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CHAPTER 1 INTRODUCTION

This thesis describes the implementation of a telerobotic control architecture to
manipulate a standard six degree of freedom industrial robot via a unique seven degree of
freedom force-reflecting exoskeleton which is located in the Human Sensory Feedback
Laboratory at Wright-Patterson Air Force Base. This is the first time that the robot and
exoskeleton have been interfaced.

The novel Naturally-Transitioning Rate-to-Force Controller is included in the
implementation. Background for the control architecture and modes of operation are
presented as well as the specific system description and operating procedures.

Peg-insertion experiments were conducted to compare the performance of rate
control, Naturally-Transitioning Rate-to-Force Control, and Naturally-Transitioning Rate-
to-Force Control with force reflection. Task completion time and manipulator work due
to contact forces and moments through Cartesian displacements were the basis for
comparison. The control architecture has been completely implemented. Experimental
results displayed no clear differences among the three control modes; this indicates that a
reduction in system time delays and more precise gain tuning are needed.

Many tasks that require the reasoning and reactions of a human can be performed
by teleoperation of a robotic manipulator. Unlike most current industrial robotics
applications that are automated and consist of repetitive tasks, teleoperation is best suited

for tasks that require improvisation.



Teleoperation is not a new technology. The recent evolution of computers has
provided the neural network required to further advance the field. Johnsen and Corliss
(1971) provided an introduction to teleoperation and its early chronology.

Teleoperation allows a person to remotely perform tasks in environments that are
hazardous to human health. Space, water, and underground environments have obvious
teleoperation applications. Skaar and Ruoff (1994) and Tzafestas (1991) provided an
overview of teleoperation for space applications. Current applications also include tasks
in radioactive areas as well as fire fighting and bomb diffusing. The Air Force
teleoperation applications and research goals are discussed by the Committee on
Advanced Robotics for Air Force Operations, Air Force Studies Board, Commission on
Engineering and Technical Systems, and National research Council (1989).

To evaluate something it must be compared to a standard. The human in the loop
complicates the evaluation of teleoperation control methods since there is no standard
human (Vertut & Coiffet, 1985/1986). The time required to complete a task usually does
not provide sufficient information to evaluate teleoperation control methods since other
factors such as safety, reliability, contact force, or strength could be more important while
performing the desired task. There are many different teleoperation applications and
therefore it is impossible to choose a specific control method to use in all teleoperation
tasks. Each situation should be evaluated separately considering the advantages and
disadvantages of each control method.

Theoretically, teleoperation of remote manipulators is greatly enhanced by using a

force-reflecting input device. This force and moment haptic feedback should increase the



sense of telepresence, the sense of occupying the remote or virtual environment, by
enabling the operator to feel through the force-reflecting master the forces and moments
exerted by the slave manipulator on the environment. The Human Sensory Feedback
(HSF) Laboratory of Armstrong Laboratory located at Wright-Patterson Air Force Base
has a world-class capability for experimentation in force-reflecting teleoperation for Air
Force and NASA applications: The unique FREFLEX (Force-REFLecting EXoskeleton, a
unique device from an Odetics, Inc. SBIR [Odetics, Inc., 1992]) force-reflecting
exoskeleton master and a MERLIN (Modular Expandable Robot L/Ne, a common
industrial robotic arm from American Robot Corporation [American Robot
Corporation,1985]) industrial manipulator slave.

The HSF Lab has been involved with force-reflecting teleoperation research for
more than a decade. Bryfogle (1990) presented algorithms for force-reflecting
exoskeletons. Rosenberg (1992) applied virtual fixtures to improve teleoperator
performance and later extends the concept to include time-delayed teleoperation (1993).
Huang (1993) presented equations for FREFLEX exoskeleton inputs and the MERLIN
inverse pose solution, optimized for minimal on-line computation. Dr. Repperger has been
very active in force-reflection research, focusing on the operator side of teleoperation
(Repperger, 1991, 1995; Repperger, Phillips, & Chelette, 1995; Repperger, Phillips, Hill,
& Roark, 1996; Repperger, Scarborough, & Chelette, 1991).

Dr. Robert Williams II assisted implementation of a unique experimental sensor-
based real-time telerobotic system including force-reflecting hand controllers (FRHCs)

while employed at NASA Langley Research Center (Williams, Harrison, & Soloway,



1996, 1997, Willshire, Harrison, Hogge, Williams, & Soloway, 1992). The control
architecture discussed in this thesis is an extension and adaptation of that system, which
includes multiple control modes and shared human and autonomous control.

The main objective of this research was to expand the capability of the HSF lab to
perform teleoperation experiments by implementing a telerobotic control architecture that
allows force reflection to the teleoperator and coordination of kinematically dissimilar
FRHCs and slave robots. The HSF lab has possessed the hardware, MERLIN and
FREFLEX, to perform these evaluations for several years but these devices were never
interfaced. The implemented telerobotic control architecture includes not only the usual
teleoperation control modes such as pose and rate control but also the novel Naturally-
Transitioning Rate-To-Force Controller (NTRFC). The only previous implementation of
the NTRFC was at NASA Langley Research Center (Williams et al., 1996) and it was
purely heuristic. The HSF lab will utilize the telerobotic capabilities provided by this
research to investigate sensory-rich, human-in-the-loop control and define performance
measures for advanced human sensory feedback development.

The research covered in this thesis advanced the teleoperation research capabilities
and knowledge of the HSF Lab by supplying a versatile telerobotic control architecture for
use in teleoperation studies. Controlling the MERLIN via the FREFLEX and modeling
the NTRFC were accomplished for the first time. Several control methods were installed
and experiments to evaluate control method performance were initiated for peg-in-hole

tasks. Task completion time and manipulator work due to contact forces and moments



through Cartesian displacements were the basis for comparing the implemented methods
of teleoperation.

This thesis summarizes the following research accomplishments: (a) development
of control architecture for general telerobotic systems including FRHCs; (b) simulation,
implementation, and evaluation of the telerobotic control architecture applied to the
FREFLEX and MERLIN system; and (c) controls design, modeling, simulation, and
evaluation of the novel NTRFC, which is part of the control architecture for general
telerobotic systems including FRHCs. The general system that is applicable to the control
architecture and the specific HSF lab system are described in Chapter 2. Chapter 3
presents the telerobotic control architecture. The NTRFC is discussed and modeled in
Chapter 4. Chapter 5 summarizes the MATLAB simulation that was used to develop the
control algorithms and describes the implementation of the control architecture into the
HSF hardware. The experimental comparison of resolved-rate control, the NTRFC with
force reflection, and the NTRFC without force reflection is presented in Chapter 6.
Chapter 7 summarizes the research, emphasizes the significant conclusions, and

recommends future research and system improvements.



