight: 047g
Moment of inertia: 530 o/mm?
 Tarsional stifiness: | 23 Nemyrad
Max. lateral misalignment: 0.1 mm
Max. angulsr misalignment: 5"
Max. axial misalignment: 0.2 mm
R Explm and R+W Antriebselemente GmbH
Alexander-Wiegand-Strae 8 0-62311
+ s Know-how for your Tol. +A9-{0)3372 — 9864-0 - Fax +A3-{0)B77 — 386420
COUPLING TECHNOLOGY special requirements. info@rw-kupplungen.da - www.rweouplings.com
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11.3 Slave Motor Coupling
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11.6 Slave Motor Drive

AAD VANCED

MOTION CONTROLS Analog Servo Drive AZBDC10A4
Description Power Range
Peak Current 10A
The AZBDC10A4 PWM servo drive is designed to drive
brushless and brushed DC motors at a high switching Continuous Current SA
frequency. To increase system reliability and to reduce
cabling costs, the drive is designed for direct Supply Voltage 10 - 36 VDC

integration into your PCB. The AZBDC10A4 is fully
protected against over-voltage, under-voltage, over-
current, over-heating, and short-circuits. A single
digital output indicates operating status. The drive
interfaces with digital controllers that have digital PWM
output. The PWM IN duty cycle determines the output
current and DIR input determines the direction of
rotation. This servao drive requires only a single
unregulated isolated DC power supply, and is fully
RoHS (Reduction of Hazardous Substances) compliant.

See Part Numbering Information on last page of
datasheet for additional ordering options.

Features
4 Four Quadrant Regenerative Operation 4 Digital Fault Qutput Monitor
4 Direct Board-to-Board Integration 4 Current Monitor Output
4 Lightweight 4 single Supply Operation
A High Switching Frequency 4 cCompact Size
4 Wwide Temperature Range 4 High Power Density
A Differential Input Command 4 12VDC Operation
HARDWARE PROTECTION MODES OF OPERATION
= Over-Voltage = Current
= Under-Voltage COMMUTATION
= Over-Current = Trapezoidal
. Over-Temperature MOTORS SUPPORTED
= Short-circuit (phase-phase) = Three Phase (Brushless)
= Short-circuit (phase-ground) = Single Phase (Brushed, Voice Coil, Inductive Load)
INPUTS/QUTPUTS COMMAND SOURCE
= Digital Fault Output = PWM
*  Digital Inhibit Input COMPLIANCES & AGENCY APPROVALS
= Analog Current Maonitor =  RoHS
*  Analog Command Input »  UL/cUL Pending
FEEDBACK SUPPORTED «  CE Pending
. Hall Sensars
Release Date: Status: ADVANCED Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012 page 1 of 7
4/10/2015 Active ph# 805-389-1935 - fx# 805-389-1165- www.a-m-c.com 9
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ADVANCED
AMOTION CONTROLS Analog Servo Drive AZBDC10A4

BLOCK DIAGRAM

FUNCTIONAL BLOCK TIAGRSM AZB0CLOAY [FisiR ke s
|R'E5ERUED <y [TH 5| FauT
10K
+SU o o
A MMBTEZZ2
HIGH UCLTAGE | payq q)
JeE2
) = FE Rk~ - FOMER GHD | ppg
Fl-2 | FWH-IM SONT = | Pe-g.g
CURRENT =
Fi-1 | DIE-IN e -
— NOToR T | Pe-5.6
Pl‘:"_ﬁ_ EEE;]RCOL MOSFET HOTOR B | FE-3M
- ORIUE
5U s
o " - MOTOR & | Pe—1,2
.
5|<% %1 ] -
CURRFHT FEETRACK
RESERUED| pa-12
- KEY | Pe-7
IMTERMAL POHER-SUPPLY
FOR HALL SENSORS
+UHaLl
&Ll - GROUNDS &RE IMTERMALLY COMMECTED ~URRENT
HALL SEMSORS  [MOMITOR
JEt— IHHIBIT LEUEL SELECTIOH: LOW INHIEIT WHEK INSTALLETD R (] e e
LOW ENAELE WHEM HOT INETALLED
JEE- PHASING: 120 DEGREE WHEM IMSTALLED, €0 DEGREE WHEM MOT IMSTALLED
Information on Approvals and Compliances
FOHS
E:::? ¢ RoHS (Reduction of Hazardous Substances) is intended to prevent hazardous substances such as lead from being
‘}“;.G manufaciured in electrical and electronic equipment.
COMP
Release Date: Status: ADVANCED Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012 page 2 of 7
4/10/2015 Active ph# 805-389-1935 - fx# 805-389-1165 www.a-m-c.com
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AAD VANCED
MOTION CONTROLS

