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PREFACE

The theoretical, practical methods and the compuitggrams dealing with cordinating
and adapting the appropriate virtual reality visual display with the corresponding sensory
feedback (force, tactile) in process simulation for PHANToMotiob with a time delay
using image understanding technolodiasedon newtechrology - Intelligent Parametric
Visual Thinking System (IPVTS) werdeveloped.

This visual environment system is baseda computer program using M3Visual
C++ with MFC, OmnGL highlevel language for araphic environment, and driver
prograns for PHANToM integrated withihe IPVTS. This virtual environment allows us
to solve the tasks related with animation ofual objects, interactions of objectath
reflected forces, control tasks feirtual objects in Realime, and simulation of time
delay.

The system dynamics experimentere conducted to study themulation of the
time delay into the contrééleoperation system and tferce feedback rg@nse for
the slave robofThis experimentvasconductedising aPHANToM rabotic simulator and
virtual modeling based on the IPVTS with different time del&9 s,0.5 s, 1.0s and 1.5s
and more. The goal of thesgperimets is to compare the stability tfe control system
with the time @lay and without the time delag wellas the forces being on or off.

Theseexperimats were also conducted witbrce reflecton and force feedback.
Here the force feedback response wi@efined as having a feedback function (a&sb
distance into virtual model) whefeedack haseenrepresentethy i v i rfdrcadanto
the visual model. Ushasbeen used of the alternative controllers suciPrd&NToM
Haptic Robot interface, computer mouse, 3D viswaltrol system, and computer cottro
software. The goal of these experimast® compare the stability of the control system
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with the time delay ah without the time delay usinthe different types of sensory
information and when the cues work together with the intelligendimensional
parametric control. It allows the user to obta the advantage othe intelligent m
dimensionaparametric contrdbased on IPVTS.

We experimented a great deal on combinations of parameters tigngvave
controllers based on computer modeling in Raate system for the PHANToM master
and slae ina virtual 3D environmenwith time delay and withoutlelay for norlinear
control laws.We have shown theuccessful means of stabilizing remotely controlled
teleoperation systems when time delays may be present of up to 1 sec.

A methodology is propsed to design a human machine interface to enhance the
sensitivity of the operator to an environment, which he is remotely located from. A
procedure termed fAistochastic resonanceo pr oV
interface parameters to beanipulated include the level of force feedback from a joystick
controller as well as groprioceptive signals derived from a motion chair device.
Originating in physics, stochastic resonance, in principal, means that a small, but non
zero, amount of nee is inserted into the humdrsplay system through various sensory
modalities. It is demonstrated that the operator has enhanced sensitivity to the overall
interaction through this exposure since performance improvement and situational
awareness are bothfluenced by this design. An experiment was conducted and data
obtained from nine subjects in a simple disturbance rejection tracking task. A theoretical
investigation of why such a systemorks is presented both frompaysics perspective as
well as fom examples that provide a mathematical basis. These analogies are introduced
to add credence to the method presented here as well as to understand the underlying

reasons why this method (which, at first, seems counterintuitive) has advantages in



certainapplications
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STATEMENT OF THE PRO BLEM

The objective of this research is to develop better theoretical and practical methods
for using virtualreality, image understanding teciogies, and conceptual parametric
objectoriented design for control strategies in Robotdgorithms and softwarghat is
based on coordinating and adapting the appropriate virtual reality visual display with the
appropriate sensory feedback (frdactile) for modeling high-level descriptions of
the sensing of surfaces, shapes, and textures.

The Human Sensorlfeedback (HSFproject at the AFRL headed I3r. Repperger
[Reppergeret al., 1995, 1997, 200Q ] captures attention of computscientists and
engineers as a new methodology for building hunedrot technology and for the
support for many aspects of requirements analysis that simulates an expert in the
performance of control tasks.

However the problems of control inoBotics based ohumanlike control behavior,
with the appropriate sensory feedback for a integratedimalsystem, are complex and
manysided. During this transformation process the HSF provides automated support
for many aspects of virtual regliinterfaces using Visual and Haptic rendering based
on maintaining consistency between graphical views and algebraic notation of a design
[Reppergeet al.,, 1995, 1997, 2000 ]

Thus engineering methods and procedures that encompass bothrigeantenon
geometric objectgequire a level of humalike inteligence for understanding this
paradigm,which current methodslo not support. Most of & existing systems can
execute direct humainstructions yet cannot help him abstract thinking. Qusidering

this analysis, theesearch objectives of this proposal are:



e To develop theoretical and practical methods of coordinating and adapting the
appropriate virtual reality visual displayith the appropriate sensorigedback
(force, tactile)in a simulation for robotics usingnage understanding technologies
based on new technologyntelligent Parametric Visudlhinking System (IPVTS).

e To transform a visual spatial modeko a control process algorithm to achieve the
requiredfunctional properties with optimadharacteristics.

e It is necessary to creathe IPVTS that has an intelligent hurride® engineeing
methodology where desiggeometry, analysis, intelligent control and optimization
are combined into a giihe computational system to aid in engineering design using
high-level visual prototyping.

BACKGROUND AND RELEV ANCE TO PREVIOUS WORK
The need for investigations of alternative sensory feedback, such as with a haptic
interfaee, is indicated by being extremely important for adaptive remote control of
complex integrated systems. This is because the human hand is a powerful tool through
which the human brain interacts with the wofReppergerl997], [Flanagan2002].

According to publications[Reppergeret al., 1995, 1997, 200(nd other scientists

[Flanagan2002], it is necessary to note that fundamental research in development

methods of haptic interfacesafidv i rt ual f orceod met hodol ogy ha

inimprovingt he operatordés ability to observe and
The paper Reppergerl995] addresses adapting the kinematical control for robots

and concludes with a review and description of prior work with problems involving

dynamics, contrp design , the trajectory and speed planning utilizing control, and

data flow based on the mathematical model using Dehewtenberg transformation

[Repperger1995]. This paper shows how the seeent coordinate systems based
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Denevit- Hartenberg transformation are used for the formal model of the components
orientation. To improve these developments we define the focus for this proposal on
intelligent humarrobot interface mdels for generating the glob&rmal graphical
universalmodel baed on sensory perception ansual thinking.

In the work Reppergerl997], it describes how a haptic interface was correlated to
the visual scene displayed to the pilots.

Early research in this area has demonstrated certainitserfefising Virtual Reality
Systems. In the reference [Floyd 1999], this author has developed the system in which
the PHANToOM can interact with the 3D bitmapped virtual environments using the
Cellular Automata CAMB Modeling. Methods for control in Robcg based on the time
delay and the wave variables aiescribed, also, to desighe systemwith high
effectiveness. This bitmappesimulation allows the extracteposition dataand return
force data directly with theHANToM robotic simulation. It allos the user to créaa
very universal method ofmodeling. This is main advantage of this system, but this
system has low speed for complex systems andresgai very large computational
resource. It should be noted that this system has a lower enofiontrol parameters
for the objects involving optimization.

However, it is nore important to integrate thditmapped environment and the
discrete dynamical system with milevel computational systetvased on a graphic
implementatiorand a combination of heuristics [Tikhonov 2002].

Extending on these works we believe that there is a need for a fundamental work to
automatically generate suitable control strategies for sobatl position tracking
involving complex shape surfaces and textures, such a model has alfeatdersisual

model in the query using formal graphic specifications and visual thinking
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To improve these developments we define the famughis proposal based on
intelligent humarrobot interface models for generating the global formal graphical
universal model based on sensory perception and the visual thinking.

Creating of integration mechanisms for IPVTS which will \pde the integration
including multi-sensory feedback tools, using mathematical modeling and programming
languages ( C++, Java, Visual Basic.), and other integration formats and databases.

GENERAL METHODOLOGY AND PROCEDURES

Exterding the robotics mod¢IRepperger 1995], it is required to develop a new

discrete dynamical system ( Fig. 1) as Helel computational systems with graphic

implementation and a combination of heuristics:

G =[V,ETMWCM XM, YiM), Zi(V), Ai(M,HF; (V), P (V), PF; (V), BD; (V),

TO; (V), Wi M) PB; (V), Gi (V), SB (V)] @
where a composite node0G, Viigipelset miwertices dfi o n
regular lattice associateevith edgeskE, minimum execution timd (V) and control

constraintsC(V) associated witly, X; (V), Y (V), Zi(V) are coordinates of vertices of
vectors associated with/; homogeneos: transformation matrixA; (V), heuristic
functions and ruleslF ; (V), parametric constraint3; (V), parametric functio®F; (V),
feedback function (as bias distand@p;(V), text TO;(V); connection weighsW ; (V),
local feedback functio”B; (V), genetic cod&; (V), and optimization criterio®B; (V)

For example, the relative position and oaéioh of frame(XYZ), with respect to
frame (XYZ) ., (Fig. 1), can now be expressed by a homogeneous transformation
matrix A; (V) and complex composition matriA,, (V) (for representation of the

vector 01) which describes the compbsn of the translation matrix,,, the translation

12



inverse matrix T,,,, the rotation matrices Ry, (& , Ryu(f , Ryo(@), R,0,(0),
R, (71 on angles respect to coordinate axes Y;, Z, [ Foley, 1996 ], the inverse
rotation matricesR,, ,(0), R,,,(¢) and scaling transformation matrg,, for arbitrary

vedor 51 as follows:
Ai (V) =Agi(V) = Torr* Rzo11(0)* Ryora(0)* Sor* Ryoa (@ * Ry (B * Rygoa (71
Ryvo1(®)* R0,(0)* Toy )
The structure of IPVTS is a tree consisting of atomic and coneposdes (Fj. 1, Fig
2). ThelPVTS automatically allows the traform of each formal parameter from graphic
specification CAD systemsto a primitive vectoiprototype of fractal homogeneous
neural network in according with the homogeneousomposition the vector
transformation matrixA (V) based on generated hypergrapbdel matrix
A.V)=A A, Aeééeéeeéeé A ,, (3)
The general carept and procedure of IPVTS (Fig. 1, Fig. 2) considtthe followings
steps:
create the intelligent objects with visual information using mechanisms of
homogeneous fractal interpreting visual images (Fig. 1, Fig. 2)s.mathod is based on
selfsimilarity of atomic and composite prototypes and consists in modeling of composite
prototypes lp several smaller fragments thifemselves. The image is sliced in segments
of irregular or regular form using the minimum executiongiT (V) of prototypes (Fig.
1). During this concept, our approach allows structuring the homogeneous composition
transformation matrix (2)A; (V) and hypergraphmodel matrix A (V) (3) into
comporents which can be executedparallel as separate standard parametric prototypes

