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ABSTRACT

CONTROL SYSTEM DESIGN FOR A HAPTIC DEVICE

Bideci, Suleyman

M.S. Department of Mechanical Engineering

Supervisor: Asst. Prof. Dr. Bhan Konukseven

September 2007, 108 Pages

In this thesis, development of a control system is aimed tbiDOF haptic device,
namely Haptic Box. Besides, it is also constructed. Ildapievices are the
manipulators that reflect the interaction forces with viraralemote environments to
its users. In order to reflect stiffness, damping and alefidices on a haptic device
position, velocity and acceleration measurements are requitesl.only motion
sensor in the system is an incremental optical encodehattao the back of the DC
motor. The encoder is a good position sensor but velocity andesstgsn
estimations from discrete position and time data is a chatignvgork. To estimate
velocity and acceleration some methods in the literatureraptoyed on the Haptic
Box and it is concluded that Kalman filtering gives the besilte After the velocity
and acceleration estimations are acquired haptic control algaritare tried

experimentally. Finally, a virtual environment application isspreed.

Keywords: haptic control, velocity estimation, acceleratiagmegion, Kalman Filter



Oz

B RHAPTK C HAZ C N KONTROL SSTEM TASARIMI

Bideci, Suleyman

Yuksek Lisans, Makina MiuhendisliBolumu
Tez Yoneticisi: Yrd. Dog. Dr. Elhan Konukseven

Eylul 2007, 108 Sayfa

Bu tezde, Heptik Kutu isimli, tek serbestlik dereceli beptik cihaz igin kontrol
sistemi gelitirilmesi amaclanmtr. Ayr ca, Heptik Kutu bu ¢alma kapsam nda
olu turulmu tur. Heptik cihazlar sanal yada uzak ortamlardaki etkiiekuvvetlerini
kullan c ya yans tan manipulatorlerdir. Sertlik, sonimleme \aettkuvvetlerini
heptik cihaza yanstmak igcin konum, hz ve ivme olcimine ihtiyacd r.
Sistemdeki tek hareket alg lay c s DC motorun arkatakd olan optik bir art r ml
kodlay c dr. Artr ml kodlay c lar iyi konum alg lay c lad r fakat kesikli konum ve
zaman bilgisinden hz ve ivme tahmini zor bitiri Hz ve ivme tahmini icin
literatlrdeki baz metotlar Heptik Kutu tzerinde denervei Kalman filtrelemesinin
en iyi sonucu verdi gorulmu tur. H z ve ivme bilgisi elde edildikten sonra deneysel
olarak heptik algoritmalar denenmii. Son olarak bir sanal ortam uygulamas

yapIm tr.

Anahtar Kelimeler : heptik kontrol, h z tahmini, ivme tahmialman Filtresi
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Haptic devices are the force reflecting manipulators initapterfaces. A haptic

device is simply a manipulator that is in interaction withhiuman user. It accepts
the user motion/force and makes him/her feel the virtual or eemovironment

characteristics by applying forces on him/her. In order to praaiftece feedback,

according to the simulated environment, a manipulator with inedagrees of

freedom is required. For general applications a 6 DOF hapticedes/suitable but

for the development of control algorithms and the studies a 1d2@iEe can also be
used. Therefore, we have decided to use a 1 DOF haptiedavihis study (Figure

1.1).

The Haptic Box has a DC motor as an actuator and an incr@nedoder as a
sensor. The device control is maintained using these two comporidrdre are
many studies on haptic control algorithms. General control schareesamed as
impedanceand admittancecontrols. The control type is named according to the
behavior of the virtual/remote environment. If the virtual/remetevironment
accepts the device motion and produces a reference fobeeraflected to the user,
the control mode is said to benpedance display modeContrarily, if the
virtual/remote environment accepts the force applied tad#wce and produces a
reference motion to be maintained than the control modeidst@de admittance

display modd1].



Figure 1.1 Haptic Box

Whatever the type of the controller is, the control systequires the information
about the device motion. Position measurement is done via thengntiad encoder
discretely and precisely but velocity and acceleratioimasion from this discrete
data is not easy. Gathering accurate measurement/estimd#ta is another
important part of the control work and it determines thectéffeness of the haptic
interface. To estimate velocity from discrete position am# data, many methods
are proposed in the literaturféixed timeand fixedposition velocityestimations are

two commonly used methods. To improve these estimators sdrae rmimerical

techniques such as use of Taylor series and backward expaasdosarve fits are

used [2]. To decrease discretization errors counters fotiggpand time are used
simultaneously in the CET method [3]. To detect velocigsvarious speeds
adaptive algorithms are proposed that allows the user to clhedseen relative

accuracy and time delay [4]. Some observer based estinaatoused in [5]. Finally,

Kalman Filters are employed to estimate velocity fromdnental encoder data
[6,7,8,9,10,11].



1.2 Obijectives of the Thesis

The first objective of this thesis is to develop a haptwiak for experimental
applications. Next objective is to try haptic control algorghon the developed
haptic device. Most of the haptic devices in the markethdb have any force
feedback capability. The third objective of this thesista add force feedback

capability to the developed haptic device.

1.3 Thesis Outline

The study is arranged as, in Chapter 2 haptic devices aenped and some haptic
applications are described. The Haptic Box is explained in €h&ptin Chapter 4
haptic control schemes are described and velocity and eaato@mberestimation
methods are given in Chapter 5. System implementation usindfaiptic Box is

expressed in Chapter 6 and conclusions are made in Chapter 7.



CHAPTER 2

HAPTIC DEVICES

Manipulators have been used for a long time in industrial appliat They are
simply some mechanical devices simulating human motions t@aceepman
handwork with machine precision and speed. For example, robots in awtmot
production lines are used for welding, drilling, part placememt, simulating
human arm motions. These manipulators are commanded by a compiderisv
programmed by an operator. To control the device position andistsevelocity,
encoders on the joints of the manipulators are used. For geméuatrial robot
applications, motion feedback is sufficient. However, for sothers, the interaction
force between the robot and workpiece becomes very importahisaforce may
damage the workpiece or the manipulator. In these kind of appiisatorce
transducers are used to measure the interaction force.byhdne force feedback

signal may be used to control the interaction force.

The way of using manipulators mentioned above requires a comihnaeris
programmed by an operator. The application is in the contrbeodamputer. On the
other hand, in some applications human inspection becomes unavoktkdedous
experiments can be given as an example. The operator graspij¢iets using the
remote robot by visual information. As the user is not givanfarce information,
he/she does not know how hard he/she handles the objects. Aexdingple can be
given in the area of Virtual Reality (VR). In VR opeaats 3D environments are
examined by stereo glasses and this gives the user sall Wmformation. However,
besides the visual feedback from the virtual or remote envintsn®uching them
would be more impressive and this is possible with haptic devideanks to haptic
devices touching those virtual and remote environments becomebl@osgberle

and Buss made a definition of haptic devices as “Haptmalis are force reflecting

4



human system interfaces that are in physical contact Wwé&hoperator providing
bidirectional interaction by sensing user motion and exerting$ayaehim/her.” [1].
As described in Chapter4 sensing motion for device control is satgle way to
render the contact force. Thus, the definition “Haptic displaiyn to provide users
with a sense of touch, rendering contact forces as if otters were occurring with
real objects.” made by Hwang, Williams and Niemeyeregia more generic and

realistic explanation [12].

2.1 Some Commercial Haptic Devices

In recent days, use of haptic devices has become popular. llegesse developing
new haptic devices and some companies produce their productsorRHammium
1.5/6 DOF Haptic Device [13] from Sensable Technologies, Inc. showigure 2.1
is one of those devices. It can apply force in three traositdirections and torque

in three rotational directions.

Figure 2.1 PHANTOM Premium 1.5/6 DOF Haptic Device



In Figure 2.2, The CyberGrasp[14] from Immersion Corporatiosh®yn with an

application. This device allows the user feel the forces @ihdni fingers.

Figure 2.3 Delta 3DOF and Omega.3



In essence haptic devices are some kind of mechanical maarpweith special
controlling units, so the manipulator type can vary. Delta 3@& Omega.3 [15]
shown in Figure 2.3 are haptic devices with parallel manimgatwvhich are from
Force Dimension Company. Parallel structures are preferoedhigh force
applications, thus these devices are used to reflect farges in three translational

dimensions.

2.2 Haptic Applications

As described before, with haptic devices human motion bansimulated.
Considering this fact, any human work can be a haptic applicétvever, general
studies are on medicine, military, education and traininggreainment, CAD/CAM,

reverse engineering and art fields.

A simple and illustrative example is the CAD applicatioveg in Figure 2.2. Using
the CyberGrasp, the user assembles the nut and bolt. Iagplgation, by the
operator motion the virtual objects are moved and also theferss the forces on

his/her fingers as if he/she assembles a real nut and bolt pa

Surgical trainings are another great application filed. ldaiptierfaces are getting
used more at different medical operational simulations. Newtichadevices
IOMaster7D and IOMaster5D are developed to apply to endoscopiosuegery,

ENT surgery and laparoscopy simulation [16].

There are some training simulators for some works requiringigeaddilitary and
medical operations can be given as examples. A medicatafpti is examined in
[17] in which a tennis simulator is developed to examine huanancharacteristics

from arm movement.



An interesting application area is field of art in whiclhaptic device takes place of
an art tool. Virtual sculpting and virtual painting are tvamg examples. In a virtual
sculpting operation virtual clay is used and it is deforimgthe virtual tool (Fig.2.4a)
[18]. The virtual clay is modeled as a real one, sucl, ihas deformable, has
stiffness and damping properties. Thus, the user shapesingfeealistic touch. In
Figure 2.4b, an application on human nose is shown. In thistmreesa spherical

virtual tool is used. The tools are interchangeable with réiffeshapes so the tool

Figure 2.4 a) Virtual Clay b) Virtual Sculpting

shape is taken into consideration at deformation stage.

Type Examples Model Structure Example Strokes
’ 4 —
} \w L
Round /
y e
i o
Flat/
Bright
| AN

Filbert l f’

Figure 2.5 Haptic Painting brush models




Virtual painting is an application similar one to the vittseulpting. However, the
deformation and forces are also calculated at the toaldipely that the brush head
is deformed at strokes. To reflect these propertiesetagler, brush models are made
as shown in Figure 2.5. In the figure, the column nastedttureis used for force
calculation and so the deformation, and visual models arengiv thesurface
column. The user uses the haptic device end-effector asubie & shown in Figure
2.6a. And a sample painting made by a user of the systehoven in Figure 2.6b
[19].