CHAPTER 2 SYSTEM DESCRIPTION

This chapter discusses the general system characteristics used to derive the control

theory and the specific system in the HSF Lab to which the theory was applied.
2.1 General System Characteristics

This thesis assumes the following general system characteristics:

1. One or more slave manipulators are to be controlled to accomplish various
tasks.

2. One or more manipulators may be controlled by human operator
(teleoperation), autonomously (robotic) or a combination (telerobotic).

3. The slave manipulators should posses at least six degrees of freedom for
general spatial tasks.

4. A master device such as a joystick, hand controller, or exoskeleton with at least
six degrees of freedom was used for teleoperation inputs.

Since Cartesian commands from the master are sent as Cartesian commands to the
manipulator or manipulators, the master and slave need not be kinematically similar.
Cartesian master to Cartesian slave control has more capability than joint to joint control.
If two slave manipulators are working independently, two master devices may be used. If
two slave manipulators are coupled through a common payload, a single master is

sufficient. Figure 1 shows coordinate frame definitions which apply to masters and slaves.



Master Slave

Base

Wrist

MRF

CRF

Base

World

Figure 1. Master and Slave Coordinate Frames

For clarity, dextral XYZ Cartesian coordinate frames are represented by dots and
small circles in Figure 1. The World Frame is an inertially-fixed reference frame for all
devices. The master and slave each have separate Base, 0, and Wrist Frames. The Base
Frame is attached before the first moving joint; O is the kinematic base frame; the Wrist
Frame is attached to the last moving link at its joint. The master and slave each have
coordinate frames attached to each active joint between O and the wrist which is not
shown for generality and clarity. The master Grip Frame is centered at the human
operator's hand grasp point. The slave has the following frames: The Moving Reference
Frame (MRF) is a user-defined frame which is being controlled. The MRF can be placed
anywhere as long as it is rigidly attached to the last manipulator link, such as on a grasped
payload or even off the physical link. The Control Reference Frame (CRF) is a user-

defined frame with respect to which the MRF is controlled. Cartesian velocities may be



commanded in the coordinates of any frame, but all motion relates the MRF to the CREF.
The L Frame is the camera lens which is used for machine vision, remote operator views,
or both. The S Frame is the force and torque sensor frame. The L and S Frames are both
rigidly attached to the slave Wrist Frame and MRF.

The control frames in Figure 1 are defined for generality. The CRF can be moving
and the Base Frame can also be moving independently with respect to the World Frame.
The MRF can be changed during tasks and is defined to facilitate task completion. For
example, the MRF can be the beam node in a beam assembly task. In this case the CRF
would be the target connecting node location. The inclusion of the MRF and CRF is
intended to decouple the Cartesian task and the human operator from the slave
manipulator. Figure 2 shows the general control flow in a force-reflecting teleoperated
system. Pose stands for Cartesian position and orientation and wrench represents a
Cartesian force and moment vector in Figure 2 and throughout this thesis. In this thesis a

force-reflecting master will be generically referred to as a force-reflecting hand controller.

S
O Cartesian Cartesian Rate or
Pose Pose Command MRF
Control >
FRHC
. Computer
oint Torques Task Wrench

2D

Figure 2. Force-Reflecting Teleoperated System



2.2 HSF Lab System Description

The HSF Lab has the following devices for teleoperation experimentation. The
control methods of this report were implemented on these devices in simulation and
hardware. A single MERLIN 6500 robot arm (American Robot -Corporation, 1985)
shown in Figure 3 is the slave manipulator. This six degrees of freedom spatial device
consists of six revolute joint axes in series. A second MERLIN may be available in the
future to implement dual arm control. The master is the seven degrees of freedom, seven
revolute joint FREFLEX shown in Figure 4. Chimera 3.2, which is a real-time operating
system for reconfigurable sensor-based control systems developed by the Advanced
Manipulators Laboratory, The Robotics Institute, and the Department of Electrical and
Computer Engineering at Carnegie Mellon University (Ingimarson, Stewart, & Khosla,
1995) is installed on a Sun SPARCstation and acts as the interface between the FREFLEX
and the MERLIN. Two JR® Universal Force-Moment Sensor Systems (JR?, Inc., 1988)
are available. One of the sensors is mounted on the wrist of the FREFLEX and the other
is attached at the wrist of the MERLIN. A taskboard for teleoperation studies is also

available.



Figure 4. FREFLEX Force-Reflecting Exoskeleton
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2.2.1 MERLIN General Description

The MERLIN system includes a six degrees of freedom arm (American Robot
Corporation, 1985); controller (American Robot Corporation, 1995b); peripherals which
include the teach pendant (American Robot Corporation, 1995a), CRT, and operator’s
panel; and AR-BASIC (American Robot Corporation, 1996) software.

The left-handed MERLIN 6500 robot arm located in the HSF Laboratory is
balanced for a payload of 50 Ibs (222.4 N) (American Robot Corporation, 1985). The six
joints of the MERLIN are driven by stepper motors. Each time the motors receive a
current pulse from the motor drivers, the motors step by 1/25,000 of a motor revolution
(American Robot Corporation, 1985). Encoders are mounted on the back of each motor
to determine the position of each motor shaft. These encoders read 4000 ticks per
revolution and the controller counts the number of motor revolutions to calculate precise
joint positions (American Robot Corporation, 1985).

The adjustable mechanical stops; the electromagnetic brakes which prevent the
arm from moving when the robot power is off, and the transmissions for the waist,
shoulder, and elbow joints are located in the body of the robot. Electrical stops are
located in the body for the waist and shoulder joints, while the limit switch for the elbow is
located in the upper arm. The transmissions for the wrist axes consist of three concentric
tubes that pass through the forearm and transmit torque from the motors to the wrist
joints. The range of motion in degrees for joints one through six respectively are 294,

292, 292, + continuous, + 90, and + continuous (American Robot Corporation, 1985).
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The gear ratios for joints one through six are 48:1, 48:1, 48:1, 24:1, 20:1, and 24:1
respectively (American Robot Corporation, 1985).

