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Abstract

This thesis studies the stable force reflecting control of a telesurgery system with large
transmission time delay, which is one of the main issues of the U.S. national telesurgery
project (ARPA Project). A new approach, Fuzzy Sliding Control, has been proposed and
developed in this research. The theory and design methodology of Fuzzy Sliding Control
are described, and the stability of force reflecting control of the teleoperation system with
large time delay has been proved by means of the small gain theory.

To investigate thoroughly the stable control of a teleoperation system, the other
important approaches, such as Passive Compensation and Supervisory Control, have also
been studied. By some modifications, the passive compensation as well as supervisory
control were simulated and then implemented in the real master-slave system.

Based on two Phantom robots, a master-slave telesurgery robot system has been set up
with some modificationrs. A mechanical beam model has been used for testing as a
simplified model of the human body in the laparoscopic surgery. During the research, an
actual master-virtual slave system (virtual remote environment) was also buiit up and used
to study the stable control approaches.

To evaluate the different control approaches in the teleoperation system, a set of human
subject experiments were designed and conducted. During the experiments the subjective
evaluation data and the dynamic responses were recorded. Four different control
approaches, Fuzzy Sliding Control, Sliding Control with Boundary Layer, Adaptive Dead
Zone Control, and Linear PD Control were evaluated with respect to different time delays
from O upto 1000 ms. Also, a comparison between Passive Control and Fuzzy Sliding
Control has been made, and the results are described in the thesis.
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During the research of this iclerobotic surgery project, I believe the following were very
important:

So far as the laws of mathematics refer to reality, they are not certain. And so far as
they are certain, they do not refer to reality.
--- Albert Einstein

As complexity rises, precise statements lose meaning and meaningful statements

lose precision.
--- Lotfi Zadeh

We automate what we understand and can predict, and we hope the human
supervisor will take care of what we don’t understand and cannot predict.
--- Thomas Sheridan
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Chapter 1
Introduction

1.1 Telercbotic Surgery

With the development of modern technologies (including remote sensing, robotics, medical
informatics, telepresence, supercomputing, digital image processing and tele-
communications), telemedicine has become a very active research area in the 1990s. The
criginal idea of telemedicine was to provide medical care over long distance through the use
of telecommunications. In the early days of the 1960s, the primary target was to implement
telediagnoses [Sheridan, 1992]. Now efforts are underway in the world to develop
telesurgery, where a surgeon operates, by means of a telerobotic device and a
communications link, on a patient who is an arbitrary distance away. The current goal in |
the U.S.A. is the development of a telerobotic surgical system that will assist a medical care
provider (who might have limited medical care experience) in the management of a medical
emergency (including surgical intervention) at a location that is remote from the hospital
and the experts available there. Such an event might occur in both civilian and non-civilian
situations in locations such as remote rural areas, ships at sea, battle fields, natural
disasters, research stations in the Antarctic, and NASA space missions, among others.
Telesurgery is a special application of teleoperation that requires good telerobotic devices
to perform the remote operations and a good quality of telepresence (visual, audio, and
haptic feedback) to enhance the surgeon’s medical performance. So far the research
projects on telesurgery have had different focuses, such as surgical telerobot design,
surgical tool settings, telepresence surgery, etc. Experiments on surgical telerobotics from
1992 until today have evolved considerably [Kanade et al 1994). Green[1992,1995], at
SRI International in California, has developed an advanced telesurgery system, which is a
two armed, five degree of freedom, bilateral force reflecting telerobotic system. Through
the demonstration (called as Telepresence Laparoscopic Surgery) in Washington, D.C. at
the annual convention of the Association of the U.S. Army, in 1994, SRI established that
precise surgical procedures can be carried out with telepresence. In 1994 another group at
Johns Hopkins Bayview Medical Center conducted an experiment on telerobotic
laparoscopic surgery for the purpose of assessing the feasibility of telerobotic assisted
surgery [Kavoussi, 1994]. These experiments did not involve significant time delay.
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The first experiment of telerobotic surgery in the world was carried out between the
NASA Jet Propulsion Laboratory in Pasadena, California, and the Telerobotic Laboratory
of the Politenico di Milano, Italy on July 7,1993 [Rovetta,1996]. During that experiment,
an Italian robot in Milan was remotely controlled by an Italian surgeon in the United States.
The surgical operation involved the execution of a biopsy, aspiration of organic material,
and two incisions in preparation of laparoscopy. Transmission was effected by means of a
double satellite link, with three transceiver stations: one in Italy, one close to New York,
and one in Pasadena, and two geostationary satellites, the first over the Atlantic and the
second over the United States. The route length of the signals was 150,000 km in each
direction and the transmission delay time was significant (1.2 seconds) on the satellite
network. To increase safety and system reliability, an optical fiber network with ISDN
located on the ground and on the sea bed was used to obtain a parallel signal transmission
with fast transmission rate. This experiment showed that the time delay in telerobotics
should always be taken into consideration so that surgical telerobotics can be safely applied
in those operations where time interaction is kept under control (e.g. in biopsies and
incisions under anesthesia). While these experiments involved time delay, they did not
involve force feedback in the telerobotic systems.

Sheridan {1994] suggested to perform telesurgery by using the available intelligence and
assistive dexterity in the form of a paramedic (or in some cases an untrained assistant)
available locally to the patient, which suggests a more acceptable application of telesurgery
in the future. Hence cooperative manipulation (supervisory control) between a paramedic
local to the patient and a surgeon through a telerobot becomes an important issue in
telesurgery in the scieatific sense. Besides, time delay effects in telesurgery, which degrade
the quality of telepresence (visual, audio, and force feedback) are indeed a very important
issue.

Previous experiments on telesurgery have not paid much attention to the combination of
time delay and telepresence (especially force feedback). In this thesis, teleoperation
including force feedback with time delay (which is called stable force reflecting control with
time delay) will be addressed.

1.2 Telepresence in Telesurgery
Telesurgery is a natural extension of developments in teleoperation, where the latter is
defined as “the extension of human inspection and manipulation capability to remote or

otherwise inaccessible locations”[Sheridan, 1996]. A telerobot is a device that has sensors
(such as video camera) and actuators (hands for grasping and arms for positioning and
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conveying forces to the hands, p'us some means of mobility), which are combined with a
means of communicating information to and from the human operator. Usually, a complete
telerobotic system consists of master-slave robotic manipulators, communication link,
remote sensing devices (including video, audio, and force feedback etc.) (Figure 1-1).

Human Master }——{» Communication |-—§» Slave Task
Operator Robot [@— Link i4— Rotot Environment

Figure 1-1: Block diagram of a telerobotic system

In most telerobotic systems, human operators control the endpoint of the master
rnanipulator (robot), which, in turn, determines the joint angles of the master and the slave
manipulators. In a force-reflecting teleoperator system, the reaction force sustained by the
slave is fed back and reconstructed by the master manipulator to provide the operator a
sense of what he would feel if he were handling the task directly. The kinesthetic coupling
between the human operator and the task is part of the currently accepted idea of
“telepresence™ which implies feeding back all sensory information and energy, including
vision, sound, smell, force, tactility etc., such that the human operator feels physically
present at the remote site.

1.2.1 Telepresence for better operation

Telepresence is commonly claimed to be important for direct manual telemanipulation. It
has yet to be shown how important is the sense of “feeling present” per se is to
performance as compared to simply having high resolution, a wide field of view and other
attributes of good sensory feedback [Sheridan, 1992]. Generally speaking, telepresence
can be classified as visual telepresence, auditory telepresence (binaural localization and
spectral correspondence to the real world), force (muscle force) telepresence, and tactile
(skin sense) telepresence.

The quality of telepresence has direci effects on the performance of teleoperation. From
the experience that a force-reflecting teleoperator system performs better than a system
without force feedback one can understand the concept of telepresence partly. It is
intuitively assumed that the performance of a remote manipulator will rival direct manual
operation if the operator is presented with all sensory information of the remote site and if
the remote manipulator has the same dexterity as a human arm (or hand). Presumably under
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such circumstances, the human operator can feel as if he is at the remote site and is
performing the operation directly.

However, the concept of “to feel as if at the remote site” is far beyond the necessary
requirement of the original purpose of using teleoperation systems to perform tasks in an
inaccessible location. For example, in a combat cnvironment the operator might be subject
to a high level of stress and anxiety if he were presented with the realistic reconstruction of
the force, sound, smell and sights of the battle field. In such cases, “to feel as if at the
remote site” is not appropriate since the operator will suffer both physically and mentally
from the hazardous environment [Blais & Lyons,1988]. On the other hand, selected and
modified feedback may reduce the stress of fatigue associcied with a task and increase the
performance level. Since “to feel as if at the remote site” is not always helpful in
teleoperation, the ideal telepresence should not be to feed back all sensory information and
energy of the remote site the operator, but should be to feed back such information and
energy as will increase the performance level, but not such information and energy that will
jeopardize the operation. In conclusion, teleoperation should be a means to achieve higher
performance with necessary remote information, but not an end in itself.