(For example, the matricés,, A,,, etc.).
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Fig. 1Functionalschema of control strategies for robotics using IPVTS

e generatea homogeneous network of nodes, each of whichbmamf a finite
number of V possible states updates in discrete time steps according to the IPVTS
model (1) with local identical interaction rule (see Fig. 1, 2);

e build initial 3D or mvector parametric model based on Geometric Moge
System (Fig. 2)red model (1)with parametric functionPF; (V) and parametric
constraints P; (V) (for example the forcelusing both he IPVTS graphic
specificationand the full automatic transformation from geometric model or
CAD systems;

e create the intelligent objects with visual information using mechanisms of
homogeneous fractal interpreting visual images (Fig. 1, Fig. 2) . This method is based

on seltsimilarity of atomic and composite prototypes and consists in modeling of
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composite pototype byseveral smaller fragments tifemselves. The image is sliced
into segments of irregular oegular form using the minimumxecution timer (V) of
prototypes (Fig. 1). During this concept, our approach allows structuring the
homogeneous compositi transformation matrix (2\; (V) and hypergraph model
matrix A, (V) (3) into components which can be executed parallel as separate
standard parametric prototyp@sor example, the matricés,, A,,, etc.).

e generatea homogeneous network of nodes, each of which can be of a finite number

of V possible states updates in discrete time steps according to IPVTS model (1) with

local identical interaction rule (see Fig. 1, 2);
e build initial 3D or mvector parametric model based on Geometric Modeling System
(Fig. 2) and model (1) with parametric functid?F; (V) and parametric constraints
P; (V) (for example the force)sing both the IPVTS graphic esgification and the fully

autamatic transformation frorthe geometric model or CAD systems;
« updatea site of nodes of a homogeneous lattice according to a definite heuristic rule

and heuristic functionsiF; (V) that involve a neighborloal of sites around each one

Global control heuristic foall nodes ofa model is a feedback functi¢hias distance)

BD(V) for transform of the parametric constrairRs(V) such as dimensions and

normal/shear forces (§il).

15



Fig. 2 The humamachine haptic interface basewa IPVTSalgorithm

¢ changethe sites of nodes of a homogeneous lattice according to control constraints
C(V), the parametricconstraintsP; (V), a definite heuristic rules and heuristic
functionsPF; (V) involving the values of its nearest neighbors, where the position of
sites around each of the vertices are determined relative to a local sgbtem
coordindes. It is implemented as a sef situationraction rules associated with
Generalized Design Logic, and Knowledge Database (Fig.2) that implements the local
solving method based on triangular systems of neighborhood structures;

o transformof the parametric constraing; (V) or C(V). IPVTS uses the global control
heuristic for all nodes of the model such as a bias distance (feedbBoRy)
associated with local system afoordinates from node to node aldhg edges (Fig.1);

e determineand evaluate the several possible parameters of lattices of the neighborhood

structures for thisstep with respect to global structures for this step and global system
16



of coordinates using both the homogeneous tramsfbon matrixAi (V) and heuristic
functionsHF ; (V) with learning parametric function of geometric objects (Fig.2);
e convertatomic prototypes into madgvel concept's system developing the "intelligent"
parameterized prototypdassesand prototypeobjects using on objedriented analysis
and composition of system from hierarchical modules based on SQL database and
knowledge database (Fig. 2.);
¢ makethe automatic constraints check with dimensional chains and relationships to the
composite prototype;
e repeatall consecutive or concurrent steps for all vertices of a network with computing
connection weigh8V; (V), costweighsSB; (V), and genetic codechromosomes; (V)

for search of optimal solutions.

EXPLANATION OF NEW A ND UNUSUAL TECHNIQUE S
A major difference between the IPVTiBethodology and other systenssthatit
automatically specifies the method requiringarametric autontgally coding for a
genetic structure of the model, of thensers and working componentsat have two
styles for rapid prototyping:

e analytically using algebraic notation and formal $ieation;

¢ visual with formal parametric geometric representations.

IPVTS allows  to develop a wide variety t#arning genetic algorithms created
from graphical specifations. This approach has fioedlowing advantages over current
practice:

e [PVTS is a simple system for very complex behaviors becawsehave used

generaland simple rules witleuristic functiondHF; (V). It allows easily and

17



quickly derived simulations to visualize adimensionalpacewith an nvector
attacedto each point in the spageaccording to physical phenomena.

e It allows the development of graphical formal specification that is fully
associated with the task lg&arning the parameters, weiglatsd structure of eac
of these representations fpendic optimization.

e We can senskoth normal and shear forces as well as reteldure using the
PHANTOM robotic systems. Wean also generate texture on a joystick and use
a number of forcaeflecting robotic devices to test thiheory andpractical

appication of the methodology.

EXPECTED RESULTS AND THEIR SIGNIFICANCE A ND APPLICATIO N.

IPVTS isa simple system that exhibitery complicated behavior using global
control strategies, generic rule andihstics. IPVTS will #low the implementationf the
following:

e Image understanding and converting into Higfel robotics/ humamachine
interface models, which allow us to remove the operators from potential
hazardous environments;

e Automatic generating target trajegtpsurface shapes and texture and also
other control programsdm graphic specification usintPVTS;

e Simulating, visualizing and checking constraints of integrated systems such
as forces and pressure using the knowledge database more acenchtel
usually faster than conventional algorithms;

e Dramatically improvingooth the quality and speed of control takksa
system ofinear, polynomial or transcendental equations instead of the

NewtonRaphson method.
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e Run Haptic Research based on tieflected forcefor PHANTOM devices
with time delay and employing wave variables itaprove situational

awareness and operator performance.

The dynamic intelligent parameterization is used , in this system, to provide a great
opportunity to transirm a visual spatial model into a control process algorithm to
achieving the required functional properties with optimal characteristics.

IPVTS IS UNIVERSAL CONSTUCTOR FOR HIGH -LEVEL DESIGN OF

COMPLEX SYSTEMS

Based on discretdynamt systems (Fig. 1) as a hidgvel computationasystem
with graphic implemetation and a combination of heuristics (1) we describe the IPVTS
model here foa more detailed discussion. this report we focus on detailed equations
of the model fortransformation between latand global coordinates being specified by
orientation graphic objecta s soci at ed with t héomageneduHs st at
transformationmatrix A, (V) (3) is key complex component of equationgdg it

captures a set of the following definitions and functions:
A Cell is an Entity That Has Position, Orientationand an Arbitrary Length State
Vector
A cell is an entity whiclinas position, orientation and an aréy length statgector
for physical parameters. The state of aisell vector containing values representing
position, orientation ansize(Fig. 3) where
Xi(V), Yi(V), Zi(V) are coordinates of vertices of vectors associatedWyith

a_,B_;, A are the rotatin angles respect to globl (V), Y(V), Z(V) axes of

coordinates (world coordinates);

19



O,p ar e t he Eul er 0s X (PtadtZ(V)oames;angl es wi tF
a,p,y are the rotation angles withespect to Xi(V), Yi(V), Zi(V) axes of

coordinates;

e o ,x ,B ,B ,y_,y, are the rotation angles of nearest neighbors of the local

axes with respect tX;(V), Yi(V), Zi(V) axes of coordinates;

e o ,a ,.f ,,0 .y .y, are the rotation rmles of the nextearest neighbors

of the local axes with respectXe(V), Yi(V), Zi(V) axes of coordinates;

e k. .k, k. are scaling factors with respectto la¥dV), Yi(V), Zi (V) axes of

xis Kyis Kyi
coordinates;
An arbitrary lengttstate vectohas a translation distane& associatedavith change
of coordinates of DX; (V), DY; (V), DZ; (V). The distancd& can be computeds

follows

L= [DX(V) 2+ dY(V) 2+ dZ(V)? 4)
where DX, (V) = (V) -Xo(V) ; DY, (V) = 1(M) - Y, (V) ; DZ,(V) = Z(V) -Zo(V)
IfL=0,we define6=0, ¥ =0 whicharet h e Eul er 6s rotation

otherwise
wecompute it as follows :
6 = rctan(DY, (V)/DX, (V) IF DX, (V) >)
0 =+ wctanDY, (V)/DX, (V) IF DX, (V) <)
0 =x12 IF DX, (V) = )and DY, (V) > )
0= 712 IF DX, (V) = Jand DY,(V) < )

@ = wrccodDZ, (V)/L]

20



These equationsllow usto represent the vectors kadding the corresponding

componentd_ 0 ¢ DX,(V),DY,(V),DZV),x B vy, ,ax ,B ,B ,y_,y, etc. of

each vector together using automatic generation of the parameter set for IPVTS
properties (see Fig. 11 and equatib)) (

These parameters , constraints and rule transition table (see Fig. 1, Fig. 2, Fig. 3
and Fig. 4) define the specifications of the Visual Thinking Conceptual Parametric
Prototyping Language (VTCPPL) in equations (1), (2), (3)(ahd

In most conventional mechanical CAD systems the geometry determines the

dimension parameters such as:
L.0 ¢ DX;(V),DY\(\), DZ;(V), &2 B y.,a o B B .y _.7..
The user must accurately define the geomewgition of each entity in th#rawing and
changes to design are neadirectly in the graphicgDori 1996 ]. The dimensiorare
treated as constrains describing relations among entities.
The IPPMS allows us to solve this problem using aalishinking paradigm based on

dimensiondriven approach ana fractal homogeeous transformation.