Besides these virtual environment applications, there are swak world

applications, in which haptic devices are used. These kindgpiitations are called
teleoperations. Teleoperations are important applications asribstyy serve to the
surgical operations. In these operations, the virtual envirorsnagatreplaced by real
remote environments. This is also needed in hazardous expevian@htin some
variety of applications where contact force is needed to beotiedt by a human
operator. Such an application is shown in Figure 2.7. Th&élARD10 is 10DOF

haptic device and it is called the master manipulator. Aed7DOF remote robot is

the slave one.

Figure 2.6 a) Virtual Painting Application b) Virtual Paigf



The slave robot copies the motion of the master one. The $ersors attached to
the slave robot contact forces sense the contact forces anthitréimsm to the
master robot, which is the haptic device. A stereo camseabso employed to gather
the visual information [20].

stereo camera head

Position
_--
Force
Vision
ViSHaRD 10 7DoF Telerobot
master slave

Figure 2.7 Teleoperation employing a haptic device

As is seen, haptic devices are playing important roles imyragplications. They
take place in virtual environment applications for modeling somenlowan parts to
manufacture prosthesis. They can be used to train studerdgsrgical practices, art
students to gain experience, and in many computer gamedgitary field, it can be

used to reflect realistic forces in simulators. In teleipalation applications they can

be employed to perform surgical operations and hazardous erpésim

The applicability to many simulations make haptic devices imaporiThanks to
them lots of simulations can be done to gather information fréfareint systems.
By this way, repeatability of experiments increases anthe used experimental set
up is virtual, experiment costs can be decreased if aecayagtem models can be
done. Effects of products can be estimated using virtual Isdedore producing
them and damages of hazardous environments can be avoidedenligglp of haptic

interfaces.
10



CHAPTER 3

HAPTIC BOX

In this study a 1 DOF haptic device is designed and manuéacf21]. The device is
a Haptic Box which is shown in Figure 3.1. The Haptic Boxngp$y a motor driven
wheel with other peripheral units. As the box has only one deffeeedom, 1 DOF
virtual or remote environments can be simulated.

Figure 3.1 Haptic Box

The box is designed using mechanical, electromechanicalesitbaic components.
The frame is formed by plexiglas parts cut out from shéléis. drawings of the
manufactured parts are given in Appendix D. The actuatinguaiMaxonRE40 DC
brush motor which has a 150W power. It is connected to a Copley418CHE Bh

Servo Amplifier. The diagrams for electrical connectiongh&f box are given in

11



Appendix C. The motor torque is amplified using sprocket and chaim b38/18
ratio. User interaction is maintained by the knob attacbdte large sprocket, and
the motion is sensed by a HP HEDS5540A optical encoder attaelibe rear side

of the motor. Specifications for off-the-shelf componentggaren in Appendix B.

3.1 Haptic Box Specifications

The Haptic Box is composed of mechanical, electronic andtrefeechanical
elements. In Figure 3.2 a simple schematic representafi the box is given. For
haptic applications on the Haptic Box, the torque/motion on the lgobnitrolled.
When the reference input to the Copley 413CE servo amplifggves, the amplifier

controls the current on the motor. Thus the motor is current clawatrol

f_ oy
HEDS
power EEW&“
supply P
Fef "
Voltage Copley

413CE

Haptic Box

Figure 3.2 Haptic Box Components

Haptic Box components are described in the following sections thed

specifications can be found in Appendix B.
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3.1.1 Copley 413CE DC Brush Servo Amplifier

Copley 413CE is a servo amplifier for DC brush motors. Witkoitgue and velocity
modes, motor torque and velocity can be controlled easily usiranalog +10V
reference voltage. The amplifier is excited with 24\tagé from an external power
supply (requires a minimum of 2.7W). It can supply a peak poiveB0A@+80V
for a peak time of 1 second maximum. Copley 413CE comes vafhult
adjustments however some important values can be set usid@-fia socket. As
the Haptic Box is a torque control device, current limitation be&sooonceivable.
Using proper resistances on the sodattinuous and peak curremtlues angheak
time can be limited.

3.1.2 Maxon RE40 DC Motor and Optical Incremental Eacoders

Maxon RE40 is a 150W DC motor with graphite brushes. It has anéBivinal
voltage, but can be used at lower voltages in this studye Motor can

generat500mNm stall torque, and has a torque conskant 60.3mNm.

At the back of the motor, there is a HP HEDS 5540A opticab@ercattached. The
encoder has 500 lines per revolution for A and B channelstaisioi has an index
channel. We have also used a Scancon encoder for velmeityacceleration

monitoring. It has 5000 pulse at A and B channels, and an acditatex channel I.

3.1.3 Other Components

There are some other components which are necessary foogher functioning of

the system. Two sprockets and one chain twined on themrarayfoup of them.

They transmit the torque from one to the other. The smaki 9ine is attached to the

shaft of the motor and it has 18 teeth. The large ontaisheed to the shaft to which
13



knob is attached and it has 128 teeth. Thus, a 128/18 gearisatiead to amplify
the motor torque. Another unit to complete the system i®hergency button. As
the Maxon RE40 is a powerful motor, an emergency button is addbe system.

For conformation and some control applications a torque transduaisoiused.
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CHAPTER 4

HAPTIC CONTROL

Haptic devices are the manipulators which can be controllesdimg ways similar to
robot control methods. However, haptic devices must be takeragutmunt as a
whole system, as haptic interfaces, and the haptic ineedantrol should be done
keeping this fact in mind. Since the haptic interfacesfamee reflecting system,

force is the controlled value.

The origin of haptic devices dates back to 1950’s. In thesesymaster arms are
used in radioactive applications. Later on, force sensingoddpas added to those
devices that were proportional to the felt force at the sMXith the computational
power of computers, more complex master arms are built. Affgeriod of time,
researchers realized that these devices could have useehin virtual and real
applications for reflecting forces and these Force Reflechiagpd Controllers

belonging to a class of robotic mechanisms usually refeoraghaptic device$22].

Most of the haptic devices in the market does not have fegosing capability
because of the price of the force transducers and the prtbe ahplementation of
these sensors to the system. Therefore, these devicepeardoop force controlled.
However, this method requires a lightweight device struatateo effect dynamics
of the application by the device dynamics. When larger workspandsforce

capabilities are required device structure becomes mordarsome. In this case,

force feedback becomes vital [23].

In this chapter, first general robot control algorithms willgbdeen, than the haptic

control method will be explained. The general structureh®ffallowing titles are
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taken from studies of Ueberle and Buss [23]. In order toenitaglear thorough the

rest of the chapter, firehpedanceandadmittanceterms will be described firstly.

4.1 Impedance & Admittance

Parts forming any system have some dynamic properties. Phegerties become
apparent when a single part or systems of parts move. Depgemdithese properties
some forces act on the part bodies that can be grouped aal,ingmdvitational,
frictional, coriolis, centrifugal and external forces. The sfithese forces in vector
domain gives the net force that causes the body to move. Ehareelationship
between the net force on the body and the body motion. Thisonslaip can be
modeled mathematically by some differential equations. Honyélvese differential
equations are generally complicated and using them in desoripfi system
structures (not in details) becomes incomprehensible. foinere more
understandable terms are used for those relations. Thesendtdhs are called

impedanceandadmittanceof a body or a system.

In electrical applications the term impedance is usatkfimethe total resistance to
the current flow of a bodyThis can be used to define impedance for mechanical
systems ashe total resistance of a body to motiand this resistance is felt as a
force. Thus, impedance is the relation between the body matidrthe total force
acting on it and it is denoted by the capital leiterimpedance can be written

mathematically as:
f=Z*x (4.1)
Here f is used to denote botbrce andtorqueand it is calledyeneralize forceand

X is used to represemhotion (position, velocity, acceleration) and it is called

generalized motian
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Sometimes, the inverse of impedance is needed in maibahm@esentations. Thus,

the inverse of impedance is definedaasnittancethat relates force to motion and it

is denoted by "*. The mathematical representation of admittance can itewas:

x=Z"1*%f (4.2)

Again, f and x are used to represent generalized force and motion rieghect

4.2 Robot Control

Ueberle and Buss made a classification of robot and hapticot@atgorithms [23]
and they have adopted the following classification schemgeioeral robot control

algorithms from Volpe [24]. The term position is replaced byegalized motion:

Motion control
Force control
Explicit force control
o0 Open loop explicit force control
o Force-based explicit force control
0 Motion-based explicit force control
Impedance control
o Impedance control without force feedback
o0 Impedance control with force control

Hybrid control

In motion controlof robots, desired motion trajectory is commanded and iritanth
external forces (e.g. due to interaction with environmentjgjeeted. In this control
type, if a contact by an object causes any motion error, tleehigh motion gain
tries to compensate for this error. If the object is stiffimmovable then the
manipulator or object take damage. On the other hand, thereolaoé control

algorithms not considering internal and external forces as diseebdhis type of
17



control is calledforce control Force control schemes can be groupeexgdicit

force controlandimpedance control

In explicit force control algorithmghe desired interaction force is commanded.
Explicit force control algorithms with no force feedback afdéedapen loop explicit
force control.Other implementations use the force feedback to comparnghittive
commanded force and control error is obtained. This control errtreis used to
control the plant directlyf¢rce-based explicit force contjplor it is first transformed
into a reference motion through an admittance and then it &ndiv a motion
controller (notion-based force contiol This type of control is also known as

admittance control

In Figure 4.1force-based explicit force contraliagram is shown. The measured
force is compared by the reference and the control ergives to a force controller.
Thus the force robot exerts on the object is controlled. AnotheicexXpltce control
example is given in Figure 4.2 nampdsition based explicit force contrdh this
control scheme the control error is calculated by comparingurezhand reference
forces. However, the control error is transformed into a eafsr motion (it is
position in the figure) through a desired admittance. Thisreate motion is
compared by the robot motion and the control error is obtained in unitetidn.