Force reflection, considered as a subset of telepresence, has been shown to be beneficial
in remote constrained motion tasks [Sheridan, 1992]. Task completion time is often
reduced by as much as 40 percent when the operator is given force feedback information.
Even with visual feedback, human performance in terms of task completion time is still
severely limited unless the operator is supplied with force feedback. Therefore, force
reflection capability has been considered necessary for a high performance teleoperator
system. However, exact force reflection, just like other items that constitute telepresence is
not always necessary or most helpful. The following section discusses the problems of
force feedback.

1.2.2 The limits of force reflecting teleoperation
Since the human muscle-skeletal system is directly coupled to the teleoperator and task
dynamics in force reflection teleoperation, the overall system dynamics becomes very
complex and the performance of the overall system is very much dependent upon the
human capability. Hence, the performance of the remote manipulation can be affected in
several ways:

(1) A force reflection teleoperator system can be much more fatiguing than a positioning
device such as a mouse or a teleoperator without force feedback. Since the operator is
coupled with the task in a force reflection system, whatever force is exerted by the slave

13



manipulator will be reflected to the operator and sustained by the operator’s muscles.
Therefore, it is often fatiguing :o use a force reflective teleoperator system.

(2) If the teleoperator exactly reflects the environment to the human operator (complete
transparency of the inte:face), then the capability of the system will be exactly limited by
the human operator as well. For example, the remote manipulator will not be able to lift a
we :ght heavier than what the operaior can lift directly, or execute a fine motion more
precisely than what he can execute directly. Moreover, if a task requires an input bandwidth
higher than what the kuman operator can exert, the operator will not be able to do it.

(3; The dynamics and control of a force-reflection teleoperator is very complex. The
force reflection will develop a closed-loop between the human-master subsystem and the
slave-task subsystem. The dynamics of a force reflection teleoperator system not only
depends on the above two parts, but also depends on the transmission between the two
parts. For examplc, the stability problems due to noise and signal transmission time delay
are well acknowiedged and have severely limited the remoteness of the operation [Sheridan
1992]. Because of the reflection nature of force feedback, delayed force feedback, unlike
delayed visual feedback and audio feedback, could interfere with the operator’s command
input. Therefore, Ferrell [1966] stated that force feedback is “not only a source of
information, but may act as a disturbance input as well”.

Te summarize, although the performance level measured by task completion time can b=
remarkable in certain types of tasks, a force reflecting teleoperator system is fatiguing, is
limited by the dexterity and capacity of tiile human opeiator, and can be unstable and hard to
control especially in the presence of time delay. Even with an ideal teleoperator system
which provides a complete transparent interface between the operator and the task. the
performance level is still limited by the performance level of the human himself.

1.3 Stable force reflection with time delay

1.3.1 Time delay effect on force reflection of telerobotic surgery

Several successful demonstrations of remotely controlled endoscopic surgery and
laparoscopic surgery have taken place recently [Green,1995; Kavoussi,1994; Partin,1995].
However, in these demonstrations there was no appreciable time delay between the
surgeon’s actions and the resulting in the laparoscopic image or between the surgeon’s
actions and the force feedback. Rovetta’s demonstration of telesurgery between Milan, Italy
and Pasadena, CA, U.S.A. used satellite communication networks which took 1.2 seconds
time delay for one-way information transmission (including video, audio, and sensing
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signals ) but no force feedback. In 1993, Yamashita demonstrated his teleoperation system
between Tokyo, Japan and Encina, CA,U.S.A. via ISDN communication lines across the
Pacific Ocean[Yamashita, 1993].The data transmission time was approximately 0.70
seconds which doesn’t include the necessary time delay for image compression and
decompression (minimum 0.60 seconds). The latest available technology to do video
conference typically use several ISDN channels or T1 link that result in delays in the video
signals of at least a half second, round trip (e.g. 0.60 seconds for the Zydacron system
[Zydacron,96]). Therefore, time delays always exist in the teleoperation systems because
of the constraint of the available technology.

In the case of telesurgery, (particularly where satellites and long distance ISDN lines are
used) the time delays appear both in the transmission of commands to the remote surgical
system and in the feedback of information (e.g. video, audio ) to the surgeon. Among all
the effects of time delays, such as image transmission, control signal transmission, sensing
information feedback, and so on, force reflection is dominantly important to perform
practical telesurgery,. The latter is true because a human can ignore visual time delays of a
small fraction of a second, but humans in a force loop inherently close the loop through the
control handle and force feedback generating spurious movements that cannot be
suppressed by the human operator without holding the control handle rigid.

The force reflection control of a teleoperation system with large time delay ( more than
0.2 seconds ) becomes unstable [Bejczy,1994]. Usually the communication time delay is in
order of 1 second if satellite communication is used [Sheridan, 1989]. When the
communication time delay become significantly large comparing with the dynamic time
constants in the robotic system {e.g. time delay >0.2 seconds), the delayed forces imposed
on the operator’s (surgeon’s) hand will be significantly out-of-phase with his or her
intended motions, and will therefore excite instability in the teleoperation system and make
teleoperation or telesurgery very difficult to implement. On the other hand, \tom a control
system point of view, large time delay generates a large phase lag in the system loop,
decreasing the phase margin of the system significantly and making the system unstabie. It
is very difficult to design a compensator for such a delay [Niemeyer and Slotine, 1991].
Therefore, the classic linear controller, such as proportional-plus-derivative (PD) control
can not make the teleoperation system with large time delay stable unless some way can be
found to change the system’s physical parameters [Anderson, 1989]. A better way to
explain the instability of force reflection of teleoperation with time delay is to apply passive
theory or scattering theory, which will be described in the thesis.
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1.3.2 Previous works on stable force reflecting control

Several approaches to coping with time delay in telerobotics have been proposed since the
1960s. The previcus approaches can be classified into the following different types: (1)
visual aiding approaches (including “move and wait” strategy, predictor display, force
signal display), (2) passive centrol and (3) supervisory control. Ferrell [1966], Buzan
[1989] and Buzan and Sheridan [1989] investigated the special case of delayed force
feedback, and developed specialized predictors to cope with delayed force. Time delay in a
Teleoperation loop can also be circumvented altogether by using supervisory control, in
which the telerobot is programmed to perform operations in short closed loop segments
and control is managed locally through artificial sensors and a computer within the task
segments [Ferrell and Sheridan, 1967; Brooks, 1979; Conway et al., 1990; Funda et al.
1992; Sheridan,1992]. Hirzinger et al. [1993] demonstrated telerobotic control from the
Earth to the NASA Apace Shuttle for simple manipulation tasks, making use of both
predictor display and supervisory control techniques. Other investigators have suggested
means of artificially damping or smoothing control signals to prevent instability which can
be called a class of passive contro! [Raju,1986; Anderson,1988].

Raju [1986,1988] was the first to apply two-port network models to the stability
analysis of teleoperators. He suggested that if the teleoperator system is designed such that
its impedance characteristics can be adjusted by the human operator for different tasks, it
may be possible to improve the performance level of the operator using both system
characteristics equations and positive real matrices. He analyzed and solved the ‘bound’ of
parameters for stabilizing PD-controllers against all passive environments. The stable port
behavior can thus be specified using gains within the parameter bounds. Hannaford &
Spong [1988] introduced a similar analysis using hybrid two-port networks.

Anderson and Spong [1988] extended the methodology of teleoperator network design
with the passivity theory and the scattering matrix. Based on the passivity theorem, overall
system stability is maintained by securing the passivity of each subsystem. In this way, the
design process is much simplified. However, the trade-off is that the overall system
becomes tco conservative (more stable than needed). By designing the communication
subsystem with lossless scattering matrices, Anderson and Spong also solved the stability
aspect of the time delay problem. Niemeyer and Slotine [1991] presented 2 similar result in
dealing with time-delay problems. Based on Raju’s work, Chin analytically derived the
design guideline for stable passive controllers [Chin, 1991].

With the inspiration of the “move and wait” strategy, and the function of the series
elastic  ator [Pratt, 1995], the author proposed a novel control approach--Fuzzy Sliding
Controi.  this thesis, the new control approach will be described in detail.

16



1.4 Outline of Thesis Contents

This thesis introduces my contributions to the subject, stable force reflecting control of
telerobotic surgery system with time delay. The main part of the thesis focuses on
development of the new approach of Fuzzy Sliding Control and the derivation of the

modified passive control approach. Both approaches have been applied in a telerobotic

surgery system. This thesis is organized as follows:

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

introduces the technologies in telerobotic surgery, time delay effects on
force reflection of teleoperation and the previous work on the subject.
explains why Fuzzy Sliding Control (FSC) is useful in teleoperation, what
is FSC and how to design FSC.

describes the system structure of FSC in telerobotic systems and the
modeling of a teleoperation system, and it elaborates how FSC stabilizes
the teleoperation system.

presents the methodologies of passive control and supervisory control. A
modified approach to passive control is proposed.

describes the experimental studies on FSC by means of a virtual
environment. Subjective experiments for different controllers are conducted
with respect to different time delays (0-1 sec.). Both subjective and
objective evaluation are described.

introduces system design of a telerobotic system including hardware and
software design for experimental study and surgery demonstration.

presents the experimental data for different control approaches, e.g. passive
control and FSC. The resulting analyses are based on the dynamics
responses.

summarizes this thesis and discusses the direction of future research.
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Chapter 2
Theory and Design of Fuzzy Sliding Control
2.1 Intuition of force reflecting control with time delay