Analog Servo Drive AZBDC10A4
SPECIFICATIONS
Power Specifications
Description Units Value
DC Supply Voltage Range VDC 10-36
DC Bus Under Voltage Limit VDC 8
DC Bus Over Voltage Limit VDC 40
Maximum Peak Qutput Current’ A 10
Maximum Continuous Quiput Current A 5
Maximum Continucus Output Power W 171
Maximum Power Dissipation at Continuous Current W 9
Minimum Load Inductance {Line—Tl}Line}2 uH 100
Internal Bus Capa::'ﬂ.am:eJ wF 235
Low Voltage Supply Outputs - +5 VDG (30 mA)
Switching Frequency kHz 40
Control Specifications
Description Units Value
Command Sources - PWM
PWM Input Frequency Range - 10-25
Feedback Supported - Halls
Commutation Methods - Trapezoidal
Modes of Operation - Current

Motors Supported

Hardware Protection

Description
Agency Approvals
Size (H X W x D)
Weight
Operating Temperature Range*
Storage Temperature Range
Relative Humidity
Form Factor
P1 Connector
P2 Connector

Notes

oWt

Three Phase (Brushless), Single Phase (Brushed, Voice Coil, Inductive Load)
Invalid Commutation Feedback, Over Current, Over Temperature, Over Voltage,
Under Voltage, Short Circuit (Phase-Phase & Phase-Ground)

Mechanical Specifications

Units
mm (in)
g (0z)
*C CF)
TR

Value
RoHS, UL/cUL Pending, CE Pending
38.1 % 38,1 x 7.34 (1.50 x 1.50 x 0.29)
B.51(0.3)
0-85(32-185)
-40 - 85 (-40 - 185)
0 - 90% Non-Condensing
PCB Mounted
12-pin, 1.27 mm spaced header
12-pin, 1.27 mm spaced header

Maximum duration of peak current is ~2 seconds. Peak RMS value must not exceed continuous current rating of the drive.
Lower inductance is acceptable for bus voltages well below maximum. Use external inductance to meet requirements.
Requires a minimum of 47 uF external bus capacitance between the DC Supply and Power Ground.

Additional cooling andfor heatsink may be required to achieve rated performance.

Status:
Active

Release Date:
4/10/2015

ADVANCED Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012
ph# 805-389-1935 - fx# 805-389-1165- www.a-m-c.com
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4 ADVANCED
MOTION CONTROLS

Analog Servo Drive AZBDC10A4
PIN FUNCTIONS
P1 - Signal Connector
Pin Name Description / Notes /o
1 DIRECTION Direction Input (+5V) I
2 PWM/IN 10 - 25 kHz pulse width modulated digital input command {+5V). Input duty cycle |
commands the output current.
3 SIGNAL GND Signal Ground (Common With Power Ground). GND
TTL level {+5 V) output becomes high when power devices are disabled due to at least one
4 FAULT OUT of the following conditions: inhibit, invalid Hall state, output short circuit, over voltage, over a
temperature, power-up reset.
5 NHBITIN TTL level (+5 V) inhibit/enable input. Leave open to enable drive. Pull to ground to inhibit |
drive. Inhibit turns off all power devices.
Current Monitor. Analog output signal proportional to the actual current output. Scaling is 2
6 CURRENT MONITOR ANV Measure relatie 10 swg‘ﬁal gr?:unn[,J P i ’ o
7 HALL 3 I
8 HALL 2* Single-ended Hall/Commutation Sensor Inputs (+5 V logic level) I
9 HALL 1 I
Low Power Supply For Hall Sensors (+5 ¥ @ 30 mA). Referenced to signal ground. Short
10 FVHALL ouT circuit protecteEP Y ( @ ! ol o
11 SIGNAL GND Signal Ground (Common With Power Ground). GND
12 RESERVED Reserved -
P2 - Power Connector
Pin Name Description / Notes 1/0
1 MOTOR A (o]
2 MOTOR A 8]
3 MOTOR B Motor Phase Outputs. Current output distributed equally across 2 pins per motor phase, 3A o
4 MOTOR B continuous current carrying capacity per pin. )
5 MOTCR C a
6 MOTCOR C (o]
7 NC (KEY) No Cennection. Keyed pin. -
8 PWR GND - . . . GND
s SWR GND Power Ground (Commen With Signal Ground). 3A Continuous Current Rating Per Pin aND
10 HV IN DC Power Input. 3A Continuous Current Rating Per Pin. Requires a minimum of 47 uF |
1 HY IN extemnal capacitance between HV IN and PWR GND pins. |
12 RESERVED Reserved -

*For use with Single Phase (Brushed) motors, ground Hall 2 and only connect metor leads to Motor A and Motor B.

Note: P1 and P2 are identical 12-pin headers. To avoid damage to the drive, be sure when plugging or soldering the drive into a
PCB or interface card that the drive orientation is correct. P1 and P2 are labeled on the PCB silkscreen. Pin 7 on P2 is keyed to
differentiate it from P1. Consult the mounting dimension drawing on page & of this datasheet for an illustration of the locations of

P1 and P2.

HARDWARE SETTINGS

Jumper Settings

Jumpers are SMT, 0 ohm resistors located on the underside of the drive PCB. By default, the drive is configured with the jumpers
installed. Typical drive operation will not require the jumpers to be removed. Please contact the factory before jumper removal.