And the control error is processed by a motion controller.

f, £_ force u f
> controller > robot >

Figure 4.1 Force based explicit force control

An example diagram tampedance control with force feedbadk shown in
Figure 4.3. The device motion information is fed back touinial environment
(computer or microcontroller), the control error is obtained arefeaence force is

calculated via desired impedance. If the system hasca faansducer then the force
18



is closed-loop controlled as shown in Figure 4.3. If the robot doesave a force
sensing capability then the force is open-loop controlled. dtidrol type is also
called open loop impedance contror implicit force control In this case a light
weight device structure is preferred to reduce the effdctievice dynamics on the

output force.
Virtual environment

R & X, — X '
! 1 Y positor u L 5
! Z, > e ? j ™ controller —Xm>

Figure 4.2 Position based explicit force control

virtual environment

moer 3
controller robo <>

Figure 4.3 Impedance control with force feedback

The hybrid method is a combination of motion and force control bgesitching
in an application. It is denoted that one does not have téouse control in entire
workspace. Thus, it is possible to use motion control in un@nstt subspaces (no
contact, free trajectory following) and force control in coaised subspaces (contact

with objects).
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4.3 Haptic Control

A good description of control strategy of haptic interfacemade by Ueberle and
Buss as: “The haptic simulation of a human’s bilateral iotema with a virtual or
remote environment requires the control of the motion-forcediorldetween the
operator and the robot.” [13]. A comparison for robot and haptiesysbntrols can
be made as follows: Robot control requires a reference data lggva computer or
microcontroller in means of motion trajectory or force taimain and the system
tries to follow that reference. However, in haptic inteefs the motion of haptic user
is assumed to be the reference. Accordingly, a forcefiscted to the user and his
/her motion is affected by the system. That is to sayajptic systems a user and

machine interaction is present.

Most of the simulators built so far are concentrated on rmaevVirtual
environments and used relatively simple control algorithms [@#&re are two main
class of haptic control schemes used. The first ommpsdance display modend
the second one admittance display mod&he classification is made according to
the behavior of the virtual environment. As the admittana®@iwersion of force to
motion, force feedback is required. However, in impedance gisptee feedback is

not a requirement.

4.3.1 Impedance Control

In impedance control shown in Figure 4.4, the virtual environmaetstas impedance.

It accepts motion and produces a respective force. In theeffyuis the desired

virtual environment impedancé&,* is the robot admittance.. is the impedance

of the end-effector which is between force sensor and the hseiparameter with a

hat symbol shows that it is the model of that parameter.
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Figure 4.4 Impedance control with force feedback and meeel forward

From the block diagram, the following equation can be derived:
x=J jz;l[l- iZ, J'z;l]'lJT[- f-Z,x- GC[de+ f +[zEE - ZEE]x]] (4.3)
Here G, is the transfer function of the controller. From Eq.4.&2 fbllowing

equation for closed-loop impedance relating the device motitom the operator

force - f can be obtained arithmetically as:
ZRCL = Zd +[| +Gc]_l|,Zr - ZAr +Gc|,ZEE - ZAEEJJ (4-4)

Z... gives the impedance of the system, that is, it gies dynamic relation

between device motion to the operator force. It can be showrematically as:
- f=Z X (4.5)

The desired haptic system should reflect the virtual/rerantéronment properties

precisely. Thus the closed-loop impedaiZGg, of the system should represent the

desired virtual environment impedangg (Z.. €Z,). This shows that force
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feedback plays an important role in haptic systems andiéas with Eq.4.4. When

there is no force feedback the equation takes the followimg: for

Zee =24 +(2, - 2,) (4.6)
Eq.4.6 shows that when there is no force feedback @mmpensating for device
dynamics becomes hard as the only reduction incdedynamic is done on the feed
forward line, and this requires a perfect modelmgdevice dynamic&fr). Such a
diagram is shown in Figure 4.5 named open loop dapee control. Because the
only reduction in robot dynamics can be done by ehdded forward, open-loop

impedance control is preferred for haptic devicéh light structures.

A 4
(&

Figure 4.5 Open Loop Impedance Control with modetfforward

4.3.2 Admittance Control

Figure 4.6 shows the block diagram of admittanagtrob The virtual environment

acts as admittance that it accepts force and pesdumtion. The impedands,
converts the reference end-effector veldpity to a reference forceé and virtual
environment admittancé,, transforms the reference force to reference wsloci
Thus,Z, andZ,, forms the virtual environment and the virtual eowment

impedance becomes:
22



Zy =Ly + Ly, (4.7)

If the inner loop position controller gain is saféntly large then the closed-loop

impedance of the system becomes:

A~

Lo » Lyt e - Zee (4.8)

End-effector terms takes place in Eq.4.8 as theeftransducer is places just before
the end-effector. It is pointed by Ueberle and Bilsg by this method providing a
more natural feel to the operator is possible caethto impedance control that does
not apply model based inertia compensation. Howenwethe other hand, extracting
reference position from force error adds more ptilas zeros and this increases the

phase lag in the system’s open-loop transfer fancti

A 4

A d2

™ dt
‘ f, X X ™ X, t t q X
) O 1|7 T positior acc m in [
Zy Z % controlle controlle Z>

» JT J7 e

1 ]

Zee Zee

- f, f
=

Figure 4.6 Admittance Control
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4.3.3 Haptic Control Conclusions

There are many studies in the haptic field and Hreygenerally on developing some
interfaces for some application such as virtualusaiors for art, medical, military,

etc., simulations. These kinds of works generadpahd on buying a commercial
haptic device and combining it with a computerdmi the haptic interface. As they
are on the shelf products their software and edaats comes within the package and
the user implements the haptic device to his/herfiace directly. Thus there is not a
choice for choosing the control law for that deviGenerally, haptic devices on the
market do not have any force transducer attacheitheogripper and so they are
controlled with open-loop impedance contralgorithms. Therefore, the virtual

environment being simulated is tried to be modeledas the haptic device can

reflect forces in that environment.

On the other hand, some studies compares impedawcadmittance display modes
with the same hardware. Ueberle and Buss examheddntrol methods for haptic
devices and concluded that there is not a besbetween these control algorithms
[23]. Carignan and Cleary made a similar study @mtluded that one method is not
superior to the other. However, it is pointed thia admittance controller gives
better results at lower impedance values, andrntipedance control is superior for

higher impedances values being simulated. [22].
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CHAPTER 5

VELOCITY AND ACCELERATION ESTIMATION

Incremental optical encoders are widely used in ynabotic and mechatronics
applications. An incremental optical encoder isidaly a disk with very low inertia
and hollow lines on it and some electronic comptsehs the disk rotates, a photo-
transistor generates a square wave (0-5 Volts)dirgpto the solid-hollow stages of
the disk. A region on the disk with solid and halleections is called a channel. The
signal is read from the channel of the encoder, dewbded according to its rising
and falling edges. If the encoder has two channejsiadrature, it can be read in 1X,
2X and 4X decoding modes which increases the r8eplul, 2 and 4 times

respectively.

Velocity and acceleration measurements are requiredadvanced control
applications to improve the effect of the contndlen the system. On the other hand,
in haptic applications, for a realistic simulatiorelocity and acceleration data is
required to reflect the damping and inertial foraé#sthe simulated environment
besides position which is used to simulate thdnstfs property. Tachometers and
accelerometers are direct solutions for velocityd acceleration measurement;
however they occupy large spaces, add inertiagqadimts, have a noisy output and
they are expensive. Additionally, in recent yeangro processorénPs)and Digital
Signal Processor(;DSPs) are used widely in digital systems. Their wideapre
usage also makes it easier to implement encodeatigital systems. Thus, encoders,

which are very precise position measurement deyviaes good value for velocity

and acceleration estimations from discrete positiata.

Encoders are used for position measurement anddbeyt measure velocity and

acceleration directly. As an encoder produces arsqwave signal, position data can
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not be gathered continuously or at every samplés Signal is a discrete signal and
its frequency depends on its resolution for a amisshaft velocity. Obtaining

precise velocity information from this discrete rsad) is a challenging work,

especially for low velocities [4]. There are mangthods proposed in the literature
to estimate velocity from discrete position anddidata. General applications are on
processing position and time data using arithmeperations at specified sampling
times. This type of applications are easy to im@etrbut have some problems at
some velocity regions. Besides, Kalman filters ao be used to estimate velocity
from incremental encoder output and they give goeslits. These methods are
described below and to show their performance erHaptic Box some of them are

tried experimentally.

5.1 Velocity Estimation Methods in Literature

Most of the studies on velocity estimation fromiaaremental encoder data show
that there is not a way suitable for every velogitgfiles [2,6,26]. In [2,26], some

velocity estimators; lines per period (LPP), recgai-time, Taylor series expansions,
backward difference expansions, and least squaree dits are presented. It is
pointed in [2] that the least-squares velocity reators filtered the measurement
noise best, whereas the Taylor series expansiahdackward difference equation
estimators respond better to velocity transitidns[26] it is concluded that using

fixed-time algorithms for high-speed, fixed-dismagent algorithms for low-speed,
and least square fit algorithms for general siareti proved advantageous. An
adaptive sampling rate is used in [3], in which templing rate is changed
adaptively for different velocities. In [4] a sirail way is followed to let the

algorithm to estimate the velocity for differenia@ties better, allowing the user to
select the estimation precision and time delay. Téference [27] proposes an
adaptive scheme designed in conjunction with aalingbserver. In [6] a method
called asynchronous sampling method (ASPM) is ptesefor determining velocity

in systems with low-variable speeds and/or with -lesolution encoders. The

method uses an auxiliary sampling period to estntlag¢ velocity via an observer. It
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is shown in [28] that counting lines for a reguleme period become degraded as
sampling rates increase for velocity and accelemagstimations, and a Kalman filter
is proposed. Kalman filters are widely used fdtefing or estimating states in
systems. Thus, it can be applied to velocity edtonafor the discrete position data

coming from incremental encoders.

In this study disadvantages of fixed time/positialgorithms are explained and
shown. For better estimation results adaptive vgiaestimation is employed and
results are evaluated. Finally, Kalman filters ased for velocity and acceleration
estimation. Constant velocity and constant acceterdlalman filter algorithms are
used and both have given very good results. Asl@@t®n estimation for reflecting
inertia and mass properties is required, constecelaration model of Kalman filter
is used for the rest of the implementation workteie of used methods are given in

the following sections and applications are ex@dim Chapter 6.

5.2 Velocity Estimation Algorithms

Once the position and time information is storeddweery sampling time, the first

method one will think of is generally discrete dintiation. However, discrete-time
derivative filters known are not satisfactory arsdkaown derivative operators tend
to magnify errors [26]. It is stated in [3] thattametic differentiation introduces

significant error and does not give accurate resatliow rotational velocities. Thus,
some techniques are proposed in the literaturegtmating velocity from discrete

position data. To estimate the velocity from a e position signal, there are two
general ways used. The first one is counting theaber of encoder pulses in a
specified constant time period, so time is fixedwsen two successive position
measurements and this is called fixed-time estimdtoe second way is measuring

the time duration to travel a fixed distance, whigltalled fixed-position estimator

[2].
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5.2.1 Fixed-time Velocity Estimation

Obtaining good estimation values at low velocitieaee important in haptic
applications to reflect small forces to the usenwdver, this type of velocity
estimation does not give satisfactory results at Velocities. As the time is fixed,
the number of pulses in this time interval will less at low velocities resulting in
greater errors in the velocity estimation. On thigeo hand, for high velocities, the

sampling rate can be increased to decrease delay.