From our simulations and experiments, we observed that when the remote robot (slave)
makes contact with the task environment, due to the delayed information feedback, the
master robot excites a system oscillation (instability). This instability shows less of a
repetitive pattern, but finds a self-sustaining oscillation at a frequency inversely
proportional to the delay. In both cases the instability was provoked by an impulse
disturbance which is associated with the slave contact with the environment, and the action
of the human arm (also human arm locomotion effects) to a step function force signal.
Time delay has the following effects on the force feedback (or force telepresence ).
® The human operator cannot predict exactly the instant when the slave robot contacts
with the task environment;
® Once the slave contacts the task environment, the force signal in the slave during the
transition period (from free motion to full contact) is roughly a step function;
® When the slave force signal (step function), which is not a smooth function is
reconstructed on the master robot, the human operator will generate an impulse (force
& position) disturbance.
Intuitively there are several ways to avoid instability, which are:
°® Visual predictor display. Some people have already investigated this approach, which
indeed improved the operation performance. However, in complex task cases, it is very
difficult to achieve perfect predictor display (predicted graphics overlaid on the video
image).
® Add artificial damping to the robot. This gives us an approach called passive control.
Using the artificial damping factors, the energy injected by the human arm in the form
of impulse force when contact takes place at the remote site can be dissipated in the
master-slave global system.
® Add a “smart” filter” to smooth the contact force signal of the slave robot and feed
back the steady force signals to the master robot. In the meai time, add robustness to
the controllers of both slave and master robot.
For the third approach, there are some difficulties to design such a smart filter and robust
controllers, because there are so many uncertainties in the telerobotic system. For example,
the task environment may vary during the operations, and the operator’s arm model is not
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known to us even today. Without precise mathematic models, how can we design
appropriate controllers for the robots ? The answer is that we can buiid the model from our
experience and control engineer’s expertise. We have already known that a series-elastic
actuator can have very good stability in dealing with surface contact [Pratt, 1995]. If we
can build a smart control that has adjustable stiffness and robustness, the system
performance will be improved significantly. A new control ---Fuzzy Sliding Control which
has the two features (smart filter, adjustable stiffness and robustness) will be introduced in
the following sections.

2.2 Fuzzy Logic and Fuzzy Control

Fuzzy logic is much closer in spirit to human thinking and natural language than traditional
logic. Essentially it provides an effective means of capturing the approximate, inexact
nature of the real world. A fuzzy logic controller (FLC) is a set of linguistic control rules
which, in combination, result in an algorithm to map quantitative inputs to quantitative
outputs. The methodology of the FLC is very useful when the processes are too complex
for analysis by conventional quantitative techniques or when the available source of
information can only be interpreted qualitatively, inexactly, or uncertainly. Thus fuzzy logic
control may be viewed as a step toward a rapprochement between conventional precise
mathematical control and human-like decision making.

Here is an example of FLC with approximate inference (Mamdani’s Approach)
{(Mamndani, 1976]. If there exist N rules in the fuzzy control system, the ith rule is in the
form of

IF inputs x; = A;, x,=B;, THENu=(C;.
Let x,9, X0 be the inputs of x,, x, correspondingly, so the truth value of the premise (or
membership) can be expressed as

Wi = Hai(X10 ) A Hpi(X20)
where [ai(x)o ) is the membership of x| pertaining to fuzzy set A; and Wgi(X20),
membership of x;¢ pertaining to B;, and “A” is an operator, which can be defined as
“minimum” or other fuzzy operator [Pedrycz, 1993]. Then, the membership of the control
output is

N
H_(2) = Ul )
i=1
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where “Vv” is an operator, which can be defined as “maximum” or other operators [Pedrycz,
1993]. Therefore the output (fuzzyfication, or fuzzy decision making) can be obtained
from the centroid formula.

_ X pg(2)zdz
- X (2)dz

u

The inference process can be described in the following figure.

I Membership Function 1)

' pCl

0 X10 Xi 0 Zwo z

X1
Rule (b): IF xi=A:and x2=B: THEN u =C..

{Control Output)
Fuzzy Decision: uo

Figure 2-1: Inference process of fuzzy control

Fuzzy logic control has been applied to many industrial systems successfully since
Mamdani’s pioneering work in 1976 [Mamdani, 1976]. As a heuristic approach, fuzzy logic
control is usually based on expert knowledge. For an ili-defined and complex system, fuzzy
control has advantages over the traditional approach because it is not necessary to do the
mathematic modelling. On the other hand, it is suitable for human knowledge interfacing
because of linguistic flexibility. Although fuzzy control is very successful, especially for the
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control of nonlinear systems, there is a lack of appropriate design technique with regard to
the control performance and stability of systems. For example, fuzzy control is rule based,
and the rules chosen by the human experts may vary for a given system plant. The tuning of
the rule base is done in a trial and error manner. There is no consistent methodology to
guide fuzzy partition, rule-tuning, and approximate fuzzy inference, so that necessary
system performance and stability can be achieved. Figure 2-2 shows a standard structure of
fuzzy control system.
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2.3 Why fuzzy sliding contrel

Sliding mode control is a form of nonlinear control, which is robust and global stable. A
sliding controller design provides a systematic approach to the problem of maintaining
stability and consistent performance in the face of modeling imprecisions. This control
design is conducted in the hyperplane of the chosen variable space. In application, a
boundary layer enclosing the switching hyperplane is necded to eliminate the chattering
phenomenon [Slotine, 1991]. In this thesis, the concept of sliding control is extended to
fuzzy set theory for the purpose of achieving a new control which can have good robustness
and also is able to deal with unmodeled human expertise.

Kung [1994], Ghalia [1995] and Palm [1992] presented the idea of using fuzzy logic to
solve the chattering problem for sliding mode control and further developed the fuzzified
sliding mode control, in which the switch condition has been fuzzified. To develop stable
fuzzy control, other approaches have been proposed based on Lyapnov stability theory
[Langari, 1990, Tanaka, 1992]. By observing that both the fuzzy controller and sliding
mode control can be visualized and designed in the phase plane, Hu [1994, 1995} developed
another design approach, which is based on the rule base of the human expert. Using the
fuzzified sliding mode control law the control rules can be tuned in the phase plane. In this
thesis, the proposed design methodology explicates fuzzy partition, rule tuning, and
dynamic adjusting of fuzzy partitions. Making use of the inherent advantages of sliding
mode control, fuzzy sliding control can have robustness over model uncertainties and also
have the capability of rejecting disturbances.

Considering the uncertainties from the task environment and the human operator, fuzzy
sliding control has been shown to overcome these difficulties because it can supply the
robots with varying stiffness control when the slave robot contacts the task environment. A
special control structure associated with FSC was also designed to deal with a time delay. In
the following sections, the FSC design methodology and the control scheme for a
telerobotic system are described in detail.

2.4 Theory of Fuzzy Sliding Control
In studies of fuzzy sliding control, there are two different approaches. One approach is to
directly fuzzify the switching variable S (a fuzzified sliding mode control). According to the

extension principle of fuzzy sets {Zadeh, 1965], any conventional continuous controller can
be extended into a fuzzified controller through fuzzifying appropriate variables. Fuzzified
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sliding mode control can attenuate the chattering by introducing the fuzzy variable of S
[Ghalia, 1995], which can be applied to a high order system. In the second approach, the
fuzzy sliding control law is derived and used to re-design or tune the fuzzy logic rule base
so as to achieve a stable, robust fuzzy controller. In this paper, we focus on the second
FSC approach.

Let’s consider a 2rd order system and develop the corresponding fuzzy sliding mode
control law in the phase plane.

x(t) = f(x,t) +u(t)+d() 2.1)

where x(t) is the state variable, u(t) is a control variable, d(¢) is a disturbance. Assume
x,(1) is the desired state, and the tracking error is

e = x(t)— x,(t) (2.2)
The sliding surface (or switch line) is: s(x,t) =0
where s(x,0) =e+ A -e A>0 2.3)
By choosing the Lyapunov function,

V() = -%—s(x, 1) (2.4)

the reaching condition of sliding mode control can be written in the form of
V=s-s=s(Aé+é)<-nls|<0. n>0 (2.5)

Then from the reaching condition and the above equations, we can derive the sliding mode

control law as follows.

The 1st form of the sliding control law is:

u=-K-sgn(s) (2.6)
where K2 n+[f(x,t)+d+ Aé— 3, ]sgn(s) 2.7
It is assumed that the upper bounds exist, [A¢|<E, |f(x,1)| < F, |d(1)| < D,
Ijéd(t)l <.
Kcanbeselectedas K=n+F+D+E+v,
The 2nd form of the sliding control law is: u = —Aé — K" - sgn(s) (2.8)
where K2 n+[f(x,1)+d(1) - i,1sgn(s) 2.9)
SelectK*as K' =n+F+D+v (2.10)
1 ifx>0
sgn(x) =40 ifx=0 (2.11)
-1 ifx<0
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To attenuate the chattering in the neighborhood of the switching line, a boundary layer is
introduced [Slotine, 1991]. Based on (6), we can obtain the fuzzy sliding control law:

u= —Kﬁ‘a - sgn(s) (2.12)

where K fuzz (s) is a noniinear function of Is(t)!.

Kfuzz
Fuzzy Soft
oundary
K
o 50!