Jumper Description Configuration
SMT Jumper (0 Resistor) Not Installed Installed
JE1 gm:glt logic. Sets the logic level of inhibit pins. Labeled JE1 on the PCB of the Low Enable Low Inhibit
Hall sensor phasing. Selects 120 or 60 degree commutation phasing.
JE2 Labeled JE2 on the PCB of the drive. 60 degree 120 degree
Release Date: Status: ADVANCED Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012 Page 4 of 7
4/10/2015 Active ph# 805-389-1935 - fx# 805-389-1165- www.a-m-c.com 9
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AAD VANCED

MOTION CONTROLS Analog Servo Drive AZBDC10A4
MECHANICAL INFORMATION
P1 - Signal Connector
Connector Information 12-pin, 1.27 mm spaced header
X Details = Samtec: RSM-112-02-L-8
Mating Connector =
Included with Drive = No
P2 - Power Connector
Connector Information 12-pin, 1.27 mm spaced header
Details Samtec: RSM-112-02-L-5
Mating Connector - =
Included with Drive = No
Release Date: Status: ADVANCED Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012 Page 5 of 7
4/10/2015 Active ph# 805-389-1935 - fx# 805-389-1165- www.a-m-c.com g
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ADVANCED

AMOTION CONTROLS

Analog Servo Drive AZBDC10A4

MOUNTING DIMENSIONS

3
&
Q(
.S
P2l
£3|8
0|8
V3|8
.gz<
{ES| S
FIE:
o}
2 2

L

TP | wwars

I

1.200

=

R 2

2X¢ 120
071

Release Date: Status:
4/10/2015 Active

ADVANCED Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012

ph# 805-389-1935 - fx# 805-389-1165- WWW.a-m-C.COM Page6.0f 7
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11.7 Master Motor h - bridge

Product Sample & Technical 22 Tools & Support &
r._ Frmd:r 1!; Buy b chur:\!\c;]ts S?ft\iare Community
 INoTRUMENTS L293,L293D
SLRS008D —SEPTEMBER 1986—REVISED JANUARY 2016
L293x Quadruple Half-H Drivers
1 Features 3 Description

+  Wide Supply-Valtage Range: 45V to 36 V

«  Separate Input-Logic Supply
* Internal ESD Protection
+ High-Noise-Immunity Inputs

«  Qutput Current 1 A Per Channel (600 mA for

L293D)

»  Peak Output Current 2 A Per Channel (1.2 A for

L293D)

+  Qutput Clamp Diodes for Inductive Transient

Suppression (L293D)

2 Applications

*  Stepper Motor Drivers
+  DC Motor Drivers
+ Latching Relay Drivers

1A

1,2EN

3,4EN

The L293 and L293D devices are quadruple high-
current half-H drivers. The L293 is designed to
provide bidirectional drive currents of up to 1 A at
voltages from 4.5V to 36 V. The L293D is designed
to provide bidirectional drive currents of up to 600-mA
at voltages from 45 V to 36 V. Both devices are
designed to drive inductive loads such as relays,
solenoids, DC and bipolar stepping motors, as well as
other high-current/high-voltage loads in  positive-
supply applications

Each output is a complete totem-pole drive circuit,
with a Darlington transistor sink and a pseudo-
Darlington source. Drivers are enabled in pairs, with
drivers 1 and 2 enabled by 1,2EN and dnvers 3 and 4
enabled by 3 4EN.

The L293 and L293D are characterized for operation
from 0°C to 70°C.

Device Information!"

PART NUMBER PACKAGE BODY SIZE (NOM)
L293NE PDIP (16) 19.80 mm x 6.35 mm
L293DNE PDIP (16) 19.80 mm x 6.35 mm

(1) For all available packages, see the orderable addendum at
the end of the data sheet

Logic Diagram

2 N 3 4y

1

7 6 2y

10 ™~ L

9

15 14
4y

L~

An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
intellectual property matters and other important disclaimers. PRODUCTION DATA
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I§ TEXas
INSTRUMENTS

www.ti.com
—

L293,L293D
SLRS008D —SEPTEMBER 1986—REVISED JANUARY 2016

5 Pin Configuration and Functions

NE Package
16-Pin PDIP
Top View
1,2EN [}+ v 16[] Vo1
1A ]2 15]] 4A
1Y []3 14]] 4Y
HEAT SINK AND { [+ 3 "\, HEAT SINKAND
GROUND 9 [|s  12]] I’ GROUND
2y [|s n [l 3y
2a )7 10[] 3A
Veea 8 9fl3.4EN

Pin Functions

s PN = TYPE DESCRIPTION

1,2EN 1 | Enable driver channels 1 and 2 (active high input)

<14>A 2,7,10,15 | Driver inputs, noninverting

<1:4>Y 3,6,11,14 O Driver outputs

3,4EN 9 | Enable driver channels 3 and 4 {active high input)

GROUND 451213 - Etﬁ?gc‘ﬁfsround and heat sink pin. Connect to printed-circuit-board ground plane with multiple
Vees 16 — 5-V supply for intemal logic translation