A Bias Distance feedback)- BD;(V) as Tool for
the Global Control of Heuristics

To transform of the parametric constrai®gVv) or C(V), IPPMS uses the global
control heuristics for all nodes of model such dsaa distance (feedback) BD, (V)
associated with local system of coordinates (Fig.1, Fig. 3):

BD,(V) =L°- L
whereC ( V) = Lo
If BD,(V) isnot equaltothe null vector and dimensio. is changed to

according the bias distan®D, (V) ; the back transformation is considered :
21



DX, (V) = .sinpcod)
DY, (V) = . singsing
DZ,(V) = . cosp

Hypergraph Compostion Model IPPMS
If the geometric model has-wectors associated witlV, E, Ci(V), DBi(V), PF
i(V), we will be have the generahatrix transformation model that is generated
automatically by IPPMS:
AVM=A A A eéééeeeééeee A, (5)
Note thatt is possible thatwo types of notation of the resultingatrix are equivalent

[a b c|x [ax+by+cz]
A.V)=d e fly=|dx+ey+fzI 6)
g h ]z |gx+hy+iz]

Equation (6) is a resulof multiplying matrices for m elaents ofa composite

complex matrix (5). Therefore, as a result, both typesaftd type (6) can be used. In

another case which can be considered, also the equations systems also can be written for

each cell othe dynamic discrete model:

X = X+ y+ Z
y = Ix+ y+ z @)
Z = X+ ly+ 7

22



Dz

DY

w_/
=

DX

-
R

Fig. 3 Graphic representatiof arbitrary vectar An arbitrary length state vector
has a translation distane& associated with change of coordinatesiX, (V) ,

DY,(V),DZ (V) andthed,p Eul er 60 s rotatiogdnges. an d

We use the hypergraph composition model IPRM8escribe a vector representation
of a single cell andelative position and orientation discrete dynamicaletworks. In
order to describéhe location and orientation of each object and pine relative to its
neighbor,a frame is attachetb each cells, then we specify set of parameters that
characterize this frame suchHB ; (V) -heuristic functionsind rulespP; (V) - parametric
constraintsPF; (V) - parametric function; bias distanceBD;(V), TO;(V) -text; W; (V)

- connection weighsPB; (V) -local feedbek function, andG; (V)-genetic code (see

equation ( 1)).

23



In reference to other workye provde to generate automatically tlygaphical
specification and inclugl the feature of translatingptational, scahg and general
displacement matrix opators which can easily lrogrammed on a computer for source
code to maniplate automatically the complebject.

The existing work that describes the key problem usmagrix transformation
method is still based on an informal manual desaiptof the componentsnvolving
homogeneasi transformation matrices (Lend Tsai, 1996) and uses queriwkich may
not be posed in standard gramming notation. Hence it teen automatically trastated
into algebraic notatioand visual paraetric spedication using a 3D CAD/CAMmodel.
The position , structure , topological links and orientation of the kth frame ,(xy#h
respect to frame (xyg) alsq cannot be written automatically in the CAD/CAM netd
The resulting models alstannot be dectly imported into featurbasedCAD systems
without a loss of the semantics and topological information inherent in fdzaesl
representations. IPVT8&llows us to solvehis problem based on a hitgvel visual

representationf the objects im successful manner.

Physical Setup and Systdiquations for the PHANToM Mechanism

Geometric Modeling System (GMS) for the PHANTaivechanism islescribed
in this section which allowas to buitl a 3D vector parametric model with relatships
and parameters (dimenstdnven wireframe). GMS uses the heuristicnodeling
algorithm and coordinateoaversion methods (see Fig. @)t permit g to build the
optimal pararetric history and "intelligefitobjects. The heuristic modeling algorithm

should be capable of handling both gdalren and datalriven strategies. It presents the
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mathematical calculationssed by OpenGL and MS Visual C++ for higltevel object

oriented design.

before
parametrization

Fig4. The automatic generati@f the dimensiordriving parametric network

+X T

Fig.5 Rattion of Projected X ¥hroughthe angleg_
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L= .,cos0 + .,cos8
X =00 (L,cod + .,co00) (8)
Y =iind (L,cosd + .,co )

Computing the forces witlespecto X, Yy, z axes:

Px = Dxlcosg_ = (102 + ,Cp = ;1C2|1+ 2C1Cys

R = Pysindy = 340+ 23 = 108+ 208

9)
P, =—4Sin@ . — 5sinfd 3
Define the JacobiaMatrix:
fo—fasl—z%sl ?,%Z_— %f 10201+ 2Co
g;xz =- G- 2G93 g—e,z_ = - C,— ,Cy %; - SS9 - 9% (10)
% =— 053 ZZ =— 03 % =- 553

Computing the forces respéotx, y, z axes :

|r hGS —laGss  —hGS —hGSs —lSs]
J=| e +160  —hsS - bhsSs —1hsSs|
|L 0 —hey —laGs  —laCs J

Then the torque is specified via:

r=J"F
|[‘o]| I-Jll Jiz disl I-Fl-I
ﬁ|'1|f:|~]21 Jo2 Jo3|*| 2|
L2 [da1 J3 3l R

Finally, wewrite the torque equation, which is the algorithm used inthe modeling

Tx = nllme + R, + |13Fm23 gradual* k
N
T,y = oFmX + llZme+ l13sz/* gradual* k (11)

m

N
T, = nllme + Ry + iR, 3 gradual* k

Fora description othe taque equations, th#acobiarMatrix Method proposed by

Massie and Salisbury [Installation & Tech. Manual , Massie 1994] for the
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L2simné,,
"'\\

Z= _,Sin@ + _,siné ,
Fig. 6 PHANTOM LinkKinematics andseometricParamegrs asComponents of
Structure

PHANToM wasemployed. However, the IPVTS can generate a more effective

hypergraph modddased on homogenous matrix sommations and higlkevel logic.

ALGORITHM OF BASIC TELEOPERATION

For the virtual reality environment with @rtual forceF, (see Fig 7) the followig

equations of motion exidor the x axis:
F= Mo + B, x() + <% (12)
where x.(t) denote the displacement of the slarm in the e environmenb<e'(t)

velocity and x,(t) acceleration areof the slave arm in the e environment and
27



M., B, andK,_ are the inertia, damping, astiffness, respectivelyn this equation,
B. is physial constant that characterizée transmissioriie as the damper (frictiom)
the environment.
Let F, = F, resultingin the following equation :

Fo= M%) + Byx() + Ko (13)
For a master, we haveespectivéy:

F, = My, %o(t) + By X, (1) + Ky X0 (1) (14)

x.
-

(©)
[@@*% T =
FS
Master +
Master Slave Slave
Controller Controller

Fig. 7 Basic Teleoperatowithout Time Delay based on two inertidl,, M
connected via a springK , and dampeiB, in the environment.

A bilateralteleoperation system can be represented as a tranglgtiamic system
based ora three dimensional model:
Fs =- I:m = Me [ Xm(t) - Xs(t)] + Be [ Xm(t) - Xs(t)] + Ke[xm(t) - Xs(t)] (15)
where M, =M_=M,,B, =B, =B, and K=K = K|
K.is the virtual stiffness of the slavi, is virtual stiffness an&,,is a stiffness of

the operatords hand
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T
|

= F s MoDX(®) -X()] + By [X ()X (1)1 +K [X,() — X (1)]
Fy = -Foy = MolYa() -Ya®1 + B, [V - Y01 +KIYn® - v,(0)] (16)

Fo= -Fro= M [Z,(0) -20)] + B, [2,)-2,1)] +K,[2,0) - z1)]

A bilateral teleoperation system can be represented:
Fo= Fne = = ML D() X (07 - By [%y0 %01 ~K [, () = X, 0]
Fsy = - me = - Me[ ym(t) - ys(t)] - Be [ ym(t) h ys(t)] - Ke[ym(t) - ys(t)] (17)

Fsz = - sz = - Me [ Zm(t) - Zs(t)] - Be [ Zm(t)_ Zs(t)] - Ke[zm(t) - Zs(t)] .
The master will reflect the virtual contact force the slave back to the

operator and the slave will follow the position of the master exactly because there is

no time delay in this case.
Fo=-Fam MG 0] + By [X() %17 + K%)= X,(1)]
Foy= -Fy = MoIYn®) -Yo®1 + B, [V - Y, (01 +KIYn® - v,(©)] (18)

sz = - Fsz = Me[ Zn:(t) - Zs.(t)] -+ Be [ Zm.(t)' ZS.(t)] + Ke[Zm (t) - Zs(t)]

The Virtual Force Reflectinglgorithm is Based on a Physigkdel and

on the Torque, Force, Positicemd Velocity Limits of PHANToM.