The simplest way of estimating velocity is countimgs per period (LPP) [2]. If at a

sampling instancg, the measured position i the velocity can be estimated as
U, =Dx /T where Dx, =x, - X, the traveled distance and =t, - t, , the

sampling interval. Some other methods are alsevexd in the reference. They are
Taylor Series Expansion (TSE) Velocity EstimatoacBward Difference Expansion
(BDE) Velocity Estimator and Least Squares Fit (LSElocity Estimator.

In TSE velocity estimator, the velocity, at t, is estimated from the velocity, at

time t, by a Taylor Series Expansion around time instgyce

~ 2~

A . d d d
U =u, +%%(tk - tb)+%TL:b(tk - tb)2 +%Tib(tk - tb)3 + (5.1)

As 4, is sad to be the average velocity during sampliengpd t, and it occurs at the

middle of that period then Eq.5.1 becomes
o= Lo T !
2

(5.2)

where N is the order of the derivative.
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In BDE velocity estimator, the functiox(t, ) formed by measured values is replaced
by an interpolating polynomial that exactly fiteethata points. For fixed time data

the backward difference equation is obtained byasgmgx, , in a Taylor series

aroundx, and than solving faix, /dt,

d_xk+ (_ |)2 dzxk + (_ 1)3 d?’xk + (53)

X =6 ) S e g e

the first-order BDE fordx, /dt is obtained from (5.3) as,

) d’x (1 d*,
20 dt? 3 dt

d -
d_):( = (Xk - Xk-l)+ (

(5.4)

LSF velocity estimator is another method for estingavelocity. This method is

explained in Section 5.2.2.

5.2.2 Fixed-position Velocity Estimation

Fixed position estimation gives very accurate viiyogalues at low velocities. In this
approach, the time duration between two encodeseguk measures. The accuracy is

dependent on the sampling rate in the calculat®obxa is exactly equals to one (or
an integer) andt, = NT whereN is the number of timer ticks. Therefore, time

resolution depends oh (sampling period) and so does the veIocitWasl/(NT)

with one fixed position step.

For fixed-position estimation the TSE and BDE, exmdiim fixed-time section, are

directly applicable by an replacement xf andt,. The functiont(x, ) is used in

stead ofx(t, ) in Eq.5.4.
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LSF velocity estimator is another method using exact data@r approximating

polynomial of the form
t, =C, +C X, +C,X. +C X2+ +C X, (5.5)

and the velocity at, is obtained by

~

% =c, +c,X + +Ncx'* (5.6)

The coefficientsc, c, are chosen to minimize total squared error. By this method

an N™ order polynomial can be fit to M most recent data poimtsiged that
N >M +1 in Eq.5.5.

5.2.3 Combined and Adaptive Velocity Estimation Algrithms

General applications are on measuring encoder pulségnerduration between
encoder pulses, which are described as fixed-time and fo®itgn estimation
methods. However, there are some other technigues mepswth time and
position, and some using variable intervals. There are spemeral velocity
measurement techniques given in [29],

1) Direct pulse counting,

2) Single pulse time measurement

3) Constant elapsed time (CET)

4) Pulse time measurement using a variable number of coputses
The methods 1 and 2 are fixed-time and fixed-position asitims using only time or
position measurement. 3 and 4 are a combination of tiche@eoder pulse counting.
It is pointed in the reference that the CET method dgbedter results than 4. Two
counters for time and position are used in the CET methbdse counters are

started at a rising edge of the encoder signal. For darafia constant elapsed time
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T, waited and at the next rising edge, the encoder pulseTgftehe counters are
stopped. The contents of position coun®y and time counteC, are used to

calculate the average velocity for the pefiigd

A later study using CET method with a variable timepdivariable elapsed tiriig)

is proposed in [3]. The method uses the CET technitmeever, the desired elapsed
time T, is not fixed. According to the previously estimateeloeity data, next
desired sampling intervdl, is selected. By this way, an improvement on system

accuracy at low velocities achieved while the response ignuecreased at high

velocities.

A simple and efficient method is proposed in [4]. Tinsthod allows the user to
select the estimation precision and to tune the time delay,itarequires less
calculation time. It is mentioned that the Euler estiomais the simplest way of
obtaining velocity, if the position is precisely sampl&tis is not possible using an
incremental encoder pulse train as it contains stochasbic &m improvement is to
tracking some backward steps, which gives a smoother tyelpcofile but it

introduces some time delaiR is the encoder resolution at) is the real angular

position of the shaft. If it is sampled with, the discrete position can be denoted as

g(k) wherek =12,.... Assuming the encoder pulse train is uniform, the tiposi

error can be written as,
(k) - a(k)| <R (5.7)

When a position segmentkT) - q((k- j)T), wherej =12,... is selected than the

estimated velocity can be written as,

q(k)- g(k-j) _o (5.8)
iT ‘ '

. . . R . .
If the velocity resolution is defined ag = T than the error in velocity becomes,
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‘\71- - vj‘ <%vR (5.9)

From the EQ.5.9 it is seen that the absolute acgugincreased by more backward

stepsj . However, the relative errar is more concerned than absolute error and it is

written as,

(5.10)

If Vv, andv, are written in Eq.5.10 the following expression barobtained as

g(K)- g(k- j)- akT) +a((k- HT)| _| 1 e
g(k)- q(k- j) | gk - gk- )|

-

Using this expression and considering a number cbaer pulses traced back that is

denoted bys; , Eq.5.10 can be simplified to
k) - gk~ ) =s;R (5.11)

where for a given relative accuragy s; can be calculated as,

2 (5.12)

Using these parameters, an algorithm is proposept]inTo satisfy the desired

relative accuracy; is defined previously. However, especially in loelocities,

satisfying the desired relative accuracy can takeldng. To deal with this problem,

a maximum number of backward steps is definednasFigure 5.1 shows the

algorithm to estimate the velocity.
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The method output is compared with the velocity sneament device outputs
experimentally in the reference. It is seen thatriethod gives good results. When

the relative accuracy is decreased the method mespeturns with a greater delay.

Set|=(

v
j=j+1

Yes

No

No

9(k) - g(k- j)|>s;R

Yes

A

Vi (k) = (g(k) - g(k- ) /(T)

Figure.5.1 The velocity estimation algorithm propmd$n [4]
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5.2.4 Velocity and Acceleration Estimation with Kaian Filters

Kalman filters are widely used to filter or estimattates of dynamic systems from
measurements contaminated by random noise. A Kalfitti@n is an algorithm

proposed by Rudolf E. Kalman in 1960 [7]. It candmplied to the systems with
zero-mean white Gaussian noises [11]. The algorphedlicts the value of a state
according to system parameters and the input teyteem and it corrects that value
according to measurement. Thus, it is a prediatmméction algorithm for states of

dynamic systems.

The methods described up to here are about progepsisition and time data by
arithmetic operations to get the velocity inforroati At high speeds many of these
methods may work well, but they can not measurecisl correctly at low speeds.
There are also some model based estimators, in vih&hmodel parameters and
disturbances must be know accurately and this is possible for most cases.
Therefore, some models called constant velocity @ntstant acceleration models
can be employed in Kalman filters, which do not ieggystem information. These
methods, which use kinematic models, are also cllematic Kalman filters (KKF)
in some references [11]. Kalman filters also previchportant advantage to the
stability of the control systems. In the methodsureng a period of time to estimate
the velocity, there is not any information aboubegy given to the controller or the
previous velocity is held. However, Kalman filtersncarovide an estimate of

velocity at every sample time.

By the widespread use of microcontrollers and cdersu discrete time

implementations of algorithms became popular antinia filters are one of them.
Simply a Kalman filter estimates a value of a stateording to previous value and
recent measurement of that state. To do that, lg@ithm uses a gaiik called

Kalman gain. The simplest form of a Kalman filtetiwconstanK can be given as

[8]:

X = (1_ K)X + Kyi+1 (513)
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Supposing thak is the best estimate of the state at fimihe state at timé +1)
can be estimated from the previous valuand the recent measuremegnt using a

weight between them by the const&nt Here, K determines how much the
measurement is reliable. If measurement is fuliplée tharkK goes to oneK ® 1),

and if it is fully faulty tharK goes to zeroK ® 0).

To get familiar with Kalman filter notifications,ome matrix presentations are
explained below. G. C. Dean [8] usesand(i +1) in the subscript of matrices to
show prediction/correction and time instances. Faoastant velocity model of a

system the matrices can be written as:

X X
=
X X

(5.14)

i+l i
wherel is sampling period. In a general form Eq.5.14 loanvritten as
K = f'Xi/i (5.15)

X is the state vector defining the system #&nis the state transition vector. Some

of the states are measured in the system to cantbhe measurement values are

shown by

y
Yia

(5.16)

and it is represented by,, . Similar to the system defined by a single state i

Eq.5.13, a weighted mean can be written as

)2H1/i+1 =(I - K))ziﬂ/i +KY, (5.17)
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wherel is the identity matrix anld is 2x2 matrix. The ternfi +1/i)in the subscript
in Eq.5.15 show time instance/prediction and thenté +1/i +1) in the subscript in

EqQ.5.17 shows time instance/correction. Eq.5.13 Badb.17 form the filter to
estimate states with constant Kalman dgairHowever, for general applicatioKsis
not constant. In Kalman filtering, system and measient noises are taken into

account. The system noise is denoted by the cdpitat Q. The capital letter$

andR used to represent variances of estimate and measatenoises respectively.