Vees 8 — Power VCC for drivers 4.5V to 36 V

Copyright ® 1986-2016, Texas Instruments Incorporated

Submit Documentation Feedback 3

Product Folder Links: L293 L2930
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1§ TEXAS

INSTRUMENTS

L293,L293D
SLRS008D —SEFTEMBER 1986 —REVISED JANUARY 2016 www.ti.com
6 Specifications
6.1 Absolute Maximum Ratings
over operating free-air temperature range (unless otherwise noted)"

MIN MAX UNIT
Supply voliage, Veeq'® 36 W
Output supply voltage, Ve, 36 W
Input voltage, V, 7 \
Output voltage, Vg -3 Voca + 3 v
Peak output current, |5 (nonrepetitive, t < 5 ms): L293 -2 2 A
Peak output current, |5 (nonrepetitive, t < 100 ps): L293D 12 12 A
Continuous output current, I L293 —1 1 A
Continuous output current, 15 L2930 —500 600 mA
Maximum junction temperature, T, 150 °C
Storage temperature, Tayg —65 150 °C

(1) Stresses beyond those listed under Absolute Maximum Ratings may cause permanent damage to the device. These are stress ratings
only, which do not imply functional operation of the device at these or any other conditions beyond those indicated under Recommended
Operating Conditions. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

(2) All voltage values are with respect to the network ground terminal.

6.2 ESD Ratings

VALUE UNIT
v Elecirostatic Human-body model (HBM), per ANSI/ESDA/JEDEC JS-001(" +2000 v
(E3D} discharge Charged-device model (CDM), per JEDEC specification JESD22-C10112 +1000

(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.

6.3 Recommended Operating Conditions

over operating free-air temperature range (unless otherwise noted)

MIN NOM MAX | UNIT
Supply voltage Veer 45 ! %
PPy Veer Vee 3
. . Vep €TV 23 Ve \'
Vig High-level input voltage
Ve 2TV 23 71 v
Vi Low-level output voltage —p.am 1.5 v
Ta Operating free-air temperature 0 70 °C

(1) The algebraic convention, in which the least positive (most negative) designated minimum, is used in this data sheet for logic voltage
levels.

6.4 Thermal Information

L293, L233D
THERMAL METRIC!" NE (PDIP) UNIT
16 PINS
Rela Junction-to-ambient thermal resistance 2 364 *CIW
Reuciios) Junction-to-case (top) thermal resistance 25 °CIW
Rae Junction-to-board thermal resistance 16.5 *CwW
W Junction-fo-top characterization parameter 71 *CIW
W Junction-to-board characterization parameter 16.3 W

(1) For more information about traditional and new thermal metrics, see the Semiconductor and IC Package Thermal Metrics application
report, SPRAS53.
(2) The package thermal impedance is calculated in accordance with JESD 51-7.

4 Submit Documentation Feedback Copyright ® 1986-2016, Texas Instruments Incorporated
Product Folder Links: L293 L2930

208/214



11.8 Slave Motor

RE 30 /30 mm, Graphite Brushes, 60 Watt

Terminol 2.8x0.5
{@Terminal)

s 3

M1 x4.2 tiel fdeep || |

M2 13,2 tief /deep

4|e02]8
[ Stock program
[IStandard program
Special program (on request)

according to dimensional drawing 310006 310007 310008
shaft length 15.7 shortened to 8.7 mm 268213 268214 268215 268216

-
2
B [=]
107 E
% = (&)
: uE 8
| N =t c
% T =
£
BdIRAE. Li-m b
ls3s <25 ]|
20 -085 < B8 15,7 -1

Order Number

Motor Data
Values at nominal voltage
1 Nominal voltage A 12.0 18.0 240 36.0
2 No load speed rpm 8170 8590 8810 8590
3 No load current mA 300 212 164 106
4 Nominal speed rpm 7630 7900 8050 7810
5 Nominal torque (max. continuous torque)  mNm 51.7 s 85.0 83.4
6 Nominal current (max. continuous current) A 4.00 4.00 3.44 2.20
7 Stall torque mNm 844 991 1020 936
8 Starting current A 60.5 40.8 39.3 23.5
9 Manx. efficiency Yo 86 a7 a7 87
Characteristics
10 Terminal resistance Q 0.198 0.362 0.611 1.53
11 Terminal inductance mH 0.0345 0.0703 0.119 0.281
12 Torque constant mNm /A 13.9 19.9 259 39.8
13 Speed constant rpm /v 685 479 369 240
14 Speed /torque gradient rpm / mNm 9.74 871 8.69 9.22
15 Mechanical time constant ms 3.42 3.25 3.03 317
16 Rotor inertia gem? 33.5 357 33.3 329

48.0
8490
785
7750
88.2
1.72
1020
19.0
88

252
0.513
538
178
8.33
3.01
345

Specifications Operating Range Comments

Thermal data

Continuous operation

In observation of above listed thermal resistance
(lines 17 and 18) the maximum permissible winding
temperature will be reached during continuous
operation at 25°C ambient.