The PHANTOM representsa new technologybase on force reflecting, robotic,
computer input devices that can actually feel virtabjects [nstallation & Technical

Manual 1995, Masse 1994. The PHANToM containsthree motofencoders which
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control the reflectedr, , F,, F, r e a c tfarcesnamputed viathe 3D physicsased

model. An example such as él& eLawsis given agollows:

F =A%)
FE=A1) (19)
F= A1)

where the k stiffness of the virtual rigid wall (box or arbitrary virtual objects);
A 1),A 1),A t) arethe depth of penetration during interaction of the user point (the
effector PHANToM) with virtual objects with respect to the X, y, z axis of the-force
reflecting environment. The encoder mot@presents theA t) A t) A t) position
informationfor simulation of the viual forces that the user feelsFig. 8 and Fig. 9
describe the basic conception of the virtual force PHANToM ravdhe example of a
virtual wall .The PHANToOM devices can sense tA t),A 1), A t) position
information with a finite frequency only with correspondence of the encoding signals

&.6,6, (see Fig. 18) and determine theF, F , F, reflected forces respectively

(Fig. 8, Fig. 9 and Fig. 19display these virtual forces on our virtual reality scene)

After this calculation, but before transmitting these values to the Phantom, the
controller checks to see if these was$ are within the range from -{MAX_Tm } to
{MAX_Tm} specified by the PHANTOM instructions the largest values age limit
MAX_Tm = + 1000for protedion of the motorencoders (the satating motor
condition). If not, the controller scald®e torque to keep it within range from
{-MAX_Tm}to{ MAX Tm} (see Fig. 8 and Fig)9

The potential energy gain of airtual spring leads to instability if the

k — iffnesscoefficient is increased and the torque limit MAX_Tm can be violated.
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F

" __ Massie's input
/4 control algorithm

"Force-reflected /r‘ -7 A Y <

tunnel " - Massie's 7~ min -limit imax-limit y(t)
algorithm -9 3 F_ - Reflected
; — my
Force

Input control law for

force reflection with
kF=1

Ay(1)
Trajectory of o
PHANToM effector -4" Y .. =4"
. min-limit
(user-point) of4".0om,-2"]
PHANToM Coordinates
Global Coordinat}r System

System

Fig .8 The interaction of PHANToOM effectaiith A v i rt ual wfartel 0 .

reflects the reaction of virtual objectn fA-f efflcect i on tunnel 0.

See equations (20) for a check cfadurating motor below. An expmentalexample
based on visual modeling dfg. 30a, in thesequel,illustratesthe instability of the
control for PHANToOM system when the torque limit MAX_Tm has been violaiedll

X,Y,Z axes.

On theother hand, a low value ofifhess coefficient represents @asticvirtual

wall which can be desirable an example for modeling of a pneumatic system.

if (Tm[0]> MAX_Tm) Tm[0]= MAX_Tm;

if (Tm[0]<-MAX_Tm) Tm[0]=-MAX_Tm;
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if (Tm[1]> MAX_Tm) Tm[1]= MAX_Tm;
if (TmM[1]<-MAX_Tm) Tm[1]=-MAX_Tm,; (20)
if (TmM[2]> MAX_Tm) Tm[2]= MAX_Tm,;

if (TmM[2]<-MAX_Tm) Tm[2]=-MAX_Tm,;

TheMas i eds al gorithm for si mubased onstandaodf Vvi r t
virtual objects such as virtual walls, virtual planes, virtual spheres and virtual cubes. In
our experimats we will use the conceptiaf a virtual wall. Howe\er, we believe what
is needed in the future is amiversal computer model in the future for arbitrary virtual
model based on IPVTS.

Fig. 9 illustratesh e gr aphi c al i nterpretation of the
the PHANTOM virtual forces.As it is portrayedf he #ffedrieeet i on tunnel 0O
the force responseonly inside the virtual wabecause this algorithm considers the space
inside the smallvit u a | b ox as tha dtififnesse k=8 gnthecvietual refleattd h
forceishzer o6 i.n this case

The virtualforces inside the virtual walsfter transformationf equationg19), can

be written as:

Fx = [[xmin—limit - (t)]
E = {Yuinime — (V)] (21)
Fz = :[Zmin—limit - (t)]

where X imit » Yminimit © Zminime &€ the lower limits of the virtual wall when an
intersection of these restrictions by user tiserp 0i Nt appear-s i n t he
reflection tunnel i .

MicrosoftVisual C++ codd r om Massi eds al gowefleactioom descr i

t u n mehke artual wall is displayed in Fig.10 .
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Masme A
For vwirtual: w:all

\ e
'\
A .
A kF =2

\
. \

kF = 0.0001

Fig. 9The

grithm

Usmg Massie's 41

!E oree teflection algorithm with kF= -1 with the firnits on torque

graphical [

nterpretation

of t

laws for canputing the PHANTOM virtual forces

The simulation results, with this condition, indicésee Fig. 1Pthat virtual forces

F ,F_,F _have

mx? ' my? ! mx

approxmat el y

the positive values for

negative positiong(t), y(t), z(t) and

fzer oo

he

Ma s s

v al u e s positigerx(t) ty(),e(5 gositibne r c e s |

n f r efarcer & fnloespdcea. Hamnedthe virtual force is not practically controlled.

Although this case can regsent somanterest involving real control lawsye will

consider as more useful other input control lawsrodeling. Control algorithms on Fig.

11 represented in the work [Repperd®97] for force responsesmvolving a different

input control lawof the PHANToMdevice.
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COMPUTING THE VIRTUAL FORCE FOR THE X COORDINATE OF PHANToOM

/7 T. Massi efs al gor i t hm:

// the X effector coordinate of PHANToOM goes from 4.0" to 10.0"

if (x < 40000) forcex = (40000.0 - X) * stiffness * 1.0;

else if (x > 100000) forcex = (100000.0 - X) * stiffness * 1.0;

4

/1l Our extended algorithm for the virtual forcev based on the X coordinate of PHANToM

/7 Addi ti onal coef ficient k F t hat consi de
/! tunnel A ( s ee gr aphi catione(®la) sent ati on
if(x > 40000 && x< 100000)forcex =(x - 40000.0)*stiffness* kF; (21a)

L

COMPUTING THE VIRTUAL FORCE FOR THE Y COORDINATE OF PHANToM

/'l T. Massiebs algorithm:
/I the Y effector coordinate of PHANToM goes from- 4.0" to 4.0"
if (y>40000) forcey = (40000. - y) * stiffness * 1.0;
else if (y < - 40000) forcey = ( -40000.0 - y) * stiffness *1.0;

/I Our extended algorithm for virtual force of the Y coordinate of PHANToM
/'l Additional coefficient KkF t hat consi de

[/ t u n aphit regiesentatiore e Fjgr 9 and euation 21 b).
if (y < 40000 && y >0) forcey= - (40000.0 - y)*stiffness * kF; (21b)
if (y > - 40000 && y <0) forcey= (40000.0 - y)*stiffness * kF;

I

COMPUTING THE VIRTUAL FORCE FOR THE Z COORDINATE OF PHANTOM

/7 T . Ma s si e 6 s al gor i t hm:
// the Z effector coordinate of PHANToOM goes from- 2.0" to - 9.0"
if(z=> - 20000 )forcez =( - 20000 - 2z) * stiffness * 1.0;
else if (z < - 90000) forcez = ( - z -90000) * stiffness * 1. 2;

4

// Our extended algorithm for virtual force of the Z coordinate of PHANToM

!/ / Addi ti onal coef ficient k F t hat consi de
!/ / t u N n eit repieseftatisneom FPr % @ard equatiorkl c).

if (z< - 20000 && z > - 90000) forcez =( - 90000 - 2Z)*stiffness*kF; (21c)

U

Fig. 10 The algorithm for computimg virtual forces considering thie f o-reftection
t unnel orenfcontrol stratdgiese See the chart relateld this algorithmn Fig. 9
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We use for this goal, the additional coefficidqt, that considers theaegory of

the control law( see graphic representation on FigFRgg, 9 and Fig. 10and equations

21a, 21b, 21c roFig. 10)

FORCE REFLECTED

5.5 POUNDS
A
-30° Negative Headung Error 0 Positive Heading Error °+30 DPECREE

. . 3
Fig. 11 Force reflected versus leading erfyr=al® 00| according to work
[Repperger,1997]

We are extendingthe Mas i e6s al gorithm for toespandt i ng
add the conditiomvh e n  tchree filf @at e d t asmalleviltual baxalsolsees i n

Fig. 9) where adtional conditions indicated in the yellawolor block).

Analysis of Input Control Laws fdlonlinearRealTime
FeedbaclStrategies

For evaluating the peofmance of the PHANToOM control strategidmsed on

additional coefficient k. we analyze several casassing experimental redime

modeling:
e Incase k. ~ ),an example k. = 0.0000, we utilizen the input control law
whichi s si mi |l ar to the control sttimat egy
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results for theF (1), F, (). F,,(t) reflected forces on Fig. 12 glay these

forces that havpositive values for negative positioxt), y(t),z(t) and almost

=]

z e r o0 othegeddrcesefa positive(t), y(t), z(t) positionsi n  f r oece finon
refl ectiono space. Hecallg cortrblled.Invthisr t u a |
A n doncer e f | einténialcontvol strategy we wilnot apply a force and

torque until the vebcity and position comes within the set limit$t causes
unstable dynamics ofhe ystem because the pulsation as the forcpomse

occurs as the torque has a widierval change from zero to a maximum limit of
thetorque (see Fig. 29 ). Fig. 2%lustrates that the system is unstable despite a

small value oftorque on the master ., and on theslave 7 ,(t— °) with time

delay T=0.1 sec. fie realtime experiments show, also, that the more pulsdtion
the reflected forces and torque occwith time delay. The similar results were

received for small negative coefficiedd. , as an example

k. = -0.00001.
In case k. = 1 we have groportional input control law in small virtual box

and t e f i fexn @ ala nmore wideenteval. H-ig.sldisplays these
forces which have the positive values for negapiositionsx(t), y(t), z(t) . Almost
positive values for these forces OCCUR for positi(€), y(t), z(t) positionsin
e xt end e-de filf exspdcee blered the virtual forde also conblled and
causes additional amplitude foeflected forcesin a virtual box space. This
strategyallows the control of the force insidesanall virtual box interval antb

improve the dynamics.
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[Ibs x 1000Q for force value

[in x 10000] for postion value
F(0.F, 0,F, ©

50000
0 ] |||I||I|II|||ﬂHlTﬂHTHﬂIIII|I Illlllllllﬂﬂlﬂlﬁlﬂ]‘lﬁml |||I||I|'||Nm“ﬂfmﬂ]||'ﬂﬂ]llllllll II|I||I|I|II|I||Iﬂ|ﬂ||ﬂﬂWHII|IIIIIII ||||||||||||||||||||||nnmﬂTrn|||||||
E CO ﬂ
-50000 o©
-100000 R

Fig. 12  The F,(1),F,1),F.®t)
X, (1), ¥, (1), z,(t) position varying. The coefficienk, =
algorithm on Fig 10 .Time Delay T=0 sec.