Figure 2-3: Fuzzified control value

Here Is(t)l indicates the distance from a system state (e, ¢) to the switching line. Based on
the above fuzzy sliding control law (12), the fuzzy partition of control output can be
determined. The FSC law can be interpreted as the following FSC rules in the scaled phase
plane.

Rule 1: IF the state (e, €) is above the switching line, THEN u is negative.

Rule 2: IF the state (e, ¢€) is below the switching line, THEN u is positive.

Rule 3: IF Is(t)l is Z (Zero), THEN uis Z .

Rule 4: IF Is(t)l is S (Small), THEN u is S.

Rule 5: IF Is(t)l is M (Middle), THEN u is M.

Rule 6: IF Is(t)l is B (Big), THEN u is B.

Generally, by applying the above FSC rules and modifying the original fuzzy control
rules which have been abstracted from human knowledge, a set of adjusted fuzzy control
rules can be obtaine. The above rules shape the scaled phase plane into soft boundary
layers. Figure 2-4 illustrates the fuzzy partition and FSC soft boundary layer in the scaled
phase plane. The final version of FSC rules base is organized in the form of Figure 2-5.

The complete rule sets described in Figure 2-5 have been applied in the telerobot control
where e(1) = 6, — 8 (refer to Figure 3-2).
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Fuzzy Soft Boundary Layer

: $=0
Switching Line

Figure 2-4: FSC in scaled phase plane
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Control Output

Derivative of Error -10 .10

Error

Figure 2-6: Control surface of FSC in 3-D.
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2.5 Design of fuzzy sliding control

We summarize our FSC controller design procedure: 1) set up the preliminary control rules
and fuzzy partitions from expert knowledge; 2) choose the switching line and the soft
boundary layer; 3) tune the fuzzy partitions (membership functions) of the control variable
and those for the input variables and control variable; 4) modify the control rules according
to the FSC law; 5) impiement tlie fuzzy sliding control on the general fuzzy control system
structure; 6) simulate and evaluate the control system, reiterate from step 2 until satisfactory
responses are obtained.

Considering the robot control applications, it is necessary to tune the scaling factors and
the fuzzy membership functions, i.e. soft boundary layer tuning, which is described in next
section.
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Chapter 3
Fuzzy Sliding Control of Telerobotic Systems
3.1 System structure of fuzzy sliding control

Stable force reflecting control is very important for any teleoperation system with a large
time delay. For some particular cases, like a telesurgery systems, precise trajectory control
is also required. The passive compensation approach[Niemeyer, 1991] aims to modify the
communication link into a passive transmission link, and kence smooth the force signal and
dissipate the energy generated in the human operation loop. But it has been found that the
passive compensation approach has a position drifting problem[Niemeyer, 1992]. In tests
of teleoperation, it has been found that unstable force reflecting takes place whenever a
discontinuous force signal transmitted from the slave robot is present at the master robot
site and exerts on the human operator’s hand, which in turn produces a force impulse and
charges energy into the operation loop. In our approach, we design a FSC, that dissipates
the energy locally at the master robot site as well as the slave robot site. and stabilizes the
system. The following system design can achieve stable force reflecting and accurate
trajectory control.

In teleoperation, three different operaticn modes can be identified: free motion mode,
transition mode, and contact mode. The transition mode is the mode in which an operation
changes from a free motion mode (without environment constraint) into a contact mode
(with environment constraint) or vice versa. For different operation modes, the controller
may need to change for better performance. A master-slave telerobotic system usually
consists of two identical robot arms. Since the dynamics of each d.o.f. is decoupled from
others, we only need to control each degree of freedom separately. Therefore we only
discuss an one-d.o.f. control system in this paper.

The overall control system structure is described in Figure 3-1. In the telerobotic system,
there are two robot controllers, i.e. a slave controller and a master controller. They are
hybrid controllers consisting of FSC and force control (in Figure 3-2). There are two
supervisors, i.e. a slave supervisor and a master supervisor, which are fuzzy inference
engines for changing operation modes and for tuning controller parameters. The time delay
indicates the communication (or data transmission) time delay between the master robot and
the iremote slave robot.
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Figure 3-1: Control system structure of a telerobotic system

3.1.1 Controllers in slave robot and master robet.

The controller structures of the slave robot and master robot are the same as Figure 3-2. In
Figure 3-2, 4 is the desired position, and Fy is the desired force signal. Ky, Kq are the
scaling parameters of FSC. There is an operation mode parameter a in the control system.
When a=0, the controller becomes a pure force controller, and when a=1, the controller is
a pure FSC position controller. If O<o<1, the controller is a hybrid position and force
controller. In addition, there is an adjustable parameter d of FSC, which is the fuzzy dead
zone width. Tuning the parameters «, K;, K4, and d depends on the operation mode,
which is governed by the two fuzzy supervisors.

For the control of the slave robot, the controller is designed as a combination of position
control and force control. In the contact mode, force contro! will function, but in the
transition mode and the free motion mode the FSC position will be dominant in controlling
the robot. In the transition mode, the FSC functions as a variable stiffness controller within
the soft boundary layer. The supervisor observes the operation status of the slave robot,
estimates the contact situation, and switches the control modes bty means of tuning the
coefficient a (O<o<1). Here the supervisor is a fuzzy inference engine. Its inputs are the
computed force of the task environment and the position responses, and the outputs are the
parameter o and the scaling parameters, Ko, Kq .

In the master control subsystem, Fj is the delayed force transmitted from the slave robot.
And the supervisor estimates the slave operator status, tunes the parameter o, and the FSC
parameters (i.e. scaling parameters K, Kqand fuzzy dead zone width d).
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Figure 3-2: Master/Slave Controlier

3.1.2 Fuzzy Supervisors
e Slave fuzzy supervisor
By observing the operation status of the slave robot, the supervisor can change
controllers in different operation modes by a. Also it does the tuning of the scaling
parameters K, K4 for the precise trajectory.
* Master fuzzy supervisor
Through estimating the operation of the slave robot, the master supervisor changes the
control modes by a. In the free motion mode and contact mode, the master control is a
hybrid control (FSC position control and force control). In the transition mode the master
control becomes a FSC position controller, and the supervisor tunes the parameter o, the
scaling parameters Kp, K4 and the dead zone width d.
¢ Tuning the scaling parameters
Rule 1: IF the operation is stabilized, THEN K, K, increase (slave robot only).
Rule 2: IF the operation is in transition mode, THEN K, K4 decrease.
Rule 3: IF the operation is in free motion mode, THEN Kp, K4 are kept constant.
Among the above rules, Rule 1 is applied when the state (e, ¢) stays within the soft
boundary layer and there is no oscillation in the operation. Rule 1 changes the boundary
layer’s shape as shown in Figure 3-3, which gives better tracking accuracy than
conventional sliding control. In transition mode, decreasing K;,, K4 means increasing the
width of soft boundary layer and thus adjusts the robot stiffness relatively in a physical
sense.
* Tuning the dead zone width d (master robot only)
Rule 4: IF a discontinuous force feedback appears, THEN increase the dead zone
width.
Rule 5: IF the position response is disturbed, THEN increase the dead zone width.
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Rule 6: IF the position response is smooth, THEN the dead zone width is zero.

In the master supervisor module, Rule 4, Rule 5 and Rule 6 are called fuzzy force filter
which will shield the disturbances and the jumping force signals, and can help to stabilize
the force reflecting. Figure 3-4 shows the tuning of the fuzzy dead zone.

Figure 3-3: Tuning the fuzzy membership function by the scaling factors

M Au

Px* » x
LA

Figure 3-4 Tuning the fuzzy dead zone width

3.2 Modelling of the manipulator, human arm and environment

Precisely modeling a teleoperation system is not a easy jeb since the uncertainties of the task
environment, human arm and the dynamics of the robot arms exist in the subsystems. A
teleoperation system contains two manipulators; a master which only interacts with a human
operator, and a slave which only interacts with a task. There are no direct cross interactions
between the master and the task, or between the slave and the human operator. The human operator
and the task both have their own dynamics. When interacting with a teleoperator system, both
human operator and task have the potential to destablize the coupled system. Consequently, the
interactive nature of the teleoperation system demands stability, namely so-called coupled stability
when the teleoperation system is coupled with both the human and the task. In terms of stability
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analysis and control design, because a human operator can change his arm dynamics, and the task
dynamics vary from task to task, the controller of a teleoperator should be robust enough to handle
various human and task dynamics. In this section the structure-determinant model is pursued for
every subsystem of the teleoperator system.