= Thermal limit.

Short term operation
The motor may be briefly overloaded (recurring).

Assigned power rating

maxon Modular System Overview on page 16 - 21

17 Thermal resistance housing-ambient 6.0 K/W ol -
18 Thermal resistance winding-housing 17K/W 60W
19 Thermal time constant winding 16.2 s 12000 m
20 Thermal time constant motor Ti4s
21 Ambient temperature -30 ... +100°C 2000
22 Max. permissible winding temperature +125°C
Mechanical data (ball bearings)
23 Max. permissible speed 12000 rpm
24 Axial play 0.05-0.15 mm
25 Radial play 0.025 mm
26 Max. axial load (dynamic) 5.6N /S ) B 5 N 10 B M i
27 Max. force for press fits (static) 110N 1.0 2.0 3.0 4.0 1[A]
(static, shaft supported) 1200 N
28 Max. radial loading, 5 mm from flange 28N
Other specifications
28 Number of pole pairs 1 "ggfntﬁ]w Gearhead ‘_‘[ﬂ_|
30 Number of commutator segments 13 0.75-4.5Nm
31 Weight of motor 2389 Page 239 L]
Values listed in the table are nominal. ggg?nt:.w ]
Explanation of the figures on page 49. 1.0-6.0 Nm ==||= =1
Page 240
A\ Tolerances may vary from the standard
specification.
Option

Preloaded ball bearings

May 2008 edition / subject to change

Encoder MR
256 - 1024 CPT
3 channels

=

e

Recommended Electronics:

ADS 50/5 Page 276
_| ADS_E 50/5 277
EPOS 24/5 294
EPOS2 50/5 295
EPOS P 24/5 297
Notes 18
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11.9

maxon gear

Slave Motor Gearhead

Planetary Gearhead GP 32 C 32 mm, 1.0-6.0 Nm

Ceramic Version

4B

2,25 -07

=
3.5 ‘005
(=1

B

T
wl 1

219 0o

23l

150 6411 £} /

2 -12

I Stock program
[ 1Standard program
Special program (on request)

Gearhead Data

Order Number

166930 | 166933 | 166938 | 166939 |[TTEILN
| I N

Technical Data
Planetary Gearhead straight testh
OQutput shaft stainless steel
Shaft diameter as option 8 mm
Bearing at output ball bearing
Radial play, 5 mm from flange max. 0.14 mm
Axial play max. 0.4 mm
Max. radial load, 10 mm from flange 140N
Max. permissible axial load 120 N
Max. permissible force for press fits 120N
Sense of rotation, drive to output =
Recommended input speed < 8000 rpm
Recommended temperature range -20 ... +100°C
Extended area as option -35 ... +100°C