In casek,

Fig. 11 displayghese forces which have the positiwaues

positions x(t) and

virtual forcesresponse with respect tthe

0 for force computation in the

= 2 we have proportional input control lawlsoin small virtual box.

F..(t) for negative

pogive values for these forcésr positive x(t) positions.

Inext ende-de fiilf ea tcietbenvirtuals for@e chas,double additional
amplitude forrefleded forces in THE virtual bogpace. However, it isecessary

to already note thdor F, (t) force, we have double additioramplitude fork

1.
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[Ibs x 10000 ] for force value

[in x 10000] for position value

x (0. ¥ (6,2 ()
F. .0 F (8.F ()

50000 A ARA : i

0 [ 1] N [ 1]

-

50000 S i
Bl

.,
6198~

-100000 - -

Time Delay T=0. sec.

-150000 tses.

Fig. 13 TheF,,(t),F,(t),F,.(t) virtual forces responses with respect to the

X, (1), ¥, (1), z,(t) position varying . The coefficienk. = 1 for force computing in
algorithm on Fig 10. Time Delay T=0 sec.

« Incasek. = 3 we have proportional input control laaiso in small virtual box
and Figure 16displays these forces which have tlpesitive values for the
negative positionx(t), y(t), z(t) .
Also positive values exist for these forces for positk@®, y(t), z(t) positions in extended
Af oreél ectiono space where the virtual for

reflected forces in a virtual box space. However, iiteisessary to already note that for
F., (1) force we havelouble additionaamplitude for k. = 1.
e Incasek. =-1 we have proportional input control lawhich is similar to

Hookeos Law
(see Fig. 9)for virtual foree i n -rieffolreccet e d insidenansmdll dox larat h
outside i.e.in a fi v i r with arlore adaibnhbl ostiffness coefficients. The

PHANToOM virtual forces characteristics are positive for negative valoés
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X(t), y(t), z(t) positions (see Fig. 16) and for negative valuetafes involvingpositive
values of positions. This providesreore successful application of control for virtual and
real objects. Ass shown in Fig. 16, thesesults are similar to resultsr virtual forces
inside t he-raf beceed tdumthesvbrlo[Repperger L99M. elt islso
useful to note that despite an applicatiorpadportional law for these puts, we have a
cubiclike law for the output as it is shovum the work [Repperger 1997]see Fig. 11.

This methodprovidesmore flexibke signal processing for control in ouase and
more stable dynamicharactestics. Outside the virtual wallvhen the condition athe
saturating motor is based on torglimits which are violated, wehave the space in
environmentwith absolitely rigid characteristics, such as it is showrequations Z0).
In this cags we have following strategiésr control:

e The Phantom controller scales the torque, the positions, velocities and forces
to keep it withinrange ( the virtual force is aallated from the following values
of the positions and velocities ):

from Tm[0]=-MAX_Tm to Tm[0] = MAX_Tm

from Tm[1]=-MAX_Tm to Tm[1] = MAX_Tm;

from Tm[2]=-MAX_Tm to Tm[2] = MAX_Tm;

X(t) = maxf ) for Tm[0] <MAX_Tm or Tm[0] > MAX_Tm (22)
y(t)= max ) for Tm[2] <MAX_Tm or Tm[2] > MAX_Tm

Z(t)= naxf ) for Tm[1l] <MAX_Tm or Tm[1] > MAX_Tm
>°<(t)= naxfz ) for Tm[0] <MAX_Tm or Tm[0] > MAX_Tm
S/(t)z naxf= ) for Tm[2] <MAX_Tm or Tm[2] > MAX_Tm

.z(t): naxfz ) for Tm[l] <MAX_Tm or Tm[1]> MAX_Tm
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[Ibs x 10000 ] for force value
[in x 10000] for position value

F L 0,F (- TLx

80000
60000
40000 o

20000 o =
S AT
O

©

XM(TJH

200003 © D & © @ O
_40000(23 — (M) LW W 0 N

-60000 - (oo

1655

N O
™ <r

Fig. 14. The F,(t),F,,t),R..(t) virtual forces responses respaxthe
X, (1), ¥, (1), z,(t) position varying The coefficientk. =2k, for force computing in

algorithm represented on Fig 10 aniche Delay T= 0 sec.

We haverigid restrictions for torque, [itions, velocities and forces in this situation
If the torque the velocity, a d position ar e -roeuftlsd cdtee do ft utnmae
supplied by the user, the Rttam controller will not applyany adlitional force. Any
additional torque will be not applied until the velocity grakitions returrwithin the set
limits.

e The Phantomcontroller scales the torque , the positions , velocities and forces

to keep it within range (the virtual force is calculated from the values of the

positions and velocities):
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from Tm[0]=-MAX_Tm to Tm[0] = MAX_Tm

fromTm[1]=-MAX_Tm to Tm[1] = MAX_Tm;

from Tm[2]=-MAX_Tm to Tm[2] = MAX_Tm;

X(t)=) for Tm[0] <-MAX_Tm or Tm[0] > MAX_Tm (23)
y(t) =) for Tm[2] <-MAX_Tm or Tm[2] > MAX_Tm

z(t)=) for Tm[1] <-MAX_Tm or Tm[1] > MAX_Tm
;<(t) =) for Tm[0] <-MAX_Tm or Tm[0] > MAX_Tm
y(t) = ) for Tm[2] <<MAX_Tm or Tm[2] > MAX_Tm

.z(t): ) for Tm[1] <-MAX_Tm or Tm[1] > MAX_Tm
We have the rigid restrictions fortpp e and fAabsol ut eibng zer oo
velocities and forces for these restricikon o ut s i d-eeflettédte u i i ®Ir @ e .

[Ibs x 1000 ] for force value

Frru:’ Fn
20000 = 1
F_ |I -

15000 - F _for slave -red
Yy II

moooéﬁﬂ M {fmyﬁmm "\1“_ L
iR A

2000 -

[:] t zec.
= 00 o Lo N2 — oy o= o o O O owsf
[ = B ] [ e e e e Y A At I |

Fig. 15 The virtual force response on master and slave for very large coefficient
k. = 3 for force computing in algorithm represented on Fig 10 and Time Delay T=

0 sec System is unstable even fime Delay T= 0 sec.
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e The Phantom controller scales the torque to keep it only within range and does
not sale the pogions, velocities, and force® keep it within any range (the
virtual force is calculated frorie values of the positions and velocities):

from Tm[0]=-MAX_Tm to Tm[0] = MAX_Tm

from Tm[1]=-MAX_Tm to Tm[1] = MAX_Tm;

from Tm[2]=MAX_Tm to Tm[2] = MAX_Tm; (24)
X(t) has not any restrictions

y(t) has not any restrictions

z(t) has not any restrictions
X(t) has not any restrictions
y(t) has not any restrictions

z(t) has not any restrictions

Wehave the fiabrestitturt ebw t hegi dbosiiogluvet edryd sfof
chaacteristics on theositions,the velocities anthe reflected forces for master robot

as well as for the slave robot.

e The Phantom controller does not scaleany values of torque, positions ,
velocities and forces
to keep it within any range (the viual force is calculated fronthe values of the
positions and velocities). This Is system \
in free space and has not any restrictions for copaiameters as for the maséed for
the slave. Considerinipe instructions for the PHANToMwe must provide for absolute

torque limits at all timefinstallation & Tech. Manual995, Massie 1994].
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[Ibs x 10000 ] for force value

[in x 10000] for position value

F (0.FE fLE ®
X (0 P (£ 2,0

100000
50000
0

50000

-100000

Time Delay T=0. zec.

x 8

F_(f)

Fm, ® Cﬂ %
x\\
il

Wﬁmsﬁ.

£ 5.0

I

m/_\

2 (8 (r)

-150000 B

Fig. 16 TheF
X, (1), ¥ (t), z,(t) . KF=-1 for force computing, Time Delay T=0 sec.

(D), By (1), F,, (1) forces reflected as response on positions

Thus this situation cabe in practice onlif the values otorques, positionsvdocities
and forces are kepimall andthey can nobe at maximum values or limits (or reattte
limits in rare cases)We can consider for this-@imensional scene the torque that the
transpose ofthe Jaobian multiplies forcesIfstallation & Tetin. Manual 1995, T.

Massiel994]. The Phanto algorithmconvertsthe F, , F, force vectors supplied

by the user by the program, internally as responses on the position and to the torques:

7 = QuFne+ 1Fn, + 11sFn, 3 gradual* k

X

T

y G + 2Py + JiaFn * gradual* k (25)

= 0., + 1,F,, + )iaFy, 3 gradual* k
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or the source code for the Visual CHgrogram has been developed for integrating in
IPVTS inthe folowi ng (thi s routine bas eublcalans) equati o
[Installation & TechnManual 1995, T. Massie 19R4Thus we can provide for absolute
torque (current) limits.
Fig. 19 displaysthe spatial represeatton of virtual torque vaks Tm[0], Tm[1],
Tm([2] on a visual scene generated our program .
Notethat Massie and other scientists, in thgublications, did not consider the inertia

component and the forcg,, for determinng the torquer , = Tm [0]. Thus we will

extend the dynamic model whiakefines the inertia characteristics. After finding the
parameters othe visual model, we also uséide following algorithm and parametric
functions destbed by T. Massie and othertn$tallation & Tehn. Manual 1995, T.
Massie 199%.

It is important consider for the PHANToM a virtual model involving the principle
of multiple springs acting togethewhich specify the forces, general torque and all the
torgues with respect to all thea%es In our modelthe pinciple of multiple springs is
based a a nonlinearmodel involvingMa s si e 6 s aohtgldhe carrdcthpostitian ¢
of the endeffector duringhe reflected force feedback loop cycles.