3.2.1. Model of the manipulator

A Teleoperation system is different from a traditional manipulator. Usually a traditional
manipulator directly interacts with the task environment and the dynamics of its joints are coupled.
But, for a master-slave teleoperation system, the dynamics of different joints are decoupled, thus
the control design can be carried out joint by joint (one d.o.f at a time). The robots that we use are
Phantom robot arms. The dynamic uncertainty of each joint can be ignored because of its low
inertia structure. Therefore, the master-slave manipulator system can be modeled as a one d.o.f.
motor driven subsystem. Figure 3-5 shows the block diagram of the one d.o.f. control system.
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3.2.2. Model of human arm
Since the human operator is inherently part of a teleoperation system, the system’s
dynamics can not be completely described without taking the operator’s arm into
consideration. However, due to the complicated dynamics of the human arm, an accurate
model of arm impedance is not yet avaiiable in the literature. For most analyses of
teleoperation, a human operator model has not been included. Particulariy, in passive
control approaches, people always assume that the operator arm can be treated as a passive
impedance model. In fact, this is not true. One should consider the effect of arm
locomotion during teleoperation. Because of arm locomotion, an operator can generate a
force and position impulses in reactiag to a step force signal and the operator can become
fatigued. Hannaford and Anderson [1988] applied a linearized version of a sixth order non-
linear model of one axis human movement in modeling their teleoperaticn system. The
operator was shown to have a significant effect on the dynamics of the system. Another
example can be found in the work done by Lee and Lee [1992]. They derived a third order
model of the operator from considerations of the intentional mechanisms in the brain, the
neuromuscular response and the human operator’s arm dynamics. It has been shown by
Lee and Lee that a system, without human dynamics and stable under time delay, can
become unstable when a simplified model of the operator dynamics is included.

Chin [1991] summarized severa! different models from a systematic and physiology
point of view, in which the linear lumped parameter muscle model and arm locomotion are
specified. Figure 3-6 is a second order model of a human arm.
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l F
Figure 3-6: A model for a human arm (a lumped-parameter muscle model). B is a damping

parameter, K is a elastic parameter for the human arm. T is the arm power source, i.e. arm
locomotion.

3.2.3 Model of task environment

The concepts of impedance and admittance are useful in considering the interaction of the
slave with the remote task and the interaction of the human operator with the master.
Impedances accept flow (e.g. velocity) and produce effort (e.g. force) whereas admittances
accept effort and produce a flow. As Hogan [1985] observes, whenever a dynamic
interaction between two physical systems is analyzed the representations must complement
each other. Thus, if the environment is represented as an impedance, it accepts a velocity
command and produces a force as an output. Based on this consideration, Niemeyer and
Slotine [1991] proposed to use impedance matching terminals in their passive control
model.

In the research of telesurgery, our task environment is the patient body, particularly the
abdomen of the patient in laparoscopic surgery. To simplify the physical environment a
simple task model simulating the telemanipulator interaction with the tissue of the patient’s
body was provided by a mechanical beam. Normal force applied is nonlinear with both
tangential position but linear with the normal displacement, much as would be encountered
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in surgery. This provided a good test of our methods for coping with time delay. Figure 3-
7 shows the task model.

Figure 3-7: A task model simplified for telesurgery

3.3 Stability of the force reflecting and the trajectory accuracy

To prove the overall system stability of a teleoperation system with FSC, which includes
human operator in the loop, one should consider the human arm dynamic model as well as
human mental control model. The following is the structure of a teleoperation system
proposed in the thesis (Figure 3-8).
In this system. the models of different system components are explained as follows;
¢ T telecommunication time delay (T seconds);
G, (s): slave robot model (2nd order);
G, (s): model of slave controller;
Gm (s). task environment model at the slave site:
G (s): master robot model (2nd order)
(s): model of a human ¢ m;
G, (s): model of human mental control, which can be treated as a PD
controller combined with a time delay about 0.1 sec.[Lee and Lee, 1992].
The model of fuzzy filter (a part of FSC in the telerobotic system) can be treated as a low
pass filter in case of a step signal input in a mathematic sense. but functionally it is the logic
combination of a class of low pass filters.



The stability proof can be accomplished by means of the corollary of the small gain
theorem described in Appendix A. Let’s start from the most inner loop, loop-1. In loop-1,
since the FSC is applied, the subsystem in this loop behaves as a 1st order passive system
as long as the system states reaches the switching surface (or switching line). Hence the
transfer function of loop-1 is strictly small gain. In loop-2, the subsystem can be simplified
into the form of Figure A-1. By applying the corollary in appendix A, we know that the
loop-2 is stable and the transfer function in loop-2 is smail gain too. Similarly, in loop-3,
we can also prove the stability by the corollary of the small gain theorem. Therefore, the
overall system is stable. The more detailed mathematic proof will be found in the future
publications.

The philosophy of the stable force reflecting control in this system structure is to
dissipate the energy in the master robot control loop, which is different from the passive
compensation approach [Andcrson and Spong, 1989]. For the master robot, we can model
the human arm as a passive impedance structure plus a particular power source (impulse
effort source). The goal of the FSC design is to choose the appropriate soft boundary layer
and the nonlinear control output u within the soft boundary layer, and also to select the
dead zone parameter d appropriately such that the local control loops at the master site and
the slave site can satisfy the Small Gain Theorem respectively. If the small gain theorem
can be satisfied in both local control loops (master/slave control loop), the local stability is
guaranteed and thus the stability of the telerobotic system is achieved.

The trajectory accuracy of the slave robot can be obtained by means of the FSC in the
slave controller. The soft boundary layer in the FSC can stabilize the tracking in the
transition mode, and by tuning of the scaling parameters Kp, K the trajectory accuracy can
be improved (refer to Figure 3-3).
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Chapter 4

Other Control Approaches

4.1 Raju’s General Passive Control

Raju [1986,1989] first modeled a master-slave manipulator system into a two-port network

and applied the two-port electric network theory to explore the stable force reflection
control for the teleoperation system. Figure 4-1 shows Raju’s two-port network model for

master-slave teleoperation system.

U, Ug
y4 —0—@4 * ’@ o
T+ Q. Master Q + 1
T Slave T Z
| m Zhna Manipulator| | [&a s
Operator Task

Figure 4-1: Raju’s two-port network model

Z represents compliance-viscosity-inertance (impedance), T represents joint torque, and
Q represents joint velocity (for master m or slave s), all in frequency domain. Z, and Z

are the given impedance characteristics of the human neuromuscular system and of the task,
respectively,and Z and Z_ are port equivalent impedances looking into the master side

and into the slave side respectively of the master-slave manipulator. From circuit theory,
we define the following,

Tm — le ZIZ Qm
[Ts ] B [ZZI Zzz][ns] @b
Therefore,
z,=T,/Q =2,- [212221/(222 + Z:] 4.2)
s =T, /R =2y, - [212221/(211 + Zh] 4.3)

Let the control law for master and slave as,
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U (s)= -( L+ K, (5) +( + K )Q,(s) 4.4)

U(s)——( L+K,,)Q, (s)+( + K, 2Q,(s) 4.5)

Then by superposition (assuming linearity here)
T,=29,-U, (4.6)
T, =2 Q, -U, @4.7)

where Z_ and Z_ are equivalent impedances looking into master and slave arms without

the influence of feedbtack control on the respective actuators. Then from the above
equations we can obtain Z,,, Z,,, Z,, Z,,, . Raju showed that by choosing Kj;
appropriately, one can ensure that the master—slave manipulator system is passive, namely
z; is strictly positive, thus stable for any passive termination Z, at the master port and

any passive termination Z, at the slave port. From all his experiments Raju concluded that

adjustable impedance is desirable when a master-slave manipulator is to be used in tasks
made up of subtasks with different characteristics.

This approach is a general framework for passive control, and a lot of research has been
based on it afterwards. However there is no guideline to tell people how to choose the
control parameters such that the optimal passive control can be achieved. Chin [1991]
further explored the two-port network appreach and derived an optimal passive control
design framework. He obtained the necessary and sufficient conditions for stable passive
control.

4.2 Scattering Theory and Conservative Passive Control

4.2.1 Scattering Theory

Inspired by Raju’s two-port network model, Anderson and Spong [1989], presented a
method based on merging velocity and force signals, called scattering theory, which relies
on the passivity of the master and the slave systems connected to each side of the
communication channel. Niemeyer and Slotine developed a simiiar algorithm, but included
terminators at both ends of the communication line. Using the analogy between electrical
and mechanical systems, the teleoperator system can be modeled as a network of two-port
elements representing the master, communication link and the slave subsystems. At both
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ends, two one-port elements complete the bilateral control scheme: the operator and the
environment, see Figure 4-2. In general, the human operator commands a position (or a
velocity) to the master subsystem and receives back information about the interaction forces
exerted on the slave by the environment.

Xm Xm Xs X
Human }—%{ Master }—&] Communication Slave }—#»{ Task
Operator I"— Robot |<— Link Robot |@—— Environment
frg fid £ £,

Figure 4-2: A 2-port network transmission line modeli for a telerobotic system

A hybrid matrix (or scattering operator) representation has been widely used to describe
the performance of a teleoperation system. The descripticn of the teleoperator is based on
the relationship between effort and flow in each two-port [Raju,1986].

The hybrid matrix (or scattering operator) can be defined as,

M ON N % (5)
[—j:x(s)] = H(s)[ fs(-")] 4.8)

The Scattering Theorem states that a two port network is passive if and only if the norm
of its scattering operator S is less than 1, where S can be defined for a two-port network by
the relationship between the effort (force) and flow (velocity).