The variance of the new estimate is given by

A

FA:i‘+1 = El_(xi+1 - E()A(i+1))2J (5.18)

E(%.,) is the expected value of the new estinfate Eq.5.18 is the formula for

variance. As is known, the Kalman g&inis tried to be found (for example in

Eq.5.17). And now, it can be calculated by
- D T 5 T -1
Ki+1/i+1 - Pi+1/i Hi+1X(Hi+1Pi+1/i Hi+1 + I%+1) (5-19)

whereH is the matrix identifying the measured states. ihol K, I5i+1,i should be

calculated first.

lf)i+1/i =f,Pf] +Q (5.20)

it

whereQ is the system noise matrix, and it estimates tbdeiing errors. Here, the
subscripfi +1/i) of P,,,, means that the matriR is calculated at timé +1) and it

is the predicted one pointed l(])) Thus, a correction of it should be calculated as

Pain = (I } Ki+lHi+1)|5i+1/i (5.21)

to be used in the next calculation tifie-2). Thus, all the Kalman equations are

obtained to estimate the states. The Kalman loopbeaexplained by a diagram as
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shown in Figure 5.2 [10]. For compatibility withetlprevious notation subscripts are

left as they were but superscripts are changedisisimpler to understand using the

(-) symbol in the superscript to denote the préalict

& =N

PREDICTION

CORRECTION

1) Predict the next state
Ka =% +yu,

2) Estimate the predictio

error

P :f”sifiT +Q,

—

1) Compute Kalman gain
~ ~ -1

Ki+1 = I:)i+1Hi-Erl(Hi+1F)i+lHi-l;1 + R+1)
2) Correct the predicted state usi
measurement

),Zi+l = ),Zi_+l + Ki+1 (yi+1 - Hi+l)zi_+1)
3) Estimate the estimation error

ISi+1 :(I - K, Hi+1)FA)';1

i+l i

1T =

Initial estimates ofx, and P

Figure 5.2 Recursive Prediction-Correction Struetoirthe Kalman Filter
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CHAPTER 6

SYSTEM IMPLEMENTATION

The system implementation of velocity estimatior draptic control methods are
given in this chapter. First, the velocity and a&eion estimation from the
incremental encoder is implemented and the resuéispresented. Next, using the
velocity and acceleration estimation virtual enmireent characteristics in the system
haptic control is developed. Finally, employing tW&tual Reality Toolbox® of

MATLAB® in the interface the system demonstratisrdone.

6.1 Experiment Setup

The experimental setup consists of thaptic Box, target computer and the host
computeras shown in Figure 6.1. The Haptic Box is usedrmasnput and output
device for the user interaction with the systeme Térget computer is the control
unit of the system. It receives the encoder andstlacer signals from the user,
processes them to extract motion and torque infoomaand trough the control law
it generates a reference voltage to be sent teghe amplifier of the Haptic Box.
The input-output operations to the target compaterdone via the data acquisition
(DAQ) cards. There are two main roles of the hoshputer. The first is to compile,
download and manage the applications that will sarthe target computer via the
LAN connection. And the second is to collect thetiorodata processed by the target
computer and use it to manipulate the virtual emnment on the screen. The
applications running on the target computer are eteablusing the Simulink® and

the xPC Target® libraries. Virtual environments anedeled using the VRML
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language and they are simulated using the Virtelli® Toolbox® of MATLAB®
on the host pc.

I . —
£/ & O Visual

Feedbak

==} =

USER

HOST

Motion Motion and Force
Feedback Transmission

1 u
Motion and Force
Signals
TARGET HAPTIC BOX /

Figure 6.1 Haptic Interface

The Haptic Box is explained in Chapter 3. It hd3GMaxon RE40 DC motor and a
HEDS5540A encoder attached to the back of it. Tdgtion is read from this optical
incremental encoder discretely. The encoder haslif@® at A, B channels and it
also has an Index channel. The position is readXincounting mode so that the
resolution increases to 2000 counts/rev on the mgte. There is a gear ratio of
18/128 between the motor and the knob of the bbxisThe resolution at the knob
side is (128/18)*2000 counts/rev. There is an dacavith 5000 pulse/rev at A and
B channels. This encoder is attached to the frioiet of the motor and it is used for
velocity and acceleration monitoring. A torque sdncer is also introduced in to the

box that is capable of measuring 10Nm torque load.
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The target computer has a Pentium 1.80 GHz processb512 MB of RAM. There
are two DAQ cards to collect data from the systBiational Instruments Company
NI PCI-6602 and NI PCI-6052E DAQ cards are usedefacoder input and analog
I/O respectively.

The host computer is a HP XW8200 workstation witkemn 3.60 GHz processor,
3GB of ram and a NVIDIA Quadro FX 4500 512MB ramagnics card. This
powerful computer is needed for making the reaétapplications more realistic as a
refresh rate of 30Hz is required for a good peiocepfor human eye and the
simulation sapling period is set To= 0.001s as the refresh rate for force should be
at last 1kHz [22].

6.2 Velocity and Acceleration Estimations

Velocity estimation methods are described in Ch&ptehe first and simplest way is
numerical differentiation, éixed timemethod, in which the number of counts in a
period of fixed time is divided by the time peridthis method is simple and gives
good results at high speeds. However, when thelangpeed is low or the encoder
resolution is decreased the method becomes degrAdean encoder converts the
motion into a discrete signal, discretization ermcreases and so the error in
velocity increases as shown in Figure 6.2, at Ipeesls. Another problem is that if
the period of the encoder output becomes largar tha sampling period than the
same level of the encoder signal (a high levelefample) is sampled two times or
more and they get the same value as the posities ot change in that time interval.
This results in a zero velocity due to constantities and this situation will be a
problem for stability. To avoid this problemonstant positionmethod can be
employed. This method will prevent system from dig an unwanted zero
velocity but introduce a considerable time delaytanthe system. Thus, to avoid
these problems improvements of those methods arelaped in the literature.
Constant Elapsed Time (Figure 6.3) can be treateghamprovement to the fixed-

time velocity estimation algorithms, which redudks discretization errors. In this

40



method a constant elapsed time is selected anthi®rperiod the system waits.
When this time is reached the next position pudseaited and time is measured at
this encoder pulse. By this way more accurate wylaestimation is done than a

fixed-time velocity estimation (estimating velocdyelapsed time).

Y A O N S Discretization |1 ...l ._.__.i ..

Yelocity [radds)

Y T T T N S S R B
0 100 200 300 400 500 600 700 80O 900 1000
Time [ms]

Figure 6.2 Effect of discretization on velocityigsdtion in low velocity region
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Figure 6.3 CET Method
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6.2.1 Adaptive Velocity Estimation

Another way of improving velocity estimation is mgia variable time step. Looking
at the poison data an adaptive algorithm can deeiten to calculate the velocity
estimation. In Chapter 5 an adaptive algorithm riesented in Figure 5.1. This
method is implemented using the Haptic Box, andréselts are compared to the
monitor velocity, which is obtained from the Scamcencoder that has 5000
pulse/turn at A nad B channels, in Figure 6.4. &lgorithm parameters are set as:
sampling timeT = 0.001s, number of counts per tumN = 2000, relative accuracy

r, =5% and the time limit for velocity detectiom= 005 (50 ms).

12 ! ! ! ! ! ! —

10k-- manitar
adaptive algarithm

_______________________________________

Yelocity [radds)

T A T A S R R B
0 100 200 300 400 500 GO0 YOO 8O0 900 1000
Time [ms]

Figure 6.4 Velocity estimation with adaptive aldionm

Figure 6.4 shows that the algorithm works bettehigher speeds. In low speed

regions (~230 - 800 ms) the algorithm is forceadtrulate a velocity value as the
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maximum allowable time limit is reached. With aatele accuracy; = 2%, as the

accuracy increases more steps back are requiregoamore delays are introduced.

6.2.2 Velocity Estimation with Kalman Filters

It is pointed in Chapter 5 that Kalman Filteringaisgood estimation method from
noisy data. In this study, a Kalman Filter with Gtamt Velocity model is used to
estimate velocity and the system is assumed to kave-mean white Gaussian

noises. In this method the system matrix is a 2a®imas

f= (6.1)

and according to Eq.5.15 and Eq.6.1 predicte@ si@ues for position and velocity

become
)’Zi_+1 = )’ZI +T)2| (62)
X =% (6.3)

After prediction of P matrix as in Eg.5.20, Kalman gain matkx is obtained as in

Eq.5.19 and correction of predicted states is @@ Eq.5.17 such that

X1 = X T Koy (Yi+1 - )A(i_+1) (6.4)

)A(i+1 = )’Zi_+1 + Ki+l(yi+l - >2i-+1) (6-5)

assuming that the velocity is measured. If velodggynot measured than the
measurement matrid will have a zero at the right-bottom corner and thill
cancel the effect of Kalman gain and the estimatalde will be equal to the

predicted (previous) value in Eq.6.5.
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A Kalman Filter with constant velocity estimatidmodeled in Simulink® and it is
run on the target pc in real time. The Kalman atgor code is embedded into
Simulink® model (Appendix A). Figure 6.5 shows taeperiment results. In the

experiment the matric€y andR are selected as

01 O 001 O
Q= R=
0 01 0 01
16 T T T T T T T T T
14+ Kalman cv [---- S o """" """ -
monitor ; ; ; ; ; '
12 b T e L i, B _
1[] ____________________________________________________________________ —
B _____________________________________________________________________ —

Yelocity [rad/s)

| . | 280 230 300 310

% I S A SR N R O A

0 100 200 300 400 500 e0D0O VOO 8O0 900 1000
Time [ms]

Figure 6.5 Velocity Estimation with Kalman FilteiGenstant Velocity model

Q is the system noise matrix aRdis matrix that represents the measurement
variances. These matrices are obtained experinhenitals seen in the experiments
that the changes in system noise ma@ixloes not effect the estimation too much
but measurement variance matfxdoes a lot. When small values are selected for

r, andr,, then the filter responds fast but some oscillatibegin to appear and
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when they are selected larger the filter follows thonitor velocity by some shift
proportional to greatness of tRematrix elements but with a smoother profile. Thus,

an optimum pair for matrik is tired to be selected. One can recognizerhad
greater tham, . The reason of this is that the encoder gives gposition

measurement. However, velocity measurement is rwddai by numerical
differentiation and it has greater error. The fegwhows that with the selected
parameters the filter gives good results at ieensin the magnified segment that the

filter has an acceptable time delay (~4 ms).

Actually, most of the haptic applications do noe usertial forces in applications.
Most generally, users touch some surfaces havinffnets and damping
characteristics. However, in this study inertiatcgs are also aimed and thus
acceleration measurement or estimation is requifeat. this purpose, general
approach is to use a numerical differentiationradtgood velocity profile is obtained.
In the methods that use the numerical differemirato estimate velocity, the second
differentiation increases the errors more and gdlyeracceleration estimation
becomes impossible. Thus, using Kalman Filterstmeleration estimation becomes
more suitable. To estimate acceleration a consteceleration model is used similar

to constant velocity model. The state transitiotrixdor this approach is

1 T T2/2
f=01 T (6.6)
00 1

in this case the predicted states can be written as

R, =& +Tx +(T?12)% (6.7)
X =X +TX (6.8)
X =X (6.9)

and the corrections are made after predictioR arid calculation dK as in Eq.6.4

and Eq.6.5 for position and velocity, and for aecation it is made as
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)A(i+1 = )A(i_+1 +Kiy (yi+1 - )A(i_+1) (6.10)

The code is similar to the one for constant vejonibdel as given in Appendix A
but with some differences. The matfixgiven in Eq.6.6 antH , P ,Q and R

matrices become a 3x3 square matrix and measureamehstate matric&s and

X become 3x1 matrices and state order rises to 3.