Modeling for the rotation awceptionsof kinematics and dynamics of PHANToM

robots is based on the followimgjuations:

=T =0 10,0 -0, 01- B, [0_1-0,0] - KJO, 1)- 0,()
Tam T =300, (0)-0.®1- B, [0, 1)-0,0] - KO, 0- 0,1)] (26)

th= =0 10,0 - 0.0 B, [0,.0)-0,01 - KJO ,1)- 0,0)]
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Fig 17 The algorithm for computing torque and checking for a saturating torque limit on
t he mot or b a sseGbntrol nProgramifdibdiagian i& €eghn. Manual 1995,

Massie 1991



Fig. 18 The Massi ebs Al gor it hm [ I nstall
used as Basic Control Function Prototype in the virtual moeéPVTS.
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Using these control laws, we cdetermine theptimal characteristicdsetween the
operating force and the external force . For this, a desired impedance chéaisteris

specified for the master and slave sestM, = M _ =M, B,=B,_ =B, and K, =

K., = K, or the alternativeet of the desieparameters such &g M, = kM =

e m m

k.M

S s !

K. B.= k,,B, = kB, and

EEE | Y it objects

virtual forces e : e ——— torgque
i T , i e
o slave § ||

R

Fig. 19 The virtal scene that represents the teleoperation process using the
PHANToM master controlled by the hand of the operator and the remote virtual
slave vhich gets the control signtbm the masr with Time Delay T=1.0 sec. This

visual scene ab demonstrates reflected virtual forces on the master and on the slave (red
color), which virtualtorques on the master (leleolor). It is shown that treaveposition

has a large position error whighcaused by the delay time

We can also use neequal parameters in these lasich ask, M, # k M, #

kiMg, kp.B.# k,,B, # kB, and kg,K, # Kk, K, # kK. By

s"

combining these parameters we can create the cayst@#m with desired characteristics
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of the operatingutilizing externalforces with position. But for neoptimal valuesof
these non- equal parameters can cause instabdgyit is shownn Fig. 30, Fig. 37 and
Fig 38 In generaljt is amultiple optimization taskvhich can be solhevia aheuristic
algorithm ofthe IPVTS.

In the work [Buttolo1994], one of tle control laws must be selected involviag
negative feedback term proportion the contoller depending on the valued the

desired parameterk, M, = k M, = k.M., k,.B.,# k,, B, # kB, and
ke Ko # Kk, K, # K K, whichcan increae the stability of system. Based on

these control lawse can note that as positive andgativea | ues of si-gns (-

i) o ctleebalance between the elementeaiations (18) or (2@&ccurbecause, in

the general casehis sign depends on the values of paramew__;:(t) - 9_;(t)],

[0, ®-6,0) [0,0-0, 0] kM, # k., M # kMg, kyB.# kB,

# k,Bs and k. K, # kK, # KkgK, which can bechangedin this system

considering alternative control laws aeedbacks.
For example,in addition to the abav represented equations we can obthi@

following combinations of equationwith alternative positive and negative feedbacks:

Fu = Foe = -Mo DX (0) -] + B, [Xn(t)-%, ()] K [%, (1) - X.(0)]
oy = ~Fny = Mo [ -Y:01 + B, [Yn0-v,01- Klyu® - v.01  27)
Fo= -Fon= - M2, -201 + B, [2,(1)-2,0)] ~K.[2,) - z(0)]

Fo = P = - Mo DX () X, (0] - B, [%y(0) -0 1+ K%, (1)~ %,(0)]
Fy = -Fy = ML -%e®1 - B, [¥,®- %01+ Ky, - .01  (28)
Fo = -Fop = - Mo[Zo®) 201 - B, [2,0-Z1)] +K,[2,0) - 2,(0)]
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Fig. 20 The virtualscene that repres@the teleoperation processing the
PHANToOM master controlled by the hand of operator to the rewmidigal slave
which obtains the contraignal from the mastevithout Time Delg T= 0 sec. Itis
shown that the slave position has a small position error that is explained bibeause
delay time T =0.

= -, = +M [0 - D] - B, [X:(0-%O] +KIx(0)-x(®)]
By = +MLYa() -Ye®] - By [Ya®) -] + Kyn®) - v.0)1  (29)

F, = M2, (1) -2(0)] - B, [2,(1)-2.(0)] +K.[Z,() — Z(0)]

SX

sy

E

74

Basd on the above described methodology, the IPSJs$en was developed. This
hightlevel integrated system isabed on a general methodology aalfjorithms
represented in Fig. 1, Fig. 2 , algorithms of PHANToM robot on Fig. 8, Fig. 9, Fig. 17
and Fig. 18 , equations (1) é és(bdsBdana Thi s
computer progm using MS Visual C++ with MFC, OpenGL higwvel languagdor
graphic environment based on the work [Fosner 1997], drivgrgms for PHANTOM
and MS Excefor graghic charts integrated witthe IPVTS.

This virtualscere for research consists @PHANToOM master robot representedth

the virttal model and a physical real devimentrolled by the hand of an operator, virtual
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slave robot based on a model and virtual objects. All events and actions in tiaé¢ virt
environmeét were controlled via the operator of the PHANToOM dewacel computer
mouse as additional control devices.

This virtual environment allows us to solve the tasks related with animationtulvi
objects, interactions of objectgth reflected forcescontrol tasks fowirtual objects in
RealTime and simulation of time deldyr om 1é 10 sec. and mor e.

Conclusion: It is clearlyshown that in general virtual modelhe @ntrol strategies
must select the éinal structure and parameters based on rides heuristic search in

a highlevel discrete dynamic model.

USING IPVTS FOR TELEOPERATION BASED
ON TIME DELAY COMMUNICATIONS

Niemeyer and SlotineNiemeyer and Slotin@991] demonstratedhat stability of
bilateral teleoperation in the [m@nce of irregular time delay can be preserved through
the systematic use of a wavariable formulation.

Asitshowni n Ni emeyer 0s wothe&tim¢ deélayecamebgoresidered 9 9 6 |

in the followingequations for the slave robot and the mastbot respectively :

F, = B, [%,t-T)-x )] +K %, (t-T)- x.(0)] (30)
Fo = - B, [X(0)-x(-T)] —K[x:(1) - x,(t— )] (31)

For our case we have the following equations based on bilateral y#teoh with

negative feedbackorce - F_:

SX "

Foo= - Fom - MoXo(1) - X (E=T)] - By [ X, (D) -X(t-T)]- K x,@®) - x(t— )]
Fo=-Fy = MoV -YoE-T)1 - By [Yn()-Y(t-T)1 =K [yn®) - v.(t— ) (32)
Fo= By -Mol2o() -2 (t=T)] - B, [2,(1)-2E-T)] —K [z, (0) - z(t— )]
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For thecase based on positive feedback we have:
me = - st: Me [ Xm(t) 'Xs(t _T)] + Be [Xm(t) 'Xs(t _T) ] + Ke[xm(t) - Xs(t - -)]
me: - Fsy: Me [ ym(t) - ys(t _T)] + Be [ ym(t) - ys(t _T) ] + Ke[ym(t) - ys(t - )] (33)

Foe = “Fo = M2, -2,E-T)] + B, [¥,0-Yo(t-T)1 +K 2,0 - 2,(t= )1

It is veryimportant to studyhe modeling for the time delaV) =T into the

control system and the foréeedback response from the slave robot. @kmgeriment to
be discussed in next section will be conduatsthg the PHANToMand thevirtual
modeling technique based on the IFS/With different time delays: ¥0s, T =05s, T
=1.0s,T =1.5s. Thegoal of these experiments is to compare the stability of the control
system withand without the time delay.

It is needed toepeat this experiment with the force reflection #ralforce feedback.
Here the force feedback response can be definedegsiback function (asds distance
into virtual mode) BD;(V) =f[F=P;(V)] orBD;(V) =f[F =PB;(V)] where F=
P;(V) and F = PB;(V) can be rpresented byivi r t ual o thefvisualanedel. i nt

Alternative controllers can be usesich that a comper mouse, 3BAudio control
system, MEMS, orcomputer contyl software. The goal of these experimergsto
compare the stability of the control gy with the time delay and without the time delay
using the different types of sensory information and when the cues work together with
the intelligent mdimensionalparametric control.It allows the use of the advantage of

the intelligent mdimensionaparametric control based on IPVTS.
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Examples of Time Delainducedinstability

This research is demonstraiach variety ofexperiments based on virtual reality
modeling, and explained below using MS Excel GraphibarS related with
electronic tables based on output files from the IPVTS.