Option: Low-noise version

166954 | 166959 166972 | 166977
I I

1 Reduction 37:1 144 3a3:1 51:1 A41:1 246:1 402:1 762:1 1181:1 1972:1 2820:1 4380:1
% EErrTemEiITr T zs, 575,149 G20y ATSTE),, 3824y MBSy GRYIZ) . 10044y ORI SOSTTE,  dBG14df o 10603/,
3 Max. motor shaft diameter 3 6 4 4 3 3 4 4 3
S Ordor Number R Tesias I 766945 76050 RIEEE 166960] 166053 (156068 166873 [ 166878
1 Reduction 48:1 18:1 66:1 123:1 295:1 531:1 913:1 1414:1 2180:1 3052 :1 5247 :1
% EErrTemEiITr T 24,15 524,35 18224y, GBT7) . 101082/, 331776/, 660N/, oSy EIGA0), 1OTTiZy . BROS2R
3 Max. motor shaft diameter 4 3 3 4 3 3 3 3 3
\ 166932 [ 166935 ] 166941 | 166946 [N 166956 | 166961 |EIEIIL]( 166969 (166974 [ 166979
1 Reduction 58:1 21:1 79:1 132:1 318:1 589:1 1003:1 1526:1 2362:1 3389:1 6285:1
% EREroTiemEiIT T 23/, 200, deRTy, Btz eI 20831y 27BANy  swsy moafm ey samey
3 Max. motor shaft diameter 3 3 3 3 4 3 3 4 3
(166942 Izl 156952 IGEEdl KI5 166970 |KIzey
1 Reduction 23:1 86:1 15%:1 411:1 636:1 1694 :1 2548:1 3656 : 1
% EREroTiemEiIT T 578, 14070y, | 1587, 350424) . 7043/ Ty TeREey  ASTOSE(
3 Max. motor shaft diameter 4 4 3 3
166937 166943 | 166948 | 166953 | 166958 166966 | 166971 | 166976
1 Reduction 28 :1 103:1 190:1 456:1 706:1 1828 :1 2623 : 1 4060 : 1
5 BlEriTiaTiEaT T 138y, 3By, 12167j,, BN 1SEITH),,, ooty 206228y SEERR
3 Max. motor shaft diameter mm 3 3 3 3 3 3 3 3
4 Number of stages 1 2 2 3 3 4 4 4 5 5 5 5
5 Max. continuous torque Nm 1 3 3 6 6 6 6 6 6 6 6 6
6 Intermittently permissible torque at gear output  Nm 1.25 3.75 3.75 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5
7 Max. efficiency ) a0 75 75 70 70 60 60 60 50 50 50 50
8 Weight g 118 162 162 194 194 226 226 226 258 258 258 258
9 Average backlash no load ° 0.7 0.8 0.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
10 Mass inertia gem? 15 0.8 0.8 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
11 Gearhead length L1 mm 26.4 36.3 36.3 43.0 43.0 49.7 497 49.7 56.4 56.4 56.4 56.4
‘ overall length ‘ ‘ overall length I\
Combination
+ Motor Page + Tacho / Brake Page  Overall length [mm] = Motor length + gearhead length + {tache / brake) + assembly parts
RE 25, 10 W 77 81.0 90.9 90.9 978 a7.6 1043 1043 1043 1110 1110 1110 1110
RE 25, 10 W 7 MR 258 92.0 1019 1019 1086 1086 1153 1153 1153 1220 1220 1220 1220
RE 25, 10 W 77 Enc 22 260 95.1 105.0 1050 1117 1117 1184 1184 1184 1254 1251 1251 1251
RE 25, 10 W 77 HED_ 5540 262/264 101.8 1117 1117 1184 1184 1251 125.1 125.1 131.8 1318 1318 1318
RE 25, 10 W 77 DCT 22 271 1033 1132 113.2 119.9 119.9 126.6 126.6 126.6 133.3 133.3 133.3 133.3
RE 25,20 W 78 69.5 794 794 86.1 86.1 92.8 92.8 92.8 29.5 29.5 29.5 99.5
RE 25,20 W 79 81.0 90.9 90.9 976 a7.6 104.3 104.3 104.3 111.0 111.0 111.0 111.0
RE 25,20 W 79 MR 258 92.0 101.9 101.9 108.6 108.6 115.3 115.3 115.3 122.0 122.0 122.0 122.0
RE 25, 20 W 79 Enc 22 260 95.1 105.0 1050 1117 1117 1184 1184 118.4 12541 1251 1251 1251
RE 25, 20W 79 HED_ 5540 262/264 101.8 1117 1117 1184 1184 12541 125.1 125.1 131.8 1318 1318 1318
RE 25,20 W 79 DCT 22 271 103.3 1132 1132 1199 1199 1266 1266 126.6 1333 1333 1333 1333
RE 25,20 W 79 HED_5540/AB 28 308 1322 14241 1421 1488 1488 1555 1555 1555 1622 1622 1622 1622
RE 26, 18 W 80 85.3 95.2 95.2 119 1019 1086 1086 1086 1153 1153 1153 1153
RE 26, 18 W 80 MR 258 96.3 1062 1062 1129 1129 1196 1196 119.6 1263 1263 1262 1263
RE 26, 18 W 80 Enc 22 260 102.7 1126 112.6 119.3 119.3 126.0 126.0 126.0 132.7 132.7 1327 132.7
RE 26, 18 W 80 HED_ 5540 262/264 103.7 1136 113.6 120.3 120.3 127.0 127.0 127.0 133.7 133.7 1337 133.7
RE 26, 18 W 80 DCT 22 27 106.3 116.2 116.2 122.9 122.9 129.6 129.6 129.6 136.3 136.3 136.3 136.3
RE 30, 60 W 81 945 104.4 104.4 1114 1111 117.8 117.8 117.8 1245 1245 1245 1245
RE 30, 60 W 81 MR 259 105.9 1158 1158 1225 1225 1292 1282 1292 1358 1358 1359 1359
RE 35, 90 W a2 97.4 1073 1073 1140 1140 1207 1207 120.7 1274 1274 1274 1274
RE 35,90 W a2 MR 259 108.8 1187 1187 1254 1254 1321 132.1 132.1 1388 1388 1388 1388
RE 35,90 W a2 HED_ 5540 262/264 1184 1283 1283 1350 1350 1417 1417 141.7 1484 1484 1484 1484
RE 35,90 W a2 DCT 22 271 1155 1254 1254 1324 1324 138.8 138.8 1388 1455 1455 1455 1455
RE 35, 90 W a2 AB 28 308 133.5 1434 1434 15041 150.1 156.8 156.8 156.8 1635 1635 1635 1635
RE 35, 90W a2 HEDS 5540/ AB 28 262/308 150.6 160.5 1605 167.2 167.2 1739 173.9 1739 1806 180.6 180.6 180.6
RE 36, 70 W a3 ar7 1076 1076 1143 1143 1210 121.0 121.0 1277 127.7 127.7 1277
RE 36, 70 W a3 MR 259 1094  119.0 1190 1257 1257 1324 1324 1324 1391 139.1 139.1 139.1
RE 36, 70 W a3 HED_ 5540 262/264 118.7 1286 1286 1353 1353 142.0 1420 142.0 1487 1487 1487 1487
RE 36, 70 W 83 DCT 22 271 1158 1257 126.7 132.4 132.4 1391 1391 139.1 145.8 145.8 1458 1458