In the experiment the acceleration measuremensgasgiven to the filter obtained by
the second derivative of the velocity numericatpwever, 20 steps back is traced to

make it smoothe® andR matrices are selected as

01 0 O 001 0 O
Q= 0 01 O R= 0 010
0 0 01 0 0 1
° — T T 1 T T T T
Kalman ca | | | . . .
4---- monitor ERREERE R To----- SREEEED SAREEEED SREERER
disc. deriv.

Yelocity [radds)
i

0 10 20 30 40 50 60 70 80 90 100
Tirme [ms]

Figure 6.6 Velocity Est. — Kalman Filter Const. Aed_ow Velocity Region
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The velocity estimation with inclusion of accelérat measurement can be seen in
Figure 6.6 and Figure 6.7. For both low and higloeiéy regions the Kalman Filter
gives close results to the monitor velocity andsiclear that it is superior to the

discrete derivation estimator. With current magstimations forQ and R the filter

seems to perform well. The filter has a negligiblg (~2ms for low & high velocity
regions) compared to monitor signal.

Acceleration estimation is a more complex work.rgdsthe just previous velocity
measurement data for differentiation increases dhers resulting in increased
oscillations. Thus some steps back are tracedwe aamoother acceleration profile.
This profile is used as the measurement data divéime Kalman filter. The result is
compared to the acceleration monitor signal (frorarfSon encoder) in Figure 6.8.
The filter gives good estimation results with @lditgreater delay (~5 ms) than the

one for velocity estimation.

16 ! ! T ! I
' ' ' Kalman ca
| | L | monitor
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Figure 6.7 Velocity Est. — Kalman Filter Const. AecHigh Velocity Region
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Figure 6.8 Acceleration estimation with Kalman &iilt- Constant Acc. Model

6.3 Control System Applications

In this section velocity/acceleration estimatiord draptic control implementations
are presented. The applications demonstrate th&rotagorithms mentioned in
Chapter 4, Virtual Reality for visual perceptiordagffects of estimations of velocity

and acceleration on the force feeling.

For output confirmation and different control applions, a force transducer is
attached to the back side of the knob of the Hapdix. The relation between output
voltage and the input torque is not given in thec#rations of the transducer and it
is found experimentally as show in Figure 6.9. Aytee arm is fixed to the front side
of the transducer and from a 10cm distance sewaiglhts are applied. The relation

between torque and voltage is shown in the figler getting a constan,

converting the output voltage to the correspondorgue value, a line is fit to the

48



max & min values of the measurements as seen infigliee and its slope is
calculated. This assumption is done depending enlitiear transition seen in the

figure. The voltage-torque constant is calculatd a

K, =1.027Nm/V]

measure
curve fit
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Figure 6.9 Transducer output voltage & torque inmpldtion

Another component that has to be experimented lfteimng a constant parameter
was the Copley 413CE servo amplifier. It is confeglito torque mode so for a given
voltage it applies a corresponding current to th@ Brush motor. However the
relation between reference voltage and currentubus@s not known. Thus, firstly
the motor is replaced by a 5W 33R resistor andectrilowing through it measured
for different voltages. Second, the motor is repthby the resistor and its shaft is

held stationary. It is seen in the experiments tiatelation was linear as shown in
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Figure 6.10 (test results with motor). A line isth the max & min values and the

slope of the curve, that is the constépt is calculated as

K,, =-0.6385A/V]

d T T T T T T I I
: ' : : : measure
] s e curve fit |

Current [A)

-8
-10 -8 -6 -4 -2 0 2 4 B g 10
Voltage [V]

Figure 6.10 Copley 413CE reference voltage & outputent relation

After the constant€, andK,, are obtained, a variable reference voltage isngtee
the amplifier and the corresponding torque is cagdy the measured one. It was
seen the profiles show the same characteristicselfetence torque leads measured
torque in both negative and positive torque valmesmeans of torque magnitude.
This showed that the calculated measurement cdntamas greater than it had to
be. This comment is done depending on the factttigatest for Copley 413CE was

much more reliable than the test for transducerbiaglon. The measurement
constant is lowered to
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K, =10[Nm/V]

and the two curves were nearly coincided as showikigure 6.11. The aim of the
following experiments are not measuring true valfeapplied forces but measuring
the effectiveness of the interface. Fast transtiah high torque values cause an
amount of delay (~20ms) or error because of theitnadded to the system by the
transducer and its attachments. The transducers givaoisy voltage output at
transitions and it has to be filtered. Thus, a Kainfilter is also used here to
smoothen the transducer output as shown in theefigith the red color. The code is

similar to the one given in Appendix A and parameteere set as

Q =0.0005, R=1, H=1
e
reference i i i i i i
2r measurement [T T T T S

estimation

Torgue [Nm)
=

P I T S T SN T AR S A
0 100 200 300 400 500 GOO 700 800 900 1000
Time [ms]

Figure 6.11 Reference, measured and estimatedet®rqu
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6.4.1 Open Loop Impedance Control

As the reflection of the reference force to theruseconfirmed, control algorithms
can be experimented. Open loop impedance contribleisnost generally used and
simple control scheme. Beginning with it makes dtsier to understand other
methods. In this control type, simply the motiortleé Haptic Box knob is acquired
and through the virtual environment a referencedas calculated to be reflected to
the user. For this experiment a virtual disk is eled that has inertia and it was
connected to the ground by a spring and a damperTe Simulink® model of the
interface is showed in Figure 6.12 and block detie given in Appendix E.

motion Zd torque

VIRTUAL CONTROLLER HAPTIC BOX
EMVIRCHNMENT

meaition

Figure 6.12 Simulink model of open loop impedanuetiol

As stated before in these experiments the effdckabman Filter is also important
and it is also mentioned. In the experiments wlreloop impedance control it was
seen that after certain inertia and damping foroéd, the system became unstable.
Actually, when the parameters for inertia and damgpset high and than the
simulation started the knob starts to oscillatelot speeds velocity estimation error
is much higher. When the knob is stationary atighiposition velocity and
acceleration are zero and no corresponding torsjapplied to the knob. However,
when the user just touches to the knob a smallamatiith larger error compared to
high speed error occurs. This error magnifies ®rtia and damping gains. This
starts an oscillation and system behavior becomestable. Thus, several
experiments are done to determine those paramétezdransducer is detached from
the Haptic Box to reduce unmodeled dynamics thégctsf inertia gain limit too
much. Sampling period is set To= 0.001s for the experiments. The power supply
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characteristics are not certain. However it is meteed that a torque value HBBNm

on the knob can be generated by the motor.

The Virtual Environment is a model with stiffnestamping and inertia and the

reference force is calculated as
I‘ref :|C}+bC}+kC} (611)

Where q,q,c} are estimated angular acceleration, velocity aoditipn values

coming from the Kalman Filter. They are multipliegd the corresponding constants
and added to each other to calculate the referemgeie. In the experiments it is
seen that the stiffness g&irdoes not have a limit value affecting stabilizatidlso,

it is seen that oscillations begin at abwetl.5 Nm* s/rad] damping coefficient
andi =0.0043Nm* s"2/rad] inertia. This value corresponds to the inertiaaof

aluminum disk withlcm thickness an@0.3cm diameter.

6.4.2 Impedance Control with Force-feedback

Impedance control with force feed-back is done ewipf the torque transducer
actively in the interface as shown in the Figur&36.The measured torque is
compared by the reference torque and torque esrgiven to the force control block

as an input. A proportional control law is useaaatrol the force.

For reference torque calculation Eqg.6.11 is usaihagd he output of the filter gives a
very smooth voltage output. P control law is usedhie force control block and it
was set a j =- 02By this method the maximum damping coefficierttban be
reflected satisfying stability wasb=2[Nm*s/rad] and the inertia was
i =0.00§Nm* s"2/rad]. This value corresponds to the inertia of an ahwm disk

with 1Icm thickness an@®0.84cm diameter.
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Figure 6.13 Impedance control with force-feed back

6.4.3 Admittance Control
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Figure 6.14 Admittance Control

In admittance control the force is supplied to ¥iveual environment and motion is
taken out through the desired admittance as showigure 6.14. The reference
motion is calculated using the Eq.6.11. As in tdmitance display mode the input
is force and the output is motion the equation nhestreversed. Thus, Laplace
transform of the equation was taken assuming zetialiconditions and Eq.6.12 is

obtained.

q(s) = mf(s) (6.12)

Once the measured torque is given to Eq.6.12 tlod kosition is obtained. After

that a position controller can be employed to aunttevice position. In the
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experiments with admittance control a spring maaela virtual environment was
simulated and it was seen that the interface words. However, the experiments

for damping and inertia reflection did not perfonall as the system was unstable.

6.4 Case Study

In haptic interfaces the control loop is closedlg virtual environment. The virtual
environment in the haptic interface is the placemhthe reference control input is
generated. The reference input is calculated acwprib the virtual environment
properties, and it is given to the control unithe form of force or motion according

to the type of the display mode as described inp@inad.

For representing virtual environments, differenttmoels can be used. A 3D
environment for representing the virtual environingould be the best way to make
it realistic. Thus, several 3D modeling languages ased in such applications.
OpenGL® and DirectX® are most popular platforms fdeveloping those
environments and VRML (Virtual Reality Modeling Lgunage) is another language
to model interactive virtual environments. As thengral application platform for
system implementation is decided to be MATLAB® &ichulink®, the preferred
language for developing virtual environments is VIRMas Simulink® uses this

language to simulate virtual models in its VirtRadality Toolbox®.