The MERLIN controller (American Robot Corporation, 1995b) consists of two
central processing units (CPU), the master CPU and the servo CPU. The master CPU is
an MSDOS based personal computer (PC) which runs a program that contains the AR-
Basic interpreter as well as the motion libraries, ARBASIC. EXE. The servo CPU is
actually a single board processor with RAM and VGA that executes SERVO.COM which
is responsible for the control of the motors. Both of these CPUs are located in the PC
within the American Robot Control Cabinet. The High Speed Host Interface (HSHI)
(American Robot Corporation, 1997) is implemented to allow the user to communicate
directly with the servo CPU via an RS-232 interface.

The three MERLIN peripherals are the teach pendant, CRT, and the operator’s
panel. The teach pendant (American Robot Corporation, 1995a), which is connected to
the front of the control cabinet, is used for manual control of the MERLIN. The functions
of the operator’s panel include emergency stop, electromagnetic brake override, robot
power, and controller power. The main purpose of the CRT is to display the AR-Basic
window. AR-Basic (American Robot Corporation, 1996) is a version of the programming
language BASIC developed by American Robot Corporation to create programs for

controlling the MERLIN.
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2.2.2 FREFLEX General Description

This unique exoskeleton anthropomorphically maps the seven degrees of freedom
of the human right arm and provides a natural means to teleoperate a remote manipulator
with force-reflection. The human is not attached to the exoskeleton which allows the user
to feel less constrained. A forearm push plate with force sensor can be enabled to
maintain a constant force on the user's arm to better follow the motions of the human.
2.2.2.1 Torque Coupling

The FREFLEX (Odetics, Inc., 1992) is driven by seven brushless p.m.
servomotors which are controlled by BDS4 series brushless motor controllers (Industrial
Drives, A Kollmorgen Division, 1993). These motors can provide high continuous
torque and low armature friction and inertia. Bayside gearheads with reductions ranging
from 5:1 to 15:1 are mounted on each motor (Odetics, Inc., 1992). The motors are
mounted on an external base minimizing the size, mass, and inertial properties of the
FREFLEX exoskeleton.

The seven FREFLEX joints are actuated via these seven base-mounted motors
through complex cable-drive systems. The exoskeleton’s transmission consists of 19
shafts, 102 pulleys, 92 bearings, and a gear set at the elbow (Odetics, Inc., 1992). The
cables, acting as agonist and antagonistic tendons, are routed from the motors to the joints
of the exoskeleton via the pulleys mounted at the base. Therefore, the joint angles and
joint torques are coupled functions of the motor angles and torques. Huang (1993) used a

constant global coupling matrix 4 to describe the kinematic coupling: A® ,,,, = 48, -
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By the principle of virtual work, the same matrix is used in the torque coupling:
Tootor = A7 Tioine- Huang (1993) presented a method to experimentally determine the

matrix A using redundant measurements and a least squares fit. Ideally, 4 is a lower
triangular matrix because motor i/ torque should only depend on outboard links. Huang

experimentally determined 4 to be

[-0.9617 0.0548 -0.0169 0.0194 0.0065 -0.0024 -0.0255]
0.9632 09711 0.0039 0.0001 0.0045 -0.0029 -0.0046
-0.0246 -0.4294 0.9672 0.0257 -0.0231 0.0177 -0.0305
A=| 00292 0.1976 0.7246 -0.7250 -0.0278 0.0310 -0.0408 (1)
0.0075 04336 05890 0.3732 -1.1949 -0.0052 -0.0032
-0.0052 03139 -02185 0.2192 12706 -1.5005 -0.0062
| 0.0539 0.4949 -0.3120 03114 0.0092 14494 -1.4256

The seven joint angles of the FREFLEX are measured by external potentiometers
that are designed into the joint such that the wiper is mounted on the support link and the
film is mounted on the driven link. According to Odetics (1992), this arrangement
provides better packaging and positive joint angle measurements and requires fewer
calibrations. However, operation in the HSF Lab indicates that these pots possess the
greatest liability for dependability on the FREFLEX. These pots are unique and have
failed in the past. The pot on joint three was not working as designed. A wire has been
temporarily added from the brush to the red wire leaving the pot to bypass a discontinuity

in the original red wire exiting the pot. To calibrate the pots see Section A.1.3.
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2.2.2.2 Mass Parameters

The FREFLEX links' mass m; and center of mass (CG;, vector from origin of frame
i to CG; that is expressed in i coordinates) are critical for the FREFLEX gravity
compensation algorithm. Odetics (1992) gave conservative values for these parameters,
used for worst-case motor sizing. Huang (1993) did not report these parameters, but they
appear in the original FREFLEX code and are given in Table 1. Unfortunately, there is no
explanation as to how these values were obtained. The current gravity compensation
works on the FREFLEX hardware, but it needs improvement. The Table 1 values should
be recalibrated: Starting with the seventh link, m, and CG; should be tuned until each link
supports itself against gravity. This process should be repeated for links six through one.
For simulation purposes and also future hardware implementation, the FREFLEX code
CG; values (derived for Paul Denavit-Hartenberg parameters) were transformed to
equivalent values with the Craig Denavit-Hartenberg (DH) convention; these are reported

in Table 2.



Table 1. FREFLEX Mass Parameters, Paul

Link m, CG,, CG,, CG,
Ibsm inches inches inches
(kg) (cm) (cm) (cm)
1 0.02163 1.15 -7.28 -4.40
(0.00981) | (2.92) | (-18.49) | (-11.18)
2 0.01684 0.00 1.58 7.55
(0.00764) | (0.00) | (4.01) | (19.18)
3 0.00958 -1.57 -1.36 -0.09
(0.00435) | (-3.99) | (-3.45) | (-0.23)
4 0.01036 0.17 0.10 2.62
(0.00470) | (0.43) | (0.25) | (6.65)
5 0.00389 0.00 -3.69 -3.90
(0.00176) | (0.00) | (-9.37) | (-9.91)
6 0.00285 0.00 -4.00 -3.50
(0.00129) | (0.00) | (-10.16) | (-8.89)
7 0.00437 -0.58 0.00 -2.60
(0.00198) | (-1.47) | (0.00) | (-6.60)
Table 2. FREFLEX Mass Parameters, Craig
Link m CG, CG, CG,
lbsm inches | inches | inches
ke) | (m) | (m) | (om)
1 0.02163 1.15 4.40 -7.28
(0.00981) | (2.92) | (11.18) | (-18.49)
2 0.01684 0.00 5.75 2.41
(0.00764) | (0.00) | (14.61) | (6.12)
3 0.00958 0.40 0.76 -1.13
(0.00435) | (1.02) | (1.93) | (-2.87)
4 0.01036 -1.80 2.50 0.80
(0.00470) | (-4.57) | (6.35) | (2.03)
5 0.00389 0.00 2.40 -4.80
(0.00176) | (0.00) | (6.10) | (-12.19)
6 0.00285 0.00 3.50 -4.00
(0.00129) | (0.00) | (8.89) | (-10.16)
7 0.00437 1.10 0.00 -2.60
(0.00198) | (2.79) | (0.00) | (-6.60)