240 maxon gear

May 2008 edition / subject o change
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11.10 Slave Motor Encoder

Encoder HEDS 5540, 500 Counts per turn, 3 Channels

Cycle C = 360°¢

30 <183 PulsPm 1800
_8 i | Uhigh 1 1
§ . ‘/f}‘\j,. JFE " r Channel A
= Phase shift
v il\\tr’J @ o 90°e;
c & | 3 Ry
o v B Ukigh +— [
> Channel B
(1} = )
E Pin
S3 S4 59 Sz )S1.4=90%
As=45%
I Stock program
[_1Standard program Order Number

Special program (on request)

ype
Counts per turn 500 500 500
Number of channels 3 3 3
Max. operating frequency (kHz) 100 100 100
Shaft diameter (mm) 3 4 6
| overall length | overall length >

Combination

+ Motor Page + Gearhead Page  + Brake Page Overall length [mm] / ® see: + Gearhead

RE 25, 10 W 7 753

RE 25, 10 W T GP26,05-20Nm 235 L]

RE 25, 10W 77 GP 32,04-20Nm 237 .

RE 25, 10 W e GP 32,0.75- 6.0 Nm 238/240 L]

RE 25,20 W 79 75.3

RE 25, 20 W 79 GP26,05-20Nm 235 L]

RE 25, 20 W 79 GP32,04-20Nm 237 L]

RE 25,20 W 79 GP 32,0.75-6.0Nm 238/240 L]

RE 25, 20 W 79 AB 28 308 105.7

RE 25,20 W 79 GP26,05-20Nm 235 AB 28 308 L]

RE 25, 20 W 79 GP 32,04-20Nm 237 AB 28 308 L]

RE 25,20 W 79 GP 32,0.75- 6.0 Nm 238/240 AB 28 308 L]

RE 26, 18 W a0 772

RE 26, 18 W 80 GP26,0.5-20Nm 235 L]

RE 26, 18 W a0 GP32,04-20Nm 237 .

RE 26, 18W 80 GP32,075-6.0Nm 238240 .

RE 35,90 W 82 91.9

RE 35,90 W a2 GP 32,0.75-6.0Nm 239/240 .

RE 35,90 W 82 GP 32, 8 Nm 242 (]

RE 35,90 W a2 GP 42,3.0-15Nm 244 ]

RE 35,90 W a2 AB 28 308 12414

RE 35,90 W 82 GP 32,0.75- 6.0 Nm 239/240 AB 28 308 L]

RE 35,90 W a2 GP 42,3.0-15Nm 244 AB 28 308 L]

RE 36, 70 W 83 92.2

RE 36, 70 W 83 GP32,04-20Nm 237 (]

RE 36, 70 W a3 GP 32,0.75-6.0 Nm 239/240 .

RE 36, 70 W 83 GP42,30-15Nm 244 .

RE 40, 150 W 84 91.7

RE 40, 150 W 84 GP 42,3.0-15Nm 244 L]

RE 40, 150 W 84 GP 52, 4.0 - 30 Nm 247 (]

RE 40, 150 W a4 AB 28 308 124.2

RE 40, 150 W a4 GP 42,3.0-15Nm 244 AB 28 308 Ll

RE 40, 150 W 84 GP 52, 4.0 - 30 Nm 247 AB 28 308 L]

Technical Data Pin Allocation Connection example
Supply voltage 5V=10% Channal A
Output signal TTL compatible Encoder Description g;?“;\gufﬁmm Pin3 R
Phase shift F (nominal) 90% + 45% PinS Channel B T Pins

Siglja] rise time o g::; ;ﬁ:annal A g Pin2

(S“\‘;rgll:ll\ hCrL"; 25pF RL=2.7 ka, 25°C) 180 ns i Chammel ! H in

5 Pin1 5

(typical at C,_ =25 pF, B =2.7 k2, 25°C) 40 ns 7

Index pulse width (nominal) 90°% Cable with plug: K ' a

Operating temperature range -40 ... +100°C _&1 ?ﬁ;gﬂj;:‘mﬁnﬁﬁ%gg&ssm} = s I

Moment of inertia of code wheel =0.6gom? | ¢ can ba fixad in the raquired position VIR

Max. angular acceleration 250 000 rad 52 | & L

Qutput current per channel min. -1 mA, max. 5 mA 5;:';;3"1‘;:';%’6350103 i :::

maxon Art. No. 3409 504 -
s 'Lﬂ The plug (3M 82110-0101) can GND
——t— be fixed in the required position.
Ambient temperature range by = 25°C

262 maxon tacho May 2008 edition / subjsct fo change
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Master Motor