Both manipulators are connected to the MeBlased Adaptive Control System with
negative Fedback from the virtual PHANToM slave that reflects and transmits the force

on a real PHANToM master roboEig. 21 portrays the curves @bsitionsx(t), y(t),
z(t) for the master andlave x(t— ), y(t— "), z(t— ") with time delay T=1.0 ina

Cartesian coolidates system. Analysis of thgraphical esults provides the following

conclusions

e The time delay causes the tracking errors on every axis that can be computed

as
Ay =Xy (1) =X (t- )
Ay =Yut)—ys(t—") (34)
A =z,(t)-2z,(t- )

[in x 10000] for position value

2 (8, p (£, 2,18
150000

50000 M H\A J* m

Dm\w/y* VAV v
50000 = LD ;

O"J

-100000

Time delay T=1.0

150000 J-Z O E- T

Fig. 21 The modeled experimental results that showx(t)e y(t), z(t) positions of
P HA NT odiféc®mr on master arah slavex(t— ), y(t— 7), z(t- ~)with time delay
T=10.
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As it is shown on Fig. 21 this error can get very lgspeA ) and defines the
value close to the maximum magrde ofx(t) position variations . This facan be the
reason for a critical event for contialreattime system

e Theposition x(t) is associated witlthe y(t) position andhe z(t) positionat
the samdime both on in thenaster and on the slave. If it excludes random
variations of(t), y(t), z(t) in the control process, we caaote that these
positions havesimilar phase for a varying law. Arexample Fig. 21,
demonstrates the casetlie x(t) increases to maximunthey(t) increasesip
to a maximum limitin the same time.The equations (29aoint out that the
computingof x(t), y(t), z(t) is related tdhec1, s1, clg, slg parameters
which are basedon the similar values of thed (t),0 (t),0 ,(t)for the
PHANToOM ( see Fig. 18 )For small time delays, an examgle 0.1 also
causesthe errors in th positions. Fig. 22  shows the curve asfgles
o (t),0 (t),0 4(t) for the masteand & (t— ),0 (t— 7),0 ,(t— ") for the slave
with small time delay T =0.1

The data clearly show th#te time delay T = Q. sec. ér these angles causgsnilar
errors for angles as in case for #f8, y(t), z(t) positions. It is demonstratedat these

errors are small for the time delay T=0.1 sec. The motwrsiave posibns are the
analogs of the master with time delay 0.1 sec.
For a large time delay, for example T=1.0 sec, these errors are shown on. fig. 21

this case the error @ (t) consists of a very large value

A, =0 t)-0(t— )=2.75 rad.
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Rotation angles inradians

G () E8). Gy ()

1 —Time- dela':.f T=01=ec.

8, (f) g -T)
05 W /)

0 . ﬁ(fjg :x% Ty ;’I *I;
-0.5
-1 4

15 Hﬁq@j@/ \ W e

(0 U&‘B(f -T)

Fig. 22 Basic delayed teleoperatortwét time delay T=0.1 sefor the & (t),0 (t),60 ,(t)

rotation anglesf the master and thé (t— 7),0 (t— 7),0 ,(t— ") rotations angles of
slave.

Note thatthe slae works in antphase with the master ftnis angle based situation.
It causes to unstable dynamicslahe operator loses the control
In next expdaments, discussed below, we will study hthe reflected forces on

the master and slave candssaiated with the ené f f e pdsition x),($), time delay,

and the instabily of system. In these tests, the operator strongly grips the PHANToM
effector by hand to prevent large motions and possible vibrations and damage to the
robotic system.

The slave robomoves in free spaogithout any absolute conta@t contains the
spring or elasticortact only) but in many testsoth robots (or single robot) havedn
tested with torque limiten the motorencoders to prevent these devices frdammage

related to large fected torques and forces as shown in. BigndFig. 9.
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Fig. 24 shows the visual representatiorttef force on the mastdt, (t) for the
e f f e gpdsibon ¥ &) and F,(t— ") refleced virtual force on the slave with a large

time delay T=1.0 sec. and the input contial on the PHANTOM is based on the value

ke =-1 (see Fig. 9 explaining this case ). The reflecteduoomthe slave is not

restricted but the total torque on the master had the maximuiml _MAX = + 3000.

Rotation angles inradians

G (£, 58D, G () rad.

Time delay T=1.0 s8c. ———+— gifr-T)

Fig. 23 Basic delayed teleoperator withteme delay T = 1.0 sec. fahe
0 (t),0 (t),0 ,(t) rotatiors angles of the master atfte rotations anglesf the slave.

The data kearly show the time delay T=skec. for these angles.Note thatthe
O (t- 7,0 (t— "),0,(t- ") rotations angles of the slave aneopposite phase with the

o (1),0 (1),0 ,(t) rotation angle®f master

The visual reatime results in Fig. 25 and the virtual scene in Figc&ty show that the
reflected force on thslave F,(t— 7) has the timedelayi T ~ .0Osec with a master force
F..(t) andit works in antiphase with_ (t). This causes the large displawent x_(t) that

operatomaintains. In the processing of the control the operator feels the strefigisted force
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F..(t) that increasesdllations and instability. If the operator releases endeffecor in some

displacementthe oscillation, instabily and displacement increase for all degrees of freedom
and the system can go outaafmtrol.
In the case witout time delay, when T = 0, we hadissimilar situations. The torque and
force on the slave practically fit the torque and force on the master as illustrated in Fig. 27.
The ineractions of these torques compenstieshe possible magnitle ofoscillations and
the system is stableecause the total torqua the master (see Fig. 27) has a small magnitude of
oscillations. The system is stable and has good dynamic characteristics. Note that for this
example we have considered bilatefale e d b a c k -fiwimihn u st hsei g@yuatgop pear i ng

(32) before componentK [x . (t)— X, (t— )] We have the small input forces and torques

on the master and slave that are inside of limits for T_MAZ 3000 total torque limit
(see Fig . 9 also) .

Consider the interactions where the torque curves for the master and slave result in a
total torque on the master for the system witlarge time delay T=1.0 se(see Fig.
30). This graph clearly shows that the magnitude oft¢it@ torque is very large and it is
characterized by strong and increasing oscillations. The system automatipplbytsu
t his tot al torqgue i nsi de insitdeh the liinitso aay u e ref
T _MAX= + 300Q However, this control process causeéslitional instability fora large

variation the of values of parametA = ~—_MAX -7 which modules additional

talx

oscillations,
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[Ibs x 10000 ] for force value
[in x 10000] for position value

FLOLE(E-Thr ()

Time Delay T=1.0 =ec

100000 -
50000
y Fay Y ra P :
0 } e e
28 BT
_50000 - - L) s (B)] o =TI
100000

Fig. 2 Visual representation &drce on masteF, (t) and slaveF,,(t— ) and position
onmaster x_(t). The reflected force on master (t) has an opposite siga position

Xn(t) -

wrirtual enviromment

B rittual objects

avateth is unstahle

Fig. 26 The virtual scene that represe the teleoperation procassng the
PHANToM master controlled dyand of operator and remote virtual slave that gets
the control signal from masteith Time Delay T=1.0 sec. Itis shown that the slave
position has a large position error that is explainedthéydelay time T = 1.0. The

system is unstable.
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torque value in [lbs = in x 10000]

torgue on slave

o [P
I

.—o-'—'_'_

H\ i

i
| nwess
TR

1000

_____I__—__

0 %IIIIII
-1000 &

T

113973

Fig. 27 Visual representation of torque curve for mastdackblue line and
torque curve for slavepink (inside of interval for limitsT_MAX = + 3000 ). Theotal
torgue on the master (yellowhas a very small interval omagnitude and system is very
stablewithout time delayT = 0. Coefficientk. = -

Torque value [lbs x in x 10000]

20000 4 botal torgue on master
15000 — _ff _
10000 -

BO0Q m 1orauE on master lorgUE 0N Slave en—

0 %&Mﬁ@

o O w— o L L I A & X
SAO00) == O I oY B ¢ M T B
T w ™M m'\ oW M~ oo 0 g — =
-10000 mean of general
~15000 - torque on master

Fig. 28 Visual representation tdrque curve for mastérblack line and torque
curve for slave pink (inside dthe interval for limitsT_MAX = % 3000 ). The total
torque on the master (yellQwas a very large the interval of magnitude more than
limits T_MAX = + 3000 and the systemusistdle with time delay T =1..0
Coefficient k. =1,i.e.ithasi d e a d inzhe ture@ inside the small virtual box (see
Fig. 9 for clarity).
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Torque value [lbs x in x 10000]

Tm:’-rh[:r B ? T‘h'hl:

2000

1'-5-; [::.r- T‘h 'h]. K

M- 9O @O O & N uwy = I~ I"'-
P = = W0 W0 < o
-t

SR o B <2 R S o TR <= R+ + I —

-1000

-2000

Titme Delay T=1.0 sec.

-3000 tirme t

Fig. 29 The graphical represgation the situation in which the system is unstaelpite
a small value of torque on the masrz i and on the slavz ,(t— ) with time delay

T=0.1 sec. Theoefficientk. =- 0. 00001

with these displacements, tbperator is not able to stop increasing oscillations, forces
andtorques even when he prevelagge motions. This stability ismore clearly visible

for al three degrees dfeedom of the PHANTOM wheliacreasing oscillation occur

of torque both on themaster- z , 7 7., and slave- 7 ,(t-T), z (t-T),z (t-T)

(see Fig. 30 ) as aresult of the superpositiotofgues.

Theoperator cannot control the master effectively becausad¢heasing oscillations
causes unstable dynamic and can damage the device. An experimental example based on
visual modeling in Fig30 illustrates the instability of the controf PHANTOM system

when torqudimit MAX_Tm has been exceeded ft x,y, z axes.
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Experimental Results for Analysis of Stability Using the Velocity and

Position Characteristiagith Time Delay

To better understand the effectsrdreasing instabilit and oscillations with tim
delay and basic teleoperation, consitherinteraction of positiox(t) on master with
negative feedback positian the slave x_ (t— 7). Here the total value of the position
on the masteis computedaccording teequation (32 as

totalx, (t) = X, (t) = X, (t = ) (35)

In this equationthe difference in the rigtgide x (t) —x,(t— °) increases with greater

difference as the time delay increagigem T=0 to T= 1.0). A example for time delay
T= 0 (See Fig. 31) the totglosition of themaster modules the oscillations with
magnitudetotalx . (t) = x,(t) - x,,(t— ) =0. Thus ths smallcomponent in equation (B2
in this caseallows a stable system to be created. Simikesults have been noticédr
eachdegree of freedom independently as in this test as in all other tests didoelesed

In the situation with time delay=0.2, the negative feedback position on the slave

x,(t— ") cannot compensate for the totatlifference on the master-
totalx (t) = x,(t) - x,,(t— ) completely and the system will have bigger oscillations for

the master gsition. Observe the cee in yellow on Fig. 32. The potential energy loé¢ t

spring described irquations (18 (21)is increasedavhich can be the cause
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Torque value [Ibs x in x 10000]

e T Tl T,

20000 -
15000
10000
5000

T °
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5000 =-S5 T LB Sy s

_10000-r-' N ™ m r- 0 O 9 —
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Fig 30 Visual representation of torqoarve for master black line andorque curve
for slave - pink (inside of intervalor limits T_MAX = + 3000. The total torque on
the master (yellow) has a very large interval of magnitadeethanthe limits T_MAX
= £ 3000 and the systemumstable with time delay T = Q. Thecoefficientk. = -1.

ie,it i s Af or c e insidesrhak \drtual bmx(see kighfar eldrity).