F-v=S8(F+v) 4.9
where F = [fm(s) fs(s)], v= [J'cm(s) J'cs(.s')]

0
The scattering theory shows that the destabilizing effects present in the tele-operator
based on standard communication are caused by the non-passivity of the communications

S = [1 fl](H(s) - I)(H(s)+ 1) (4.10)

network. To obtain a passive system in the presence of any time delay, a lossless
transmission line connection has to be considered. From an energy point of view, this
passive element does not increase the energy of the overall system. In fact the passivity
condition states that in a passive n-port, power can be dissipated or stored. The definition
of hybrid and scattering matrices and the passivity conditions on their norms give tools to
prove the passivity of elements in the teleoperator. By means of energy considerations and
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definition of the scattering matrix, lossless transmission lines are shown to be passive
(even if not strictly passive) for any time-delay of the communication network. In this case
the overall system is obtained as a connection of only passive elements and therefore it is
shown to be passive.

4.2.2 The equivalence between Anderson’s approach and Niemeyer’s
approach

(1) Anderson and Spong Scheme[1989]

In this scheme, the communication network is obtained by emulation a passive lossless
transmission line and adding two equivalent transformers at both ends (B and 1/B) to
overcome problems with the scaling between force and position/ velocity domains. The
resulting system described in power variables is:

foa(®) = f,(t =T)+ B[x_ (t)-x_(t-T)] (4.11)

x,d(r)=i,,,(t—T)+%[f,,,,,(t-T)-f,(‘)1 (4.12)

Using the simple dynamics of the master and slave, a control scheme based on a local
slave impedance control was proposed by Anderson [1989].
The resulting equation of the master and slave dynamics and controllers are:

M =f +1, (4.13)
Mi =-f +7 (4.14)
T, =-B,_x -f, 4.15)
T, =-B x - f - affm (4.16)
f, =X, jAchdt + B Ax (4.17)

(2) Niemeyer and Slotine’s scheme{1991]
In Niemeyer’s scheme, the dynamics of the communication network using wave
variables is expressed as:

foa(t) = Bi_(1) +v2Bv_(1) (4.18)

£, (1) = == 1,(1) = 2By, (1)) (4.19)
where

un(t) = V2B _(£) +v_(1) (4.20)



u (1) = J%f,(t) = v,(1) @21)

V(1) = u,(t - T) 4.22)
v()=u(t-T) 4.23)

The modified passive teleoperation communications network is shown in Figure 4-3 ,
which is obviously equivalent to the system described by (4.11, 4.12)

While using the transmission line as a carrier of the signals in the tele-operator, care
must be taken in the adaptation of both terminals where the impedance of the iine changes
and reflections occur. To avoid the reflections at the extremities of the line, Niemeyer
proposed the use of terminator elements. The impedance of the terminators must match the
characteristic impedance of the transmission line. Figure 4-4 represents the passive
teleoperation communication network modified with terminators written in the wave

variables domain.

The terminator equations are described by
¥, (1) = 8, (1) = £ £y (0 (4.24)
f @)= f (1) + Bx (1) (4.25)
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4.3 The remained problem with the passive control approaches

(1) Passive control with terminator (Niemeyer’s scheme)
From (4.11, 4.12) and (4.24, 4.25) it is possible to derive the following:

(1) = \gxm(t) (4.26)
u (1) = Tzl—ifs(" @27
o (2) = gic (2) + %z"“ (2) (4.28)

x,(z) = —z ' (2) - ;:Ef (z) (4.29)

Where z = ¢*7 time delay element.

From (4.28) and (4.29), we can see the loss of energy due to the presence of the
terminators makes the system stable (in the Z domain). Also we can see that no reflection
occurs at both ends of the network from (4.26), (4.27). But the position drift problems are
present since in steady state (z! = 1),

iy = sk o
sa = 5% " 5g7s (4.30)

Therefore a constant value of f in the velocity signal is integrated resulting in a position
ramp for the desired position of the slave.
(2) Passive control without terminator (Anderson’s scheme).

The scheme proposed by Anderson, (4.11) ~ (4.17), includes local controllers at the
master and slave sides. Let the elements of B' and B'_ be equal to B. From (4.13) ~
(4.19), using the equations of the controllers, we obtain:

Un(t) = V2Bx (£)+v (1) (4.31)
B.

u:(t)“ \/_f( )_J;x,(t) (4.32)

f4(2) = 2B _(2)+ z7'f,(2) - Bz7'x (2) (4.33)

f,4(2) = 2Bx_(2) + z7'f (2) - Bz™'% (2) (4.34)

From equation (4), we see that the reflection does exist at the master side, but there is no
reflection at the slave side, which makes the system stable. We can get the same result from
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(15) in Z domain. In addition, at steady state from (15), we obtain f_ , = f and

x_, = x_. Therefore, no position drift is produced by the coordinating force signal in this

case.
4.4 Modification of passive control te compensate position drift.

As described in the previous sections, the presence of the matching terminators modifies
the overall communication system in terms of power reflections causing position drift on
the slave desired position signals. In fact, the term f in (4.29) at steady state provides
constant input for the slave desired velocity and therefore an increasing position set-point
for the slave controller. This effect can be neglected if the time length of the teleoperation
task is not considerably large, but in practical applications the importance of the drift
compensation is evident.

The proposed scheme is essentially based on a compliance controller at the slave side
[Kim, 1992]. In place of the velocity signals this scheme is based on transmitting the
increments of the sensor position. Each control cycle the communication network receives
the increment of the master position and provides to the slave side the increment of the
desired position. The control algorithm corrects for the f_steady state value avoiding the
drift problem. This command is then integrated to obtain the set-point for the slave
position. The incremental desired position provided to the slave compliance controller is

therefore expressed as:
X, =—x 4.35
sd 2 m ( )

Figure 4-5 is the block diagram of the compensation scheme, which implies the
insertion of a block 1/2 B at the slave side. The value f_ is therefore multiplied by the

factor 1/2B and then added to the original x , to compensate for the steady-state

component of the coordinating force. The derived signal is then used as input for the
compliance controller realized at the slave side.

X

xsd + sd
r >
¥ ¥
1
B 2B
fj‘ + é‘ + f f,

Figure 4-5: An additional link for drift compensation
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4.5 Supervisory control for optimal performance

As described in the previous secticns, the drawback of an ideal “transparent” force
reflection is the limit of human capability in handling certain tasks. In order to improve the
performance of force-reflection teleoperation, we can categorize different tasks by different
requirements of the sensory information and actuation needed to accomplish the tasks. A
human operator can select the corresponding control models with respect to different tasks.
On the other hand, teleoperation is mostly conducied in unstructured environments that are
either hazardous or too costly for human operators to reach directly. There are no
mathematical models to describe the teleoperation processes under different tasks for the
purpose of automatic decision making. But the human operator can take care of it. Through
dynamic masking by the mechanical structure of master and slave manipulators, a human
operator can still accomplish the task by functioning as a robust and adaptive controller.
With a large amount of knowledge accumulated from experience, a human operator can
retrieve and modify his knowledge easily in coping with new tasks. Consequently, the
human operator is very adaptive when there is little prior information about the task model
and/or when there is too much noisy sensory information. The robust and fast
computational ability also allows him to plan motion effortlessiy when the task model is
available but not accurate. Therefore, an ideal teleoperation system which provides a
transparent interface between the operator and the task can take full advantage of human
capability.

Supervisory control can offer not only the teleoperation system with the capability of
intervening at various levels to perform control along a continuum from direct manual
control to quite high-level supervisory command and control, but also the capability of
coping with timne delay as well. The theory of supervisory control was initially developed in
the Human Machine Systems Lab at MIT in the 1960s and 1970s. Sheridan [1983]
discussed the concept of supervisory control extensively in 1983. The advantages of
supervisory control in teleoperation are the following:

® Supervisory control encompasses a wide range of options for remote manipulation. A

human supervisor is encouraged to select the most effective means to perform a certain
task.

® Supervisory control can avoid the time delay problem by closing the control loop

within the remote site.

Under supervisory control (Figure 4-6) the operator sends coded instructions to the
remote telerobot specifying subtask conditions and procedures with reference to sensor
states that must be satisfied. The operator’s inputs could range from a purely manual analog
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command, demonstration in time and space what is intended, to a highly abstract symbolic
command made up of alphanumeric keystrokes. The instructions are sent open ioop relative
to the human. The remote computer then interprets the message and acts on the sensor
information available to it about its own environment. The control loop for the dynamic
behavior of the robot is closed within the remote site, where there is no time delay in the
loop, and the control mode is selected based on the supervisor’s command. The remote
computer then relays that information which is deemed important and necessary for
effective supervision back to the operator, the responsibility for the specific details of
control being left to the subordinate computer.

Supervisory control of teleoperation has been investigated for our project (telesurgery).
Some studies were done on the master-virtual slave and virtual task environment. For
complex teleoperation tasks like telesurgery, there are currently difficulties in the human-
machine communication interface on the supervisory side, which prevents efficient
implementation of this control approach. In the near future, we believe, with better virtual
reality technology, supervisory control will show its potential in advanced Teleoperation,
especially in telesurgery.
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Chapter 5

Experimental Studies on FSC with
a Virtual Environment

In the previous chapters, the design methodology of FSC and the system configuration of
a telerobotic system with time delay were elaborated. It is interesting to evaluate the design
of the FSC controller and to compare with some related controllers, such as sliding control
with fixed boundary layer, adaptive deadzone control, and linear PD control in the first
stage of the research. By taking advantage of computer graphics and dynamics simulation
techniques, a virtual slave robot with a virtual environment has been developed, which
gives us convenience to investigate different control approaches with respect to different
time delays. This chapter addresses the actual master-virtual slave experiments.