The virtual environment of the haptic interfacemsdeled so that it contains mass,
damper and spring. The Virtual Reality Toolbox®S3imulink® is used to display
and simulate the virtual environment. Virtual RBalloolbox® accepts the virtual
environments modeled using VRML language. Thus, ah@ronment is modeled
using a CAD program and it is saved as a VRML fileere is a program coming
with MATLAB® named vrbuil2 which can also be used to model the virtual
environments. In this study it is used to modifg MRML file created by the CAD
program previously. After modeling of virtual emmiment is complete, Virtual

Reality Toolbox® is used to add it to the interfaBicks of this toolbox can access
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the objects in the modeled virtual environment.iifpesition, orientation, scale, etc.,
can be modified in real-time according to the ruefined by the Simulink® model.
This is the method used in this study to visualiee virtual environments as shown
in Figure 6.15.
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Figure 6.15 Simulated Virtual Environment

As the Haptic Box is a 1DOF haptic device the \dttenvironment is also modeled
as a 1DOF mechanism as shown in Figure 6.15. Thb lwith blue-white color is
the part the user interacts with via the Haptic BRorb. As the user rotates the knob
the knob motion is converted to a linear motion,abyack and pinion mechanism,
which is identical with the motion of the mass whis yellow colored. To the left
side of the mass a spring and damper couple ishatthto apply stiffness and

damping effects to the mass and so the user. Theavknob does not have dynamic
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properties so it does not add inertial forces ®iistem. The open loop impedance

control algorithm is used to control the interface.
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CHAPTER 7

CONCLUSION

7.1 Conclusions

In this study Haptic Devices are presented and ttaitrol strategies are explained.
In the way trough the control applications impodanof precise motion
measurement/estimation is emphasized. General itelestimation algorithms are
examined and Kalman Filters is found to be the.b¥eststated in the related chapter
acceleration estimation from an incremental encexlaot examined too much in the
literature. And, acceleration estimation usingKlaéman Filter is made and found to
perform well. Control strategies are tried expentadly by employing the motion
estimators modeled previously. It is gathered ftbenexperiments that the feeling of
touch is not affected by the motion estimator, ikato say the estimator does not

unstabilize the system.

The control schemes are experimented and satisfaptsults are taken from the
interface. Especially inertia feeling witipen loop impedancandimpedance control
with force feed-backlgorithms were very good. Stiffness and dampeglifig was
very sensible. The inclusion of force feed-back itlite control strategy increases the
capability of the interface as the maximum values ihertia and damping were

increased.

Tests for admittance control algorithm was alsoedand unsatisfactory results are
taken from the system. The reason was dependinth@modeling errors. From
these results it can not be concluded that adnoitaontrol strategy is not a suitable

algorithm.
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7.2 Future Work

The interface works well but admittance contrologihm can be studied more and
implementation with this algorithm can be done. Hagptic Box is a 1 DOF haptic
device and can only simulate 1 DOF virtual/remotevi®mnments. For more
flexibility a new haptic device with more freedomsan be constructed. As the
degrees of freedom increases the control strategprbes more complicated. For
this new device new control strategies can be éxgated and new algorithms can

be developed.
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APPENDIX A

KALMAN FILTER CODE FOR CONSTANT VELOCITY

MODEL

function [p_e, x_e] = HBkalman_cont_vel(measurement , p_prev,x_prev)
% by Suleyman Bideci
% Haptic Box study
% Kalman Filtering
%measurement --> 2x1 for const vel — 3x1 for const acc
%p_prev  --> 2x2 for const vel — 3x3 for const acc
%x_prev  -->2x1 for const vel — 3x1 for const acc
%system matrices
T = 0.001; %sampling period
A=[1T; 0 1]; %system matrix
H=[10; %measurement matrix

01];
y = [measurement(1); %measurement input

measurement(2)];

%manipulate P and x previous matrices
X_prev_est = [x_prev(1);
x_prev(2)];
p_prev_est = [p_prev(1) p_prev(2);
p_prev(3) p_prev(4)];

ql1=0.1;

g22 =0.1;

Q_est=[q1172 0; 0 g22"2];
ril =0.01;

r22 =0.1;

R_est=[r11 0; 0 r22];

state_order = 2;

%KALMAN
[p_pred, x_pred] = KF_prediction(x_prev_est, A, p_p rev_est, Q_est);
[p_est, x_est, Kalman_gain] = KF_correction(H, R_ est, x_pred,

p_pred, y, state_order);
7
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%outputs
x_e = [x_est(1) x_est(2)];
p_e =[p_est(1,1) p_est(1,2) p_est(2,1) p_est(2,2)] ;

%kalman loops

function [p_prediction, x_prediction] =

KF_prediction(x_prev_estimation, A, p_prev_estimati on, Q)
X_prediction = A * x_prev_estimation;

p_prediction = A * p_prev_estimation * A' + Q;

%end function

function [p_estimation, x_estimation, Kalman_gain] = KF_correction(H,
R, x_prediction, p_prediction, mea, state_order)

Kalman_gain = p_prediction * H' * inv(H * p_predict ion*H' + R);
X_estimation = x_prediction + Kalman_gain * (mea - H * x_prediction);
p_estimation = (eye(state_order) - Kalman_gain * H) * p_prediction;

%end function
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APPENDIX B

HAPTIC BOX COMPONENTS AND EXPERIMENTAL

MATERIALS

Specifications of electromechanical and mechamicaiponents used in construction

of the Haptic Box are given in this section.
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V16 03 lielfdeen $ 0.5 05 <N 155 =1
1

Motor Data

1 Assigned power rating w

2 Nominal voltage Vol

3 Mo load speed rpm

4 Stall torque mMm

5 Speed/ torque gradient rpm S mm

& Mo load current mA

7 Starting current A

g8 Terminal resistance Chm

9 Max. permissible speed rpm
10 Max. continuous current A
11 Max. continuous torgue mkm
12 Max. power output at nominal voltage W
12 Max. efficiency %
14 Torgue constant mMm £ A
15 Speed constant rpm SV
16 Mechanical time constant ms
17 Rotor inertia gom?
18 Terminal inductance mH
19 Thermal resistance housing-ambient KW
20 Thermal resistance rotor-housing KW
21 Thermal time constant winding &

Figure B.1 Maxon RE40 DC Brushes Motor Specifiaadio
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Only 16mm in diameter and up to 5000 ppr. -True lines.
Up to 20000 Counts

ENCODER TYPE

SMD - TECHNOLODGY

HIGH IP-RATING

LOW CURRENT CONSUMPTION

SHORT CIRCUIT PROTECTION

POWER SUPPLY

STRONG MEC. CONSTRUCTION

Micro hollow shaft encoder
iblind end hollow shaft )

Strong compact electronics
Std. IP 84 {with IDC; IP 50)

To be connected directly to
PLC'S and counters

Thermal shut down at 155°C

5 voits to 12 Volts + 10% { TTL )
{on request up to 24 Vals)

Based on 2 precision ball bearngs
for mdustrial environment

At +25°C

Output Totempole Weight, excl. Cable About15g
Output waveform Incremental (&, B) Materials:
Zero or index pulse {Z) one prirev. Housing Braszs [ Aluminum
Supply-voltage 510 12 V (on request up to 24 Volts) Shaft Brazs
Current {no load) 35ma Eearings Lifetime lubricated ball-bearings
Max. load pr. output | 20ma (Short circuit protected) Fixing clamp § Brass
W out low Max. 500 m\ at | out low = 10 mA H.-Shaft dimensions | @1.5mm - @2mm - @3mm - 148"
Operating temp. _20°C to +70° C H.-5haft loads Axial max. 10N
Storage temp. -20° C to +85°C Radial max. 10 N
Max. pulse frequency | 200 kHz Max speed 12.000 revfmin.
' aut high Min. (Vin -0,6) @ | = -10maA |P-rating IP 64 (with IDC; IP 50)

Min. (Vin -1,3) @ | = -25mA Start torque =0, 005 Nm at 25°C
Cable data S-leads (0.05 mm?) shislded or Massmoment of

10-leads flat band cable 0 10mm® inertia 0.25 gem?®
Qutput signals Differential (RS-4224 compatibie) Max. shock 100 G/11 ms
Certified acc. To EN 50081-1 and EN 50082-2* Bump 10 G - 16 ms (1000 x 3axis)

“ibration (10 - 2000 Hz Y110 G
*MA with flat band cable

IDC Differential [ inverted Qutput; |
PIN No. Output; D J (HP_compatible)

1 NC Ainv

2 Vee NC

3 0 volt (GND) NC

4 NC NC

5 A ny MNC

5] A 0-Yolt

7 B inv NC

8 B B inv

9 Zinv VCC

10 z z

NOTE: Inverd also called HP-Standard

N
NEB

o) ————
{1 e—
[5]6] ——

Pin 1 red mark

235+0.2

Max 14 deep

20,520,2
e |

=
al- - .
1
View options for T
hollow shaft i
2102 |5
'_._‘Lﬁ::Dj_._l
Max 14 dee NOTE:
™l For mounting view
i '3- § mounting instructions
—| onnext page

Figure B.2 Scancon Encoder Specifications
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Models 412CE, 413CE, 421CE, 422CE,
DC Brush Servo Amplifiers

TECHNICAL SPECS Test conditions: 25°C ambient. Load = 200pH. in series with 1 .. +HV = max nermal value
MODEL 412 413 421 422
QUTPUT POWER
Feak power A & B0V +I0A & B0V TT0A @ 770V A & 2770V
Peak time 1 sec at peak power or 2 secs. after polarity reversal
Continuous power +10A & B0V +154 & B0V 54 @ 2170V +104 & 170V
QUTPUT VOLTAGE HVout = £HV{0.97) - (Ro)"{lo)
Ro=02 Ro=0.15 Ro=04 Ro=0.2
LOAD INDUCTANCE Zelectable with components on header socket: 200 pH 1o 40mH
BANDWIDTH Curent mode: 3kHz with 200pH load at maximum supply voltage, vanes with
load inductance and RH20, CH18 values
(Small signa’, -2dE. freq) Voltage-fzedback mode: 200Hz max
PWM SWITCHING FREQUENCY AEkHz
REFERENCE INPUT Differental, 100K betwreen inputs, 2200 maximum
GAINS
Input differential amplifier X1 (Mol Fvolt)
PWM transconduciance stage peak [ @V ( | peak = peak rated output current; BY measured at

Current Ref J2-8 or Current Monitor J2-8 )

Figure B.3 Copley 413CE Servo Amplifier

HEDS5540 Optical Encoder

HEDS 5500 HEDS 5540 HEDM 5500

Lines per revolution [ 100 - 500 100 -500 | 1000-1024

Slgnal output, square wave 2 241 Index |2 channels
supply voltage Vi [45..55 VDo
Current consumption, typlcal (Vec = 5V DC) lec 17 &7 &7 ma
Pulsa width P 180 + 45 180 + 35 180 + 45 “a
Phase shift, channel A to B i 90+ 20 20+ 15 90+ 15 “a
Logic state width 5 90 + 45 90 + 35 90 +45 “a
Cycle [ IS0+ 55 3055 365075 ]
slgnal risefall time, typlcal trf  |0,25/0,25 us
Frequency range " f up to 100 up to 100 2 | up to 100 kHz
Inertia of code disc J 0,6 gom?
Operating temperatura range —40 ...+ 100 —40 ..+ 70 =C

elodty (rpm) = T {HZ) x 60/M
3 HEDS 5540 requires pull-up resistors of 2,7 k4 batween pins 2, 3, Sand 4 (V-2

oOrdering iInformation
Encocer type number lines
of channels| per revolution For combination with:

HEDS 5500 € 2 100 DC-Micromotors and DC-Motor-Tachos
HEDS 5500 & 2 =l v] Serles

HEDS 5540 C 2+1 100 2230, 2233, 2251

HEDS 5540 A 241 00 2342

HEDM 5500 B 2 1000 2642, 1657

HED:M 5500 ) 2 1024 3242, 3257, 3557, 3863

brushless DC-Servomotors
Serles
2036, 2444, 3056, 3564

Interlocking connector options: extension cables 300 mm length, on request.