16
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2.2.2.3 VME Chassis

The FREFLEX VME chassis contains four VME based processors and I/0 boards
mounted in a 21 slot chassis. The VMIC 4100 board outputs voltages to the FREFLEX
motor controllers. The VMIC 2510B board provides discrete input and output channels
for the exoskeleton operator interface. The Ironics IV-3230 board labeled Crusher is used
for force-reflection processing while the Ironics IV-3230 board Control is the master real-
time processing unit. The chassis also contains a JR® board that processes information
from the JR® force and torque sensor mounted at the wrist of the FREFLEX, a Data
Translation DT1401 card that reads the pots, and a Bit 3 card that links the ethernet and
the Sun SPARCstation.

2.2.3 FREFLEX and MERLIN Kinematics

The telerobotic control architecture presented in this thesis requires kinematics
transformations which relate Cartesian and joint variables within the master and slave
devices. Specifically, this section presents the Denavit-Hartenberg parameters, forward
kinematics transformation, and Jacobian matrices for the FREFLEX master and MERLIN
slave. Huang (1993) presented these equations derived for minimal on-line computation.
The equations in this section, used in the simulation and hardware implementation, do not
attempt symbolical or numerical computation optimization. Numerical recursion is used.
Huang's equations were implemented on the FREFLEX hardware and our hardware
implementation makes use of that existing code insofar as possible. Huang's equations
were never implemented on the MERLIN and so the equations from this thesis are used.

Computational efficiency can be improved over the equations presented in this thesis by



18

using symbolic computer algebra to derive the equations or a numerical approach similar
to Huang's.

2.2.3.1 Denavit-Hartenberg Parameters

The Denavit-Hartenberg parameters provide a standard manner to describe the
joint and link geometric relationships in a serial manipulator. Unfortunately, two possible
DH standards have arisen, the Paul (Paul, 1981) convention and the Craig (Craig, 1989)
convention. Craig convention is used in the current report and in the Odetics (1992)
report, while Huang (1993) used Paul convention. The convention selection is based on
personal preference. Figure 5 shows the MERLIN and Figure 6 the FREFLEX kinematic
diagrams, from which the DH parameters (Craig, 1989) of Tables 3 and 4 are derived. All
angular units are degrees. If the 6; angular offset of rows 3 and 6 are included for the
MERLIN and FREFLEX, respectively, Figures 5 and 6 show the zero-joint-angle
configurations. Nominal MERLIN and measured FREFLEX joint angle limits are also
given.

Nominal values for the MERLIN lengths are: a,= 17.375 inches (44.1325 cm), d;
= 11.9 inches (30.226 cm), dy = 17.25 inches (43.815 cm), and nominal values for the
FREFLEX lengths are: a; = 1.969 inches (5.00126 cm), a, = -1.969 inches (-5.00126
cm), d; = 14.64 inches (37.1856 cm), dy = 0.625 (1.5875 cm), ds = 11.77 inches (29.8958

cm).



Table 3. MERLIN DH Parameters

Table 4. FREFLEX DH Parameters

i |a,| 4 0; Limits

1 0 0|0 6, +147

2 -9 O d, 0, +56,-230
3 0 a, 0 | 6,-90 | +56,-230
4 -90 0 d, 0, +360

5 90 0 0 05 +90

6 |90 0| O 05 +360

i &y | @ | d 0, Limits

1 0 0 0 6, 18,-28
2 90 0 0 0, +130,-52
3 [-120| 0 | 45 6, +90

4 120 | a; | 4, 0, -3,-166
5 -70 a, ds 05 +90

6 70 0 0 | 6s+90 | +128,+51
7 90 0 0 6, +57,-52
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Figure 5. MERLIN Kinematic Diagram
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Figure 6. FREFLEX Kinematic Diagram
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2.2.3.2 Forward Kinematics
The forward kinematics transformation gives the position and orientation of the

moving frame of interest » with respect to the kinematic base frame 0 (Craig, 1989):

?J”:[O ['?OR] 0 {Of"}:' °Xn={x y zvy B a}T. (2)

The pose can be represented in two ways. The first method of pose representation is by
»T , which is the 4x4 homogeneous transformation matrix with the 3x3 orientation matrix
IR and the 3x1 position vector °p,. The second pose representation method is the vector,
°X,, whose first 3 components are °P, and second 3 are orientation numbers extracted
from ’R, e.g. Z-Y-X Euler convention, see Equation 11. Given one row in a DH

parameter table, the homogeneous transformation matrix relating the pose of neighboring

frames in a serial chain is

CG,' - SO, O a‘-_l
it _ s@ca;., cOca,_, -sa_, -dsa,, 3)
"o |s6sa, cOsa  ca,  dea,,

0 0 0 1
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where ¢, =cos(8;), 56, =sin(6;), etc. The forward kinematics transformation for active

joints is

n
or=T1-r=r-mir. @

i=]

Note the MERLIN and FREFLEX each have Base, 0, and Wrist Frames which must be
distinguished, see Figure 1. The overall forward kinematics for the MERLIN and

FREFLEX are given below on the left and right, respectively:
Wor="°r8rorT  and eT="3r T STeT . (%)

where M, B, 0, W, and G stand for the MRF, Base, 0, Wrist, and Grip Frames. The World
Frame, Wo, is common.