5.1 Configuration of an actual master-virtual slave telerobotic
system.

In a scientific sense, performing experiments on an actual master-virtual slave telerobotic
system with virtual environment gives the following advantages in research:

(1) This system can supply the subject with sufficient interaction with the environment.
The force reflection is realized by the master robot.

(2) The virtual slave robot, virtual environment and virtual communication delay box
makes it possible for us to avoid the hardware difficulties and to concentrate on the
theoretic research in the early stage.

(3) With the virtual environment and virtual communications delay box, one can easily
conduct experiments in different settings by means of selecting different
parametexs.

(4) Experimenting with the virtual models reduces the safety problem.

Figure 5-1 describes the configuration of an actual master-virtual slave telerobotic
system. In this system, there are the following components: a master robot (3 d.o.f.),
amplifiers box, data acquisition card (computer interface with encoders, D/A converters ), a
master robot control module, slave robot dynamics simulation, slave control, graphics
display, time delay box and virtual beam model. All the control algorithms, virtual models,
and graphics are implemented by a Pentium computer. Figure 5-2 shows the structure of
Phantom robot (master robot in picture).

The mathematic model of the nonlinear beam model is described in appendix C.

53



w3lsAS JN0QOIS[3) IAR[S [BNMIA-ISISEU [enide Ue Jo tonemsSyuo)) - am3ig

{05)u0d Jeindwion
soyduy |g{ V/A  (g— Jeisen wnjiued
1oeadQ
Ae|ds|q
feje fejeq
sepoou3 |6 o__:_m__. ow|) sojydeln

vy

loaue)
wy oAl
wojueyd

S,




Figure 5-2: The structure of Phantom robot
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5.2 Human Subject experiment design

In telerobotics, human subject experimenting is very important because the human operator
is one component in the whole telerobotic system and the human interaction is not in
consideration of the design of low level robot controllers. As described in previous
chapters, during a teleoperation process, the human operator is in the outer loop of the
teleoperation system and he/she controls the teleoperation process through visual feedback
and force feedback. Improved operation can be achieved by means of a better human-
machine interface, such as Supervisory Control, which is not the focus of this research.

The designed stable controllers are in the inner loop of the master-slave telerobotic
system. The control design is based on the model of the robot dynamics and some
assumptions for the task and human operator. Evaluation of the overall system performance
becomes quite necessary for us to judge the system control design and verify the
assumption we made. Therefore, human subject experimenting is a very crucial part in the
design of a teleoperation system.

Using the above system (in section 5.10), human subject experiments can be easily
conducted for a particular controller with respect to different time delays. The task in each
case was to move the real master robot arm so that the virtual slave arm contacted the virtual
beam at a given point from a free space starting position, apply a small force, then slide
along the beam to another specified point while maintaining force contact.

Using the master-virtual slave system, the following control techniques were studied:

¢ Fuzzy sliding control;

« Sliding control with boundary layer;

* Adaptive dead zone control;

¢ Linear PD control;

Ten MIT graduate students were chosen randomly as subjects. Time delays of 0, 100,
500, 800, and 1000 ms were tested. During the experiment, the dynamic response data
were recorded and used to do objective evaluation based on the vibration magnitude.
Subjective difficulty evaluations were also made based on a subjective rating guide.

5.3 Results Analysis.

Figure 5-3 shows the statistics box plots of the subjects’ experimental data in four different
cases: traditional PD conirol; Fuzzy Sliding Control (FSC); Sliding Mode Control with
Boundary Layer (SMC/BL); Adaptive Dead Zone Control (Adaptive DZC). The
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information shown in the plot is the subjective “Easiness” rating, which depends on the
control stability of robots, magnitude of position vibration and the fatigue tolerance of the
operator’s arm.

Plotted in Figure 5-4 are the typical dynamic responses of the subject teleoperation
experiments (1 second time delay). The measurement of vibration magnitude of the position
dynamic responses, which were recorded during every subject’s experiment, gives us the
objective evaluation of the controllers with respect to the time delays.

Comparisons of the four controllers are shown in Figure 5-5 and Figure 5-6. In Figure
5-5, the subjective evaluations are based on the mean value of the corresponding subjective
“Easiness” rating. Similarly the objective evaluations are plotted based on the mean values
of the objective measurement of the position vibrations (Figure 5-6).

The Conclusions we can draw from the comparisons are the following:

1) From the comparison plot of subjective evaluation (Figure 5-5), it is shown clearly
that FSC was the best, and PD control was the worst control approach in dealing
with time delay. SMC/BL and Adaptive DZC control approaches were close to
the FSC approach.

2) From the comparison of objective evaluations (Figure 5-6), we observe that the best
control is FSC, and PD control is the worst case. The other two approaches,
Adaptive DZC, and SMC/BL are better than PD and close to the FSC approach.

3) While the time delay increases, the performance of the teleoperation degrades.

4) The critical time delay point is roughly at 100 ms according to our experiment
system, which means that when time delay becomes larger than 0.1 second the
system performance starts to degrade.

The reason that the evaluation of SMC/BL and Adaptive DZC are close to the best
approach (FSC) in the experiments can be explained as follows: FSC is a special sliding
mode control, which has a soft boundary layer and varying dead zone; The adaptive DZC
or SMC/BL only has one of the characteristics, both of which are significant in improving
the system performance.
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Figure 5-4: Typical dynamic responses from the subject teleoperation experiment (1 second
delay). Case a: PD control; Case b: FSC control.
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Chapter 6
Design of a Telerobotic System
6.1 System Corfiguration

6.1.1 System for telesurgery demonstration
Figure 6-1 shows a diagram of the telerobotic surgery system in the Human Machine
Systems Lab. The major components of the system are:

° A master-slave teleoperation system, which is composed of a pair of Phantom haptic
feedback arms and has stable force reflecting control (3 d.o.f.). The Phantom arms that we
use are identical in kinematics and are mounted (see Figure 6-2) such that an operator
standing with his or her shoulder under the robot base would have full access to the regular
range of human arm motion. The phantom arms have a very low inertia structure which
implies ignorable uncertainty of robot dynamic parameters and give: us an advantage in
dynamic control.

* Two control computers which are used to control the master robot and the remote slave
robot respectively. The corresponding data acquisiticn cards for robot control are installed
in each machine.

* A telecommunication subsystem. A teleconference equipment set is used in the
telesurgery system to support video (image), audio transmission and control data
transmission as well, through three ISDN lines. For short distance communication, the
minimum time delay due to image compression and decompression is about 0.6 seconds
(round trip) [Zydacron, 1996]. There are two computers which function as two
telecommunication terminals, one near the operator, the other close to the remote patient.

* Two data transmission links between control computer and telecommunication
terminal. We have tested two different types of data links between two PCs. Ethernet was
one option, but it was only marginally acceptable for force reflection. A bidirectional
parallel dynamic data transmission link developed in our lab is the cheapest and fastest way
to do this among serial port data transmission, ethernet transmission and other options.

e Laparoscopic surgery simulator (physical task environment) with surgical tools
[Ottensmeyer, 1996].

* Mouse pointer overlay device, which is designed especially to offer a human machine
interface for the surgeon. Basically, the mouse icon is superposed on the image from the
patient, and thus the surgeon can send instructions visually to the remote assistant by
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moving the mouse icon as a remote pointer. A SGI computer with video overlay hardware
is applied for this purpose.

» Safety Devices. There are two switches, a handle switch and a foot switch to supply
the surgeon and assistant with appropriate intervention, respectively. An extra electronic
protection card is installed in the slave robot’s amplifier box.

Fig. 6-2 shows a picture of the telesurgery system.

6.1.2 System for the force reflecting control experiment
To test and evaluate the designed controller, a particular system configuration was designed
(Figure 6-2) with a beam model.

The major parts are the same as Figure 6-1, but the task environment has been changed
to a physical nonlinear beam model which is supposed to simulate the patient’s abdomen.
In addition, a virtual delay box (computer delay buffer) was added to the experimental
system for the purpose of adjusting time delays.

6.2 Hardware design

(1) Physical beam model and the force feedback sensing instrumentation (see Figure 6-3).
This subsystem is used to give the subject visual force feedback such that the force at the
end effector can be kept constant during experiments. It can also provide direct force
information for the evaluation of controllers in test. There are eight strain gages in the force
detection circuit. Four gages are used to obtain the force information at two symmetric
locations on the beam, and four other gages are simply applied to compensate for the
temperature effects. The additional filters and amplifiers can supply the data acquisition
board (A/D) with precise signals (Figure 6-4). One PC (486) is used to process the
information from the force sensor (strain gages) and displays the force response
dynamically.

(2) Slave electronic protection circuit. This circuit provides us quick torque limit protection
for the three joints of the slave robot.

(3) Bidirectional parallel port dynamic data transmission link. The newly developed
software can offer the user a cheap way to do fast dynamic data transmission between two
PCs through a regular parallel port. This software includes data security checking and
control signal handshaking protocol. There is a particular connector to link the two parallel
ports appropriately.