Figure B.4 HEDS 5540A Encoder
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Analog Inpart Max lmprt Analog
Family Bus Impurts Resolution  Sampling Rate Ramge Outputs
NI BOT1E PCI, PXI 64 SE/32 DI 12 bits 1.25 M5/s +0.05 to 10V 2
MIBOTOE | PCI, P, FireWire 16 SE/E DI 12 bits 1.25 M5/ +0.05 to 10V 2
NI BOEZE FCRACIA 16 SE/8 DI 12 bits 500 kS/s £0.05 to 10V 2
MIBOSZE | PCI, P, FireWire 16 SE/E DI 16 bits 333 kS/s £0.05 to 10V 2
NI G40E PCI, PXI 16 SE/8 DI 12 bits 500 kS/s £0.05 to 10V 2
NI BIE3E FCI G4 SE/32 DI 16 bits 100 kS/s 01 to 10V a
MI BOEZE FCI 16 SE/2 DI 16 bits 100 kS/s 1 to 10V ]
NI BOE1E PCI, PXl G4 SE/32 DI 16 bits 100 kS/s 1 to 10V 2
NI GOE0E PCI, PXI 16 SE/8 DI 16 bits 100 kS/s 01 to 10V 2
NI BOZ0E NIUSE 16 3E/2 DI 12 bits 100 kS/s £0.05 o 10V 2
Analog Output Qurtput Qutput
Outputs  Resolwion Rate Range Digital 'O  ComnterTumers Triggers
2 12 bits 1M5/s 10V B 2, 24-bit Analog, digital
2 12 bits 1M5/s 10V B 2, 24-bit Analog, digital
2 12 bits B50 k(s 10V B 2, 24-bit Analog, digital
2 16 bits 333 kS/s 10V B 2, 24-bit Analog, digital
2 12 bits 1 M3/s 10V B 2, 24-bit Analog, digital
0 - - - B 2, 24-bit Analog, digital
0 - - - B 2, 24-bit Analog, digital
2 16 bits 100 kS/s 10V B 2, 24-bit Analog, digital
2 16 bits 100 kS/s 10V B 2, 24-bit Analog, digital
2 12 bits M5 10V B 2, 24-bit Digital
Figure B.5 NI PCI6052E Multifunction DAQ
Counter/ Max Source
Family Bus Timers Size Frequency Compatibility Digital I/0
NI 6601 PCI 4 32 hits 20 MHz! SVTIL/CMOS Up to 32
MI BE02 FCI B 32 bits a0 MHz! BVTIL/CMOS Up to 32
FXl
NI BE08 PXl B 32 bits 80 MHz! BEVTIL/CMOS Up to 32
Debouncing/
Pulse Buffered Glitch Dscillator GPS Buffered Operations?
Generation  Operations Removal Stability  Synchr. DMA Interrupt ~ Page
v v v 50 ppm - 1 3 38A
v v v 50 ppr - 3 5 gl
v v v 75 ppb v 3 b 388

Figure B.6 NI PCI16602 Counter/Timer DAQ
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CIR. PITCH BORE STYLE MATERIAL BERG'S & NAME CHAIN
Abaminum ]
Flex-E-Geark | Oporates with
! par DIN 3.13585 ) :
2.50mm 26 PIN HUB Chain Drive PECE Sares

= For 18- 24 t=sth, hub diameter equals 118,
Odher numbens of testh avallable on reguest.

iRt} (R

PO O

STOCK NO. OF PITCH OUTSIDE
NO. TEETH DiA. Dla.
I2B106-18 18- 1428 15.88
32BA0E-20 20 1588 17.47
3EB10s-22 e 1746 19.05
I2B106-24 24~ 19,05 20,64
IEB106-26 i 2064 2B
32B105-28 e il 2382
I2B106-30 30 i 25.40
IEB10s-32 3z 2540 6.90
I2B108-36 ] 2858 017
I2B10E-40 Lhil TS 3334
IZB105-48 48 A0 1060
32B106-56 56 4445 46.04
IZB10E-54 (21 50,80 5230
3EB10s-T2 T2 5715 58.7T4
J2B106-80 80 B350 65.09
32B10E-88 a8 (2R T1.44
I2B105-06 ] TE20 Tr. T8
J2B106-112 nz 8890 90,49
I2B10G-128 128 101.60 103.19 WWW.WMBERG.COM

Figure B.7 W.M.Berg Sprocket Gear

PITCH | CIRCULAR PITCH MATERIALS BERG'S & NAME SPROCKET
Polyurethan e (Blus) . |Oparates with 328, GG33
32 .0982 018 Dis. Stainiess Siel Canter | F1@X-E-Gear® | ™y cnras colios

Polyurethanae

Cable
= For Field Splice Kit order 32GCF-T.

* Awallsble with Aramid Cors. Se2 page VI for
alfematve belf conatruction or reverse banding
apphcations.

**Reducs operating koad rating by 509 for Seld aplioss,

WWW.WMBERG.COM
Figure B.8 W.M.Berg Polyurethane/Steel Cable Chain
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APPENDIX C

HAPTIC INTERFACE ELECTRICAL CONNECTIONS

The electrical connections inside the Haptic Boa Aetween Target computer and

the Haptic Box are presented in this section.

72



Pooer Switch

GHD[—

MF DNDEX e 1
M- e 3
Vet 4

:
e 3
5

RE40 & HP3340
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Configuration for the Coplay 413 CE amplifier

The amgplifier will be confizured in current (torgue) control mode, with zain pammeter chosen
appropriately for the motor that will be vsed.

DIF switches:

- 81 OFF . Confizgures Enablz inputs such that Open Circvit on the Emersnency button disables the
amgplifier

- 8200 . DHzables the intesrator stage

Confizuration compenants

- RHI: vninstalled {dafault)

- CH2: 0.22uF (dafault)

- BH3: 1K (dafault)

- RH4: vninstalled {d=fault)

- CH3: vninstalled (default)

- BH6: 100K (dafault)

- BH7: vninstalled (dafanlt)

- CHE: vninstall=d (default)

- BHS: 100 (d=fault)

- RH1(: vninstalled (deGult)

-RHI11: 100K {d=Gnlt)

- BH12: 60.4E (dafault)

- CH13: 220¢F (dafault)

- RH14: vninstalled (defanlt)

- RHI13: 33K (limits peak coment to 60%% of max. 16A for 413CE)
- RH16: 100K (limits cont evrrent to 80% of max. 124 for 413CE)
- RH17: vrinstall=d (dafanlt)

- CHI18: 4 70F (d=Gult)

- HDR1%: +- 13vovtpet DO NOT CONNECT!
- BH20: 806K (defaultwith 413)

Figure C.3 Configuration for Copley 413CE Servo Aifigy
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APPENDIX D

HAPTIC BOX TECHNICAL DRAWINGS

Technical drawings of the components forming th@tidaBox are presented in this

section.
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Figure D.3 Vertical Plate Middle
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Figure D.4 Horizontal Plate
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Figure D.5 Top Wall
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Figure D.6 Left Wall
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Figure D.9 Right Wall
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Figure D.13 Motor Holding Plate
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Figure D.14 PinD5 & Disk Bracket
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Figure D.16 Handle Shaft V3.0
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Figure D.17 Knob
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Figure D.18 Knob Neck
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Figure D.19 Handle Shaft V4.0

94



v

| 1

EHKE,
VL 13EHs| 1Y (0000 (B iHDIEM iy 3TIvOS XXX
J1%0 A dIND | S30
X 7Y 00 SO
JAEl=] HIFANN DN IMYEd| 371 S 3190 Ad d3IHZ3IHD
SpInNoJdainpsund | Bl UplASe | NS
J1%d A NWFHd

JIL1L SN IMYed

dvH 18foud

sjuemesl Bo usyliam ana
INGUL LM PELED IUNLLICD 1D
peanpaddal &g 1 uba 3|
sA1dadoad uno s Buisoap sy

51

0w eleE [

Figure D.20 Transducer Guide
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Figure D.21 Transducer Adaptor 1

L:g el |0
13158 0D
+e
2 o)
Ty Fiai)
pr e
O
Pin! s p— &
R 1
|
i i
1tz 1¥8310 2l [Bde ga L1z Media
11158y g9-9 v -1 GA—/Lo— | " PPXT L11S8Y vV
oM [s)]
| B
N . /
o E—
o

Sy
N -

T Syl yod &g
S 07

L7l
<t




Figure D.22 Transducer Adaptor 3
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Figure D.23 Motor Holding Product V3.0
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Figure D.24 Handle Product V3.0
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Figure D.25 Handle Product V4.0
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Figure D.26 Main Frame
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Figure D.27 Cover
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Figure D.28 Haptic Box
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APPENDIX E

SIMULINK BLOCK DETAILS USED IN EXPERIMENTS

General control diagrams of the control methodsgare in the respective sections.

In this section, details of those blocks are given.
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E.1 Open Loop Impedance Control

Figure E.1 Virtual Environment Model Block

Figure E.2 Haptic Box Block

Figure E.3 Controller Block
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E.2 Impedance Control with Force Feed-back

Figure E.4 Virtual Environment Block

Figure E.5 Controller Block

Figure E.6 Copley Parameters Block
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Figure E.7 Haptic Box Block

E.3 Admittance Control

Figure E.8 Virtual Environment Block

Figure E.9 Copley Parameters Block
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Figure E.10 Controller Block

Figure E.11 Haptic Box Block
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