Time Delay T=1.0 sec.

of instability if the othe characteristis, an example damperanrot compensate this
oscillationsufficiently,

Reali Time Modelingresults are displayed in Fig, 33 for a delay T=1 sec. which
clearly showghe violation of stability with increasing oscillations for total position
where totalx,, (t) = X, (t) — X, (t — 7). In this case the posin x (t— ") is added with
position- x_(t) for the master despite tmegative feedback signal equation(32). The
slave positiorthus tracks the master positionttvia large error of phase (everthe antr

phasesituation). The totalamplitude totalx,(t) is increased d a large catastrophic

amount,n this case, and the operator cannot prevent the oscillations.
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Torque value [Ibs x in x 10000]

Tl T, (7, ()
A -The ¢ -Thr,t-T)

Time Delay T=1.0 sec.

T |
w ot s
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-2000
-3000 -+
'4000 TIME SEC.

Fig. 3Ga Torque for all three ax@sth time delay T=1.0 sec.. Systasvery unstable.

The limitsfor torque for all axes is T_MAX=+ 3000

Accordingly, the time delay communications element increatbesglob displacement
affecting the potentlaenergy. The instability is caused khis growing amount
[Niemeyer 1996] of potential energy.

Similar results were noted for a velocity test in a teleoperation sinmuldio

mastervelocity - Xm(t) and the slaveelocity xm(t— 7). ForexamplefFig. 34 shows that
total velocityis approximeely zero because the slavelocity xm(t— 7) is deducted

from master velocityxm(t) (both values areomputed wthout time delay).

The systems stable in this case.
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[in x 10000] for Positions Value
x (F1,x (f-T) total = [x (f1-x (- T

20000 1A e T T T
REREEN

40000 \
20000 £W=Jiﬂ%}ﬁ-L]\ I \ t ] I \

|

0 TEEEEEEEEEEENAEEAN

20000 &———= =
(] (]

_40000 ——

_60000

tithe delayT =0

TILIE Sec.

-80000
Fig. 31The curve of total positiox_ (t)—x(t— ) = 0 (ydlow color line) for Time

delayT=0 becausé¢he feedback positiox (t— ) compensatethe position on master
X, (t). The curvex_(t)for mastefits the curvex (t— ) for slave on thisfigure. The
system isstable.

Even with small time delay T=0.2 (Fig 35) displacement changes cause bigger

difference >.<m(t) - ;<m(t — ) between the velocity master atite velocity of theslave.
As it is shown inFig. 35 thetotal velocity on the master, in this case, increasekthe
system can be unstable due to the magnitude of the velodtganper component in
eqguation (35) areven greater than before.

Fig. 36 demonsttas that the larger time delay T8 creates verylarge amplitude
of total velocity on the master, whignoducesncreasing kinetic energy and causes

catastrophic instability.
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[in x 10000] for Positions Value

x (f1,x_(f-T,total = [x_(fi-x (f-T]

100000 0 }
e m M
total = [x_(fi-x (f- T)]|I

50000 W/ it ,

0 A HTIIH]IIIIHI]HWIME oo
o0 |
P
-50000 <
W ly f
-100000 e

Fig. 32The curve of totaposition x_(t)—x(t— 7) (yellow color line) for Time delay
T=0.2 the feedbacgosition- x (t— °) cannot compensatbe position on the master
X, (t) completely. The curve (t)for the mastedoes not fit the curve (t— °) for

the slave on this figure and caudies position error. The magnitude of the total position
X, (t)—x,(t— ) isincrease@nd the system is unstable.

Experimental rsults for analysis of stadlly using different input control
strategies with time delay

~ ) an examplek. = 0.00001we
strategy

e In the previous examples for theasek
have a input control law that is similar to the cordr|
algorithm (see Fig. 17 and Fig.)18
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[in x 10000] for Positions Value
x (f).x (f-T) total = [x_(fi-x (f-T

total = [x_(f1-x (f-T)
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-150000 e
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Fig. 33The curve of total positiox,(t) - x,(t— ) (yellow color line) for Time delay
T=1.0 he feedbaclosition- x_ (t— °) cannot compensathe position on the master
X, (t) completely. The curve (t) for the master does not fit the curxe(t— ) for

the slave on ik figure and it causeslarge position error (curve of changing position
-X,(t— ") forslave is antphase tox,(t) for mager. The magnitude of ttetal

position x,(t) —x,(t— 7) is increased anthe systenis very unstable.

™ (D

111

8.84

TIME Sec.l

Fig. 38 gives the additional informatiofor torque on the mast and slave and
total torque for PHANTOM controllt causes the unstabl@ynamics of tk system
because the pulsation of the torque has a wide interval chamgete maximum total
value torque (an example pointl) domaximum linit of the torque (see Fig. 38). The
torque responses on the slave are slower from the master ahawva superposition

process ofjeneral torques on the motencoders. Evevery smé time-delays result in

similar situations. The positive feedbacglocity - ).(m(t— ) is addedto the velocity

Xm(t) on the master . The curvaen(t) for the masters added to the curvgm(t— ")
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for the slave as indicated and causes large teddcity >.<m(t)+ ).(m(t— ). The

magnitude of the totabelocity Xm(t) + Xm(t— 7) is increasedand the system becoes

very unstable. This case matches equation (38h en we hgnvbeforefiithed s i
damper componetecause it has positive feedback.

The opposite resuwe have for test on Fig. 40 occurs with large time delay. Time

delay T= 1 sec. tends to redube total ;(m(t) + ).(m(t— ") because theelocity ).(m(t) on

the master and the velocity chave ;<m(t— ) have opposite sign@hey are in anti

phase). Thug providesreduced amplitudand better stability.

The velocity value in [rad/sec]

total =5 [ m(f) — xm(f— T1]

=0 [ My R

TR 1

v o < 0 © Htiro,_'f\(cﬁ
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o N =~ O O

titme delay T =0

Fig. 34 The curve of changing total velocity (t) - Xm(t— ) = 0 (yellow color line) for
Time delay T=0 because the negative feeklbaglocity- Xm(t— °) compensates the
position on masterxm(t) . The curve velocityxm(t) for the master fitsthe curve velocity

Xm(t— ") for the slave on this figure.
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The vdocity value in [rad/sec]

Fult=T) L total = [1n(f) - 1a(t- T)] .

/ m
Ik

TIME Sec.
i Tl

o

o RN O MO B O

titne delay T =02 sec.

o

Fig. 35 The curve of totavelocity ;<m(t) - ;<m(t— ) (yellow color line) fora Time
delay T=0.2. The feedbadsielocity - ;<m(t— ) cannot corpensatehe velocity >.<m(t)
on the master completely. The CUI‘V.Em (t) or master velocitydoes not fit the curve
;<m(t — 7) for the slave n this figure and it causies véocity error. The magnituel of

the totalvelocity xm(t)- xm(t— 7) increasesind the system is unstable.
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The velocity value in [rad/sec]

okl =5 [Xn(f) = m(f= TI]

h@ﬁ@ | ./V

=T al

B

TIME =Sec.

5 I
O T
(N WD
FN T @ @
T N < <~ W

O M~ O O

)
=

-10

tithe delayT =10 sec.

-15

Fig. 36 The curve of total velocity>.<m(t)- ;<m(t— ) (yellow color line) for Time

delay T=1.0 The feedback velocity.<m(t— ) cannot compensate for the velocity

Xm(t) on the master completely. The curxg(t) for the maste does not fit the

curve Xm(t— ) for the slave on thisigure and it causes largelocity error (curve

of changing velocity ;<m(t— ) for the slave being out of phase with the master

;<m(t). The magnitude of the tote¢locity ).(m(t)' ;<m(t— ) increases anthe system

actsvery unstable.
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[Ibs x in x 10000] for Torque Value

T T T T T,
Time Delay T= 0.1sec.
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Fig 37 The pulsation of the totafque hasa wide interval but these values are

corrected torque limits .T_MAX=+.3000 andb ut si de

of thi

s tunnel

reflection tunnel 0 wher e t henotbeablgtemtroi s very
this process. e system is verynstable Despite asmall time delay T=0.1sec this
system is very unstable because we use the big damperivitiminus sign in
componentB, [xm.(t) —xs(t.—T)] in equation (32)The coefficient k. = 1but the big
negative value of damper gives a negative torque on the master and slave also .
[Ibs x in x 10000] for Torque Value
r .r f-T), «
20000 Time Delay T=1.0 zec.
15000 .
10000 i
5000 - -
|
0 - ....mﬂm:»mamxmmmmmmmmmm
_50001:“@1.0-:0-?00-#-:0:*}@@
T o —. ©@ NN DO o — o ¥ o
-15000
_20000 - L time zec.
Fig. 38 The pulsation of the total torque hasvide interval but these values are
corrected by the torque limits T_MAXt 3000 and outside of this tunnel we have a
dead areao wher e t he torque IS very bi

process. fie system isery unstable. (Time delaly=1.0 sec. k.
69

= 0.00001).



The velocity value in [rad/sec]

Fig. 39 The curve of totavelocity ).(m(t) + ;(m(t— 7) for the pogive feedback from
theslave (yellow color line) without a Time deldy= 0 .

The velocity value in [rad/sec]

Fig. 40 The curve of totaklocity ;<m(t)+ ;<m(t— ") for positivefeedbackrom dave
(yellow color line) withauit Time delay T =1 sec. The system castable.
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