2.2.3.3 Jacobian Matrices
The Jacobian matrix *J for a serial chain maps joint rates ®={9, 6, - 0,,}
into Cartesian rates *X ={5c Vv i oo o co,}T of the frame of interest with respect to

the base, expressed in any frame k: *X=fJO . The i column of *J is the Cartesian
velocity of the point of interest due to joint rate / alone with 6, factored out. This fact

leads to the following formula for the i column of ¥/, where 'z,={0 0 1}7:
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- {fR(izi'xiP,,)}' ©

k pi
iRz

Equation 6 is applied for each moving joint to yield the 6x6 MERLIN and 6x7 FREFLEX
Jacobian matrices, each relating the motion of the respective Wrist Frame with respect to
the Base Frame, expressed in &. Note that & can be different for MERLIN and FREFLEX
and is chosen as the respective 0 Frames in this thesis.
2.2.4 Chimera 3.2 General Description

This section of the thesis will summarize the necessary material concerning the
Chimera 3.2 real-time operating system needed to operate the MERLIN manipulator via
the FREFLEX exoskeleton. Note that an understanding of UNIX commands is essential
since Chimera 3.2 is accessed from a Sun SPARCstation with a UNIX operating system.
2.2.4.1 Subdirectory Structure

The base directory for controlling the MERLIN manipulator via the FREFLEX
master is named freflex_merlin and it is located at /usr/chimera/chim_3.2/freflex_merlin.
Chimera 3.2 defines a subdirectory hierarchy that all files under the base directory must

follow (Ingimarson etal., 1995). Figure 7 shows this hierarchy under freflex_merlin.
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Figure 7. Freflex_Merlin Directory Hierarchy

2.2.4.2 Editing, Compiling, and Linking Files

E'vcr. 10d I
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There are two file editors available on the UNIX system, these are V7 and Nedit.

To compile a single module use the makefile in the subdirectory in which the file is

located, adding the filename if not already on the list of object files to be created within the

makefile. Type "make filename.o" to compile a single module. If “.0” is not applied to

the end of the filename an error will result. To compile and link all modules for RTPU

Crusher type "make -f freflex_merlin_rtpu.mak all".

Change the directory to

fusr/chimera/chim_3.2/freflex_merlin/src/main, remove freflex_merlin.o by typing “rm

freflex_merlin.0”, and type "make all" when compiling and linking all modules for RTPU

Control. A Chimera 3.2 library with helpful functions, including a matrix math library

which was used extensively in the freflex_merlin development, is available (Ingimarson et

al,, 1995).
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2.2.4.3 Reconfigurable Subsystems

Each periodic task is composed of several components as required by Chimera 3.2.
These components are the C subroutines: init, on, cycle, off, kill, clear, set, and get
(Ingimarson et al., 1995). Good examples of the subsystem configuration are the existing
“c” files in the /usr/chimera/chim_3.2/freflex_merlin/src/module directory. When
operating Chimera 3.2 there is a subsystem interactive command interpreter that is useful.
It accepts the commands: display, kill, module, off, on, quit, set, spawn, and status
(Ingimarson, et al., 1995). Details of these commands can be found in the Chimera 3.2
manual or by typing "help" when operating Chimera 3.2.
2.2.4.4 Global State Variable Table

Chimera 3.2 uses a global state variable table (SVAR), which is stored in a
configuration file, to communicate between different modules when operating in a
reconfigurable multiprocessor environment (Ingimarson et al., 1995). Each task creates
and modifies a local copy of the SVAR and periodically returns these global variables,
which are used by different tasks, back to the SVAR.

2.2.5 JR® Universal Force-Moment Sensor System General Description

The JR? sensors are necessary for wrench reflection. The sensor located on the
wrist of the MERLIN measures the forces applied by the robot end effector. The sensor
located on the FREFLEX was used in past taskboard experiments but is not used in the

current study. For this reason, the description of these devices will be concentrated on the

MERLIN mounted sensor.
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The MERLIN mounted JR® Universal Force-Moment Sensor System, serial
number 0310 (JR3, Inc., 1988), consists of one sensor body, one sensor cable that
connects the sensor to a data processing electronics enclosure, a JR® power box, and a
serial cable to port #1 on the RTPU Control in the VME chassis.

Foil strain gauges in the sensor body detect forces and moments and send millivolt
signals to the electronic processing enclosure through the sensor cable (JR3, Inc., 1988).
These signals are amplified and processed within the electronic enclosure before being sent
to Control via the serial cable. The electronic enclosure can also receive commands
through the serial line from software operating on the RTPU Control.

The force load ratings for the JR? sensor located at the MERLIN wrist are 25.0 Ibs
(111.2 N) for the X and Y axes and 50.0 Ibs (222.4 N) for the Z axis (JR®, Inc., 1988).
The torque load ratings are 100.0 inelbs (11.3 Nem) about each Cartesian axis (JR®, Inc.,
1988). Violating these ratings could damage the sensor and hamper proper force
reflection. Also note that the JR® sensor located at the MERLIN wrist has a left-handed
coordinate system, which is contrary to the JR®> manual description.

The JR? sensor located on the FREFLEX is newer and slightly different than the
sensor mounted on the wrist of the MERLIN. The FREFLEX mounted sensor does not
have its own electronics enclosures. Instead it is connected to its own VME board by a
line with a modular plug on each end. In the future this sensor could be useful to compare

the force applied by the teleoperator to the force exerted by the slave manipulator.
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2.2.6 Taskboard General Description

The standardized peg-in-hole taskboard which is shown in Figure 8 was designed

and built by the Naval Ocean Systems Center (Spain, 1989).

Note: Not to Scale. : {%} © 42.160 cm TYP.
. @4 >
8 cm TYP. — P
BETWEEN CENTERS Il
! 4" (10.16 cm) TYP.
v 197 v

T weee:

2" (5.08 cm)TYP. = $
. @ _
@ 2 cm DIA TYP. 16
é/

1

Figure 8. Peg-in-Hole Taskboard

The taskboard is complete with switches in the bottom of each of the 16 holes in

the board. When a peg is inserted into the hole, the switch in that particular hole is
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activated. This allows precise time measurement of the movement from the start hole to
the finish hole of a task.

The peg and hole sizes can be changed to increase or decrease tolerances. The
distance between the start and finish holes and the respective tolerance allows for varying
degrees of task difficulty to be tested.