6.3 Software design

All the software has been developed in Borland C++ (in the DOS environment). The main
program can supply a window interface for the user. The operator can select the particular
control subroutine by mouse and the arrow keys on the keyboard, and the time delay too.
Currently the software developed for the project has the following functions:
* Interface with the robot control ports, encoder ports.
* Time delay buffer module.
* Three different versions of controller subroutines for three experiment systems (e.g.
actual master-virtual slave teleoperation system, master-slave teleoperation system with
beam model, and master-slave telerobotic surgery system).
* Data transmission software: Bidirectional ethernet data transmission software and
bidirectional parallel port data transmission software.
* System pretest software. the user can check the encoder port and reset the control port
of the robots and the encoder neutral position.
* Safety on-line protection software: position protection is to check the position error
between the master and the slave, and velocity protection sets a velocity limit for the
robots.
Listed bellow are the controller subroutines available for three different experiment systems
developed for the project:
(1) master-virtual slave Teleoperation system control software
*FSC
*Linear PD control
*Supervisory control
*Passive control
*Predictive display
(2) Master-slave Teleoperation system control software with beam model
*FSC
*PD control
*Passive control
(3) Master-slave telesurgery system control software
*FSC
*PD Control
*Passive Control
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Figure 6-2: Telerobotic surgery unit. A dummy is used for task simulations,
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Figure 6-4: Electronic circuits for force signal processing
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Chapter 7
Experiment Results and Analysis
7.1 Dynamic Responses.

Typical dynamic responses are shown in this section. In the experiments, a physical beam
model was used as the task environment (see Figure 6-3). There are three different human
subject experiments conducted:

1) Position drift test of passive control. During the experiments, the human subject was
asked to control the master so as to make the slave contact the beam with mild force, then
break contact, then make contact again, and so on. Figure 7-1 shows the response of
passive control without drift compensation.

2) Passive control with drift compensation. Both the stability of force reflection and the
position tracking accuracy were evaluated. Figure 7-2 shows the responses of passive
control with drift compensation ( 1 second time delay). The upner figure ( force response )
was recorded when the human subject controlled the master and made the slave contact the
beam and then slid on the beam with certain force from a start point to the other end of the
beam. The lower figure (position response) was obtained in the same way as dcscribed in
1).

3) FSC of teleoperation. The subject experiments of teleoperation with 0.5 seconds time
delay and 1 second time delay were conducted. Figure 7-3a and Figure 7-3b show the
responses of FSC. The experiments were carried out in the same manner as in 2).

7.2 Comparisen between passive control and FSC

1) Position drifting and comparisons between Passive Controllers with /without drift
compensation.

Figure 7-1 shows the position responses of a telerobotic system with passive control but
without position drift compensation. The solid line is the respornse of master robot, and the
dash line is the response of slave robot. It is shown clearly that the slave position has a
drift, which increases with time. Figure 7-1 shows the results with no time delay. As
explained in chapter 4, the force term in the slave velocity command contributes to the drift
in integration.
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The responses of passive control with drift compensation are shown in Figure 7-2.

From the responses (with 1 second time delay), the teleoperation system with passive
control is stabilized, and with drift compensation the position responses have good tracking
accuracy. The force signal is also smooth.
2) Comparison between FSC and Passive Control. The responses of the telerobotic
system with FSC are shown in Figure 7-3. The system with FSC is stable and it has good
position tracking accuracy. Comparing with the passive control approach, The telerobotic
system with FSC has less damping factor, and hence dissipates less operator’s energy. For
t+:+ passive control approach with drift compensation needs a position scaling factor which
is equal to 2.
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Upper figure is force feedback from beam model, lower figure is master and slave position.
Solid line is master, and dashed line is slave.
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Figure 7-3a: Responses of FSC with 0.5 seconds time delay. Upper figure is force feedback

from beam model, lower figure is master and slave position. Solid line is master, and dashed
line is slave.
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Figure 7-3b: Responses of FSC with 1.0 second time delay. Upper figure is force feedback
from beam model, lower figure is master and slave position. Solid line is master, and dashed
line is slave.
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Chapter 8

Conclusions and Future Research

8.1 Contributions

In this thesis, the contributions can be summarized as follows:

1) A Novel stable fuzzy control approach, FSC, is proposed based on the extension of
sliding control. This design provides direct stable control rule tuning in the phase plane.

2) FSC has bezn applied in stable force reflection control of teleoperation for the first
time.

3) In passive control, a modified approach is presented to solve the position drift
problem.

4) Experimental hardware and software design and implermentations have resulted

5) FSC Approach is better than the conservative passive control approach in that it saves
human operator’s energy because passive control has big damping components and make
the operator fatigued.

8.2 Future research

Telerobotics is a very broad area which covers artificial intelligence, control, robot design,
communication, human-machine interaction, etc.. There are many practical and theoretical
topics to be investigated. This thesis emphasizes the theoretical and experimental study of
designing stable force reflecting controllers. Related to this, the following works are
suggested to continue in the near future:

1) Since the passive control approaches are based on linear network theory, and
nonlinearity is not taken into account during the controller design. It is worthwhile to
evaluate the control performance with respect to different nonlinear tasks. FSC is expected
to have better performance in dealing with a nonlinearity. It is interesting to compare both
with respect to different tasks.

2) In this thesis, the typical dynamic responses give us an objective evaluation of
controllers, but for overall performance evaluation one may need to conduct more
subjective evaluation to compare the energy consumption, the fatiguing factor and so on.
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3) There is continuing need to develop force reflecting surgical tools. It is believed that
force feedback in surgical tool control is important [Revetta,1996]. In our research, the
surgical tools are only position drivable.

4) Adding supervisory control mode would allow the user to switch to a different set of
control parameters for different complex tasks.

5) Telepalpation should be expected in this context.

6) It is necessary to investigate how human arm locomotion affects the performance of
teleoperation.
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Appendix A

The Small Gain Theorem

Generally, the size of a linear map is called the operator norm induced by a vector norm.
Namely the magnification power of a system H on a set of input vectors u is the norm of
the output vectors H - u devided by tiie norm of the input vector. Then the gain {(operator
norm ) of the system H induced by the input u is the maximum magnification power that
the system H can exert on the set of input vector u:

|H] = sup sup ﬂH(ja))z?(ja))L

= (A.1)
o fa} = o Iu(jw)iz

= sup(lyl[H*H])
a

For a SISO system, the operator norm induced by the set of energy-bounded input is
simplified into

|H} = sup|H(jw)| (A.2)
(1]

Thus, the operator norm of a LTI, SISO system is equivalent to the maximum amplitude of
the transfer function of the system.

u y
! e‘p{ H1 L

2 Ho 2

Figure A-1: The block diagram of a feedback system

77



In Figure A-1, H, and H, can be any kind of transfer functions (e.g. scattering matrices,

impedance matrices, etc.) of a feedback system. The system stability is ensured if
(1 + H'H2) remains non-singular at all frequencies, where H, is either a feedback

controller or a system uncertainty.
The Small Gain Theorem:

If the gains (induced norms), which are chosen in accordance with the input vectors, of
H and H, satisfies

ﬂ”lll ' "Hz " <l (A.3)

then the transfer function (I + HH, ) will remain non-singular and the system

(1+HH,)" will be BIBO stable.

Corollary:
Given that H is small-gain but otherwise unknown, the system (I + HH, )-' is stable

iff H, is strictly small-gain.
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Appendix B
Scattering Theory and Passive Control

For a Two port circuit, the scattering operator S is defined by,

f-v=8(f+v) (B.1)
where,
f v
=l =L
f2 v2 2
vy Vo
f——’ Two —>f
! | Port 2

Figure B-1: A two port circuit
In the frequency domain, the scattering operator S can be expressed as a scattering
matrix S(s) ( assuming LT1 system), where

f(s) = v(s) = S()[f(s) + v(s)] (B.2)

Define the hybrid matrix for the above 2-port circuit,

fi(s) v (s)
=H B.3
[“Vz(s)] (S)[fz(s)} -3

Then, one can derive the scattering operator,

1 0 -
S(s) = [0 _1][11(.:) - I[H(s) + 1] (B.4)

The scattering theorem:
A system is strictly passive iff |S| < 1
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1
where |S] = sup l/z[s(ja))*s(jm)] (B.5)
@

For a communication link with a transmission delay T (second), we have

Sma(t) = [t =T) (B.6)
v () = v, (t-T) B.7)
O e—-sr
H = B.8
(s) [_e_,, . ] (B.8)
S(s) = [- tanh(sT)  sec h(sT)] (B.9)
sec h(sT) tanh(sT)
1
IS] = sup A/2[s( joy*s(jo)] (B.10)
()]

= sup(jtan(@T| + |sec(aT]|) = =

Therefore the communication link is not passive.

-sT
By choosing § = [ _GsT ¢ 0 ], and considering the scaling factor B, the passive
(4
control can be derived,
fra® = f,(t =T) + BL%, (1) = %, (1 = T)] (B.11)
. . 1
£4(0) = 2, (0 =)+ Z [, = T) = £,(1)] B.12)
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Appendix ¢
A Physical Beam Model

— I
& % &

Figure C-1 A physical beam model

From mechanics of material, we can obtain the equation:

207 _ .\2
5=Px(L x)

3LEI (€D

where E: Young’s module
I: moment of inertia of a plane area
L: length of the beam
0 : deflection
P: force exerted on the beam
Therefore, P is a nonlinear function of the tangential position and is linear to the normal
displacement.
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