DCX 12 L Precious Metal Brushes

DC motor @12 mm

2.5/48W 4.2mNm 12000 rpm

(L oo
0.02
28.2 max.
el 0.1
Tgrﬂ‘?ﬁr?f’?él?lj g . 25 F .45 0 195 max,
9 g 79
I I I
IR
og | —
o B
Rl
0 0
2.35 0.1 4.95 -0.55
+0.1
55 00 8.7 nax M 3:2
1_ Nominal voltage v 3 4.5 6 9 12 18
2_ No load spead mm 8800 8810 8810 8820 8810 8800
3_ No load cumrent mA 34.5 23 17.2 11.5 862 5.75
4_ Nominal speed mm 6360 5710 5600 5800 5600 5590
5_ Nominal torque (max. continuous torque) mNm 2.88 4.07 3.92 418 3.92 3.89
6_ Nominal current (max. continuous current) A 0.924 0.861 0.622 0.441 0.311 0.206
7_ Stall torque mNm 10.4 1.6 10.8 12.2 10.8 107
8_ Siall current A 3.24 2.4 1.68 1.28 0.842 0.554
9_ Max. efficiency % 81 82 81 a2 81 81
10_ Terminal resistance a 0.927 187 3.58 712 143 325
11_ Terminal inductance mH 0.031 0.071 0125 0.282 0.502 113
12_ Torgue constant mNm/A 3.22 4.83 6.44 9.66 12.9 19.3
13_ Speed constant pmv 2970 1980 1480 989 4 494
14_ Speed/torque gradient memymNm 854 766 823 729 821 a8
15_ Mechanical time constant ms 4.32 4.27 428 4.27 4.28 43
16_ Rotor inertia gcm@ 0.484 0.533 0.496 0.559 0.498 0.495
Thermal data Operating Range
17_ Thermal resistance housing-ambient KW 31 nrpm] Winding 4.5V
18_ Thermal resistance winding-housing KW 10.3
19_ Thermal time constant winding 5 101 14000
20_ Thermal time constant motor s 194 12000
21_ Ambient temperature ball bearings °c -40...+85
Ambient temperature sleeve bearings °C -30...+85 10000
22_ Max ding temperature °C 100 gooo
23_ Max. speed om 12000 2000
24_ Axial play mm 0...01 4000
Preload N 0.5 2000
25_ Radial play mm 0.015 M Continuous operation
26_ Max. axial load {dynamic) N 05 @ M [mNmi] Continuous operation with reduced
27_ Max. force for press fits (static) N 88 thermal resistance Ri= 50%
(static, shaft supported) N 120 Intermittent operation
28 Max. radial load [mm from flange] N 1.5 [5]
Mechanical data maxon Modular System
23_ Max. speed pm 12000 maxon gear Stages maxon sensor maxon motor control
24 Axial play mm 0...0.15 116 _GPX 12 A/C 1-4 148_ENX 10 EASY 416_ESCON Module 24/2
Preload N 0 117_GPX12LNAZ 14 146_ENX 10 QUAD 416_ESCON 36/2 DC
25_ Radial play mm 0.015 118_GPX 12 HP 24 424 _EPOS2 24/2 (DC/EC)
26_ Max. axial load (dynamic) N 01 119 GPX 14 A/C 3-4 424 EPOS2 Module 36/2
27_ Max. force for press fits (static) N 30 120 GPX14LNLZ 3-4
(static, shaft supported) N 120 121_GPX 14 HP 4
26_ Max. radial load [mm from flange] N 0.8 [5]
Other specifications
29 Number of pole pairs 1
30_ Number of commutator segments 7

31_ Weight of motor g
32_ Typical noise level

April 2018 edition / provisional data / subject to changs

16
g Configuration |

Bearing: Sleeve bearings/ball bearings preloaded

Commutation: Precious metal brushes with orwithout CLL

Flange front/back: Standard flange/Flange with thread holes/no flange
Shaft front/back: Length
Electric connection: Terminals or cablef/cable length/connector type
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11.12 Master Motor Encoder

Sensor - ENX10 EASY 512IMP

Type

Counts per turn
Number of channels
Line Driver

Max. outer diameter
Max. housing length
Max. electrical speed
Max. speed

Technical data

Supply voltage, typical

Supply voltage tolerance +/-
Output signal driver

Current per cable

Min. state length

Min. state length

Signal rise time/Signal fall time
Min. state duration

Direction of rotation

Index position

Index synchronously to AB
Index pulse width

Typical current draw at standstill
Max. moment of inertia of code wheel
Weight (Standard cable length)
Operating temperature range
Number of autoclave cycles

512

RS5422
10

85
90000
30000

5

10
Differential, EIA RS 422
-20..20

45

135

20/20

125

Afor B, CW
Alow & B low
yes

90

23

0.05

mm
mm
pm
pm

mA
el
el
ns
ns

71 g

-40..100
0

Datasheet: http://www.maxonmotor.com/medias/CMS_Downloads/DIVERSES/ENXEASY_en.pdf

06.10.2015 / Subject to change without notice / Your configuration: B745B790D3C2 / Revision number: 1

Page 6 of 7

dcx.maxonmotor.com
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