Since the taskboard can be operated either via teleoperation or directly by a
human, it can be used to define many teleoperation performance measures. Comparisons
can be made between teleoperation and direct human operation, different operator

interfaces, or different teleoperation control algorithms.
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CHAPTER 3 CONTROL ARCHITECTURE

This chapter presents the general real-time telerobotic control architecture for
implementation in the HSF Lab. It is adapted from a unique hardware system at NASA
Langley (Williams et al., 1997). The sensor-rich system is rate based but allows input from
various control modes simultaneously: pose, rate, vision, force; others may be added. The
architecture provides shared telerobotic control, defined as concomitant human,
automated, and sensor-based inputs. All modes can operate on all Cartesian axes
simultaneously and this can lead to conflicts of which the operator must be aware. During
tasks one or more control modes may be activated during task steps by entering nonzero
gain matrices. Joint control, pose control, force control, and rate control are implemented
for a single slave manipulator and force-reflecting master in the current thesis. This can be
expanded in the future as needed for additional sensory feedback modes such as machine
vision and laser proximity, dual-slave-arm operations, or kinematically-redundant slave
manipulators. Huang's (1993) control mode for the slave manipulator allowed only
inverse pose control and was based on the complex, multiple solution inverse pose
kinematics results. The current rate-based method does not use these equations, but
instead requires the slave manipulator Jacobian matrix. Rate control has several benefits
such as linear equations, unique solution, and inputs from multiple control modes are
linearly summed. However, it is not as widely applied as inverse pose control. Both

inverse rate and inverse pose suffer from the same manipulator kinematic singularities.
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3.1 Control Diagram

The real-time, sensor-rich, rate-based, shared telerobotic control architecture is
shown in Figure 9 for a single slave manipulator. The following subsections present the

control modes and algorithms.
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Figure 9. Telerobotic Control Architecture

3.1.1 Resolved-Rate Control

The resolved-rate control algorithm is used for motion control from all input
sources: master, pose, and force controllers. The algorithm implemented is based on
Whitney’s method (Whitney, 1969). This section assumes a static Base Frame and CREF,
the method can be extended to handle moving Base Frames and CRFs for dynamic tasks.

The time-varying manipulator Jacobian matrix maps joint rates to Cartesian rates of the
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Wrist Frame: *X,,=*J© . The Cartesian rates *X, =" {vw QW}T express the translational

and rotational velocities of the Wrist Frame with respect to the Base Frame, expressed in
the coordinates of any frame k. Common choices are k = Wrist Frame, 0 Frame, or Base
Frame; simplest symbolic terms for the Jacobian matrix result when £ is the frame midway
between the Base Frame and Wrist Frame, often the Elbow Frame. The equation
D¢ w =*JO must be inverted (or more efficiently, solved for © by Gaussian elimination)
at each control step. First, however, the input MRF Cartesian rates ‘.X,, (the sum of all
control inputs for the MRF, expressed in any frame j) must be converted to the resolved
rate input X, (the equivalent Cartesian velocities of the Wrist Frame to produce X,,).
This rigid-body velocity transformation and coordinate transformation is given in Equation

7 (Craig, 1989):

k k kpW kpl/
. ‘R R" P ‘R
kX,= {Xw}z[J w MRE X :|{!MRF}. %)

0 fR D vrre
X,, always gives the six degrees of freedom velocity of the MRF with respect to the Base

Frame, but can be expressed in any coordinates j such as the CRF, Base Frame, 0 Frame,
or World Frame. Now the rate equation is inverted to calculate the instantaneous joint

rates necessary to obtain the commanded *X,
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Oo=40"k %, . (8)

The commanded joint rates are numerically integrated to obtain the commanded joint
angles ©.. These angles are ordered to the manipulator and achieved using linear
independent PID control laws. Joint encoder feedback ©, is used to form the errors for
servo control.

This algorithm is sensitive to kinematic singularities, where the manipulator loses
freedom to move in one or more Cartesian directions. In the neighborhood of
singularities, extremely high joint rates are theoretically required to satisfy a finite
Cartesian command. To deal with this problem, the determinant of the Jacobian matrix
¥J must be monitored. When the determinant approaches zero, the matrix inverse (or
Gaussian elimination) in Equation 8 is replaced by a matrix pseudoinverse based on
Singular Value Decomposition (SVD). Near singularities, the exact Cartesian command
*X,, cannot be satisfied, but the SVD with the damped least-squares formulation will yield
bounded joint rates which will move the manipulator through the singular neighborhood
until Equation 8 is valid again (Maciejewski & Klein, 1989).

For teleoperation, the displacement AXyc of the operator’s hand with the master

device is interpreted to be the rate Xy after applying matrix gain Kyc, as discussed in

Section 3.2.1.2.
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3.1.2 Pose Control

Resolved-rate control may be used to command manipulator poses by closing a
position loop around the rate system. The difference between the commanded, $7 (frame
T stands for Target), and current, ;7 , manipulator poses must be calculated. The target

pose may be commanded by the operator through teleoperation master as in Section
3.2.1.1 or keyboard input, an automated path planner, or some sensor-based algorithm
(e.g. machine vision). The current pose is found from the forward kinematics

transformation of joint encoder feedback ©, and other known homogeneous

transformation matrices:

aT=woT" T aT(© )T . ()

The translational error vector is found by algebraic subtraction of the position vectors:
°P._,,=“P-CP,,. However, because the orientation cannot be represented by vectors the

angular velocity error must be calculated using a rotation matrix “difference”:

MR=CR'SR=SRTSR. (10)

Three orientation numbers (e.g. Euler Z-Y-X a,B,y, [Craig, 1989]) are extracted from the

difference rotation matrix % R, as given in Equation 11:
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cacf —sacy+casfsy  sasy+cosPfey B=atan 2(— YN R )
R=[r)|=|sacB cocy+sasPsy -cosy+sasPey|  a=atan2(ry/cfry/cB) (11)
-sp cPsy cPey y=atan2(ry, / cf,r; / cf)

where ¢ =cos(), sB = sin(B), cax=cos(cr), sa=sin(a), cy=-cos(y), and
sy =sin(y). The o, B,y solution in Equation 10 has two results represented by the + in
the B solution. The solution is subject to a S=+90° singularity (Craig [1989] presents an
alternative solution for the singular case). Taking these three numbers «,f,y as both the

Euler angles and respective rates (Y=Y, f=p, and & =a), the commanded angular
velocity error vector is calculated using the appropriate rotational kinematic differential

equations in Equation 12 (Kane, Likins, & Levinson, 1983):

,t=[0 cr cPsy By (12)
0 -sy cPeylla

g &
n

The position and orientation error vector is converted to a rate X,, added into the
summing junction in Figure 10, after applying the vector gain K, that has translational

units 1/s and unitless rotational components.
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3.1.3 Force Control

An active force controller has been implemented in the resolved-rate scheme to
command forces to the environment with the manipulator. This active force controller is
basically a general impedance controller (Hogan, 1985) with only the damping term. A six
degrees of freedom force and torque sensor (with frame S) mounted after the last joint
reads the contact wrench Fs={f; ms}T . The weight and gravity moment of the end
effector mounted outboard of the force and torque sensor (transformed to the S Frame)
must be subtracted from the sensor reading. This modified sensor reading in the S Frame
must be transformed by rigid body transformations and coordinate rotations (Craig, 1989)

to the equivalent MRF wrench:

| %R o fs}
o o L P ) "

A wrench error vector Fgp=F.-F, is formed from the difference of the sensed and

commanded wrenches in the MRF. Since both force and moment are vector quantities,
algebraic subtraction applies. The wrench error is converted to a rate X = K.F, which is
sent to the summing junction in Figure 10. This rate drives the manipulator motion so the
desired force is achieved continuously. The diagonal gain matrix K has units m/Ns and
radians/Nms for translational and rotational terms, respectively. If zero wrench is
commanded and the manipulator contacts the environment, the motion will automatically

align the manipulator end-effector for minimal Cartesian contact wrench and
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misalignments. This is called force and moment accommodation (FMA) (Williams et al.,
1997; Willshire et al., 1992).

If a FRHC is used, the sensed MRF wrench can also be applied by the FRHC so
that the operator’s hand feels the task wrench exerted by the manipulator. The required

transformation is (Craig, 1989)

1T =Jfff‘ch. (14)

where 77T is the vector of FRHC joint forces and torques required to feel the task wrench
and J is the FRHC Jacobian matrix. The task wrench F,, is scaled by matrix gain K

and sent as the FRHC grip wrench. If the FRHC Jacobian is derived for the Wrist Frame
relative to the Base Frame, a rigid body wrench transformation (similar to Equation 13) is
required to transform this scaled task wrench from the Grip Frame to the Wrist Frame,

obtaining Fy for use in Equation 14. The joint torques are achieved by torque mapping,
sending 7c to the FRHC.

3.1.4 Simultaneous Control
In the control architecture of Figure 9, all input sources (i.e. master, pose, and
force) can be enabled simultaneously for all Cartesian axes. In most other experimental
telerobotic systems that the author is acquainted with, only one input source is enabled at
any one time and changing between sources requires artificial software or hardware

switches. Often different input sources will result in competing goals (e.g. different poses
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commanded by the operator and automated path planner). Therefore, software switches
are included (set by script file keyboard input) to enable or disable each input source
during the execution of tasks. Also, zero values in the vector gains K., K, and K, can
be used to disable some or all Cartesian axes from the input sources. The NTRFC is an
example of simultaneous inputs from two control modes which is complimentary, not
competing. A limitation of the proposed control architecture is that the gains are tuned
heuristically. Gain scheduling is allowed but there is no theoretical basis for computing
the gains of complex systems. As the manual gain selection is necessarily conservative to
achieve stability, it is likely that suboptimal performance is obtained. Methods for gain
selection for simple models are demonstrated in Chapter 4.
3.1.5 Shared Control

The proposed control architecture allows shared control, which is control by a
human operator (teleoperation), autonomous sensor-based control (robotic), or a
combination of both (telerobotic). In this system the human controls the system via the
master or through keyboard inputs. The master input is integrated seamlessly. For
instance, if it appears the automated system will drive the end effector into an obstacle the
operator can modify the trajectory in real-time by using the master. After the danger is
past and the master input is zero the original target pose is still reached by the

manipulator.
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3.1.6 Joint Control

Joint control can be implemented for the slave manipulator by commanding ©.

directly. This mode is useful for gross changes in the slave configuration, but other
Cartesian modes must be disabled during joint control. Joints may be moved one at a time
in either absolute joint angle displacements or rates.
3.2 Force-Reflecting Master Control Diagram

Figure 10 shows the control flow for the implementation of a Cartesian FRHC
commanding inputs and reflecting wrenches with a telerobotic system in Cartesian space.
There is some overlap between Figures 9 and 10; Figure 10 shows more detail. Figure 10
assumes Cartesian rate inputs; the difference for Cartesian pose inputs is minor (discussed
below). The following subsections present the algorithms for Figure 10. For more detail,

see (Williams, 1997).
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Figure 10. Cartesian FRHC Control Diagram

3.2.1 FRHC Cartesian Input Commands

39

Let us start with the block “FRHC Including Operator” in Figure 10. The user

must first define the desired FRHC reference pose via a switch. This pose (calculated

from forward kinematics ¢.T=3T3T-+-5T /T when the switch is hit) can be any convenient

pose in the FRHC workspace which represents zero Cartesian input to the manipulator.

The operator may redefine this pose at any time. This feature is intended to decouple the

Cartesian input from the FRHC base frame and allow generality for commands.

During any control cycle when the operator has moved the FRHC grip from the

reference pose, the input command to the manipulator is determined as follows. First the

FRHC joint sensors are read and FRHC forward kinematics calculates the current grip
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frame pose relative to the FRHC base frame: J7=Ti---ST.T. Now a difference

homogeneous transformation matrix is calculated to represent the input (the inverse is

given by Craig [1989]):

WTr=T™'3T . (15)

At this point, the Cartesian pose and rate input cases differ.

3.2.1.1 Cartesian Pose Input
The difference matrix 7 is interpreted as the commanded slave pose “37 (where

M, is the reference MRF, which can also be redefined using FRHC pose indexing). The
frame M), is fixed once defined, as opposed to the constantly changing MRF in pose

control (Equation 9 in Section 3.1.2). The pose input is then (see Section 3.1.2)

¢T=),TsT=, T%T . This is not pictured in Figure 10.

3.2.1.2 Cartesian Rate Input

This procedure is similar to formation of rate signal X, for resolved-rate-based
pose control (Section 3.1.2). A set of difference numbers AX,c={x y z v B o} is
extracted from the difference matrix %7 . The translational part {x z}T is the fourth
column of %7 excluding row 4, while o, B,y are the Z-Y-X Euler angles (Craig, 1989)

extracted from the difference rotation matrix @R. This is labeled as “7MAT Difference”

in Figure 10. For Cartesian rate input, the translational terms are the first three terms of
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AXyc scaled by the first three Kyc diagonal elements (units s'). In Figure 10 all gain

matrices K, are order 6x6 and (generally) diagonal matrices of gains. Because a static

FRHC orientation must be converted into a Cartesian rotational rate, we again use y =7,
B=p,and & =0 in the rotational rate kinematics transformation Equation 12. Then the

angular velocity command is {o, o, m,}r, scaled by the second three Kyc diagonal

elements (unitless). The total teleoperated Cartesian rate command to the MRF (X, ) is

formed from these translational and rotational rate terms. Note this process is not shown
in Figure 10, but is inside the Kyc block.

The lower path in Figure 10 presents reflection of the Cartesian task wrench to the
operator, discussed in Section 3.1.3. Previously-presented algorithms are sufficient to
command a manipulator and feed back task wrenches simultaneously with a FRHC in
Cartesian space. However, the next section presents the additional features of Figure 10
to improve operator loading and FRHC stability.

3.2.2 Improved Operator Loading and Stability

One benefit of wrench reflection to the operator is increased feeling of telepresence
which enables teleoperation tasks to be completed more easily and with lower contact
wrenches. However, one drawback is the potential for increased operator loading,
including fatigue from resisting wrenches through the FRHC and supporting a portion of
the FRHC weight. In the last section, the end effector and payload weights and moments

were subtracted to remove that static loading from the operator (this information is not
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required to complete tasks). However, to improve telepresence quality, the payload
weight may be included if desired.

In the current section, FRHC gravity compensation is presented to further unload
the operator’s arm. Also, for Cartesian rate inputs, a unique return-to-center method is
developed which assists the operator in finding the zero-input FRHC pose when zero
inputs are desired in between commanded motions. For both rate and pose inputs, a
damping term is also added to improve relative FRHC stability. It is crucial that these
operator aids do not mask the task Cartesian contact wrench.
3.2.2.1 FRHC Gravity Compensation

Many FRHCs are mini-articulated robots which must be supported by the
operator. FRHC gravity compensation applies configuration-varying joint torques so that
the FRHC supports most (theoretically, all) of its static weight. The weight m.g acts at the
center of gravity of the FRHC link /. If a fictitious force fi.om, = mg is provided equal and
opposite of the weight vector, that link will be balanced. The joint torques required to

support this fiom, may be calculated using 7, =J £, , where J; is the Jacobian matrix

s S icomp >
relating the center of mass of link 7 to the base. Only motors one through / support the
weight of link /. By summing all link’s 7, (vectors of increasing dimension 1 through n
for links 1 through n) we calculate the joint torques T in Figure 10 required to unload

the operator’s arm by commanding the FRHC to support its own weight. Huang (1993)

presented an alternative gravity compensation algorithm; a simulation demonstrated
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identical results for the two methods. Section 2.2.2.2 presents the nominal mass and mass
center parameters.
3.2.2.2 Constant-Force Return-to-Center and Virtual Walls

For Cartesian rate input commands, the manipulator will move with a commanded
velocity when the FRHC Cartesian pose is different from its reference pose Go. Therefore,
a return-to-center (RTC) force should be provided to assist the operator’s hand in finding
the zero-input FRHC pose. As a first try, Dr. Robert Williams II calculated the RTC at
NASA Langley Research Center using Hooke’s law with a virtual spring (Williams, 1997):
OF =-KgAXye. The FRHC grip wrench is calculated for each Cartesian axis (three
translations, three rotations) independently; the negative sign is to draw the operator’s
hand back toward the zero pose. However, it was found at NASA (Williams, 1997) that
the FRHC workspace that was far from the defined reference pose generated unnecessarily
large RTC forces due to the linearly increasing relationship.

Therefore, a novel constant-force return-to-center (CFRTC) approach was

developed. Figure 11 shows the CFRTC force as a function of scalar displacement AX,
from the zero reference, for one of the six Cartesian axes. The AXyc; represents any one
of the six terms in the relative Cartesian pose AXyc. The AX,, (i=1,2, .., 6) terms are

found from FRHC joint sensors as discussed previously. The magnitudes in Figure 11 are
arbitrary and must be determined for specific FRHCs based on performance requirements

and FRHC workspace. The CFTRC is symmetric about AX Heci =0 each side displays

three distinct (but continuous) regions. The first is the deadband and serves two purposes:
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a) providing a small region of zero input surrounding the zero pose and b) providing a
parabolic virtual wall which the operator must overcome if an input is to be commanded in
that particular Cartesian axis. The second, largest, zone is the working range which
provides the CFRTC (as opposed to Hooke’s law) virtual spring. The third zone provides
a stiff virtual spring to alert the operator when the edge of the FRHC workspace is
encountered. It was found at NASA that this stiff spring was unnecessary (Williams,
1997). Therefore the flat CFRTC zone was extended to the workspace boundary. In this
case, the operator must be aware of the workspace boundaries, but the effective FRHC

range is extended.
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Figure 11. CFRTC for One Cartesian Axis
The i term for the Cartesian CFRTC wrench °F, is expressed in Equation 16.
Note translational pose terms correspond to return forces while rotational pose terms

correspond to return moments:



(°Fp) =-a,AX};AX, SAX
' . (16)
= _aiAXizDB;AXi > AX pg

where the constant AX is the i” axis deadband value, a; is the i”" axis parabolic constant,
and the subscript HC was dropped for clarity. If AX,<AX,z, no Cartesian command is
sent out for the i axis. If AX,>AX,p;, AX;ps must first be subtracted from AX, before it
is used in a Cartesian pose or rate command. Figure 11 and Equation 16 are represented
on Figure 10 by the virtual spring characteristics Kz (more complicated than the other
Figure 10 matrix gains due to the different zones). The rotational deadband should be
applied at the angular velocity level due to the Euler angle coupling in rotation matrices.
The virtual parabolic walls displayed in Figure 11 are related to the virtual fixtures
which have been applied in the past to the FREFLEX hardware (Rosenberg, 1992, 1993).
The virtual walls assist an operator in separating axes for teleoperated rate inputs. The
user’s hand must overcome the virtual-wall force before inputs are sent on a certain axis.
If the user’s hand strays and no input is desired in certain Cartesian axes (translational or
rotational), the virtual wall will return the operator’s hand to the deadband area. On the
other hand, virtual fixtures are used as a guide for the operator’s hand in Cartesian space.
For instance, if the user wishes to insert a peg in a specific hole, the virtual fixture can

provide virtual springs (centered on the target hole) to assist guiding the peg to that hole.
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3.2.2.3 Damping Term

To increase relative FRHC stability, a damping term is added. If the FRHC pose is
static, there is zero damping term. However, if the operator is making FRHC pose
changes with respect to time, the damping term applies a resistive wrench °F, (opposite
to the velocity direction of each Cartesian pose term) at the FRHC grip. This dampens
rapid changes in the manipulator’s Cartesian commands.

The A(Axyc) vector is calculated via a simple difference in the current and previous

AXy values. In this case we have small angle motion (for A[AX HC] , not for AXyc) so
the entire pose representation AX;c may be subtracted algebraically to yield A(AXpc),

rather than using the form of Equation 12. The vector °F} is calculated by applying a

diagonal matrix of damping gains Kp (with negative signs) to A(AX ) :

(GFD)i = —K,A(AX ), - (17)
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